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Abstract: The increasing effects of storms are considered the main abiotic disturbance affecting forest
ecosystems. Bark-stripping damage from the growing ungulate populations, in turn, are among the
main biotic risks, which might burden the stability of trees and stands. Therefore, the aim of our study
is to estimate the effect of cervid bark-stripping on the mechanical stability of Norway spruce using a
static tree-pulling test. For the test, eight damaged and 11 undamaged canopy trees were selected
from a 40-year old stand (plantation with 1 X 3 m spacing) growing on mineral mesotrophic soil. The
selected trees were bark-stripped 7-9 years prior to the experiment. Uprooting was the most frequent
type of failure; only two trees broke at the stem. For the damaged trees, the resistance to pulling
was significantly reduced (p-value < 0.001). Stem volume and presence of bark-stripping were the
best linear predictors of the basal bending moment at the primary failure (irreversible deformation
of wood structure) and secondary failure (collapse of the tree). A significant (p-value < 0.001)
interaction between stem-wood volume and presence of bark-stripping was observed for primary
failure, indicating a size-dependent reduction of stability of the damaged trees. Such interaction
lacked significance (p-value = 0.43) for the secondary failure (mostly uprooting), indicating a decrease
in stability irrespectively of tree size. Somewhat surprisingly, the decrease in the overall mechanical
stability of the bark-stripped trees appeared not to be related to a direct reduction of the strength of
the stems, but rather to physiological effects such as altered allocation of carbon, increased drought
stress because of interfered hydraulic conductance of wood, or secondary infestation. The reduced
stability also suggests that bark-stripped trees can act as the weak spots decreasing the collective
stability of stands in the long term, thus increasing the susceptibility to storms.
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1. Introduction

In European forests, storms are the main abiotic disturbance [1], which have caused more than
half of the losses in standing stock during the last 50 years [1,2]. The impact of storms is expected to
further increase due to climatic change [3]. In Northern Europe, increasing damage of storms is related
to unfrozen soil conditions under warming winters, hence the mechanical stability of individual trees
is essential for the sustainability of stands [4]. Furthermore, the impact of storms is intensified by the
accompanying legacy effects, such as pest outbreaks and predisposal to pathogens as the trees are
weakened [1,2]. Accordingly, storms are projected to further intensify the negative effects of climate
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changes on Norway spruce (Picea abies L. Karst), which is already associated with lower mechanical
stability against wind, particularly in pure stands [5-7].

European forests suffer increasing damage caused by the growing cervid populations [8].
Middle-aged (stem exclusion phase; cf. Oliver and Larson [9]) Norway spruce stands are frequently
subjected to bark-stripping [10,11], as bark can make more than 10% out of the red deer diet [12].
Bark-stripping damage intensifies with an increasing proportion of spruce in stands and with increasing
stand density [13], which subjects pure stands to increased risk [6]. Stem breakage of Norway spruces
damaged by moose at the wound height has been observed by Randveer and Heikkila [14], linking
the wildlife damage with the stand stability and susceptibility to wind damage [4]. The interactions
between the biotic and abiotic agents can also amplify their individual influence [1]. For example,
bark-stripping results in the loss of timber value because of the removal of phloem, while the uncovering
of xylem interferes with the physiological processes, thus reducing increment and weakening trees [15],
as well as providing a gateway for infections [16].

The effects of storms on stands are shaped by collective and individual stability of trees, which
depend on stand density, openings in the canopy, which are the starting points for wind damage, and
mechanical resistance of the individuals [2,17,18]. Injuries to the stem can cause a loss of mechanical
strength of the tree, resulting in weakened parts in the canopy of a stand, thus decreasing the collective
stability [2,18]. Additionally, stripped bark acts as a gateway for pathogens [16,19]; hence, stem rot
has been found on 60%-100% of damaged trees [15,16,18]. Rot-infected trees are more prone to stem
breakage due to increased susceptibility to wind damage [6], causing negative effects on the stability
and growth of a stand. However, the empirical data on the effect of bark-stripping on the wind stability
of individual trees, which are needed for a deeper understanding and more precise modelling of the
expected effects of wind in the future, are still lacking [1,18,20].

