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Abstract: Mixed forests play a key role in terms of stability, production potential, and adaptation to climate change. 
In addition, the studied Norway spruce [Picea abies (L.) Karst.] and Scots pine (Pinus sylvestris L.) belong to the most 
economically important tree species in Europe. The objectives were to determine the effect of the species composition 
of these two tree genera on the production, structure, diversity, and growth of mixed stands at lower elevations in the 
Czech Republic. Based on dendroecological samples, research was also carried out on the influence of climatic factors 
and climate change on  the radial growth of  these trees of  interest. Mixed forests showed higher timber production 
by 29.8% compared to spruce and pine monocultures. The production of mature stands ranged from 328 to 479 m3·ha–1. 
Spruce achieved higher radial growth, but its growth variability was higher than that of pine. Compared to precipitation, 
temperatures had a greater influence on the radial growth of both tree species, especially in the growing season. In terms 
of diversity, mixed stands achieved significantly higher structural differentiation and overall diversity compared to mon-
ospecific variants. Mixed stands can achieve higher production potential, diversity, and especially resistance to climatic 
extremes in the lowland regions of the Czech Republic. The differences between mixed stands and monocultures, i.e. the 
effect of tree species mixing, depend on the appropriate proportions of tree species and their spatial pattern.
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Norway spruce [Picea abies (L.) Karst.] and Scots 
pine (Pinus sylvestris L.) are the most economically 
important tree species in Europe (Eckenwalder 2009; 
Krakau et al. 2013; O'Reilly-Wapstra et al. 2014; Se-
vik, Topacoglu 2015; Caudullo et al. 2016; Brichta 
et al. 2023). From the point of view of  their pros-
perity in  the conditions of  global climate change 
(Vacek et al. 2016, 2023; Usoltsev et al. 2022), their 
origin (Taeger et  al.  2013; Leštianska et  al.  2023), 
the habitat, and stand conditions are important 
(Mikulenka et al. 2020; Gallo et al. 2021; Kovalevs-
kii et al. 2022). Due to their high production, Nor-

way spruce and Scots pine were planted in different 
habitat conditions, including outside their natural 
distribution (Mikeska et al. 2008; Poleno et al. 2009; 
Caudullo et al. 2016; Durant et al. 2016) where they 
are often affected by  various disturbances (Cau-
dullo et al. 2016; Hlásny et al. 2019, 2021; Šimůnek 
et al. 2020; Sydorenko et al. 2021). It is primarily true 
of richer habitats of Scots pine (Mikeska et al. 2008; 
Brichta et  al.  2023), and in  the case of  Norway 
spruce, not lower than in  the 5th  forest vegetation 
zone unless the habitats are affected by water (Va-
cek et al. 2007; Poleno et al. 2009).
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Currently, as a result of global climate change, the 
main threat to  spruce and pine stands is  primar-
ily drought and, in  connection with that, attacks 
by insect pests (especially bark beetles Ips typogra-
phus, Ips acuminatus, Ips sexdentatus, Pityogenes 
chalcographus), and fungal pathogens such as He-
terobasidion spp., Fomes spp., and Armillaria spp., 
etc. (Komonen et  al.  2011; Gao et  al.  2017; Buras 
et  al.  2018; Barta et  al.  2019; Čermák et  al.  2019; 
Holuša et al. 2019; Knížek et al. 2021). It is precisely 
periods of climatic stress that negatively affect the 
photosynthetic activity of Norway spruce and Scots 
pine, and there is  an  increase in  defoliation and 
a decrease in radial growth (Flexas, Medrano 2002; 
Reddy et al. 2004; Vacek et al. 2023). Rising air tem-
peratures, together with low water availability, are 
responsible for several other diseases and also for 
the reduced defense capacity of trees against insect 
pests (Allen et  al.  2015; Hlásny et  al.  2019,  2021; 
Knížek et al. 2021; Haberstroh et al. 2022).

Drought is, therefore, a  significant and frequent 
predisposing factor for forest decline and distur-
bances (Hlásný et al. 2021; Knížek et al. 2021). The re-
sistance of the forest to drought depends primarily 
on the intensity of the drought but also on specific 
functional properties (Greenwood et  al.  2017) and 
can also vary among individuals of the same species 
(Gazol et al. 2017; Camarero et al. 2018). Compared 
to  Scots pine, Norway spruce is  one of  the most 
drought-sensitive European trees (van der Maaten-
Theunissen et  al.  2013; Hartl-Meier et  al.  2014; 
Leuschner, Ellenberg 2017; Čermák et al. 2019), be-
cause it is a species demanding on rainwater or soil 
moisture and has a  shallow root system (Horgan 
et al. 2003; Johnson, More 2006; OECD 2006; Far-
jon 2010). In contrast, Scots pine has a deep root sys-
tem and can obtain water from significantly greater 
depths than Norway spruce (Praciak et  al.  2013). 
For these reasons, it is advisable to grow spruce and 
pine in a two-story high forest (Poleno et al. 2009).

