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Abstract

Norway spruce (Picea abies [L.] Karst.) and silver fir (Abies alba Mill.) are main tree species of Central Europe
that are currently highly vulnerable in times of global climate change. The research deals with the effect of climate
and air pollution on radial growth of silver fir and Norway spruce in mixed age-varied (56 — 146 years) forests in
the Jeseniky Protected Landscape Area, the Czech Republic. The objectives were to evaluate biodiversity, structure
and production, specifically interaction of radial growth of fir and spruce to air pollution (SO,, NO,, tropospheric
ozone) and climatic factors (precipitation, air temperature). Concentration of SO, and NO, had negative effect on
radial growth of fir, while radial growth of spruce was more negatively influenced by tropospheric ozone. Fir showed
higher variability in radial growth and was more sensitive to climatic factors compared to spruce. On the other hand,
fir was relatively adaptable tree species that regenerated very well when the pressure of stress factors subsided (air
pollution load, Caucasian bark beetle, frost damage). Low temperature was a limiting factor of radial growth in the
study mountainous area, especially for fir. Fir was significantly sensitive to late frost, respectively, spruce to winter
desiccation and spring droughts with synergism of air pollution load. Generally, older forest stands were more nega-
tively influenced by air pollution load and climatic extremes compared to young trees.
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m a.s.l. (Hejny & Slavik 1997). Particular attention has
been paid to the importance of fir in silviculture and to
the consequences of its decreasing numbers in Europe
since the 16th century (Cramer 1984; Larsen 1986). In
the course of the last century, the reduction in numbers
continued in many places (Gomory et al. 2004) and today,
both natural and anthropogenic stresses often contribute
to the mortality of fir individuals (BoSela et al. 2014). In
spite of that, fir and fir-mixed forests make up an impor-
tant part of the central and south-eastern European
landscape (EEA 2006; Bosela et al. 2018). On the other
hand, Norway spruce has a continuous distribution in
Northern Europe and islet in the mountains of Central

1. Introduction

Silver fir (Abies alba Mill.) and Norway spruce (Picea
abies [L.] Karst.) are the most productive of native
European coniferous tree species (Korpel et al. 1982).
Silver fir is a tree species currently growing in Central
and Southern Europe (Korpel et al. 1982). Its range is
relatively small, rather local, more or less coinciding
with the distribution of mountain massifs and zones. Fir
is predominantly a mountain species that, in the north-
ern part of its area, descends to the hills or, marginally,
lowlands (Hejny & Slavik 1997). In warm climate areas
it moves to higher altitudes (Musil & Hamernik 2007).
It is a species of oceanic climate with mild winters and

with demands for sufficient moisture during the year
(Bernadzki 2008). Silver fir suffers from strong winter
frosts. Long-lasting low temperatures result in the forma-
tion of false heart (Uradnicek et al. 2001). In the Czech
Republic, fir concentrates in lower mountain areas. Its
optimum is on gleyed and waterlogged soils at S00-900
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and Southern Europe (Auders & Spicer 2012; Farjon &
Filer 2013). In the Czech Republic, spruce occurs in the
Hercynian-Carpathian region, where it grows in almost
all the mountains at 700—-1350 m a.s.l. (Uradnicek et al.
2009). Spruce grows predominantly on poor soils of pod-
zol and cambisol (Binkley & Fisher 2013), where, how-
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ever, nitrogen deposition has increased forest growth in
recent decades (Viet et al. 2013; Meunier et al., 2016).
Spruce is very sensitive to air pollution (especially SO,)
and droughts (Godek et al. 2015; Vacek et al. 2017,
2019). Significant disturbances in spruce stands are also
caused by windstorms and bark beetle outbreaks (Cada
et al. 2013; Vacek et al. 2015), especially in the context
of the advancing global climate change (Hanewinkel et
al. 2013).

Global climate change puts pressure on forest eco-
systems (Bonan 2008; Usbeck et al. 2010; Cater & Diaci
2017), with tree growth most affected by rising tem-
peratures and drought (Frank et al. 2015; Hartmann
et al. 2015). In general, these factors make trees more
vulnerable to forest insects and pathogens (Choat et al.
2012; Anderegg et al. 2013). Consequently, a number of
studies supply evidence that climatic factors also signifi-
cantly affect the growth of silver fir (Gentilesca & Todaro
2008; Koprowski 2013). In many areas, withering of firs
is directly ascribed to climate change (Hanewinkel et
al. 2013; Boettger et al. 2014; Kondpkova et al. 2018).
Accordingly, some authors suggest that fir can achieve
greater productivity in mixed stands (Toigo et al. 2015)
and also that fir growth sensitivity to summer droughts is
lower in mixed stands (Metz et al. 2016; Vitalietal. 2017).

