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Abstract

Introduced tree species have become increasingly important in the context of the ongoing climate change. This paper
focuses on the dendrochronology of the most widespread introduced tree species in the British Isles — Sitka spruce
(Picea sitchensis [Bong.] Carr.) — in comparable soil conditions in England, Czechia, and Slovakia. The research
aims to evaluate the growth dynamics and the influence of climatic factors on this tree species while comparing it
with economically main tree species in Europe — Norway spruce (Picea abies [L.] Karst.). Based on the analysis of
150 increment cores, the radial growth of Sitka spruce was on average 24.2% higher than that of Norway spruce.
The highest increments in 52 to 62-year-old stands were achieved in England by both Sitka spruce (8.7 mm) and
Norway spruce (7.0 mm). In terms of negative pointer years (NPYs), there was no difference in the number of years
with a significantly low increment between the two species at any site. The lowest effect of climatic factors on growth
was found in Czechia, while the highest was in England. Higher resistance to climate was found for Sitka compared
to Norway spruce. In general, the main limiting factor for the growth was the lack of precipitation in the previous
year’s vegetation season, or heavy frost in England. In Central Europe, due to low precipitation, Sitka spruce will not
be a substantial introduced tree species in the future, but on suitable sites, it can achieve high production potential

and play a significant role for increasing stand diversity in the face of climate change.
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Introduced spruce species occupy 9194 hain Czechia,
i.e., 0.49% of the forest area (Beran 2018). The most
abundant species is blue spruce (Picea pungens Engelm.)
which was used mainly in air-polluted mountain areas,
especially in the Kru$né hory Mts., Jizerské hory Mts.,
and Krkono3e Mts. (Vacek et al. 2003). In air-polluted
areas, black spruce (Picea mariana [Mill.] Britton, Sterns
& Poggenburg), Serbian spruce (Picea omorika [Panci¢]
Purk.), and, rarely, other spruce species such as Sitka
spruce (Picea sitchensis [Bong.] Carr.—Funda et al. 2006
have been tested). The genus Picea spp., in particular

1. Introduction

Theintroduction of new tree species in Europe dates back
tothe 17 century period of industrialization (Bolle 1887;
Wein 1930; Kowarik & Sdumel 2007). It was not until
the 20th century that large-scale planting was imple-
mented. Thus, forest plantations have gradually changed
the distribution of tree species both within and outside
their natural range (Spiecker 2004). Currently, 3.1%, i.e.,
6.2 million ha, of Europe’s forests are covered by non-
native tree species, with the largest proportion in mid-

western Europe, wheretheycover8.9%, i.e.,2.2millionha
(Forest Europe 2020). In Czechia, introduced tree species
occupy around 1.82% of the forest area, and introduced
spruce species are, in aggregate, the most vital compo-
nent of geographically non-native conifers (Podrazsky
& Prknova 2019).

*Corresponding author. Zdenék Vacek, e-mail: vacekz@fld.czu.cz

Sitka spruce, and the most widespread in Europe — Nor-
way spruce (Picea abies [L.] Karst.) —occur outside their
natural range in Europe over an area of about 0.8 million
ha (Forest Europe 2020). The proportion of introduced
spruce speciesincluding Sitka spruce is gradually declin-
ing in Czechia due to the ongoing conversion of substi-
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tute species stands (Slodi¢ak et al. 2005) and increasing
political pressure for reduction of introduced tree species.
The current proportion of Sitka spruce in Slovakiais neg-
ligible because this tree species is distributed especially in
parks and is not managed like other commercial species.
According to data from National Forest Center in Slova-
kia, introduced spruce species occupy less than 0.01% of
the forest area (MARD 2021). On the other hand, Sitka
spruce is widely distributed conifer species in England
(Ludley et al. 2009). Current distribution exceeds 50%
of coniferous woodland and therefore the Sitka spruceis
the most important commercial tree species in England
(Manso et al. 2022).

