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A B S T R A C T

Bark stripping damage and the resultant stem rot to Norway spruce (Picea abies [L]. Karst), one of the most
important tree species, poses a serious problem for forest management in Europe. Our research objective was to
determine the effect of bark stripping, the subsequent rot decay and the impact of climatic factors in young
(42–49 years) spruce stands. Moreover, we compared the differences between damage caused by red deer
(Cervus elaphus L.) and sika deer (Cervus nippon Temminck). In all the cases studied, game damage was lower in
forest stands when caused by sika deer (SD − 77.3%) compared to red deer (RD − 88.8%); 27.8% (SD) – 32.0%
(RD) of stem circumference was damaged in average. Damaged trees showed higher growth variability and were
more sensitive to a lack of precipitation and droughts, while air temperature had a higher effect on the growth of
healthy trees. The initial game damage was observed in the 11 (SD) – 14 (RD) year of the mean tree age. The
stem volume was lower by 25% (SD) – 28% (RD) in lightly damaged trees, and 50% (SD) – 71% (RD) in heavily
damaged trees compared to healthy trees. The vertical stem decay reached a maximum of up to 4.5 m (SD) –
6.0 m (RD) (mean 1.9–3.1 m) with the mean speed of vertical spreading of 5.7 cm yr−1 (SD) – 9.6 (RD) cm yr−1.
The mean decayed wood accounted for 30% (SD) – 39% (RD) of the stem volume. The peripheral stem damage
by bark stripping and the age of the first occurrence were significant factors in predicting damaged crosscut area
and vertical rot spreading in the stem. During this time of climate change, the stability of damaged spruce stands
has been significantly disturbed by deer game.

1. Introduction

Health status, stability and the production of forest ecosystems are
affected by numerous biotic and abiotic factors, such as air pollution load
(Králíček et al., 2017; Vacek et al., 2017a; Opała-Owczarek et al., 2019),
pest and pathogens (Brang et al., 2002; Vacek et al., 2015b), fertilization
(Cukor et al., 2017; Vacek et al., 2019), silviculture practices (Bílek et al.,
2016; Bolte et al., 2009; Štefančík et al., 2018, Gallo et al., 2020) and
climatic factors (Lorz et al., 2010; Suvanto et al., 2016; Putalová et al.,
2019; Šimůnek et al., 2019). The damage caused by wildlife is one of the
most significant of these factors (Vlad and Sidor, 2013; Ambrož et al.,
2015; Slanař et al., 2017; Konôpka et al., 2019). The large herbivores
which negatively affect woodland ecosystems are the deer species (Gill
and Beardall, 2001; Dobrowolska et al., 2020). Cervidae adapted well to
the land use changes and have successfully colonized the current agri-
cultural landscape (Brazaitis et al., 2014), which was significantly changed
by human activities in recent decades (Levers et al., 2016; Agnoletti et al.,

2019; Assandri et al., 2019). Animals respond through the flexibility of
their social behavior to new conditions (Jaedrzejewski et al., 2006; Barja
and Rosellini, 2008). The increase of wildlife populations of large un-
gulates has been documented across many countries in Europe in previous
years (Côté et al., 2004; Hagen et al., 2014; Thulin et al., 2015; Baltzinger
et al., 2016; Fattebert et al., 2017).
In Europe, the native deer species, including red deer (Cervus ela-

phus L.), are expanding, along with the introduced ones (Carden et al.,
2011; Borkowski et al., 2019). For instance, sika deer (Cervus nippon
Temminck) is one of the successfully introduced species of the Cervidae
family with a current rapid population growth (Pitra and Lutz, 2005;
Pérez-Espona et al., 2009; Carden et al., 2011; Barančeková et al.,
2012). Due to the increasing influence of deer on tree species richness
in forest ecosystems caused by their feeding behavior, wild ungulates
are defined as keystone species (Côté et al., 2004; Takarabe and Iijima,
2019). The well-described effects of game damage are leader browsing
on young trees (forest regeneration), shrubs and herbs, which alters the
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vegetation structure and composition and may retard woodland suc-
cessional development (Gill and Beardall, 2001; Rossell et al., 2007;
Bílek et al., 2018). However, the damage range depends on browsing
pressure (Gill, 1992; Stokely and Betts, 2020). Fraying is another type
of damage resulting from the removal of stem bark by antlers (Gill,
1992; Motta, 1996), but this game damage is not often compared to the
others (Caudullo et al., 2003).
Bark stripping is the last serious type of damage caused to forest

stands (Akashi and Nakashizuka, 1999; Nagaike, 2019). We distinguish
between winter bark stripping (gnawing off with the aid of the lower
incisors) or spring/summer bark stripping (tearing off the strips of bark
in the longitudinal direction) (Gill, 1992). The inflicted damage can
vary from minor scarring to significant deformation of the trunk, and
potentially, the death of the tree (White, 2019). The intensity of bark
stripping is again influenced by population density of Cervidae and
other factors like the age of the forest stands or social position of the
tree (Welch et al., 1988; Vospernik, 2006). Bark stripping mostly occurs
in young forest stands under 40 years of age (Welch et al., 1988; Gill,
1992; Čermák et al., 2011). This type of damage affects not only the
wood quality – from the point of economic evaluation (Welch and Scott,
2017), but also the wood production and lower resistance to natural
disturbances (Cukor et al., 2019b, 2019a; Schwarz et al., 2007).1