In relation to climate variability, changes in the
radial growth of trees and in the sequence of pheno-
logical features and their ecological species amplitude
occur, whereas these changes are affecting the dynamics
of the communities (Rita et al. 2014). Climate change,
however, also indirectly contributes to more frequent dry
seasonsthat are consistent with a potential 4—27% reduc-
tion in precipitation in Europe (Ripullone et al. 2009),
primarily in summer (Gao & Giorgi 2008). In particular,
warm summers and repeated drought significantly affect
the health of fir and spruce (Biintgen et al. 2014; Gazol et
al.2015; Kondpkovaetal. 2018). Thelargest declinein fir
growth hasbeen recorded in the southern part of its area
(Battipaglia et al. 2009; Cailleret & Davi 2010). Hand in
hand with the anticipated increase in climatic extremes
(Coumou & Rahmstorf 2012; Kogan et al. 2013) species
diversity of forest ecosystems is expected to alter in many
places (McDowell & Allen 2015). This is in line with the
fact that climate warming leads to shifts in species areas
in response to a change in their climate optimum, with
major impacts at the margins of the species areas (Davis
et al. 2005; Lenoir et al. 2009; Hernandez et al. 2019).
From this point of view, fir is supposed to be one of the
species that will replace spruce in many places because
fir is more resistant to drought than spruce (Vitali et al.
2018).

Changing climate conditions will, in the future, call
for emphasis on responsible, close-to-nature manage-
ment based on detailed knowledge of species-specific
growthresponses, climate change-induced stimuli (Bolte
etal. 2009; Elliott et al. 2015). Growth responses should
then be investigated through annual ring increments

24

of individuals, as annual tree-rings provide detailed
retrospective information on tree growth under previ-
ous conditions of ecosystem environments (Altman et
al. 2017; Sohar et al. 2017) and reliably reflect the link
between growth, climatic and extreme climatic phenom-
ena (Gazol et al. 2016; Bhuyan et al. 2017). The specific
environmental conditions are usually reflected in the
annual rings’ width (Koprowski 2013). Some factors,
such as frost or summer drought, may have an imme-
diate effect on the ring width, while other factors such
as winter drying may affect the rings with delay because
growth tissues are relatively calm during winter months
(Putalovaetal. 2019). The effect of different environmen-
tal factors therefore causes different annual ring widths
and structures that systematically alter the tree’s growth
dynamics (Fritts 1976; Cukor et al. 2019a, b).

In addition to climate, air pollution also has a signifi-
cant impact on radial growth (Elling et al. 2009; Diaci
2011; Boettgeret al. 2014; Bosela et al. 2014), as fir was
considered one of the species most sensitive to air pollu-
tion (Wentzel 1980; Ulrich 1981). A strong air pollutant
load, in particular, decreases the ring width significantly
(Sander & Eckstein 2001; Wilczynski 2006). However,
other environmental stimuli, especially insect pests,
fungal pathogens etc., also influence the variability of
the ring width (Schweingruber 1996). A decline of the
fir during the period of air pollution ecological disasters
was often associated with the damage of fir stands caused
by the Caucasian fir gall aphid (Dreyfusia nordmanni-
anae) and the balsam woolly aphid (Dreyfusia piceae) —
(Mrkva 1994). Pathogenic infections also contributed to
the deterioration of fir health (Brill et al. 1981; Blaschke
1982). These environmental stimuli usually manifest
and pass too quickly to be a reliable indicator of forest
ecosystem degradation (Godek et al. 2015). However,
temporal weather anomalies within growth trends canbe
separated, as they are similar in all stands of the same spe-
ciesinthearea, whether air-polluted or not; it is similar in
the case of biotic pests (Ferretti et al. 2002; Sensuta et al.
2015). Inrecentyears, increased regeneration and recov-
ery of fir growth trend has been observed in a number
of places where pollution has been reduced (Elling et al.
2009; Hauck et al. 2012).

This paper evaluates the effect of climate and air
pollution on the radial growth of fir and spruce mixed
age-varied forest stands cultivated by close-to-nature
methods in the Jeseniky Mts. The objectives were 1) to
determine structure, biodiversity and production param-
eters of fir-spruce mixed forest stands, 2) to compare the
dynamics of radial growth of fir and spruce and their
differences, 3) to describe the effect of air pollution load
(80,, NO,, tropospheric ozone), climatic factors (tem-
perature, precipitation) and pathogenic infections on
growth of both the study tree species and 4) to estimate
the relationship between climate, air pollution and radial
growth of fir and spruce.
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2. Material and methods

2.1. Study area

The area of interest is located in the Jeseniky Protected
Landscape Area, in the east part of the Czech Republic.
The study site belongs to the gene reserve of GZ 160-3
Hofwald silver fir and is located at the foothills of the
Hruby Jesenik mountainrange on 136.4 ha atan altitude
of 625-725 m a.s.l. The area serves for protection and
reproduction of gene diversity of an important popula-
tion of silver fir. The silver fir stands are richly structured,
belonging to special-purpose forests and managed in the
selection and shelterwood system. The annual tempera-
ture of the locality is 6.4 °C, and the annual precipita-
tion varies around 705 mm. The vegetation period lasts
130 days. The geological base consists mainly of phyl-
lites, partially quartzites and sediments. Mesotrophic
cambisols are the predominant soil type, with sporadic
pseudogleys and gleys.

Tree species composition include 40% silver fir and
20% Norway spruce. European beech (Fagus sylvatica
L.), sycamore maple (Acer pseudoplatanusL.), European
white birch (Betula pendula Roth.) and European larch
(LarixdeciduaMill.) are admixed, with black alder (Alnus
glutinosa [L.] Gaertn.) on soils affected by water. The
communities belong to the association Luzulo-Abiete-
tum albae Oberdorfer 1957. Localization of permanent
research plots (PRP) is shown in Fig. 1 and a summary
of the PRP basic data is given in Table 1.