Sitka spruce is native to the west coast of North
America, where it stretches along the Northern Pacific
coast from Southern Alaska to Northern California (Har-
ris 1990; Eckenwalder 2009; Praciak et al. 2013). It was
introduced in Europe in the 1800s and is now cultivated
in more than 16 countries worldwide (Peterken 2001;
Halldérsson et al. 2003; Moore 2011; Lee et al. 2013;
Deal al. 2014). It is a widely used tree species in West-
ern Europe but under radically different climatic and
soil conditions (Lines 1987; Bugata 2000; Moore 2011;
Ogwu et al. 2012; Lee et al. 2013; Durrant et al. 2016).
Under these conditions, Sitka spruce often markedly
outperforms Norway spruce production (Rosvall et al.
2001; Berghetal. 2005; Thompson & Harrington 2005).
In particular, an oceanic climate with high precipitation
of 1000-3000 mm and relatively mild winters (minima
above —7 °C) at altitudes of up to 900 m a.s.l. is better
suited for Sitka spruce (Lines 1987; Moore 2011) than
for Norway spruce —which is anative montane speciesin
the cool continental climate with an adequate soil water
supply (Musil & Hamernik 2007; Farjon 2017).

In European forestry in the 19" and 20™ centuries,
there was an extensive introducing of fast-growing
tree species (Poleno et al. 2007). Sitka spruce was also
among the species planted in numerous experimental
plantations in Europe, including Czechia and Slovakia.
Presently, the most important non-native coniferous
species in Europe for timber production include Doug-
las fir (Pseudotsuga menziesii [Mirb.] Franco) and Sitka
spruce (Podrazsky et al. 2013a, 2016; Nygaard & Qyen
2017). While considerable attention has been paid to
Douglas fir (Martinik & Kantor 2007; Kantor 2008;
Kantor & Mares 2009; Podrazsky et al. 2013b, 2014;
Mondek & Balas 2019; Mondek et al. 2021; Zeidler et
al. 2022), there are few studies dealing with Sitka, espe-
cially in Central Europe (Feliksik & Wilczynski 2008;
Podrazsky & Prknovéa eds. 2019). This is also true for
other introduced tree species such as grand fir (Abies
grandis [Douglas ex D. Don] Lindl. — Fulin et al. 2017,
2018), red oak (Quercus rubra L. — Miltner et al. 2017),
Weymouth pine (Pinus strobus L. —Podrazsky & Kupka
2011; Liao & Podrazsky 2001), or black walnut (Juglans
nigraL.—Hribetal. 2017). More attention has focused on
blue spruce, which has shown to have a rather negative
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effect on habitat conditions (Podrazsky 2008; Podrazsky
etal. 2005, 2006) and is also threatened by the spruce bud
blight (Gemmamyces piceae — Sefl et al. 2020). Regard-
ing production and timber quality, we should look at the
potential of black locust (Robinia pseudoacacia L. — Abri
etal. 2021a, 2021b; Honfy et al. 2021), European black
pine (Pinusnigral.F.A.— Ayanetal. 2021), and possibly
also paulownia (Pastor et al. 2022).

For these reasons, the aim was to assess the effect of
climate on the radial growth of Sitka spruce in compa-
rable soil conditions in England, Czechia, and Slovakia.
Dendroclimatological analysis of Sitka spruce stands
was compared with that of Norway spruce, which is
currently suffering from large-scale forest disintegra-
tion across Europe due to climate change and second-
ary pests (Simtinek et al. 2020; Toth et al. 2020). The
specific objectives of this study were to assess (i) basic
growth characteristics of Sitka and Norway spruce, (ii)
growth dynamics, including negative pointer years, and
(iii) the influence of monthly air temperature and precipi-
tation totals on the magnitude of radial growth of these
species under the climatic conditions of non-continental
Western Europe (England) and Central Europe (Czechia
and Slovakia).