In connection with global climate change, the 
distribution areas of  these tree species are also 
changing. Both Norway spruce and Scots pine are 
significantly retreating in  the more southerly areas 
of  their ranges and at  lower altitudes, and, on  the 
contrary, increasing their range at  higher altitudes 
and in  their northern locations (Benito Garzón 
et al. 2008; Reich, Oleksyn 2008; Matìas, Jump 2012; 
Hanewinkel  2013; Vacek et  al.  2023). The  man-
agement strategy of  these stands is  consequently 
changing in an attempt to  increase their adaptabil-

ity to climate change (Vacek et al. 2022). In  spruce 
stands at lower elevations, their transformation into 
mixed stands corresponds in composition to stands 
close to nature (Hanewinkel, Pretzsch 2000; Spiecker 
et  al.  2004; Teuffel et  al.  2005; Souček, Tesař  2008; 
Poleno et  al.  2009; Švec et  al.  2015). In  Scots pine 
stands, existing clearings and clearings created dur-
ing stand regeneration are shrinking, and natural re-
generation methods are increasingly applied as part 
of  shelterwood methods of  management (Bielak 
et  al.  2014; Spathelf et  al.  2015; Bílek et  al.  2016; 
Drössler et  al.  2018; Aleksandrowicz-Trzcińska 
et al. 2017, 2018; Brichta et al. 2020). The shelterwood 
method of  natural regeneration is  more favourable 
concerning the nature of  microhabitats during the 
ongoing global climate change (Matías, Jump 2012; 
Aleksandrowicz-Trzcińska et  al.  2014,  2017,  2018; 
Vítámvás et  al.  2019; Brichta et  al.  2020). In  Scots 
pine stands in richer habitats, rebuilding is also oc-
curring, from both economic and ecological points 
of view (Čížek et al. 1959; Souček et al. 2018). Con-
siderable areas of these stands are potentially threat-
ened by  widespread damage of  both abiotic and 
biotic nature, so it is imperative to look for suitable 
management alternatives using methods of close-to-
nature silviculture (Plíva  2000; Průša  2001). There-
fore, it  is  necessary to  implement changes in  the 
species composition aimed at  structuring mixed 
stands with Scots pine, which will better fulfil all the 
required functions of the forest (Andrzejczyk 2006; 
Bielak et  al.  2014). Mixed stands with varying de-
grees of  structuring ensure higher stability and di-
versity (Bauhus et  al.  2017; Vacek et  al.  2021b). 
The  replacement of  existing monocultures with 
mixed stands fulfils the goals of the current forestry 
policy (Poleno et al. 2009; Novák et al. 2017). In addi-
tion, mixed stands, in comparison to monocultures, 
can achieve higher production potential and carbon 
sequestration in the context of climate change miti-
gation (del Río et  al.  2016; Pretzsch, Schutze  2016; 
Vacek et al. 2023). Modifying the species composi-
tion towards species mixtures with a higher potential 
to mitigate the negative effect of climate change is one 
of the basic silvicultural measures (Fürst et al. 2007; 
Podrázský, Remeš 2010; Remeš et al. 2020).

This research aims to evaluate the degree of sta-
bility and the possibility of  adaptability of  stands 
of Norway spruce and Scots pine in  the lower ar-
eas of Central Bohemia. The specific objectives are 
to determine (i) the production potential of mixed 
spruce stands, (ii) the structure and diversity of the 
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studied stands, and (iii) the effect of precipitation, 
temperature, and climate change on  the radial 
growth of Scots pine and Norway spruce.

MATERIAL AND METHODS

Study area and natural conditions. The area of in-
terest is managed by the Forests of the Czech Repub-
lic, a state enterprise (Lesy ČR, s.p.), and is part of the 
Konopiště forest enterprise and the Říčany forest 
district. The forest block has a size of 3.2 km2 (GPS: 
49°58'29'N, 14°43'05'E). The  altitude of  the studied 
area ranged from 430 m  a.s.l. to  480 m  a.s.l. with 
a  characteristic flat relief in  the 3rd  and 4th  forest 
vegetation zone (Remeš, Kozel 2006). From a typo-
logical point of view, these are mainly groups of for-
est types 3K – Querceto-Fagetum acidophilum and 
4P  –  Querceto-Abietum variohumidum acidophi-
lum (Viewegh et  al.  2003). The  predominant soil 
types are cambisol, pseudogley, and luvisol, with 
long-term considerable soil acidification (Podrázský 
et  al.  2005; Podrázský, Remeš  2007). The  average 
temperature of the area of interest is 7.5 °C, the total 
annual precipitation is  600 mm, less than 400 mm 
in the growing season, and the length of the growing 
season is about 150 days (Švec et al. 2015). Accord-
ing to  the Forest Management Plan, the age of  the 
upper tree layer of  the investigated forest stands 
is in the range of 87–117 years. The investigated ma-
ture stands are mixed and made up of two main tree 
species – Norway spruce and Scots pine. Other ad-
mixed tree species are silver fir (Abies alba Mill.) and 
Douglas fir [Pseudotsuga menziesii (Mirbel) Franco].