The secondary impact of bark stripping is the higher occurrence of
stem rot infection (Vasiliauskas, 2001; Vospernik, 2006). Heart rot fungi
typically enter trees through wounds, mostly caused by mammals
(Garbelotto and Gonthier, 2013; Warren et al., 2013; Assefa and Abate,
2018). The rot infection seems to be related to the range of bark-stripped
area. In the case of one of the most widespread tree species in Europe –
Norway spruce (Picea abies [L.] Karst.), the bark-stripped tree could be
attacked most often by the fungal pathogen Stereum sanguinolentum (Alb. &
Schwein.) Fr. immediately in the first year after the bark has been da-
maged (El Atta and Hayes, 1987; Čermák and Strejček, 2007). Only
50 cm2 of stripped area on the stem is sufficient for penetration of S.
sanguinolentum (Vasiliauskas et al., 1996). Another significant decay
fungus causing extensive rot of trunks includes Heterobasidion annosum
(Fr.) Bref., but this fungal pathogen attacks spruce mostly near the tree
base (Piri, 1996; Arhipova et al., 2011). The resistance of individual tree
species to the stem rot development varies considerably, Norway spruce is
considered as one of the most sensitive species (Gill, 1992; Vospernik,
2006). The importance of rot infection could contribute to financial losses
that were quantified, for example, in Scandinavia. The rot damage losses
caused by Heterobasidion spp. were estimated to be approximately € 0.5–1
billion per year (Rönnberg et al., 2013).
Current studies have dealt with the effects of bark stripping on

growth of Norway spruce (Kiffner et al., 2008; Månsson and Jarnemo,
2013) but we lack comprehensive research which focuses on losses of
timber production, the effects of climatic factors and the spread of rot in
the trunk, related to the level of damage caused by sika deer and red
deer. The objectives of this research were to: (1) determine the effects
of bark stripping on the timber production and structure of the Norway
spruce forest stands, (2) compare the differences between bark strip-
ping damage caused by native red deer and introduced sika deer, (3)
evaluate stem rot development in relation to different bark stripping
parameters, and (4) determine the effects of climate factors (pre-
cipitation, temperature) on the radial growth according to the magni-
tude of the deer damage.

2. Material and methods

2.1. Study area

The research was conducted on twelve monoculture Norway spruce

forest stands in two locations (2 areas × 6 stands). The effect of sika
deer was studied in the Forest management unit (FMU) Stříbro in the
western part of the Západočeská pahorkatina (West Bohemian Upland),
and the effect of red deer in the FMU Klášterec na Ohří, in the central
part of Krušné hory (the Ore Mts.) area which are both in the Czech
Republic (Fig. 1). The studied spruce stands were of similar age
(42–47 years in FMU Stříbro, 43–49 years in FMU Klášterec nad Ohří)
according to the forest management plans. The site quality index and
the soil type (Cambisol) were identical between all stands in both lo-
cations. The prevailing bedrock was mostly composed of slate and
phyllite. The spruce stands were artificially established and protected
by deer fences for 9–15 years after plantation (depending on location).
The altitude of the study location ranged from 471 to 551 m a.s.l. in
FMU Stříbro and 539–636 m a.s.l. in FMU Klášterec na Ohří.
In both cases, the forest owner is Forests of the Czech Republic, state

enterprise, so identical silvicultural and management practices were
performed. Soft thinning from below (harvested suppressed trees) ac-
cording to Kraft (1884) classification is applied with a focus on the
gradual removal of dead, dying and heavily damaged trees. Thinning is
performed once in about every 12–17 years with a stocking reduction
by a maximum of 20%. The studied stands were measured before the
thinning intervention at both sites. In the first FMU Stříbro (hunting
district Rochlov, 1861 ha), 7.5 sika deer individuals were hunted an-
nually per 100 ha in 2013–2018 on the average. In FMU Stříbro, the red
deer are not present and therefore are also not hunted. In the second
location, FMU Klášterec na Ohří (hunting district Perštejn, 2023 ha),
2.2 red deer individuals were hunted per 100 ha in 2013–2018 on the
average. In FMU Klášterec nad Ohří, the sika deer are not present and
therefore are also not hunted.
The climatic conditions on both sites are comparable. The mean

annual temperature in the study area was approximately 7.5–7.8 °C
with the minimum temperature recorded in January (−1.8 to −2.2 °C),
and the maximum recorded in July (17.0–17.8 °C; Fig. 1). The mean
annual precipitation ranged from 500 to 540 mm yr−1, with the lowest
precipitation recorded in February (21–25 mm) and the highest in June
(66–67 mm). The duration of snow coverage was approximately
54 days, with the average maximum snow depth recorded at 25 cm. The
growing season (T max > 10 °C) lasted approximately 150 days, with a
mean precipitation of 350 mm and a mean temperature of 13.7 °C. The
number of tropical days (T max < 30 °C) was 5, the number of ice days
(T max < 0 °C) was 32, and the number of arctic days (T max <
−10 °C) was also 5. The annual sunshine is 1634 h, on the average. The
study area qualified as a humid continental climate zone, characterized
by warm to hot, humid summers and cold to severely cold winters (Dfb)
as stated by the Köppen climate classification (Köppen, 1931). Ac-
cording to the detailed Quitt climate classification (Quitt, 1971), the
area can be classified in the cold climatic region (subregion CH 6). In
terms of phytocoenology, all permanent research plots (PRPs) belong to
Querceto-Fagetum acidophilum (Acidic Oak-Beech site) and Fagetum
acidophilum (Acidic Beech site) and to the alliance Luzulo-Fagion sylva-
ticae Lohmeyer et Tüxen in Tüxen 1954.