The aim of the study is to evaluate the effect of bark-stripping on the mechanical stability of
middle-aged Norway spruce growing in a pure stand. We hypothesise that bark-stripping reduces the
mechanical stability of trees, causing stem breakage (snapping) at the wound.

2. Materials and Methods

2.1. Study Site and Sample Trees

A 40-year-old monoculture (planting density 3 X 1 m) of Norway spruce established in lowland
conditions (113 m above sea level) on oligotrophic well-drained soil in the central part of Latvia
(56°42’ N; 25°53’ E) was studied. Such selection was made because dense Norway spruce stands are
common in the eastern Baltics. The studied stand is located in a national forest research station, hence
information on bark-stripping and sanitary conditions were available.

The area of the stand was 0.89 ha, and it was exposed to a clear-cut on the south and southwest
sides, and to mature Norway spruce stands on the other sides. No management has been done except
weed control after the establishment. The climate at the site location is temperate. The 30-year mean
annual precipitation is 600 mm and the mean monthly temperature ranges from -7 to 16.9 °C in
January and July, respectively. Westerlies are the dominant winds with a mean annual velocity of
3 ms~!. The strongest winds mostly occur during winter. Five storms stronger than 22 ms~! have
occurred over the last 18 years [21].

In the studied stand, eight canopy trees with stripped bark on the stems and 11 undamaged trees,
representing the diameter distribution of the plantation, were selected for the destructive static pulling
tests. The selected trees appeared visually healthy (apart from bark-stripping wounds). Additional
criteria for the selection of the damaged trees were the exposure of the wounds to the north and
northeast direction. Trees on the edges of the stand were avoided. The undamaged trees had slightly
larger stem diameter at breast height (DBH), height and stem volume (Table 1). More details on each
tree are shown in the supplementary material (Table S1). Bark-stripping wounds on the damaged tree
stems were at a height of 80-150 cm above the ground. The age of the wounds, as determined from
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stem discs collected after the pulling test, was 7-9 years. The shapes of the bark-stripping wounds
were transferred to transparent film, and, later in the laboratory, measured using a planimeter (Planix
10S, Tamaya, Japan). The area of the damage ranged from 603 to 2375 cm?. Bark-stripped trees did not
have any other visual damage. Presence of wood rot was evaluated on stem discs.

Table 1. Statistics of the studied dataset. Mean values + 95% confidence intervals are shown.

Undamaged Bark-Stripped

Number of trees 11 8

Stem circumference (cm) 86.0 + 13.7 822 +17.3
Damage circumference (cm) - 225+6.2
Damage proportion (%) - 281+73
DBH (cm) 273 +4.3 258 £5.1
Tree height (m) 243 +£26 23.1+£33
Stem volume (m?) 0.76 + 0.24 0.64 + 0.27
Pulling direction (cosine) 0.33 £ 0.46 0.83 +£0.23

2.2. Static Pulling Tests

Destructive static pulling tests [22] were used to assess the effect of bark-stripping on the stability
of Norway spruce. The pulling line was anchored at 50% of the height of each sample tree (Figure 1).
Before the pulling, trees were topped 1 m above the anchorage point to prevent the influence of wind
and canopy weight on the measurements.

0.5H

5m

11 1;&

Figure 1. Schematic depiction of the static destructive pulling test setup. AP: anchorage point, DI:

AP2

dynamometer (includes inclinometer for rope angle), I: inclinometer, MW: manual winch, TH: topping
height; SC: steel cable; PR: polyester rope.