2. Material and Methods

2.1. Study area

The subject of the study was Sitka and Norway spruce
stands in the Lake District in North West England, near
the town of Ambleside. In Czechia, we analyzed stands in
Central Bohemia near the town of Kostelec nad Cernymi
lesy. In Slovakia, stands in Central Slovakia near the
town of Zvolen were researched (Fig. 1). All permanent
research plots (PRPs) are located in the lowlands at alti-
tudesranging from 230-440 ma.s.l. The average annual
temperature is balanced (8.1-8.4 °C), with annual pre-
cipitationranging from 663 to 2061 mm. In terms of Kop-
pen’s climatic classification (Koppen 1936), the area of
interest belongs to two regions: Cfb — temperate oceanic
climate (England and Czechia), and Dfb —warm-summer
humid continental climate (Slovakia). The predominant
soil type in all study areas is Cambisol. The studied PRPs
1-6 are pure spruce stands (Norway and Sitka spruce)
of medium age with arelatively even horizontal structure
and a significant horizontal canopy closure, which have
been established by artificial regeneration. A detailed
overview of the basicdata onthe PRPsis givenin Table 1.

2.2. Data collection

For the analysis of radial growth, core samples were
obtained from the Sitka and Norway spruce trees with
a Pressler auger (Haglof, Sweden) at a height of 1.3 m
in the direction up/down the slope in spring 2016. From
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Fig. 1. Location of 6 research plots (*) with Sitka spruce and Norway spruce forest stands in England, Czechia and Slovakia, and
three meteorological stations (£) used for dendrochronology analyses.

Table 1. Basic characteristics of research forest stands with Sitka spruce and Norway spruce (according to the Forest Manage-

ment Plan).
. Veg. s
Altitude Slope Temper. Precipitation . | . Age Stand volume
Country PRP GPS m] Expo (] S[ZZi,:l]] ] [mm] Forest site type Tree species [year] (m*ha)
54°16’43"N S
1 2955°40°W 230 E 4 247 8.4 2061 Quercetum acidophilum ~ Norway spruce 52 527
England 54°1642°N
2 2055307 W 230 E 4 247 8.4 2061 Quercetum acidophilum  Sitka spruce 52 618
o195 .
3 SVO2IN - NE 3 158 s 663 Querceto-Fagetum o o0 coruce 62 425
. 14°51’13”E acidophilum
Crohi g SOON N 3 18 81 663 Querceto-Fagetum i e 62 456
14°51°09”E ’ acidophilum P
0’ ) ” . _
s AWIUN s s 1m0 84 688 Abicto-Fagetum 0 spruce 59 468
. 19°05°01”E acidophilum
o amIN o oy gy 688 Abicto-Fagetum ) orice 59 506
19°05°02”E ) acidophilum pru

Notes: 'forest site type Quercetum acidophilum (Acidic Oak), Querceto-Fagetum acidophilum (Acidic Oak-Beech) and Abieto-Fagetum acidophilum (Acidic Fir-Beech) represent potential plant
associations of Luzulo albidae-Quercetum petraeae Hilitzer 1932, Luzulo luzuloidis-Fagetum sylvaticae Meusel 1937, and Luzulo luzuloidis-Abietetum Oberdorfer 1957.

each research plot, 25 samples from the co-dominant
and dominant live trees — according to the Kraft classi-
fication (Kraft 1884) — were randomly (RNG function,
Excel) selected as the significant growth response (com-
pared to subdominant and suppressed trees; RemeS et al.
2015). A total of 150 core samples from spruce trees (75
of Sitka spruce and 75 of Norway spruce) were collected
(148 samples analyzed). The annual increments of tree
rings were then measured with an accuracy of 0.01 mm
using an Olympus binocular microscope on a LINTAB
measuring table and recorded in the TsapWin software
(Rinntech).