2.2. Data collection

In 2019, Field-Map technology (IFER – Monitoring and Mapping
Solutions, Jílové u Prahy, Czech Republic) was used to establish 47
radial plots (23 plots in FMU Stříbro, 24 plots in FMU Klášterec) with
the size of 100 m2 (r = 5.64 m). The position of the trees was measured
by Field-Map technology, diameter at breast height (DBH cm ≥ 4 cm;
accuracy 1 mm) measured by Mantax Blue metal caliper (Haglöf,
Långsele, Västernorrland, Sweden), and tree height (accuracy 0.1 m)
measured by Laser Vertex hypsometer (Haglöf, Långsele,
Västernorrland, Sweden). Game damage was evaluated and classified
using the methodology of the Institute of Forest Ecosystem Research,
Ltd. (IFER, Jílové u Prahy, Czech Republic) and Forest Management
Institute (ÚHÚL, Brandýs nad Labem, Czech Republic) applying

1 Could you please sort the references according to year of publication? The
correct version should be Schwarz et al., 2007; Cukor et al., 2019a, 2019b.
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national inventory measurements. Bark stripping was measured along
the girth of the tree stem utilizing a tape (to the nearest 1 mm) at DBH
and was subsequently divided into three categories: healthy trees (da-
maged circumference ≤ 1/8 of the stem girth), minor game-induced
damage (damaged circumference > 1/8 and ≤ 1/3 of the stem girth),
and extensive game-induced damage (damaged circumference > 1/3
of the stem girth) (Cukor et al., 2019b; Kosmala and Suchocka, 20082).
Furthermore, the length and mean height (the widest damaged place on
stem) of the bark stripping was documented. Winter or spring/summer
bark stripping were not differentiated due to the prolonged elapse of
time after the game-induced damage to tree.
In November of 2019, increment core samples of 23–24 spruce trees

from each tree-damage variant (3 samples on one plot) in both Forest
management units (totally 141 core samples) were taken at DBH using a
Pressler auger (Haglöf, Långsele, Västernorrland, Sweden).
Predominant and dominant trees according to Kraft (1884) classifica-
tion were randomly chosen by the RNG function (Excel, Microsoft).
Core samples were taken perpendicularly to the tree stem axis. Tree-
ring widths were measured to the nearest 0.01 mm with an Olympus
stereo microscope (Olympus, Tokyo, Japan) on a LINTAB measurement
table (RINNTECH, Heidelberg, Germany) and recorded by the
TSAPWIN software (RESISTOGRAPH, Heidelberg, Germany).
Throughout the dendrochronological analysis, the occurrence of bark
stripping damage (year) and stem rot (the percentage of diameter af-
fected by rot) were visually recorded by significant color changes
(fungi, black coloring in the stripping damage, etc.), separations of ring
widths, occurrences of defects (resin, rind galls, etc.), and changes in
the mechanical structure of each sample (Cukor et al., 2019b).
Forty trees with different levels of game damage in each Forest

management unit were harvested by chainsaw Husqvarna 550 XP
(Husqvarna, Stockholm, Sweden) to determine the size and spread of

stem rot. The stem was first cut at the widest point of the bark stripping
damage. Subsequently, the stem was cut in 20 cm segments from both
directions to the end of the rot area. The rot surface was marked on
each tree cross-section, documented and photographed perpendicularly
to the cut together with the ruler (for scale) with a Canon camera
(Canon, Óta, Japan) equipped with lens with focal length of 50 mm to
ensure minimal distortion of the image. The photos of the rot area were
measured in the image processing program ImageJ (Schindelin et al.,
2015). Ultimately, the main fungal species that caused wood decay
(Stereum sanguinolentum [Alb. & Schwein.] Fr. or Heterobasidion an-
nosum [Fr.] Bref.) were determined optically in the zoomed photos
according to the main features (color, shape of rot, gray zones, proce-
dure, decomposition).

2.3. Data analysis

Based upon the measured dendrometric data, the tree volume of
spruce was computed for the tree layer (Petráš and Pajtík, 1991). Basic
production parameters (DBH, tree height, stem volume) were computed
separately for selected types of damage on both sites, and were statis-
tically compared separately for each location. The Kruskal-Wallis test
was used with subsequent multiple comparisons (Siegel and Castellan
Jr., 1988) as assumptions of ANOVA (normality, tested by the Shapiro-
Wilk test) but were not met in all cases. Height curves were constructed
using the Näslund height-diameter function (Näslund, 1937). R-squared
values were computed as the residual sum of squares/total sum of
squares ratio. The standard deviation (σ) was used to express the sta-
tistical variability of the data.
For the basic description of bark stripping damage, the height of

damage on the stem, and the length of bark-stripped area on the stem
were analyzed. The differences between selected locations in these
parameters were tested by the Wilcoxon rank-sum test, as the as-
sumption of data normality was not met in both cases. Also, the ratio of
rot-affected timber to the log timber total was assessed (total log timber
was computed for the stem part of which the thinner-end diameter was
greater than 7 cm). The differences in rot-affected timber ratio between

Fig. 1. The localization of permanent research plots (PRPs) established within Norway spruce stands in the Forest management unit Stříbro in the Západočeská
pahorkatina (West Bohemian Upland) (sika deer) and the Forest management unit Klášterec nad Ohří in the Krušné hory (the Ore Mts.) (red deer) and monthly
climatic characteristics (the mean temperature and sum of precipitation between 1961 and 2018); the grey layer in the map symbolizes the forest cover in the Czech
Republic.