2.2. Data collection

Field-Map technology (IFER-Monitoring and Mapping
Solutions Ltd.) was used to determine the structure of
the tree layer of mixed forest stands on five PRP of 50
x 50 m (0.25 ha) in 2018. The positions of all trees with
diameter at breast height (DBH) > 7 cm were localized.
The height of the live crown base and the crown diameter
were also measured in the tree layer, at least in 4 direc-
tions perpendicular to each other. Diameters of the tree
layer were measured by a Mantax Blue metal calliper
(Haglof, Sweden) with an accuracy of 1 mm and heights
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Fig. 1. Localization of mixed stands of silver fir and Nor-
way spruce on permanent research plots Janovice 1-5 in the
Jeseniky Protected Landscape Area; grey colour indicates for-
est cover.

were measured using a Vertex laser hypsometer (Haglof,

Sweden) with an accuracy of 0.1 m.

Data for radial growth analysis was obtained by tak-
ing cores at a height of 1.3 m by a Pressler borer (Mora,
Sweden) from 20 live dominant and co-dominant fir and
spruce trees. The core samples were randomly (RNG
functionin Excel) taken from trees inupslope/downslope
directionin spring 2019. Annual ring widths were meas-
ured with an accuracy of 0.01 mm by an Olympus bin-
ocular microscope on the LINTAB measuring table and
recorded with TsapWin software (Rinntech).

2.3. Data analysis

The basic structure, diversity and production charac-
teristics of the tree layer were evaluated by the SIBYLA
5.1. forest growth simulator (Fabrika & Dursky 2005).
The stand volume was calculated according to Petras
& Pajtik (1991). The relative stand density index (SDI;
Reineke 1933), the crown closure (CC; Crookston &
Stage 1999) and the crown projection area (CPA) were
observed for each plot. The maximum SDI value was
derived from the model of the yield tables (Halaj et al.

Table 1. Overview of the basic site and stand characteristics of the permanent research plots in 2018 according to Forest Man-

agement Plan.

Altitude -, Slope Forest site . Tree species, proportion Age Stand volume

PRP GPS (m] Exposition [l type Geology Soils (%] vl [mha]
49°56.638'N . .

1 1713515°E 695 SE 7 5K phyllite cambisol AA20,PA50,LD 25,FS 5 146 639
49°56.632’N . .

2 17°13.408°E 710 E 3 5K quartzite cambisol AA15,PA60,LD 24,FS 1 139 605
49°56.573’N .

3 1713.817E 660 SE 3 50 sediment gleysol AA45,PAS50,AG 5 56 387
49°56.604'N .

4 17913.785'F 670 SE 3 50 sediment gleysol AA30,PA65,AGS 60 398
49°56.701’N . .

5 17913.930°F 675 SE 4 5K sediment cambisol AA 40, PA 60 85 501

Notes: forest site type: 5O — Fageto-Abietum variohumidum mesotrophicum, 5K — Abieto-Fagetum acidophilum; tree species: AA - silver fir (Abies alba Mill.) PA - Norway spruce (Picea abies[L.]
Karst.), LD — European larch (Larix decidua Mill.) FS — European beech (Fagus sylvaticaL.), AG - black alder (Alnus glutinosa[L.] Gaertn.).
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1987). Periodic annual increment (PAI) was derived for
a period of 5 years. Diversity was evaluated by species
richness (Margalef 1958), species heterogeneity (Shan-
non 1948), species evenness (Pielou 1975), Arten-profile
index (Pretzsch 2006), diameter and height differen-
tiation (Fiildner 1995), crown differentiation and total
stand diversity (Jachne & Dohrenbusch 1997; Table 2).

In order to date the core samples (16—20 analysed
samples per tree species on each PRP) and eliminate the
errors associated with an occurrence of missing tree-
rings, each incremental series was cross-dated using the
PAST4 statistical tests (Knibbe 2007) and subsequently
subjected to visual inspection according to Yamaguchi
(1991). If a missing ring was found, a ring of 0.01 mm
width was inserted in its place. A 100-year spline in PRP
1and2, 50-year splinein PRP 3 and 4, and 70-year spline
in PRP 5 were used to eliminate the age trend. Detrend-
ing was made in R, in the Dplr package. The main den-
drochronological character indices were calculated, as
described by methodology according to Bunn & Mikko
(2018), focusing on characterising each plot and tree spe-
cies separately. The expressed population signal (EPS)
was calculated for detrended data sets that indicates the
reliability of achronology as a fraction of the join variance
of a theoretically infinite tree population, signal to noise
ratio (SNR) that evaluates the signal strength of the chro-
nology and R-bar inter-series correlation (Fritts 1976).

The analysis of negative pointer years characterizing
extreme low radial growth was done according to Schwe-
ingruber (1996). For each tree the pointer year was tested
asanextremely narrow tree-ring that does not reach 40%
of the increment average from the four preceding years.
The occurrence of the negative year was proved if such
a strong reduction in increment occurred at least in 20%
of trees on the PRP.

Data from air pollution monitoring stations and
meteorological stations were used to derive air pollutant
and climatic factors. An analysis of air pollution situa-
tion by SO,, NO, and the tropospheric 0zone mean and
maximum concentrations in the growing season was
performed using available data from the KoSetice station
(1993-2017; 532 m a.s.l.; GPS 49.5735N 15.0803E).
Tropospheric ozone concentration for forest was charac-
terized by exposure index AOT40F (Werner & Spranger
1996). Climatic factors (air temperature and precipita-
tion) conditions were evaluated on the basis of data from
the Svétla Hora meteorological station covering the years
(1970-2018; 628 m a.s.l.; GPS 50.9448N, 17.2295E).