Measurements from meteorological stations were
utilized to derive the effect of climate and stress factors
onradial growth. Available data from the Ambleside sta-
tion (100 ma.s.l.; WGS84 54°25’48”N, 2°57°36”W) for

England, Slia¢ station (320 m a.s.l.; WGS84 48°38’8”N,
19°8’15”E) for Slovakia, and Ondfejov station (485 m
a.8.1.; WGS8449°54°24” N, 14°47°6”E) for Czechiawere
used for the analyses of the temperature and precipita-
tion in the period of 1971-2015. The distance between
the meteorological stations and research plots was in the
range of 4—17 km. The development of temperature and
precipitation was based on the data from temperature
in individual months, the average annual temperature,
the temperature in the vegetation season, annual total
precipitation, total precipitation in the vegetation sea-
son, total monthly precipitation, and extreme climatic
eventslike long-term droughts or historical temperature
maxima and fluctuations.
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2.3. Data analyses

Tree-ring increment series of Sitka and Norway spruce
were individually cross-dated to remove errors caused by
missingtreerings using statistical testsinthe PAST appli-
cation (Knibbe 2007). These series were subsequently
subjected to avisual inspection, according to Yamaguchi
(1991). If a missing tree ring was revealed, a tree ring
of 0.01 mm in width was inserted in its place. Individual
curves from research plots were detrended, and an aver-
agetree-ring series was created inthe ARSTAN program
(Tree Ring Laboratory, USA). Negative exponential
spline, and subsequently, 0.67n spline was used for age
detrending (Grissino-Mayer et al. 1992).

The first-order autocorrelation AR1 was calculated
in package dpIR in the R software (Bunn, 2008; R Core
Team, 2019). The first-order autocorrelation assessed
the relationship with the previous tree growth, or rather
the connection between the radial increment in two con-
secutive years as a measure of the tree’s physiological
buffering capacity (Fritts 1976). The analysis of nega-
tive pointer years (NPYs) was performed by Schwein-
gruber (1996) and Desplanque et al. (1999). For each
tree, a pointer year was identified as an extremely nar-
row tree ring that did not reach 40% of the increment
average from the preceding four years. The occurrence
of the negative year was proved if a strong reduction in
increment occurred in atleast 20% of trees on the plot. To
express the relationship between climate characteristics
(monthly average air temperatures and sum of precipita-
tion in particular years) and radial growth, the Dendro-
Clim software was used (Biondi & Waikul 2004).

3. Results

3.1. Radial growth of Sitka spruce and
Norway spruce

The highest diameter increment was found in Sitka
sprucein England (8.692 mm), whereas the lowest wasin
Norway spruce in Slovakia (2.800 mm; Table 2). Radial
increment of Sitka spruce was 26.3% higher than that of
Norway spruce in Czechia, 24.1% higher in England, and
22.3% higherin Slovakia. On average, this was 24.2% in
favor of Sitka. The high first-order autocorrelation (AR 1
0.695-831) suggests that radial growth was strongly
influenced by previous year conditions for both species,

particularly in Norway spruce. In terms of growth vari-
ability, higher fluctuations were found for Norway spruce
in Czechia and Slovakia. In contrast, the opposite was
true in England, where the largest difference was found
between the two species studied.

3.2. Dynamics of radial growth

In terms of NPY, there was no difference in the number
of years with significantly low radial increment between
the two tree species at any site (Table 2). The highest
number of NPY was found in both Central European
countries. In England, no NPY was detected in Norway
spruce. However, a large decrease in radial increment
occurred in 1979, 1984, 1989-1990, 2006, and 2013—
2015, when there was frequent ice damage to the spruce
crowns and synergism of negative weather factors (Fig.
2). Consistently, no NPY was analyzed in Sitka spruce.
Yet, a marked decrease in radial increment occurred in
1976, 1984, 1989-1990, 1995-1997, 2003, and 2006.

In Czechia, for Norway spruce, 1991 and 2001 were
the NPY with minimal radial increment. The year 1991
was cold and also the driest between January—May
(119 mm, average 234 mm) since 1971, preceded by the
lowest annual precipitation in 1990. The year 2001 was
characterized by extremely high temperatures outside
the vegetation season (3.0 °C, average 1.7 °C). However,
amarked decrease in radial increment occurred in 1977,
1992, 2000-2002, and 2010-2011, years with below-
average precipitation in the vegetation season (Fig. 2).
For Sitka, the identical NPY were analyzed — in 1991
and 2001. A marked decrease in radial increment also
occurred in 1977, 1992, 2000-2002, and 2010-2011,
similar to Norway spruce.