2 Could you please sort the references according to year of publishing? The
references should be cited as followings: Kosmala and Suchocka (2008), Cukor
et al. (2019b).
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selected locations were analyzed by the Wilcoxon rank-sum test (as
normality of data was violated).
The relationship between current visible bark-stripping and rot-

damaged crosscut area at the place of stripping on the stem was ana-
lyzed by linear regression. Quadratic regression was further used for
modelling of the rot damage along the stem relative to the damage at
the place of defacement – those two models together could be used for
predicting of the extent of rot inside the stem. R-squared values – as in
previous cases – were computed as the ratio of the residual sum of
squares/total sum of squares. We used a linear model to assess the re-
lation of the age and the bark stripping damage extent at its first oc-
currence.
Finally, the imaging of the extent of rot to the stem put into scale

was made. All computations were performed in R software (R Core
Team, 2018). Plots were made in R software via “ggplot2” package
(Wickham, 2016). Surface plots were made in software Gnuplot 5.2
(Williams et al., 2019). The significance level of alpha = 0.05 was set
for all statistical tests.
Tree-ring increment series were individually cross-dated (removal

of errors connected with the occurrence of missing tree rings) using t-
tests, and subsequently, were visually checked according to the
Yamaguchi method (Yamaguchi, 1991). Particular curves from the
PRPs were detrended in a standard way and mean tree-ring series were
created from collected data in the R software (R Core Team, 2018).
Annual tree-ring width was standardized by the tree age and re-
presented by the tree ring width index. Package dplR (Bunn, 2008) was
used to create smoothing spline for a different time window using a
built-in method to detrend, filter, and visualize the tree-ring series data
(Bunn, 2010). The detrended ring-width data were used to compute the
expressed population signal (EPS). The EPS indicates the reliability of a
chronology as a fraction of the joint variance to the theoretical infinite
tree population (Fritts, 1976). The signal to noise ratio (SNR) that
evaluates the signal strength of chronology, and R-bar interseries cor-
relations (Fritts, 1976) were also computed. The raw den-
drochronological data was used to calculate mean sensitivity (MS).
The standard age detrended chronology was interleaved and plotted

with a 16-year spline for removing short-term fluctuations. The analysis

of negative pointer years was conducted according to Schweingruber
et al. (1990). For each tree, the pointer year was identified as an ex-
tremely narrow tree ring that did not reach 40% of the average incre-
ment from the previous four years. A negative year was defined as the
occurrence of a strong increment reduction in at least 20% of the trees
on their respective plot. For modelling the diameter increments in re-
lation to climate characteristics (monthly precipitation and tempera-
ture), the DENDROCLIM2002 software (Biondi and Waikul, 2004) was
used for statistical relationships between climate and tree radial growth
using correlation and response functions. The software used boot-
strapped confidence intervals to estimate the significance of both cor-
relation and response function coefficients. In this case, we used cor-
relation and response functions for monthly precipitation and
temperature from May of the previous year to September of the current
year, in the range with our climatic data. Climatic data (1961–2018)
were obtained from the meteorological station in Kralovice (468 m
a.s.l.; WGS84 49°58′51″N, 13°29′06″E) approximately 30 km away for
FMU Stříbro, and about 25 km away from the meteorological station in
Olšová Vrata (606 m a.sl.; WGS84 50°12′6″N, 12°54′52″E) in the case of
FMU Klášterec n. Ohří. These meteorological stations are operated by
the Czech Hydrometeorological Institute (ČHMÚ), and the provider of
historical data is the National Center for Environmental Information
(NCDC).

3. Results

3.1. Stand production and structure

The differences in the basic production parameters (DBH, tree
height, stem volume) between selected damage levels for each location
were tested via the Kruskal-Wallis test with subsequent multiple com-
parisons. The Kruskal-Wallis test revealed significant differences in all
cases (Fig. 2). The p-values showed in all cases a very high significance
(p < 0.001). Also, significant differences were found between all da-
mage levels from all parameters in both locations. In the case of all
damage types, DBH was higher in Klášterec, on average, compared to
Stříbro. On average, trees with minor damage showed ca. 12% smaller

Fig. 2. The results of testing for differences in basic production parameters between selected damage levels. Two Kruskal-Wallis tests with subsequent multiple
comparisons were performed (for each location separately). The indices of statistically significant differences (letters above boxes) are depicted separately for each
location (capitals for Klášterec nad Ohří – red deer, small caps for Stříbro – sika deer).
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DBH than healthy trees in the Klášterec location (10% in Stříbro). In the
case of trees with extensive damage, the mean DBH was lower by 38%
compared to healthy trees in Klášterec (22% in Stříbro). Tree height and
stem volume showed a similar pattern, as the highest trees were the
healthy ones, followed by trees with minor damage, of which the height
was on average 11% lower in the case of Klášterec and 8% lower in the
case of the Stříbro location. The lowest tree height was observed in trees
with extensive damage, where the mean height was 32% lower com-
pared to healthy trees in Klášterec, and by 16% in the Stříbro location.
The tree stem volume was also the highest in the case of healthy trees,
on average. Trees with minor damage showed a lower stem volume by
28% in the Klášterec location (25% in Stříbro). In the case of trees with
extensive damage, the mean tree stem volume was 71% lower com-
pared to healthy trees in Klášterec and 50% lower in Stříbro.
The tree height-diameter function (fitted by Näslund H-D function)

showed the highest values in the case of healthy trees from both loca-
tions, followed by trees with minor damage and trees with extensive
damage. The graphic depiction of functions together with relevant R-
squared values are shown in Fig. 3. At both locations, healthy trees
showed highest Height-Diameter ratio, followed by trees with minor
damage and trees with extensive damage. The fitted parameters for
Näslund H-D function were the following: the Stříbro location – Healthy
trees (a = 0.186, b = 0.896), Minor damage (a = 0.195, b = 0.851),
Extensive damage (a = −0.195, b = −0.925); the Klášterec n. Ohří
location – Healthy trees (a = 0.168, b = 1.522), Minor damage
(a = 0.168, b = 1.673), Extensive damage (a = 0.171, b = 1.745).