The development of air temperature and precipitation
conditions was studied on the basis of a mean annual
air temperature, air temperature in (non-) growing sea-
son, air temperature in individual months, annual sum
of precipitation, sum of precipitation in (non-) growing
season and sum of precipitation in individual months.

The standardized (detrended) tree-ring index series
from the PRP were correlated by the Pearson correlation
coefficient with the climate data (precipitation, air tem-
peratures) and air pollution data (SO,, NO, and tropo-
spheric ozone concentrations) in the Statistica 12 (Stat-
Soft, Tulsa). The DendroClim software (Biondi & Waikul
2004) was used to model radial growth depending on cli-
mate monthly characteristics. Unconstrained principal
componentanalysis (PCA) in Canoco 5 (Smilauer & Leps
2014) was used to analyse relationships between growth
of firand spruce on the PRPs, climatic factors and air pol-
lution data in 1993-2017. Data were log-transformed,
centred and standardized before the analysis.

3. Results

3.1. Structure and biodiversity of the stands

The number of live trees ranged between 336 —
816 trees ha ! with the stand density index of 0.62 —0.88
in 2018 (Table 3). The mean basal area was in range
of 43.4 — 53.3 m? ha™™. The stand volume ranged from
486 m3 ha! (PRP 3) to 594 m* ha™ (PRP 5). Fir had the
largest stand volume (74.2 and 54.6%) ontwo PRP (3 and
4),and spruce (65.9, 60.2 and 68.0%) on three PRP (1,2
and 5). Europeanlarch occurred only on two PRP and its
share was marginal (2.2 and 4.3%). The periodic annual
incrementwas 7.7-10.8 m*ha'y ! and the mean annual
increment varied between 8.1-9.9 m*ha 'y

Interms of species diversity, species richness was low
(D0.157-0.298), species heterogeneity ranged from low
tomedium (H “0.256—0.354) and species evenness shows
moderate to very high species diversity (E 0.588—0.968;
Table 4). The vertical structure was relatively variable (A
0.428-0.675), ranging from moderately diversified (PRP
1,2,4,5), consisting of two storeys, up to a substantially
diversified spatial structure (PRP 3) which consists of
3 storeys. Fildner’s index of height (TM, 0.132-0.532)
and diameter (TM,0.252-0.580) differentiation points
to stands with mostly low (PRP 1, 3, 4, 5) to medium
(PRP2) structural differentiation. In terms of total stand

Table 2. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifiers Label Reference Evaluation
Species diversity Richness D (Mai) Margalef (1958) minimum D =0, higher D = higher values
Heterogeneity H’ (Si) Shannon (1948) minimum H" =0, higher H" = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E =0, maximum E=1
Vertical diversity Arten-profile index A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A <0.3; selection forest A> 0.9
Structure differentiation gle‘}'g‘;fttg{ffj‘f' %: Egg Filldner (1995) range 0-1; low TM <(0.3; very high differentiation TM > 0.7
Crown dif. K (J&Di) Jaehne & Dohrenbusch (1997) low K <1; very high differentiation K>3
Complex diversity Stand diversity B (J&Di) Jaehne & Dohrenbusch (1997) monotonous structure B <4; uneven structure B = 6-8; very diverse

structure B>9
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Table 3. Structural and production characteristics on permanent research plots 1-5 in 2018.

PRP Age dbh h v N BA v PAI MAI CC CPA SD1
[v] [cm] [m] [m’]  [treesha’] [m’ha'] [m*ha] [m*ha'y] [%] [ha]
Abies alba
1 146 22.0 11.78 0.465 352 13.1 164 2.6 2.73 44.8 0.59 0.25
2 139 38.8 23.74 1.563 144 16.6 225 3.5 3.75 324 0.39 0.26
3 56 324 23.75 0.902 400 33.0 361 7.5 6.02 70.1 1.21 0.54
4 60 27.4 21.20 0.599 480 28.3 288 71 4.80 78.9 1.55 0.49
5 85 41.3 29.41 1.692 112 15.0 189 3.7 3.15 50.2 0.70 0.22
Picea abies
1 146 436 30.20 1.901 192 285 365 41 6.08 493 0.68 0.38
2 139 425 27.62 1.768 192 26.8 340 4.2 5.67 48.8 0.67 0.37
3 56 30.3 23.24 0.710 176 12.7 125 1.9 2.08 39.7 0.51 0.20
4 60 30.8 23.22 0.711 320 23.8 228 33 3.80 65.6 1.07 0.37
5 85 38.5 27.14 1.330 304 35.2 404 4.1 6.73 75.8 1.42 0.50
All tree layer
1 146 30.5 17.96 0.911 608 43.9 554 6.8 9.23 714 1.49 0.68
2 139 40.7 25.96 1.680 336 434 565 7.7 9.42 65.4 1.06 0.62
3 56 31.8 23.59 0.843 576 45.6 486 9.4 8.10 82.0 171 0.73
4 60 28.9 22.08 0.646 816 533 527 10.8 8.78 93.2 2.69 0.88
5 85 39.3 21.75 1.428 416 50.2 594 7.6 9.90 88.0 2.12 0.72

Notes: Age —mean stand age, dbh—mean quadratic diameter at breast height, h—mean height, v— mean tree volume, N — number of trees per hectare, BA—basal area, V- stand volume, PAI - periodic
annual increment, MAI - mean annual increment, CC — canopy closure, CPA — crown projection area, SDI - stand density index.