In Slovakia, NPY were demonstrated statistically in
1993 and 2000. The beginning of the vegetation season
(March to May) in 1992 witnessed the lowest precipita-
tion ever (54 mm, mean 161 mm). Precipitation in 2000
was also substantially below average, and in addition, it
was the third warmest year historically (9.7 °C, average
8.5 °C). Furthermore, an insignificant decrease in incre-
ment occurred in 1994, 2003, and 2015, predominantly
years with lower precipitation in the vegetation season
(Fig. 2). For Sitka, it was 2012 and 2013, in regards to
NPY. The year 2012 was marked by the warmest veg-
etation season on record (17.1 °C, average 15.2 °C)

Table 2. Characteristics of basic tree-ring chronologies of Sitka spruce and Norway spruce trees on permanent research plots

differentiated according to country.

Cores Age min-max

Country PRP Tree species [n] [years] RW mean RWISD AR1 Negative pointer years
England 1 Norway spruce 24 42-49 3.501 0.143 0.775 —

2 Sitka spruce 24 44-49 4.346 0.181 0.768 —
Cacchia 3 Norway spruce 25 48-60 2.378 0.258 0.831 1991,2001

4 Sitka spruce 25 45-61 3.003 0.220 0.805 1991, 2001
Slovakia 5 Norway spruce 25 41-50 2.800 0.178 0.709 1993, 2000

6 Sitka spruce 25 42-51 3.425 0.171 0.695 2012,2013

Notes: Cores — number of analyzed core samples, Age — minimum and maximum age of cores, RW mean — mean tree-ring width, RWI SD — standard deviation of ring-width index, AR1 - first-order
autocorrelation, negative pointer years — years with significantly extreme low radial growth
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Fig. 2. Standardized mean chronology of Sitka spruce and Norway spruce in 1971-2015 after removing the age trend expressed
by the tree-ring width index (RWI) and significant low radial growth expressed by negative pointer years (arrows).
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Fig. 3. Coefficients of correlation of the regional residual index tree-ring chronology of Sitka spruce and Norway spruce with
monthly air temperatures from May of the previous year (capital letters) to August of the current year (lower-case letters) in the
period 1971-2015; only statistically significant (p <0.05) values are shown.
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and below-average precipitation. Similarly, 2013 was
extremelywarm andvariable in precipitation (historically
the second-highest variability in monthly precipitation).
However, the decrease in radial increment also occurred
in 1982-1983, 1991-1994, 1999, and 2006.

3.3. Effect of climate on radial growth

In terms of the influence of climatic factors, precipita-
tion had amore substantial effect (17 significant months)
on radial spruce growth compared to temperature (11
months; Figs. 3 and 4). The lowest influence of climatic
factors on diameter increment was found in the PRPs
in Czechia, while the highest, in England. The greater
resistance to climatic factors (precipitation and tempera-
ture) was found for Sitka compared to Norway spruce.
Respectively, monthly temperatures had a predomi-
nantly positive effect on the radial growth of both tree
species, except in May of the previous year for Sitka PRP
in England (Fig. 3). The influence of the previous cur-
rentyear was similar (5 versus 6 significant months). For
precipitation, the crucial month (in terms of frequency
of significant months) affecting growth is July of the
current year. The highest correlation was found in this
month for Sitka sprucein England (r=-0.430). In terms
of precipitation, monthly precipitation had a significantly
predominant positive effect on spruce growth, except
for October and December of the previous year for Sitka
spruce in PRP in Slovakia (Fig. 4). For precipitation, the

previous year significantly (11 months) influenced the
increment more than the current year (6 months). The
most significant month that influenced tree growth was
July of the current and previous year. Specifically, the
highest correlation was found in June of the current year
for Sitka in England (r=0.393).