3.2. Bark stripping and stem rot

Damage caused by bark stripping was found in 77.3% trees in the
Stříbro location (sika deer) and 88.8% trees in the Klášterec location
(red deer). In damaged trees, the mean circumferential damage by bark
stripping was 27.8% of stem in Stříbro and 32.0% in Klášterec. Out of
679 trees examined for estimation of production parameters (at both
locations together), 250 (37%) were classified as healthy trees (the
bark-stripping damage did not reach 1/8 of stem circumference). Minor
damage was observed on 240 trees (35%) and extensive damage (the
bark-stripping damage reached over 1/3 of stem circumference) was
observed in the rest (189 trees; 28%; Fig. 4).

On average, trees were damaged to the height of 87.9 (σ 18.0) cm
above ground in Stříbro and 128.2 (σ 27.7) cm in Klášterec. The
Wilcoxon rank sum-test showed highly significant differences
(W = 8786, p < 0.001). The length of the damage (along the stem)
was 39.0 cm (σ 24.5) cm in Stříbro and 73.7 (σ 38.5) cm in Klášterec –
the Wilcoxon rank-sum test revealed significant differences between
these locations (W = 19297, p < 0.001).
The relationship between the current visible tree the grit damage

and the rot-damaged crosscut area at the spot of the highest damage on
the stem was evaluated. Linear regression showed that damaged girth is
a significant factor in predicting damaged crosscut area at both loca-
tions (p < 0.001 in both cases). The R-squared values were 0.61 in the
case of Klášterec, and 0.46 in the case of Stříbro. Regression function
together with its graphic depiction and other data are depicted in Fig. 5.
Further modeling describes the distribution of stem rot along the

trunk segments. The rot-damaged crosscut area at the damaged place
on the stem was taken as a reference (100%). The relationship between
the relative damaged area to the distance from the damaged place on
the stem was assessed by regression via quadratic function. The R-
squared reached value 0.52 in Stříbro and 0.30 in Klášterec. The de-
pictions of regression functions together with their equations are shown
in Fig. 6.
In the Stříbro location, the stem rot reached maximally up to 4.52

(mean 1.92) m of height (inside the stem), in the Klášterec location up
to 6.04 (mean 3.07) m. First damage was observed at 11 years of age on
average in Stříbro, 14 years of age in Klášterec, respectively. That
means, the average speed of rot spreading upwards through the stem
was observed to be 5.65 cm yr−1 in Stříbro and 9.59 cm yr−1 in
Klášterec. The dependence of the tree age and damaged girth at the first
occurrence of bark-stripping on the length of the stem rot on the higher
part of the stem is explained in detail by a linear model (Table 1, Fig. 7).
In relation to fungal pathogen species, 91.9% samples were classified as
rot caused by Stereum sanguinolentum and 8.1% by Heterobasidion an-
nosum.
The timber volume degradation due to stem rot relative to overall

volume of negotiable timber (log with the thinner-end diameter >
7 cm) showed marginally insignificant differences between both lo-
cations. The mean degraded timber volume was 29.6% in Stříbro and
39.3% in Klášterec – the Wilcoxon rank-sum test: W = 282, p = 0.09.

Fig. 3. Näslund height-diameter functions for all selected types of damage at both study locations; plot A – Stříbro (sika deer), plot B – Klášterec nad Ohří (red deer).
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3.3. Dynamics of radial growth and effect of climate

The highest mean value of tree-ring width was found in healthy
trees in Stříbro (sika deer), while the lowest mean was found in trees
with the extensive damage in Klášterec (red deer; Table 2). In both
locations, the highest mean radial growth was observed in healthy
trees, while the increment decreased with the increasing size of da-
mage. Standard deviation of radial growth was the highest in the trees
with extensive damage. The mean sensitivity was the lowest in healthy
trees. The SNR shows the best dendrochronological pattern (without
any noise) in healthy trees in Stříbro and the poorest in trees with ex-
tensive damage in Klášterec. This indicated that these variants with a
higher SNR are more homogeneous than variants with a low SNR. Re-
liability of a chronology was significant (EPS > 0.850) in all variants
except trees with extensive damage in Klášterec (0.845).
The dynamics of radial growth in Norway spruce showed the gen-

eral trend of healthy trees’ growth which was higher compared to the
damaged variants (Fig. 8). Healthy trees and trees with minor damage
showed higher similarity compared to differences in trees with minor
and extensive damage, especially in the Klášterec location. The years of

an extremely low radial growth are apparent. The low diameter in-
crements in the Stříbro location that occurred in 2003 and 2015 qua-
lified them as significant negative pointer years. Year 2003 was the
driest year recorded since 1961 (the beginning of meteorological
measurements) through 2019 (304 mm, long-term mean 488 mm),
especially with respect to the growing season (196 mm, long-term mean
325 mm). In 2015, lower diameter increments were caused by ex-
tremely high temperatures (annual temperature 9.9 °C, long-term mean
7.9 °C), with low amounts of precipitation in summer months (monthly
precipitation 40 mm, long-term mean 62 mm). Moreover, significant
negative pointer year 1998 was observed for trees with extensive da-
mage. The first half of 1998 had the warmest recorded temperatures
(8.2 °C, long-term mean 6.1 °C).
Similarly, a significant negative pointer year 2003 was observed for

radial growth of spruce in FMU Klášterec for years 2013 and 2018
(Fig. 8). Year 2003 was also in this FMU characterized by extreme
droughts with the lowest amount of precipitation in March ever re-
corded from 1961 to 2019 (7 mm, long-term mean 34 mm). Also, year
2018 was characterized by extremely low precipitation amounts in the
growing season, especially with the historically minimum in August

Fig. 4. Heavily bark-stripped Norway spruce stem with subsequent rot infection by Stereum sanguinolentum measured in software Gnuplot 5.2 (left) and vertical rot
development in the stem (right).