Table 4. Biodiversity of tree layer on permanent research plots 1-5 in 2018.

PRP D H’ E A ™, ™, K B
(Mai) (Si) (Pii) (Pri) (Fi) (Fi) (J&Di) (J&Di)
1 0.157 0.354 0.588 0.531 0.300 0.256 1.983 7.320
2 0.298 0.289 0.960 0.488 0.580 0.532 1.720 5.630
3 0.166 0.256 0.850 0.675 0.291 0.176 0.805 3.917
4 0.172 0.342 0.717 0.551 0.300 0.183 0.938 5.236
5 0.161 0.265 0.880 0.428 0.252 0.132 0.784 3.506

Notes: D - species richness index, H' — species heterogeneity index (entropy), E - species evenness index, A - Arten-profile index, TM, — diameter differentiation index, TM, - height differentiation

index, K- crown differentiation index, B — total diversity index.

diversity, PRP 3 and 5 show monotonous structure (B
3.506-3.917), PRP 2 and 4 even structure (B 5.236—
5.630) and PRP 1 shows uneven structure (B = 7.630).
The crown differentiation ranges from fairly low (PRP
3-5) to moderate (PRP 1 and 2). Generally high biodi-
versity was on older (139-146 y) mature forest stands
on PRP 1-2 compared to younger stands (56—85 y)
on PRP 3-5.

3.2. Tree-ring characteristics

Characteristics of dendrochronology analysis are
numerically described in Table 5 that shows basic indi-
cators. Average tree-ring width was the lowest on PRP
1 in spruce (1.63 mm £ 0.69 SD) and on PRP 2 in fir
(1.63 mm £ 0.98 SD) on the oldest PRP, while the high-
est increment was on PRP 3 in spruce (3.84 mm + 1.39
SD). Generally, the higher radial growth was in spruce
compared to fir (except PRP 1). Expression population

signal value shows a high number in PRP 4 (0.944 and
0.903), but EPS was significant (significant EPS level is
0.850) inboth tree species on all PRP except firon PRP 2
(0.849). SNR value shows that best chronology (without
noise) was in fir on PRP 3 and 4 (16.938 and 11.353).
The highest SNR noise was described in fir on the oldest
PRP 1and 2 (3.078 and 5.260). First-order autocorrela-
tion showsvalues ranging from 0.654 t0 0.844 and R-bar
from 0.241 to0 0.504.

3.3. Dynamics of radial growth of fir and
spruce

Significant negative years with low radial increment were
observed in older stands on PRP 1, 2 and 5 and in one
case on PRP 3 (Table 6). Significant decrease in radial
growth was observed especially in fir (35 significant
years) compared to spruce (1-3 significant years). On

Table 5. Characteristics of the tree-ring chronologies of fir and spruce on permanent research plots 1-5.

PRP Species No. of trees SD Mean [mm] arl R-bar EPS SNR
1 SP 18 0.69 1.63 0.762 0.311 0.879 7.265
AA 17 0.97 1.69 0.835 0.267 0.859 5.260
2 SP 18 0.89 1.75 0.784 0.329 0.889 8.001
AA 16 0.98 1.63 0.844 0.241 0.849 3.078
3 SP 20 1.39 3.84 0.723 0.288 0.854 5.830
AA 20 1.29 3.60 0.654 0.405 0.919 11.353
4 SP 19 1.38 3.32 0.773 0.354 0.903 9.302
AA 20 1.17 2.89 0.731 0.504 0.944 16.938
s SP 17 1.23 2.93 0.752 0.380 0.894 8.449
AA 20 1.31 2.65 0.814 0.367 0.899 8.895

Notes: No. of trees — number of analyzed samples, SD - standard deviation, ar1 - first-order autocorrelation, R-bar — inter-series correlation, EPS — expression population signal, SNR - signal-to-

noise ratio.
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PRP1,2and 5, theradial dynamics of fir showed decrease
caused by the Caucasian fir gall aphid in synergism with
air pollution in 1970-1982 (Fig. 2). Significant nega-
tive years with low radial increment of fir in 1929, 1933,
1956, 1962 and 1996 were caused by cold years, when
the assimilation apparatus was damaged by late frosts.
In 1996, the mean coldest temperature from January to
March was measured (=5.3 °Cin 1996, mean -1.5 °C).

Table 6. Significant negative pointer years characterizing
extreme low radial growth of fir and spruce on permanent re-
search plots 1-5.