The trees were pulled using a manual winch (working load limit 32 kN) and steel cable (diameter
16 mm) anchored at the ground level. The pulling cable was extended with a static polyester rope
(Tenex Tec 16; Samson Rope Technologies Inc., Ferndale, WA, USA). Damaged trees were pulled in
the direction of the wound. Measurements were done with the TreeQinetic System (Argus electronic
GmbH, Rostock, Germany). A dynamometer, recording pulling force and rope angle was placed
between the winch and the rope (Figure 1). The inclination of the root plate and the curvature of the
stem were measured with two inclinometers at the base and at the height of 5 m.
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2.3. Data Processing and Analysis

For each tree, the bending moment at the base of the stem (BBM, in kNm), was calculated
as follows:
BBM = F X hanchor X cos (mediany rope), 1)

where F is the pulling force, hanchor is the height of the anchor point of the sample tree, and mediang rope
is the median of the rope angle. The difference between two simultaneous inclinometer measurements
(N5 at the height of 5 m; Np,ge at the base, 0 m) was used to characterise the curvature of the stem Nx:

Na = Nsm — Npase (2)

The primary failure of the stem occurs when the structure of wood starts to change due to stress
caused by the external force. At that point, the wood fibers start to buckle, while the damage might
not be visually detectable. The limit of proportionality between Ny and BBM was considered as the
point when the primary failure occurs [23]. This point was determined by graphical inspection. The
secondary failure was considered to occur when the maximum BBM was reached, after which tree
collapse (either uprooted or its stem broke) followed.

Linear models were used to assess the main tree-level variables affecting primary and secondary
failure. The full model was fit to describe both individual and interacting effects of the studied factors
on the BBM at primary and secondary failure (Table 2). As the study had a limited scope, a restricted
number of factors were analyzed together according to the arbitrary selection principle. The tested
predictors were tree dimensions (DBH, height, and stem volume), presence and size of bark-stripping,
and presence of wood rot. Pulling direction (cosine) was tested as a proxy for the effects of dominant
winds. Model performance was assessed using diagnostic plots. If models had similar performance,
they were compared using ANOVA,; if no statistical difference between the models was estimated,
the simplest was used. Stem-wood volume was calculated using local functions by Liepa [24]. The
data were processed in R Software (version 3.5.3) using packages: “readr”, “tidyverse”, “DBI”, “zoo”,
“RSQLite”, “ggplot2” [25].

Table 2. Regression between tree stability parameters and stem volume and cervid damage for the
damaged trees.

Parameter F-Value p-Value
Primary failure
Stem volume 268.9 <0.001
Presence of bark-stripping wound 159.3 <0.001
Stem volume by presence of bark-stripping interaction 28.9 <0.001
RZ 0.96
Model overall significance, p-value <0.001
Secondary failure
Stem volume 294.5 <0.001
Presence of bark-stripping wound 38.0 <0.001
Stem volume by presence of bark-stripping interaction 0.6441 0.43
R? 0.95
Model overall significance, p-value <0.001
3. Results

Uprooting was the most frequent type of failure, as only two of the 19 trees studied had stem
breakage (one bark-stripped and one undamaged tree). However, the limited sample size of the
fractured trees prevented statistical analysis of factors influencing failure type. Both broken trees had
similar DBH and height. The breakage on the bark-stripped tree occurred a few meters above the
bark-stripping wound. Wood decay was not observed on the stem disc at the wound. The undamaged
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broken tree showed notably higher BBM at the primary and secondary failure compared to the uprooted
ones; therefore, it was excluded from further analysis as an outlier.

The best performing models describing primary and secondary failure contained the same
two predictors: stem-wood volume and presence of a bark-stripping wound, which were strictly
significant (p-value < 0.001; Table 2). The interaction between the predictors, however, was significant
(p-value < 0.001) only in case of primary failure. Nevertheless, both models showed a good fit
(R? > 0.95), and their residuals were independent and followed the normal distribution. The BBM at
primary and secondary failure showed a clear linear dependency on the stem-wood volume (Figure 2).
The presence of bark-stripping wounds on stems significantly (Table 2) reduced the BBM necessary
for tree failure to occur (Figure 2). The effect of bark-stripping was particularly pronounced for the
occurrence of primary failure. With the increasing size of the trees, the effect of bark-stripping became
larger. On average, the damaged trees required 61% less load to fail (Figure 2A). The presence of
bark-stripping wounds had a tree-size-independent effect on the resistance of trees to secondary failure,
reducing the BBM by ca. 16 kNm per m?, indicating higher susceptibility of the smaller trees.
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Figure 2. Bending moment of the Norway spruce stem at the primary failure (A) and secondary failure
(B) according to stem—wood volume and presence of bark-stripping wound.