Fig. 5. The relationship between the current visible tree girth damage (in millimeters) and the rot-damaged crosscut area at the spot of the highest damage on the
stem. Displayed p-values are for null hypothesis that × parameter in regression function is equal to zero.
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(10 mm, long-term mean 63 mm), and also by the highest temperature
in April (11.0 °C, long-term mean 7.1 °C) and May (14.5 °C, long-term
mean 11.7 °C). The year 2013 was characterized by late frosts; the
lowest temperature in March was observed (-2.3 °C, long-term mean

2.5 °C). Also, there was extremely overcast weather in the first half of
2013 (monthly 78 h of sunshine, long-term mean 142 h). Moreover, a
significant lower increment was analyzed for year 1996 in the variant
with extensive damage. In 1996, the highest number of days with snow
cover occurred (115 days, long-term mean 62 days) and of ice days
(81 days, long-term mean 39 days) since 1961.
Comparing growth variability (standard deviation) of particular

variants in Stříbro, the highest variability of the ring width index was
observed in trees with extensive damage, while relatively balanced
growth was documented in healthy trees. A similar situation was ob-
served also in Klášterec.
Regarding the effects of precipitation in 1995–2019, significant

(p < 0.05) positive correlations were observed in 3 (Stříbro) or 4
(Klášterec) months in the case of trees with extensive damage compared
to healthy trees (2 and 1 significant correlation; Fig. 9). Trees with
extensive damage showed the highest sensitivity to a lack of pre-
cipitation. Temperature correlations show opposite trends. The lowest
effect of temperature was observed in the case of trees with extensive
damage, but the differences among variants were lower compared to
precipitation. Generally, temperature had a higher effect on radial
growth in the study area compared to the precipitation. The highest
effect of precipitation and temperature on radial growth was observed
in January–March and then in August of the current year, the most

Fig. 6. Distribution of stem rot along the trunk segments. Quadratic regression was used to fit the regression curves. The vertical line depicts the value at the spot of
damage (equal to 1; 100%), to which all the other values are related.

Table 1
The results of the general linear model for estimation of stem-rot damage extent
based on the first damage parameters.

Dependent value: The length of the stem-rot damage from the bark-stripped place on the stem
[cm]

Locality: Stříbro R2 = 0.55 Locality:
Klášterec n.
Ohří

R2 = 0.35

Parameter Coefficient p-value Parameter Coefficient p-value

[Intercept] −62.75 0.07 [Intercept] −25.07 0.74
Age at the first

damage
occurrence

4.18 0.02 Age at the
first damage
occurrence

2.03 0.62

Damaged girth
by the first
damage
occurrence
(%)

4.43 <0.001 Damaged
girth by the
first damage
occurrence
(%)

4.57 0.007

Fig. 7. Graphic depiction of a linear model for the estimation of the extent of stem-rot damage based on the first trunk damage parameters (age and bark-stripped
girth at the first occurrence of bark stripping damage); location A – Stříbro (sika deer), location B – Klášterec nad Ohří (red deer).
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significant month being February (9 significant correlations).

4. Discussion

In this study, the differences in production parameters of Norway
spruce stands in relation to bark damage were confirmed. The main
indicator – the mean stem volume was 71% lower in heavily damaged
trees in Klášterec and by 50% in Stříbro compared to healthy trees.
Similar results were reported from older Norway spruce stands where
the stand volume of heavily damaged trees was almost half (Cukor
et al., 2019a). Lower characteristics were also observed in the other
characteristics, like height and DBH of the tree. However, bark strip-
ping does not affect only the tree growth, but consequently also the
wood quality, by allowing fungal pathogens to enter. Root rot is also
found in the stem of visually healthy trees. Surprisingly, no significant
differences between the diameter growth of trees with root rot and
healthy trees were observed in spruce stands in Estonia (Allikmäe et al.,
2017). No significant differences in the volume of wood decayed by
Heterobasidion spp. were confirmed in a study from Sweden (Rönnberg
et al., 2013) as well. These facts indicate that the differences in growth
characteristics are caused by a lower circumference, which transports
water with nutrients into the upper parts of the tree. Conversely, sig-
nificant losses in diameter growth were observed in trees in Sweden
infected by fungal pathogens in the range of 9–20% without damage
caused by deer. The spread of root rot in the stem increased with the
stand age (Bendz-Hellgren and Stenlid, 1995), similar to our case.

Vertically, the stem rot reached a maximum height of 4.52 m (mean
1.92 m) inside the stem in Stříbro and 6.04 m (mean 3.07 m) in
Klášterec. Similarly, (Čermák et al., 2004b) documented a decay range
from 2.5 to 4.5 m in a stand of a comparable age. Another study from
the Czech Republic describes the average rot development from 1.25 m
in the third age class to 4.38 m in the seventh age class in Norway
spruce stands (Šafránek et al., 2016). The average height of the decay
column was 4 m in older spruce stands at the total stand age of
74–75 years in Sweden (Rönnberg et al., 2013), however, these trees
were not bark-stripped by ungulates. The average speed of rot
spreading upwards through the stem was observed to be 5.65 cm yr−1

in the Stříbro location and 9.59 cm yr−1 in the Klášterec location. The
results from Klášterec are totally consistent with the mean progress of
rot 9 cm yr−1 in Moravia (Czech Republic), for example. The damage
was also caused by red deer in this location (Čermák et al., 2004b) as
was the case in the Klášterec area. The annual rot progress depends on
the age of stands. In younger stands the rot growth was 11.8 cm yr−1