In spruce, significant negative year 1993 was char-
acterized by the synergism of the highest max. SO, con-
centration (140 pg m=, mean 38 pg m=) in the observed
period and a lack of precipitation (28 mm, mean 52 mm)
onthebeginning of growing season (March—May). More
significant winter desiccation also occurred in the early
spring of 1948 and in 1992-1995. Reduced increment
in spruce in 2004 was caused by low precipitation in the
growing season. In the study period, several increases in
radial growth were observed due to favourable climatic
conditions, but also because of silviculture intervention,
especially inyounger forest stands. For example, on PRP
4 due to strong competition, thinning of 34 m*> ha! was

Negative pointer years Silver fir Norway spruce ) . o
PRP1 1929, 1956, 1962, 1996 1948,1993 carried outin 2006 and the radial increment subsequently
PRP2 1929,1933,1956,1972,1996 1980, 1993, 2004 . :
PRP3 > 1965 increased (Fig. 2).
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Fig. 2. Standardized mean chronology of silver fir (black line) and Norway spruce (gray line) in 1970-2018 expressed by the
tree-ring index on permanent research plots 1-5 (the number of samples in 1970 — PRP 3: spruce 50% and fir 75%; PRP 4:
spruce 58% and fir 75%; PRP 1, 2 and 5 100% of spruce and fir; in 1978 100% of samples on PRP 1-5).
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Generally, the higher variability inradial growthwas 3.4, Effect of climatic factors on radial growth
observed in fir (+ 0.20 SD) in 1970— 2018, while the  of fir and spruce
standardized mean site chronology of spruce was rela- Climati I i1 relation to radial th showed
tivelymore balanced (+0.16 SD) with partial fluctuations tmatic anayses in r_e 2 102 © r_a 1a Browtn Showe
. . e several significant (o = 0.05%; r =-0.34—0.36) months
(Fig. 2). Since 1993 the comparable situation in growth in 1970-2018 (Fig. 3). Radial growth of fir was more
Va“?blhty & 0'_18 SD) has b.een observed n both tree  sensitive to monthly temperature and precipitation com-
species. The variability of radial growth was increasing  pared to spruce. To be precise, on the oldest PRP 1, fir
with age of trees, while the highest fluctuation was on  was the most sensitive to climatic factors (8 significant
PRP 1 and 2 (136-146y; + 0.23 SD) and the lowest on  months) from all variants (PRP and tree species). The air
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Fig. 3. Correlation coefficients of the standardized tree-ring index chronology of silver fir (left) and Norway spruce (right) with
the monthly air temperature (white colour) and precipitation (grey colour) from April to December of the preceding years (capi-
tals) and from January to September of the current year (lower case) on permanent research plots 1-5 in 1970-2018. Only cor-
relation coefficients of statistically significant values are presented (o0 = 0.05%).
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compared to low impact of precipitation. The effect of air
temperature was prevailingly positive on all PRP, while
in spruce on PRP 3 and 4 the effect of temperature was
negative. July (in precipitation) together with February,
March and April (in air temperature) were the most sig-
nificant months in relation to climate-sensitive on radial
growth of fir.

In spruce, climate sensitivity of diameter increment
was similar on all PRP (4-6 significant months) com-
pared to high variability in fir (5-8 significant months). In
younger forest stands, the effect of precipitation was pre-
vailing or equable, while radial growth of spruce in older
stands was more affected by air temperature. Diameter
increment of spruce was positively correlated especially
with the precipitation in June and with air temperature
in October of the previous year and March of the current
year (Fig. 3).

3.5. Interactions between radial growth, air
pollution and climate

Maximum and mean SO, concentrations had signifi-
cant negative effect on fir and spruce radial growth in
the oldest stands on PRP 1 and 2 and in fir on PRP 5 (p
<0.05-0.001; Table 7). The highest effect of SO, con-
centration was observed in fir (p <0.01) compared to
spruce (p<0.05). NO, concentrations were in significant
negative correlation with fir radial growth on PRP 1, 2
and 4 (p <0.05-0.01), while no significant effect was
observed in spruce. The mean AOT40F had a similarly
negative effect on fir and spruce radial growth, especially
on PRP 1 and 2. Conversely, maximum value of expo-
sure index was in significant negatively correlation with
spruce growth an all PRP (p <0.05-0.01), while in fir it
was observed only on two PRP. Generally, SO, and NO,
concentrations had higher effect on fir radial growth,
while spruce diameter increment was more influenced
by tropospheric ozone. The effect of air temperature on
fir and spruce radial growth was significant. The highest
effect on radial growth (p <0.001) was exerted by mean

annual air temperature of the current year, especially in
fir. Onthe other hand, precipitation did not have any sig-
nificant effect on the fir radial growth stands (p > 0.05)
compared to two (on PRP 4 and 5) significant correla-
tions (p <0.05) with a sum of precipitation in the growing
season of the current year.

The results of PCA are represented in an ordination
diagramin Fig. 4. Thefirst ordination axis explains 43.3%
of data variability, the first two axes together explain
59.4% and the first four axes 75.2%. The x-axis illus-
trates the mean radial growth of fir stands along with
ozone exposure index (AOT40F) and the second y-axis
represents the sum of precipitation in the current year
and in the growing season. SO, and NO, concentrations
(mean annual and maximum) were negatively correlated
with radial growth of fir and spruce PRP 1 and 2, while
ozone exposure index had prevailing negative effect on
radial growth of spruce and silver fir on PRP 1 and 2. In
relation to air pollution, SO, concentrations contribute
greatly to the explained variability by the first principal
component. On the other hand, precipitation, in terms
of climatic factors, contributes less to the explained vari-
ability compared to air temperature, especially low effect
of precipitation in the non-growing season was observed.
Overall, the effect of air temperature on diameter incre-
ment was more significant in fir compared to spruce.
Conversely, precipitation had higher effect on radial
growth in spruce, both especially in the growing season
in younger forest stands.