Forest management. These are close-to-nature for-
est stands during the conversion to the shelterwood 
system, with the application of  selection principles, 
which has been continuous since  1993. The  reason 
for the change in forest management was mainly due 
to frequent wind damage to spruce or breakage of pine 
caused by wet snow, under the former clear-cut regi-
men. The spruce and pine stands that had been de-
stroyed in the past were not reconstructed but were 
left to  develop spontaneously, which allowed natu-
ral regeneration to  occur, creating large differences 
in height and thickness between the surviving trees. 
These sites are now managed according to selection 
principles, making maximum use of  natural regen-
eration. Artificial regeneration is used only to intro-
duce native tree species that almost disappeared from 
the area under the previous management. The main 
criterion for harvesting specific trees is  their target 

diameter (diameter at breast height – DBH), not the 
age of the stand (Remeš, Kozel 2006).

Data collection. The  study area was conducted 
on five rectangular plots of 25 m × 50 m (the size 
of one plot was 1 250 m2) in 2022. The permanent 
research plots (PRPs) were divided into five vari-
ants by  species composition: (i)  92.5–100% pine 
(pine 100%), (ii) 75 ± 7.5% pine and 25 ± 7.5% spruce 
(pine 75%), (iii) 50 ± 7.5% pine and 50 ± 7.5% spru-
ce  (pine  50%), (iv)  25  ±  7.5% pine and 75  ±  7.5% 
spruce (pine  25%), and (v)  92.5–100% spruce 
(spruce 100%), see Vacek et  al.  (2021b). FieldMap 
technology (EMU; IFER, Czech Republic) recorded 
the positions of individual trees with DBH ≥ 7 cm, 
and their crown projection was measured in  four 
directions. Boundary trees with more than half 
of  their DBH  lying inside a  PRP  were counted in. 
The DBH was measured with a Mantax Blue caliper 
(Haglöf, Sweden) with an  accuracy of  1 mm, and 
the height of  the individual trees and the height 
of  the live crown with a  Vertex laser hypsometer 
(Haglöf, Sweden) with an accuracy of 0.1 m.

For the analysis of  radial growth, core samples 
were obtained from the trees with a Pressler auger 
(Haglöf, Sweden) at the height of 1.3 m in the direc-
tion north/south. From each tree species, 30  sam-
ples of  Norway spruce and 30  of  Scots pine from 
the  dominant and co-dominant trees according 
to the Kraft classification (Kraft 1884) were randomly 
[RNG function, MS Excel (Version 365, 2023)] taken 
as the significant growth response (compared to sub-
dominant and suppressed trees; Remeš et al. 2015). 
All  these selected trees only come from the upper 
tree story with a  registration value of  DBH  over 
30 cm. The annual increments of the tree rings were 
then measured with an accuracy of 0.01 mm using 
an Olympus binocular microscope (SZ51; Olympus, 
Japan) on a LINTAB measuring table (6d; Rinntech, 
Germany) and recorded in TsapWin software (Ver-
sion Professional 4.82b2, 2022). Climate data were 
taken from the nearest Czech Hydrometeorologi-
cal Institute (CHMI) station, Ondřejov (49°54'36'N, 
14°46'48'E) for the period 1962–2021.

Data analyses. The basic structure, diversity, and 
production characteristics of  the tree layer were 
calculated by the SIBYLA Triquetra software (Ver-
sion  10.0  alpha,  2015) using a  tree-level and spa-
tially explicit data set (Fabrika, Ďurský 2005) based 
on  our measurements. All  collected dendrometric 
parameters of  individual trees (see the Data col-
lection section) were used as  input data (tree spe-
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cies, coordinates, height, DBH, crown width, live 
crown base, and age). The crown width was derived 
from the measured area of  the crown projection. 
The PointPro program (Version 2.2, 2010) (Zahrad-
ník, Puš, ČZU) was used to calculate the character-
istics of  the horizontal layout of  the trees on PRPs 
using the Clark and Evans (1954) aggregation index. 
The tree volume was calculated by the volume equa-
tions published in Petráš and Pajtík (1991). Crown 
closure (Crookston, Stage  1999) and the relative 
stand density index (Reineke  1933) were then cal-
culated from the measured stand density indicators. 
The relative SDI (stand density index) was calculated 
as the ratio of the actual value of the stand density 
index to  its maximum value. The stand density in-
dex represents the theoretical number of  trees per 
ha if the mean quadratic diameter of the stand com-
ponent is equal to 25 cm (Reineke 1933). The maxi-
mum SDI value was derived from the model of yield 
tables (Halaj  1987). Standard deviations (SD) were 
calculated for the mean quadratic DBH  and mean 
height. Tree biomass was derived according to Petráš 
et  al.  (1985), Petráš and Pajtík (1991), and Leder-
mann and Neumann (2005). The  biomass of  the 
roots was calculated using a model by Drexhage and 
Colin (2001). The content in  trees was determined 
following the research of Bublinec (1994) using the 
unit content of elements in 10 mg·kg–1 of dry matter.