and in the older stands (6th and 7th age class) it was 2.7 cm yr−1

(Šafránek et al., 2016). Other studies (e.g. Čermák and Strejček, 2007)
determined progress of the rot caused by Stereum sanguinolentum ranged
from 13.3 to 19.5 cm yr−1, also depending on the age of the trees.
The results suggest that the stem rot was highly developed in the

area where the damage was caused by red deer. This fact is probably
related to the different body condition of both deer species. The sika
deer is a small to medium-sized Cervidae species with a shoulder height
between 94 (female) to 105 cm (male). The body mass ranges from
102.8 to 151.0 kg in adult males and 68.0 and 99.8 kg in adult females
according to seasonal fluctuations. However, these data are reported
from Japan (Suzuki et al., 2001). The sika deer individuals seem to be
smaller in Central Europe than in their native range. The average
shoulder height reaches 95 cm in the Czech Republic, and the average
body mass around 55 kg (Červený, 2003). More accurate data from our
area of interest (FMU Stříbro) were published by Hanzal et al., (2018)
when the average body weight was about 42 kg when the five year old
males have 88 kg on average. On the other hand, the shoulder height of
red deer males is about 150 cm and body weight up to 250 kg, while the
weight of does is less by a third (Červený, 2003). This also corresponds
with the height of the center of damage on the stem, which was 87.9 cm
above ground in the Stříbro location (damage caused by sika deer) and
128.2 cm in the Klášterec location (red deer). However, the center of
the bark stripping caused in winter could also be affected by snow cover
at higher altitudes. General information describes the height of damage
on the stem in a ratio between 50 and 100 cm (Gill, 1992) without a
detailed distinction of deer species which caused the damage. The
length of the damage (along the stem) was observed to be 39.0 cm in
Stříbro and 73.7 cm in the case of Klášterec. Moreover, the initial da-
mage caused by sika deer was observed in forest stands aged 11 years
on average and in 14 years old stands in locations with red deer po-
pulation. The damage can be initiated when the density of branches
decreases with age and the stem becomes accessible to deer (Gill,

Table 2
Characteristics of tree-ring width chronologies of the spruce of healthy trees (HT), trees with minor damage (MD) and with extensive damage (ED) in Stříbro (sika
deer) and Klášterec nad Ohří (red deer).

ID No. trees (pcs) Mean RW (mm) Mean σ MS R-bar SNR EPS Negative pointer years

Stříbro
HT 23 3.666 1.520 0.352 0.417 6.442 0.892 2003, 2015
MD 23 3.371 1.590 0.378 0.301 5.258 0.881 2003, 2015
ED 22 3.019 1.684 0.412 0.212 4.570 0.852 1998, 2003, 2015

Klášterec n. Ohří
HT 24 3.021 1.306 0.292 0.211 5.195 0.856 2003, 2013, 2018
MD 24 2.965 1.350 0.410 0.221 4.651 0.876 2003, 2013, 2018
ED 24 2.295 1.414 0.316 0.189 3.321 0.845 1996, 2003, 2013, 2018

Notes: No. trees – number of analyzed and used core samples, RW – tree-ring width, σ – standard deviation, MS – mean sensitivity, R-bar – interseries correlation, SNR
– signal-to-noise ratio, EPS – expression population signal.

Fig. 8. Annual tree-ring width of Norway spruce for healthy trees (1), trees with
minor damage (2) and with extensive damage (3) in the Stříbro location (sika
deer) and the Klášterec nad Ohří location (red deer) and relevant smoothing 16-
year spline; only the ring width series with EPS value ≥ 0.85 are displayed.
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1992). Therefore, the stem seems vulnerable earlier for smaller Cervidae
species – sika deer in the case of our study.
In general, more than 20% of the total volume of harvested timber

was damaged by stem rot at the beginning of 21st century in the Czech
Republic (Půlpán, 2001). Similar rates of stem rot damage are reported
from Scandinavia, where about 14% of Norway spruce is damaged by
root rot at the stump height, according to Swedish National Forest In-
ventory (Thor et al., 2006). In our case, the main fungal pathogen
causing wood rot was Stereum sanguinolentum, similar to other studies in
the Czech Republic (Čermák et al., 2004a, 2004c) and also in other
countries (Mäkinen et al., 2007). The average volume of economic
losses due to the spread of rot in the Czech Republic is increasing (Malík
and Karnet, 2007). In the European Union, annual losses attributed to
growth reduction and degradation of wood are estimated at € 790
million, of which about € 120 million are accounted for by Sweden and
Finland (Woodward et al., 1998; Pukkala et al., 2005). Specifically, rot
damage caused by Stereum sanguinolentum create an economic loss
amounting to € 2.5 thousands per hectare of forest stands (Čermák
et al., 2004c) while total losses caused by bark stripping reached an
average of € 10.2 thousands per hectare in the Czech Republic (Simon
and Kolář, 2001). Other sources estimate the loss caused by root rot
damage by Heterobasidion species annually amount to € 0.5–1 billion for
the whole of Scandinavia (Bendz-Hellgren and Stenlid, 1995; Rönnberg
et al., 2013). So far, despite its biological and economic importance,
Stereum sanguinolentum and Heterobasidion annosum have been largely
overlooked in practical forest planning (Čermák et al., 2004a; Thor
et al., 2006). Conclusively, early thinning appears to be more important
for the disease development than subsequent multiple thinning. To
restrict the disease development in the stand later during the rotation
period, it is of the utmost importance that the earlier thinning is done
during winter, or otherwise properly protected against fungal spore
infection (Rönnberg et al., 2013). The importance of responsible thin-
ning of heavily bark-stripped trees followed by lower timber production
was confirmed in previous studies (Cukor et al., 2019a, 2019b).
Game damage must be assessed in relation to ongoing