4. Discussion

Onthe European scale, increased forest ecosystem incre-
ment has been apparent since the 1970s, having been
often attributed to rising air temperatures in combina-
tion with increased nitrogen deposition and increasing
atmospheric CO, (De Vries et al. 2006; Bontemps et al.
2011). Inthe Czech Republic, however, the increment of
stands has also been significantly limited by a number of
negative factors during this period (Putalové et al. 2019;

Table 7. Correlation matrix describing interactions between radial growth of fir and spruce (on permanent research plots 1-5
and summary), precipitation and air temperature (1970-2018) and concentrations of SO,, NO, and AOT40F (1993-2017).
Significant correlations are designated by * (p <0.05) and ** (p <0.01).

RWI S0, S0, NO, NO, AOT40F AOT40F Temp Temp Prec Prec
mean max mean max mean max ActAnn ActVeg ActAnn ActVeg
Firl -0.49* —-0.51*%* —0.52%* -0.33 —0.58** -0.35 0.61** 0.43* -0.18 -0.01
Fir2 -0.87%* -0.83** -0.26 —-0.51*%* —-0.57*%* —0.58** 0.42*% 0.26 -0.14 -0.03
Fir3 -0.17 -0.20 0.02 -0.19 -0.22 -0.32 0.02 -0.05 0.06 0.13
Fir4 -0.35 -0.39 -0.22 -0.41* -0.39 -0.39 0.14 -0.04 0.16 0.22
Fir5 -0.47* -0.50*% -0.20 -0.20 -0.42*% -0.31 0.34* 0.17 0.01 0.12
Fir® -0.62** -0.63** -0.28 -0.41 -0.50* —0.47* 0.45** 0.25 -0.07 0.09
Sprucel —0.65** -0.60** -0.03 -0.37 -0.56** —0.65** 0.23 0.21 -0.05 0.08
Spruce2 —0.54** -0.48* -0.20 -0.18 —-0.51*%* —0.47* 0.40** 0.35*% -0.07 0.06
Spruce3 -0.31 -0.29 -0.15 -0.22 -0.45*% -0.56** 0.04 -0.12 0.15 0.23
Spruce4 -0.21 -0.17 -0.04 -0.26 -0.34 -0.56** -0.06 -0.09 0.17 0.29*
Spruce5 -0.17 -0.14 -0.07 -0.24 -0.26 —-0.51*%* 0.07 -0.08 0.18 0.34*
Spruce® —0.45* -0.40* -0.09 -0.28 -0.48* —0.61** 0.19 0.10 0.07 0.22

Notes: 8O, (NO,)mean — mean annual SO, (NO,) concentration, SO, (NO,)max — maximum 80, (NO, ) concentrations, mean (max) AOT40F - ozone exposure index, TempActAnn — mean annual
air temperature of the current year, TempActVeg — mean air temperature in the growing season of the current year, PrecActAnn — annual sum of precipitation of current year, PrecActVeg — sum of

precipitation in the growing season of the current year.
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Fig. 4. Ordination diagram of PCA showing relationships be-

tween climate data (Tem — mean air temperature, Pre — sum of pre-
cipitation, Act — current year, Veg — growing season, NonVeg — non-
growing season), ozone exposure index AOT40F and SO, and NO,
concentrations (mean — mean annual concentration, max — maxi-
mum concentration) and tree-ring width for fir and spruce on perma-
nent research plots 1-5 and on average (®); codes @® indicate years

1993-2017.

Vaceketal. 2019). Our results clearly confirm this effect
of various negative factors, both biotic and abiotic, on the
radial increment of fir and spruce on the studied plots.
Climatic factors showed considerable variability over
the studied period: the increment at the beginning of the
period was influenced by cold or frost damage, while at
the end of the period, the effect of higher air tempera-
tures and lower precipitation totals was more prominent,
which is, essentially, in line with the climate change.
Other climate change research led to similar results
(Hanewinkel etal. 2013; Kondpkovéa et al. 2018). Specifi-
cally, fir was affected not only by the climate but also by
the Caucasian fir gall aphid and air pollution in our condi-
tions. This confirms greater variability in radial growth
in fir on the study PRP compared to spruce. Although
after year 1993, the fir showed significant increase and
stabilization in radial growth. Overall, fir proved to be
significantly more sensitive to NO, and SO, concentra-
tions in comparison to spruce, especially in older forest
stands. On the other hand, spruce was more sensitive to
the ozone exposure index. Generally, older stands were
more sensitive to the air pollution load, climatic factors
and changes in comparison to younger forest, in which
radial growth is more influenced by tree competition and
silvicultural intervention.

The mixing of tree species in forest stands also plays
an important role (Vacek et al. 2019). Vitali et al. (2017)
reported lower growth sensitivity to summer droughts
in mixed stands. Mina et al. (2018), in turn, documented
that the increment of spruce and fir trees is higher when
growing together in a mixed stand rather than in mono-
cultures. Similar results are also reported by Toigo et al.
(2015). Forresteretal. (2013) then give reasons for better

increment in mixed stands compared to monocultures by
more efficient use of underground resources rather than
the above-ground. Also, in the case of mixed stands, a
betterlitter ratio and the mineral nutrient cycle in general
may be apositive factor (Block 1997; Augustoetal. 2002).
In the case of mixing fir and spruce, the positive effects
are justified by their ability to create different root sys-
tems (Forrester & Albrecht 2014). It can thus be assumed
that the variability of increment on the PRP studied in this
workwas reduced due to mixing. This statement can also
be supported by results from monoculture stands where
the variability of increment is more diverse (Putalova et
al.2019). Onthe other hand, the positive effect of mixing
on increment strongly depends on climatic and habitat
conditions (Huber et al. 2014). However, the effect of
climate change may not be negative in alpine areas or at
high altitudes (Bolte et al. 2010; Di Filippo et al. 2012).