Structural diversity was evaluated based on  the 
horizontal structure (Clark, Evans  1954), the  ver-

tical structure using the Arten-profile index 
(Pretzsch 2006) and vertical diversity index (Jaehne, 
Dohrenbusch  1997), the structural differentiation 
of the stand using the indices of diameter and height 
differentiation (Füldner 1995), and crown differenti-
ation (Jaehne, Dohrenbusch 1997). The Arten-profile 
index was calculated using the basal area of tree spe-
cies in individual stand layers. Diameter and height 
differentiations are related to  the ratio between the 
larger and the smaller diameter/height of all nearest 
neighboring trees. Finally, the stand diversity index 
was calculated in  connection with complex biodi-
versity (Jaehne, Dohrenbusch  1997). Total diversity 
is composed of the following components: tree spe-
cies diversity, diversity of vertical structure, diversity 
of  tree spatial distribution, and diversity of  crown 
differentiation. The  input variables are the number 
of tree species, maximum and minimum tree species 
proportion, maximum and minimum tree  height, 
maximum and minimum tree spacing, minimum 
height to  crown base, and minimum and maxi-
mum crown diameter (Table 1). Detailed information 
about the calculation of the used indices can be found 
in Vorčák et al. (2006) and Vacek et al. (2020).

Tree-ring increment series were individually 
crossdated (to remove errors caused by missing tree 
rings) using statistical tests in the PAST application 
(Version 4.5, 2008) (Knibbe 2007) and subsequently 
subjected to a visual inspection according to Yama-
guchi (1991). If  a  missing tree ring was revealed, 

Table 1. Overview of indices describing the stand diversity and their common interpretation

Criterion Quantifiers Label Reference Evaluation

Horizontal  
structure aggregation index R (C&Ei) Clark, Evans (1954) mean value R = 1, aggregation R < 1,  

regularity R > 1 

Vertical  
structure

Arten-profile index A (Pri) Pretzsch (2006) range 0–1, balanced vertical structure A < 0.3, 
selection forest A > 0.9

vertical diversity S (J&Di) Jaehne, Dohrenbusch 
(1997)

low S < 0.3, medium S = 0.3–0.5,  
high S = 0.5–0.7, very high diversity S > 0.7

Structure  
differentiation

diameter  
differentiation TMd (Fi)

Füldner (1995)
range 0–1,  

low TM < 0.3,  
very high differentiation TM > 0.7height  

differentiation TMh (Fi)

crown  
differentiation K (J&Di) Jaehne, Dohrenbusch 

(1997)
low K < 1.0, medium K = 1.0–1.5,  

high K = 1.5–2.0, very high differentiation K > 2.0

Complex  
diversity stand diversity B (J&Di) Jaehne, Dohrenbusch 

(1997)

monotonous structure B < 4,  
uneven structure B = 6–8,  

very diverse structure B > 9

C&Ei – Clark and Evans index; Fi – Füldner index; J&Di – Jaehne and Dohrenbusch index; Pri – Pretzsch index
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a tree ring of 0.01 mm in width was inserted in  its 
place. Residual chronologies and detrended average 
tree ring series were calculated in the ARSTAN pro-
gram (Version  49v1a,  2017) (Cook, Holmes  1984). 
Firstly, negative exponential spline and subsequently, 
0.67n spline were used for age detrending (Grissino-
Mayer et al. 1992). The analysis of negative pointer 
years was carried out, as  shown in  Schweingruber 
(1996) and Desplanque et al.  (1999). For each tree, 
the pointer year was tested as an extremely narrow 
tree ring that does not reach 40% of the increment 
average from the four preceding years. The  occur-
rence of the negative year was proved if such a strong 
reduction in  increment occurred in  at least 20% 
of trees on the plot. To express the relationship be-
tween climate characteristics (monthly average tem-
peratures and the sum of precipitation in particular 
years) and radial growth, the DendroClim software 
(Version 1.0, 2002) was used (Biondi, Waikul 2004).

The dendrochronological indicators were calcu-
lated in  R  software (Version  4.2.1,  2022) with the 
dplR  package instructions (Bunn, Mikko  2018). 
The  expressed population signal (EPS) was calcu-
lated to  indicate the reliability of  the chronology 
(Fritts 1976). The EPS dendrochronological data set 
results for every research plot were EPS > 0.85 to pre-
serve a  strong climatic signal in  the used chronol-
ogy. The  signal-to-noise ratio (SNR) indicator was 
calculated, representing the strength of  the chro-
nology. Finally, the R-bar (inter-series correlations) 
and ar1 (first-order autocorrelation) was computed 
(Fritts  1976) for pine and spruce. The  differences 
between individual tree species in  terms of  ra-
dial growth were tested in  STATISTICA  13  (Ver-
sion 13.4.0, 2018) using analysis of variance (ANOVA) 
and Tukey's HSD  (honestly significant difference) 

test. The  variability of  radial growth was indicated 
by the standard deviation.