4, Discussion

4.1 Radial growth in Sitka spruce and Norway
spruce

With increasing continentality and with similar soil
(Cambisols), the conditions for the growth of Sitka spruce
and Norway spruce are deteriorating. While in England,
the average radial growth of Sitka spruce was 4.35 mm,
it was 30.9% less in Czechia, and 21.2% less in Slova-
kia. For Norway spruce, it was 3.50 mm in England and
32.1%less in Czechiaand 20.2% less in Slovakia. In Eng-
land, Norway spruce reached only 80.6% of radial growth
of Sitka spruce, while it attained 79.2% in Czechia and
81.8% in Slovakia. Similar results are documented, for
example, by MacDonald (1979). The production poten-
tial of Sitka spruce over Norway spruce corresponds toits
range of introduction. When it was introduced in Europe
in the 19™ century, it found relatively suitable growing
conditions in the British Isles and around the Baltic Sea
(Brazier & Mobbs 1993; Deans & Milne 1999; Green
et al. 2008; Feliksik & Wilczynski 2008; Beauchamp et
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Fig. 4. Coefficients of correlation of the regional residual index tree-ring chronology of Sitka spruce and Norway spruce with
amonthly sum of precipitation from May of the previous year (capital letters) to August of the current year (lower-case letters) in
the period 1971-2015; only statistically significant (p <0.05) values are shown.
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al. 2013). In England, it is currently the most commonly
planted commercial tree species (Forestry Commission
2014), grown in ca 40 to 50-year rotations (Fletcher &
Faulkner 1972; McLean etal. 2016). Sitka spruce prefers
temperate and humid oceanic climates with considerable
precipitation during the vegetation season (Harlow et al.
1978; Thompson & Harrington 2005). In contrast, Nor-
way spruce is one of the most common and economically
important tree species in Northern and Central Europe
(Musil & Hamernik 2007).

4.2. Effect of climate on radial growth

Interpreting correlations of radial increment of spruce
with mean monthly temperatures and precipitation is
relatively complicated, as the growth process is influ-
enced by numerous factors such as windstorms, patho-
gens, drought, air pollution load, yellowing symptoms,
damage by deer browsing and bark stripping (Giordano
etal. 2013; Vacek et al. 2019a, 2020; Cukor et al. 2019a,
2019b; Galloetal. 2021; Mikulenka et al. 2020). The posi-
tive effect of precipitation in July of the previous year and
temperatures in July of the current year on radial incre-
ment can be explained by conditions during this period
when a significant part of the radial increment is formed
(Putalova et al. 2019). It is in line with the findings of
Hlasny et al. (2017), who reported that spruce incre-
ment is influenced mainly by precipitation in June at
lower altitudes and temperature at high altitudes. Our
study of Norway spruce suggests that radial growth is
significantly limited in lower-elevation PRPs in Czechia
and Slovakia, particularly by the amount of precipitation
inthevegetation season (particularly in July), in contrast
to the PRPs in England, where precipitation totals even
inthe vegetation season were substantial. Temperatures,
therefore, do not limit growth if there is sufficient water
supply in the soil, which was rarely the case in the PRP
in Czechia and Slovakia during the vegetation season.
If water availability is reduced, stress, in the form of
decreased increment will typically manifest itself one year
later (Sander et al. 1995). Also, in our study, lack of pre-
cipitation in the previous year significantly affected tree
growth increment compared to the current year. Similar
results of the positive effect of temperature in June, July,
and August on spruce growth have been found in foothill
spruce forests in the Carpathian Mountains (Bednarz et
al. 1999), in the Krkonose Mts. (Kraletal. 2015), Orlické
hory Mts. (Rybnicek etal. 2009; Vaceket al. 2015), Polish
Tatra (Feliksik 1972), or in spruce stands in Norway
(Andreassen et al. 2006). Conversely, the temperature
during this period has a negative effect on spruce growth
in the lowlands, as documented by studies from Central
Bohemia (Vancura et al. 2020) or the Broumovsko Pro-
tected Landscape Area (Vacek et al. 2019b).