Climate change effects also depend on tree species
(Rotzer et al. 2017a; Vacek et al. 2018). Pretzsch et al.
(2013) documented that spruce, unlike beech, reacts to
drought by a more pronounced decrease in increment.
However, when comparing the increment of spruce and
fir, our results do not confirm such development unam-
biguously. On the other hand, it is necessary to admit that
a number of various factors affected the studied areas
and, thus, it is hard to single out and quantify solely the
influence of drought on the increment. Accordingly, the
effect of the air temperature and precipitation in the
individual months on the increment of individual tree
species is also highly differentiated. However, it is clear
from the results that climate data have a significant effect
on the increment, which corresponds to the results of
correlation analyses of numerous other works, e.g. Ditt-
mar et al. (2003), Friedrichs et al. (2009) or Hérdtle et
al. (2013). On the basis of long-term research, Vitali et
al. (2018) confirm positive correlation of lower-altitudes
increment with summer precipitation and negative cor-
relation with summer air temperatures, both for spruce
and for fir; this study, though, does not bring significant
higher-altitude correlation neither for spruce nor for fir.
In the study area (660710 m a.s.l.) air temperature had
prevailingly positive significant effect on radial growth,
especially in the first quarter of the year and more in fir
compared to spruce.

Relatively significant differentiation of ourresults can
be explained both by the microhabitat conditions and the
different type of root systems. Trees may also manifest
different incremental responses in the context of a spe-
cies-specific form of water management strategy, where
isohydric species such as spruce close their stomata in
dry seasons to maintain a consistent minimum water leaf
potential to prevent high water losses and water balance
disruptionin the plant (del Rio et al. 2014). However, this
reaction may resultinreduced photosynthetic activity and
overall reduction in increment (Klein 2014; Roman et al.
2015). Also, different drought adaptation strategies vary
from species to species, and can generate better main-
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tenance of osmoregulatory and hydrological functions
(O’Brienetal. 2014). Moreover, the mixing of deciduous
andindeciduous tree species canlead to better growth by
diversifying sources from the environment, which can
ultimately lead to stress reduction (Pretzsch et al. 2014).
In our case, for example, spruce and fir trees can benefit
from greater amounts of light and water through larch
crown leakage in spring and winter, when larches do not
have needles. Rotzer et al. (2017b) describe anillustrative
example of such profitable relationship between spruce
and beech. Last but not least, a different type of root
system also contributes to increased resource efficiency
in stands (Danescu et al. 2016). Higher spring air tem-
peratures are also favoured by the fir as they reduce late
frosts to which fir is sensitive (Lebourgeois et al. 2010)
and accelerate the onset of cambial activity (Gricar &
Cufar 2008; Swidrak et al. 2014). Similarly, in our study,
high airtemperature in February and March significantly
positively influenced radial growth of fir. Moreover, June
and July (the period when a great part of radial increment
is produced) were confirmed as significant months in the
Jeseniky Mts., such as in other mountain spruce forests
(Kral et al. 2015; Kralicek et al. 2017). Mild winter con-
ditions may also improve the increment (Harrington et
al. 2010). Conversely, correlation between the increment
of fir and precipitation at medium and higher altitudes is
generally not as significant as the air temperature (Rol-
land et al. 1999; Carrer et al. 2010). On the study PRP,
low air temperature was a significant limiting factor of
radial growth of firs compared to low correlation with
precipitation. Significantly higher effect of precipitation
on diameter increment was observed in spruce because
of higher altitude optimum for its growth.

5. Conclusion

The study of radial growth in mixed age-varied fir-spruce
forest stands in the Jeseniky Mts. Protected Landscape
Area documents higher growth variability and sensitiv-
ity to climatic factors and air pollution (SO, and NO,
concentrations) in fir compared to spruce. A significant
reduction in the radial increment of fir in the late 1970s
and early 1980s was induced by air pollution in synergism
with Caucasian fir gall aphid infestation, late frosts and
winter desiccation. Impact of numerous negative factors
is clearly seen on the increment in not only fir, but also in
spruce. Inspruce, itis primarily the impact of air pollution
(especially max. tropospheric ozone concentrations) and
drought. On the other hand, fir is a very flexible tree spe-
cies that regenerates well when the stress factors impact
subsides (air pollution, climatic extremes, pathogens). It
is therefore a perspective stabilizing tree species, which,
evenin the face of global climate change, plays animpor-
tant role in forest ecosystems. What matters is its abil-
ity to be an important soil improving tree species and a
productive part of various mixed forest stand with sun-
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tolerant, semi shadow- and shadow-tolerant tree species.
A support of fir in suitable habitats is further enhanced
by the large-scale decline of spruce, not only in the Czech
Republic but also in all Central Europe.
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