RESULTS

Production potential. Production characteris-
tics of  forest stands on  permanent research plots 
differentiated by  the species composition are 
shown in  Table  2. The  number of  trees ranged 
from 256  trees·ha–1  in  spruce monoculture 
to 512 trees·ha–1  in a stand with an equal propor-
tion of spruce and pine (in this variant, the highest 
basal area was also reached – 39.0 m2·ha–1). Simi-
larly, the stand density index of monospecific stands 
reached values 0.44–0.54 compared to higher num-
bers (0.60–0.71) in the case of mixed forests. Stand 
volume was in the range of 351–479 m3·ha–1, while 
mixed stands reached up to 29.8% higher produc-
tion compared to monocultures. The mean annual 
increment ranged from 3.35  to  5.04 m3·ha–1·y–1. 
Likewise, tree biomass and carbon sequestration 
were more advantageous in mixed stands.

Structure and diversity. No differences were found 
in  the horizontal structure between the individual 
plots, while the spatial pattern was random in all cases 
(Table 3). All other variants show considerable differ-
ences in structural indices favoring mixed stands over 
monocultures. The highest rich vertical structure was 
observed in the case of variant spruce 75 : 25 pine com-
pared to  the lowest for pure spruce stands. Height, 
diameter, and crown structural differentiation were 
low in  monocultures and moderate in  mixed forest 
stands, especially in variants with a 50% representa-
tion of  spruce and pine. Regarding overall diversity, 
monocultures reached a complex B index in the range 
of 2.573–3.329 and mixed forests 4.661–5.960.

Table 2. Production characteristics of the stand on permanent research plots differentiated by the species composi-
tion (variants) in 2022

Variant DBH
(cm)

h
(m)

v
(m3)

N
(trees·ha–1)

G
(m2·ha–1)

V
(m3·ha–1)

HDR
–

SDI
–

CC
(%)

MAI
(m3·ha–1·y–1)

BIO
(t·ha–1)

CBIO
(t·ha–1)

Pine 100% 38.7 25.09 1.369 256 30.0 351 64.8 0.54 74.9 3.73 262 137
Pine 75% 34.6 24.82 1.150 416 38.9 479 71.7 0.71 81.6 5.04 356 187
Pine 50% 31.2 21.87 0.859 512 39.0 440 70.1 0.68 67.6 4.58 315 165
Pine 25% 34.5 22.10 1.002 400 37.1 401 64.1 0.60 61.7 4.18 276 144
Spruce 100% 34.1 28.48 1.077 304 27.7 328 83.5 0.44 75.7 3.35 211 110

BIO – tree biomass; CBIO – carbon sequestration in tree biomass; CC – canopy closure; DBH – mean quadratic diameter 
at breast height; G – basal area; h – mean height; HDR – slenderness coefficient; MAI – mean annual increment; N – number 
of trees per hectare; SDI – relative stand density index (stocking); v – mean tree volume; V – stand volume
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Radial growth and climate. Characteristics 
of  tree-ring chronologies for Scots pine and Nor-
way spruce in Table 4 showed that spruce revealed 
a  significantly (P  <  0.05) higher radial increment 
compared to  pine (by  38.3%). Scores of  EPS  and 

SNR  were also higher for spruce in  both cases. 
On  the other hand, pine showed lower radial 
growth variability. Higher variability of growth, in-
cluding its dynamics in spruce is shown in Figure 1. 
This figure also demonstrates that the only negative 

Table 4. Characteristics of tree-ring chronologies for Scots pine and Norway spruce

Tree species No. trees Mean RW
(mm)

Mean min–max
(mm) Age min–max ar1 R-bar EPS SNR

Scots pine 30 2.06 ± 1.08 1.09–3.32 77–92 0.69 0.83 0.90 9.38
Norway spruce 30 3.34 ± 1.45 1.36–4.08 73–104 0.63 0.85 0.92 11.02

Age min–max – age range of youngest and oldest sample tree; ar1 – first-order autocorrelation; EPS – expressed population 
signal; mean min–max – mean ring-width range in mm from smallest to biggest tree; mean RW – mean ring width in mm; 
No. trees – number of trees; R-bar – inter-series correlation; SNR – signal-to-noise ratio

Table 3. Indicators of stand biodiversity on permanent research plots by species composition (variants) in 2022