Our study of Sitka spruce suggests that the lack of
precipitation during the vegetation season, combined

with warm weather and winter frosts, are the main fac-
tors limiting its radial growth in Central Europe, in con-
trast to conditions in England. Moreover, in England,
not a single NPY was discovered for both tree species,
while in Czechia and Slovakia, two NPY were analyzed
for each species. Vegetation season in Central Europe
is considerably shorter than in England, which also
significantly affects radial growth. In Western Europe,
there is sufficient precipitation, but in places where the
spruce canopy was damaged by frost, it was reflected in
reduced radial growth in the years in question. Feliksik &
Wilczynski (2008) also report that winter frosts and dry
weather in summer are factors limiting radial increment
of Sitka spruce in Poland along the Baltic coast. Bugata
(2000) states that Sitka spruce is damaged by winter
frosts and summer droughts in continental Europe. In
general, spruce is more sensitive to high temperatures
and intolerant of low relative humidity and air pollution
loads than other tree species (Vacek & Lep$ 1987; Kral
et al. 2015; Putalové et al. 2019).

4.3. Other aspects of Sitka spruce
introduction

In recent years, there has been a great deal of debate
about the impact of introduced tree species on ecosystem
services and the landscape, both from the perspective of
ecologists (Richardson & Rejmanek 2011; Van Wilgen
et al. 2014; PySek et al. 2017) and foresters (Buridnek
2019; Podrazsky et al. 2020). The context of the forest
bioeconomy, including the entire consumption chain
from forest production to the use of raw timber mate-
rial in various ways, as well as the provision of ecosys-
tem services, is also gaining importance (Di Franco et
al. 2021; Endalew et al. 2021; Selivanov & Hlavackova
2021). Sitka spruce is not an invasive tree species (Bur-
ianek 2019). Its litterfall is comparable to that of Nor-
way spruce (MacDonald 1979) and its more noticeable
introduction in Europe is expected to occur mainly in
coastal areas with sufficient precipitation (Worrell &
Malcolm 1990a, 1990b; Moore et al. 2012). In Czechia,
the introduction of Sitka spruce into forestry practice is
not yet anticipated, from a legislative viewpoint (Beran
& Sindelar 1996). However, concerning precipitation,
on suitable sites, it can achieve high production poten-
tial and play a crucial role in increasing stand diversity
in times of ongoing climate change. Moreover, the vari-
ability of increment, both in Czechia and Slovakia, was
lower for Sitka spruce compared to Norway spruce, as
was its resistance to climatic factors.

5. Conclusion

The evaluated spruce species (Norway spruce and Sitka
spruce) atlower altitudes of Central Europe (Czechia and
Slovakia) suffer from a precipitation deficit, especially in
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the summer months of the vegetation season —evidenced
by its relatively low radial growth. Sitka spruce in particu-
lar suffers from winter drying damage. Contrastingly, in
non-continental Western Europe (England), there is suf-
ficient precipitation throughout the year for both spruce
species to grow. Crown damage to both spruce species
sometimes occurs during heavy frost. In particular, a mild
winter without severe frosts suits Sitka spruce. Due to
a favorable distribution of high precipitation and rela-
tively mild and short winters, both spruce species show
the best increment in England. So far, Sitka spruce has
also grown better in Czechia and Slovakia than Norway
spruce and is less responsive to adverse climatic condi-
tions. This difference has been decreasing over the last
20 years and is likely to become even smaller as global
climate change progresses. In conclusion, based on
investigation of research plots in 3 European countries,
the results indicates that Sitka spruce is tolerant to wet
and poor habitats well, is more tolerant of wind and salty
ocean air, and grows faster than Norway spruce, but it
seemstobe not recommended from an introduction point
of view to grow it extensively in continental climates.
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