environmental changes, especially global climatic change. In relation to
the increasing threat of climate change, European forests have faced
several unprecedented weather events in recent years (Seidl et al.,
2014; Nagel et al., 2017). Tree growth is strongly affected and limited
by ongoing warming, uneven distribution of precipitation, more fre-
quent droughts, wind disturbances and other climatic extremes
(Primicia et al., 2015; Seidl et al., 2017). Similarly, the limiting factors
of radial growth in the studied area were especially extreme droughts,
and synergism of high temperatures and a lack of precipitation. In all
cases, a significant decrease was observed in 2003 due to extreme low
precipitation and high temperatures in the growing season, similar to
other spruce stands in the Czech Republic (Šrámek et al., 2008;
Rybníček et al., 2010). Conversely, a late frost and extreme snow cover
had a negative effect on radial growth as well. The highest effect of
climate factors on radial growth was observed in February, followed by
January, March and August of the current year. A positive effect of
temperature from January to May (especially March) was also observed
in other spruce stands at comparable altitudes (Rybníček et al., 2010;
Petráš and Mecko, 2011; Mikulenka et al., 2020). On the other hand,
these studies documented the most significant month in relation to
precipitation as June and July, however in our case, it was August.
Wimmer and Grabner (1997) observed significant effects of climatic
factors on radial growth and resin duct density of Norway spruce from
June to August. This can be explained by climatic conditions in this
period, when a great part of radial increment is produced (Putalová
et al. 2019). Regarding xylem formation and stem radius increase in
May, the fastest daily increments were recorded in June and July, with
a slowdown in August (Mäkinen et al. 2003).3 Temperature had a
higher effect on radial growth in the study area compared to pre-
cipitation. Similarly, a prevalent positive effect of temperature was
observed in other submontane and montane areas in Europe (Král et al.,
2015; Sidor et al., 2015; Vacek et al., 2015a, 2017b). The limiting effect

Fig. 9. The values of the correlation coefficients of the standardized tree-ring width chronology with the monthly precipitation and temperatures from May of the
previous year (capital letters) to September of the current year (small letters) for the period 1995–2019 for Norway spruce in Stříbro (sika deer) and Klášterec nad
Ohří (red deer); correlation coefficients with statistically significant values (α = 0.05) are displayed.

3 (Mäkinen et al., 2003)
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of low temperatures was more significant on high-altitude sites, while
the importance of precipitation increased with decreasing altitude
(Mäkinen et al., 2002; Savva et al., 2006).
Bark stripping had a significant effect on both variability/stability of

radial growth and sensitivity to climatic factors. Other research from
eastern Czechia (Cukor et al., 2019a) and southern Finland (Mäkinen
et al., 2001) also confirmed higher sensitivity of damaged trees to the
climate factors compared to healthy trees. In our case, drought and a
lack of precipitation were significant limiting factors for growth of
extensively damaged trees, while the effect of precipitation was low in
healthy trees. Conversely, increased temperature had a higher effect on
healthy trees due to sufficient water supply, but differences among
variants were lower compared to precipitation. Damaged trees also
showed higher variability in radial growth. Similarly, in Switzerland
(Meyer and Brker, 2001) and in other parts of Czechia (Cukor et al.,
2019a), precipitation had a larger effect on the radial growth of da-
maged trees compared to healthy trees. On the other hand, higher
temperatures were associated with increasing growth in the healthy
trees, but not in the damaged ones (Mäkinen et al., 2001). Higher
drought stress in damaged trees (interfered hydraulic conductance of
wood) with secondary rot infection significantly reduces not only me-
chanical stability of individual spruce trees, but of all forest stands, en
masse (Čermák et al., 2004a; Krisans et al., 2020). The escalating fre-
quency of droughts and windstorms in the last decades (Usbeck et al.,
2010) significantly increases the susceptibility of these stands to dis-
turbances, having already been damaged by bark stripping. Moreover,
the losses in the Czech forestry sector due to climatic change and
subsequent attacks on weakened Norway spruce stands by bark beetle
reached around € 1.12 billion in 2019 (Toth et al., 2020).

5. Conclusion

Our study confirmed an urgent need for fundamental change in the
management approach to commercial forests in the Czech Republic. In
both study locations, game damage to the stands exceeded the accep-
table economic and environmental limits. Due to the high density of
sika deer and red deer, there was a high risk of game damage to young
spruce forests stands by bark stripping and subsequent stem rot spread.
With respect to production, trees with minor damage showed on
average a 25–28% less stem volume than healthy trees, and in the case
of heavily damaged trees, the stem volume reduction amounted to
50–71%. The mean decayed wood reached 30–39% of the merchan-
table volume. We also assume that the static stability of trees was sig-
nificantly impaired, as damaged trees responded worse to the lack of
precipitation and droughts compared to healthy trees. All of these
factors lead to a higher susceptibility of forest stands to biotic and
abiotic disturbances. Harmonization of hunting and silvicultural man-
agement should increase the resistance of forests to global climate
change. The recommended hunting measures include a significant re-
duction in game numbers, and, possibly, the use of overwintering game
enclosures. More intensive first tending interventions (increased tree
spacing) leading to the formation of long and dense branches, which
will prevent the game from accessing the stem. An increase in the share
of palatable admixed tree species and individual protection will also
decrease the probability of game damage on target trees.
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