Variant R (C&Ei) A (Pri) S (J&Di) TMd (Fi) TMh (Fi) K (J&Di) B (J&Di)
Pine 100% 0.907 0.537 0.364 0.256 0.125 0.744 3.329
Pine 75% 0.948 0.404 0.732 0.280 0.287 1.358 5.631
Pine 50% 0.964 0.682 0.676 0.417 0.322 1.387 5.960
Pine 25% 0.989 0.706 0.749 0.393 0.308 1.051 4.661
Spruce 100% 1.021 0.244 0.266 0.270 0.103 0.495 2.573

A (Pri) – Arten-profile index (Pretzsch); B (J&Di) – stand diversity index (Jaehne and Dohrenbusch); K (J&Di) – crown dif-
ferentiation (Jaehne and Dohrenbusch); R (C&Ei) – aggregation index (Clark and Evans); S (J&Di) – vertical diversity (Jaehne 
and Dohrenbusch); TMd (Fi) – index of diameter differentiation (Füldner); TMh (Fi) – index of height differentiation (Füldner)

Figure 1. Standardised mean chronology of Scots pine and Norway spruce in 1935–2022 after removing the age trend 
expressed by the tree-ring index

Negative pointer years are highlighted with a black arrow.
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Table 4. Characteristics of tree-ring chronologies for Scots pine and Norway spruce. 248 

Tree species 
No. 

trees 

Mean RW      

(mm) 

Mean         

min–max 

(mm) 

Age       

min–max 
ar1 R–bar ESP SNR 

Scots pine 30 
2.06 ± 

1.08 
1.09–3.32 77–92 0.69 0.83 0.90 9.38 

Norway spruce 30 
3.34 ± 

1.45 
1.36–4.08 73–104 0.63 0.85 0.92 11.02 
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pointer year characterised by extremely low growth 
was detected in pine for the year 1976. In that year, 
the extremely low temperature in March (–0.7 °C, 
historical mean 2.6 °C) and long-term drought 
in  June (20 mm, mean 84 mm) was measured. 
The  negative pointer year (NPY) was not found 
in the case of spruce.

Figure  2  illustrates the effect of  climate factors 
on radial growth by coefficients of correlation of the 
regional residual index tree-ring width chronolo-
gies of Scots pine and Norway spruce with monthly 
average air temperature and monthly precipitation. 
Generally, pine was more sensitive to climatic fac-
tors compared to  spruce. Compared to  precipita-
tion, temperatures had a  greater influence on  the 
radial growth of  both tree species, especially 
in the growing season. The principal month affect-
ing the radial growth was July of  the current year 
for both tree species.

DISCUSSION

Currently, forests are exposed to various distur-
bances, which are profoundly influenced by climate 
(Abdullah et  al.  2019). Consequently, small- and 
large-scale natural forest disturbances or, at  the 
least, a significant decline in tree growth is occur-
ring, both at  high elevations (Albrich et  al.  2020) 
and at  lower elevations (D'Andrea et  al.  2019), 
where, moreover, a recent retreat or gradual mor-
tality of once stable tree species is evident (Tangwa 
et al. 2022). Climate change is expected to affect the 
susceptibility of forests to calamities and also to af-
fect the frequency, intensity, duration, and timing 
of various disturbances, particularly at lower eleva-
tions (Stanturf et  al.  2014). Lack of  precipitation 
and, as a consequence, more frequent and longer-
lasting droughts will be  an  increasing risk to  the 
growth, ecological stability, and vitality of  forest 

Figure 2. Coefficients of correlation of the regional residual index tree-ring width chronologies of Scots pine and Norway 
spruce with monthly average air temperature and monthly precipitation differentiated according to tree species

The period from April of the preceding year (capital letters) to September of the current year (lower-case letters) between 
1962 and 2021 was used for all correlation analyses presented. Correlation values are highlighted only if a significance level 
corresponding to P < 0.05 was reached.
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Fig. 2. Coefficients of correlation of the regional residual index tree-ring width chronologies of 269 

Scots pine and Norway spruce with monthly average air temperature (T) and monthly precipitation 270 

(P) differentiated according to tree species. The period from April of the preceding year (capital 271 

letters) to September of the current year (lower-case letters) between 1962 and 2021 was used for 272 

all correlation analyses presented. Correlation values are highlighted only if a significance level 273 

corresponding to p < 0.05 was reached. 274 
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ecosystems under global climate change (Seidl 
et al. 2011; Dyderski et al. 2018). This may often in-
clude the bare forest existence due to a significant 
increase in  disturbances, especially in  spruce and 
pine monocultures (Vacek et al. 2023). According 
to  data from the Forest Protection Service [Lesní 
ochranná služba (Lubojacký, Knížek  2021)], the 
total infestation of  Norway spruce by  bark beetle 
in the Czech Republic in 2020 was at least 25 mil-
lion  m3. Hundreds of  thousands of  cubic meters 
more are represented by their infestation of Scots 
pine. In  general, coniferous forests in  Czech low-
lands appear not to be very promising in the con-
text of climate change, precisely due to the extreme 
damage caused by abiotic and biotic factors, espe-
cially in  the last decade (Hlásny et al. 2021; Liška 
et al. 2021). Some sources, however, point to the high 
adaptability of pine, specifically to climate change, 
e.g.  in  relation to  the afforestation of  agricultural 
or  logging areas (Vacek et  al.  2021a). Of  course, 
both of  the most economically exploited conifer-
ous tree species in the Czech Republic are demon-
strably subject to  negative environmental factors, 
but in order to meet the requirements of the indus-
try, it is necessary to also grow their stands in the 
lowlands, using pine with spruce for normal forest 
establishment. One of  the ways to  maintain pine 
and spruce in the lowlands is to mix them, with the 
potential benefit of  increased production (Remeš, 
Kozel 2006; Bielak et al. 2014; Švec et al. 2015; Ruiz-
Peinado et al. 2021).