4. Discussion

Beyond the general rule that bark-stripping enables fungal infection [18] and wood decay
reduces the mechanical strength of trees [26], little is known about the quantitative effects of
ungulate bark-stripping on the stability of individual trees [27,28]. Because this type of damage
is widespread in commercial forests, models for storm risk assessment might benefit from more
comprehensive information.

To quantify the effect of bark-stripping on tree stability, damaged and undamaged Norway
spruce trees were pulled to failure. Contrary to expectations, most trees with wounds did not snap
but were uprooted, which is the most frequent wind damage for shallow-rooted species such as the
Norway spruce [2]. However, the presence of bark-stripping reduced bending moments at primary
and secondary failures significantly (Figure 2; Table 2), confirming our initial hypothesis at least in
part. The critical bending moments were comparable to the results found for Norway spruce in other
parts of Europe [4,29,30].
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Bark-stripping wounds reduced not only stem strength but also anchorage. Bark-stripping
disrupts conductive tissues of trees, causing physiological stress [18], and triggers the allocation of
resources to healing [15]. Both effects reduce growth in the long term. Under such conditions, we
speculate that trees invest less carbon into the root system, thus reducing anchorage and facilitating
uprooting [28,31]. Bark-stripping also acts as a gateway for pathogens [16,18,32], which can reduce the
growth and vigour of trees, reducing the mechanical stability of trees [28]. One of the most common
Norway spruce pathogens, Heterobasidion annosum, has been related to increased uprooting and stem
breakage [28,33]. Although wood rot was not detected on the stem discs at the wound, the spread of
pathogens in the stem can differ by species [16,34]; hence, fungal infection still might have had affected
roots of the bark-stripped trees, although not visible higher in the stem.

The marked increase in susceptibility of the bark-stripped trees to primary failure (Figure 2A),
which disrupts conductivity of wood facilitating physiological drought and weakening of trees [23],
suggested that the studied damage by wildlife might enhance the negative legacy effects of storms, such
as increased susceptibility to pests [1,2]. The legacy effects of bark-stripping are decreased mechanical
stability of trees and increased susceptibility of stands to wind damage [18]. Weaker resistance of the
bark-stripped trees (Figure 2) implies that they reach primary failure at considerably slower wind
speeds, facilitating storm legacy effects, which in turn are increasing susceptibility to wind damage, thus
resulting in a negative feedback loop and drawing negative perspectives to Norway spruce stands in
the eastern Baltic region. In addition, the primary failure creates irreversible damage to the wood fibers
(even if not visually detectable) [23], reducing the quality and value of timber [28,35]. Furthermore, the
negative effect of bark-stripping on tree stability (Figure 2; Table 2) suggests that damaged trees, as the
triggering points, might reduce the collective stability of stands to wind loads [2,17,18]. The growing
frequency of stand-replacing storms [2,3,36] in combination with intensifying cervid damage [10,20]
are expected to cause increasing calamities to Norway spruce in Northern Europe.

5. Conclusions

Under the growing influence of storms, bark-stripping damages caused by growing cervid
populations will intensify the direct and legacy effects of storms on Norway spruce. Considering the
long-term and short-term effects and risks allocated to bark-stripping on trees and stand, the damaged
trees are to be harvested soon after the damage, while the legacy effects have not caused more extensive
damage, although the harvesting of the damaged trees should be carried out when the risk of storms is
the lowest, allowing stands to restore collective stability. In this sense, prevention of wildlife damage
could notably improve the sustainability of Norway spruce stands against wind damage.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/3/357/s1.
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