Production potential. The  production poten-
tial of  forest stands is  influenced by  several fac-
tors, whether abiotic, biotic, or  internal – genetic 
dispositions (Schweingruber 1996). The structure, 
growth, and production and very existence of  the 
forest depends on these factors (Vacek et al. 2023). 
Specific habitat and stand conditions and man-
agement practices play a  crucial role (Poleno 
et al. 2007). In general, stands under 50 years of age 
grow faster, and stands of  higher age grow more 
slowly. Faster growth of forest tree species has been 
attributed to a range of factors such as increased ni-
trogen deposition (De Vries et al. 2014), increased 
CO2 concentration (Soulé, Knapp 2006), the effect 
of  climate change (Nemani et  al.  2003; Čermák 
et al. 2019), or the influence of management meas-
ures (Poleno et al. 2009; Lindner et al. 2010).

On the site of  interest described in  this study, 
research has already been conducted by  Remeš 
and Kozel (2006), who report a  stock of  broad-

ly comparable production characteristics from 
spruce and pine stands in  conversion with inter-
spersed fir, oak, and beech. The  range of  stock 
was set at  366–378 m3·ha–1, i.e.  the upper range 
of stock was 101 m3 lower than in our study (which 
is  351–479 m3·ha–1). The  production of  mixed 
stands of pine and spruce is also described in stud-
ies by Pretzsch and Schütze (2016) or Ruiz-Peinado 
et al. (2021) in their research across Europe, where 
they concluded that it  is  such mixed stands that 
achieve a  statistically significant increase in  pro-
duction compared to monocultures. Pretzsch and 
Biber (2016) have found up to a 35.9% increase in the 
production of mixed stands of pine and spruce with 
beech compared to  monocultures. Their conclu-
sions are confirmed by our work, in which we found 
that the variants from mixing 75% pine and 50% 
Scots pine are the most favorable in terms of stand 
stock and basal area. The production characteristics 
for Scots pine under given habitat and stand condi-
tions in the Czech Republic are comparable to Va-
cek et al. (2016) and Čihák and Vejpustková (2021). 
Similar production characteristics of  Scots pine 
and Norway spruce from the Říčany Forest District 
are reported by Bílek et al. (2013), depending on the 
nature-friendly management methods and the con-
version process. While the number of trees in our 
case ranged from 256 trees·ha–1 in a spruce mono-
culture to  512  trees·ha–1  in  a  stand with an  equal 
proportion of  spruce and pine, Bílek et  al.  (2013) 
set the range at 288–476 trees·ha–1. The same was 
true for stock (273–346  m3·ha–1) and basal area 
(24.2–27.6 m2·ha–1). For  stands under conversion 
to a selection forest, Saniga and Szanyi (1998) re-
ported a range of 270–725 trees·ha–1, and Réh (1978) 
reported a  similar range of  348–985  trees·ha–1. 
The aforementioned differences in the production 
characteristics of the conversion stands can be jus-
tified by  how conversion to  a  selective forest was 
initiated. In our case, it was introduced after a par-
tial disruption of  the forest stands (Remeš, Ko-
zel 2006), while in the works of Saniga and Szanyi 
(1998) and Réh (1878), for example, the models 
are based on  the assumption of  a  homogeneous 
closed stand.

Structure and diversity. Similar to  our case, 
a predominantly random horizontal structure and 
only slightly clustered structure was found in other 
stands at  Klokočná (Vacek et  al.  2007). This also 
applied to  a  height and diameter structural dif-
ferentiation, which was low in  monocultures and 
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medium in mixed forest stands. In  terms of over-
all diversity, in  our case, monocultures achieved 
a  complex  B  index of  structural variability rang-
ing from 2.573–3.329  (monotonous structure) 
and mixed forests from 4.661–5.960  (uniform 
structure). In other stands at Klokočná, the mon-
ocultures showed uniform to  irregular structure, 
and the mixed stands showed heterogeneous 
structure (Vacek et  al.  2007). Similar results were 
also found at  School Forestry Enterprise Kostelec 
nad Černými lesy during the conversion of spruce 
stands to  selective forest (Remeš  2006). Here, the 
horizontal structure of  the stands was random 
to  slightly regular. Also, the height and diameter 
structural differentiation was low, and the struc-
tural variability was also monotonous.

Gallo et  al.  (2020) attribute differences in  the 
structure and diversity of pine stands in Spain and 
the Czech Republic to different forest management 
practices. On  the other hand, Bílek et  al.  (2016), 
comparing different pine stands in  the Czech Re-
public and Poland, document relatively little dif-
ference in  the structure of  stands managed with 
close-to-nature principles and unmanaged stands. 
Vacek et al. (2017, 2020), contrastingly, note a pro-
nouncedly irregular to rich structure of relict mixed 
pine stands, which in  this context, is  due to  two 
main factors of  heterogeneous stand structure 
– natural gap formation and the existence of natu-
ral regeneration. Therefore, these findings confirm 
that the management method also has a substantial 
influence on  stand diversity, so  in  our case, man-
agement according to selection principles positive-
ly influences the heterogeneity of the environment.

Radial growth and climate. A negative year was 
found for pine at Klokočná, with minimal growth 
in 1976 due to low precipitation during the grow-
ing season (especially in June). In comparable habi-
tat and stand conditions in the Týniště region, this 
was the case in 1975 and 1980 (Vacek 2016). At our 
study site, a positive effect of average monthly tem-
perature on  radial growth was found in  February 
and March of  the current year and a  negative ef-
fect in May of both the current and previous year. 
In  the Týniště region, under similar habitat and 
stand conditions, the relationship between tem-
perature and radial growth was statistically positive 
in March of the current year and positive for pre-
cipitation in November and December of the previ-
ous year, and in February to April and June of the 
current year (Vacek et al. 2016).

In  contrast to  the Klokočná site we  monitored, 
a  significant negative year with minimum growth 
was found for spruce in a nearby stand in compa-
rable habitat and stand conditions at Kostelec nad 
Černými lesy in 1977, i.e.  the year after the mini-
mum increment of Scots pine. The average tree ring 
width in  spruce at  this site was 2.31 mm (Brabec 
et  al.  2023), while at  the Klokočná site, we  moni-
tored it at 3.34 mm. At Klokočná, temperature had 
a  greater effect on  the radial growth of  both tree 
species compared to precipitation, especially dur-
ing the growing season. One of the crucial months 
influencing radial growth for both species was July 
of the current year, which is consistent with several 
conclusions from various studies, with diverse hab-
itat conditions in different forest stands (Rybníček 
et  al.  2010; Remeš et  al.  2015; Sidor et  al.  2015). 
In contrast, in a nearby spruce stand near Kostelec 
nad Černými lesy, there was no statistically signifi-
cant correlation of mean diameter increment with 
monthly temperatures. For  monthly precipitation 
in  relation to  radial growth, a  statistically conclu-
sive positive correlation was found in  June and 
July of the previous year and a negative correlation 
in August of the current year (Brabec et al. 2023).

Drought, in particular, has thus emerged as a de-
terminant of radial growth and vigor of Scots pine 
and Norway spruce under conditions of  advanc-
ing climate change (Augustaitis et  al.  2007; Bog-
ino et  al.  2009; Putalová et  al.  2019; Lubojacký, 
Knížek 2021; Brichta et al. 2023). Moreover, trees 
damaged by  browsing and bark stripping, which 
is very common in spruce compared to pine, suffer 
more from lack of precipitation and reduced growth 
(Cukor et al. 2019a, b; 2022). Especially in response 
to drought, perhaps it is the use of selection princi-
ples that will ultimately allow for greater plasticity 
and mitigation of  negative impacts related to  cli-
mate change in this context (Vacek et al. 2016).

CONCLUSION

In the context of the climatic fluctuations of the 
last decades and the increasing adaptability of for-
est stands under Central European conditions, 
it is increasingly necessary to reflect on silvicultur-
al options for the essential commercial tree species. 
In many places, Scots pine and Norway spruce are 
beginning to  fail when managed traditionally, but 
this does not mean that these two now semi-fragile 
species cannot be  combined into mixed stands. 
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Based on  our results, we  conclude that mixed 
stands of  Scots pine and Norway spruce are not 
only significantly more resilient to various environ-
mental factors, have a  diverse structure and bio-
diversity, and offer opportunities for mixing with 
other tree species but are also significantly more 
productive and have higher carbon sequestra-
tion compared to monocultures. This is, of course, 
also linked to the economic benefits of mixed for-
ests in  terms of higher profits, long-term sustain-
ability, and reduced production uncertainty. These 
benefits can also be  enhanced by  interspersing 
other tree species due to  the higher heterogene-
ity of such stands. However, given the wide range 
of both species, it is necessary to continue research 
into these forms of  mixing, with as  large a  sam-
ple of  study sites as  possible, evenly across the 
range of pine and spruce. In conclusion, however, 
it  should be  stressed that within the framework 
of the different ecological requirements of the spe-
cies present, mixed forests must not be  managed 
as monocultures.
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