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Abstract: The Jizerské hory Mts. (the Czech Republic) are part of the Black Triangle region strongly af-
fected by a decline and dieback of Norway spruce (Picea abies [L.] Karst.) stands since the 1970s. In the 
studied peaty spruce stands in the summit parts of the Jizerské hory Mts., the health status, radial growth 
and foliar nutrient content in relation to air pollution (SO2, NOX and O3) and climate factors (temperature, 
precipitation) were investigated in 1960–2015. A considerable disturbance of the stand structure induced 
by an increased mortality was observed in 1981–1983 when more than a half of the tree individuals died. 
Severe defoliation occurred in 1981 as a consequence of the synergic effects of air pollution, winter des-
iccation and spruce bark beetle outbreak, as well as in 2015 due to the drought and high temperatures. 
Tree ring analyses indicated significant growth depression in 1979–1987, a period of the highest SO2 load, 
and in 2010–2015. Foliation and diameter increment were significantly influenced by SO2 and NOX con-
centrations, the maximum daily concentration being the most negative factor; no significant correlation 
of the ozone exposure was detected, though. Foliar analyses also document significant negative impacts 
of air pollutants on the nutrient status of forest stands, mainly in the increase of the sulphur level. Since 
1990, a significant increase in calcium and magnesium has been observed, as a result of forest liming. 
Interaction between radial growth and temperature was stronger compared to precipitation. Low temper-
atures and high precipitation in growing season were the limiting factors for radial growth in waterlogged 
mountain areas.
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Introduction

In Central Europe, spruce stands are dominant in 
mountain regions (Staszewski et al., 2012; Sharma 
et al., 2017, 2018; Štícha et al., 2019). The impact 

of air pollutants on mountain spruce forests was re-
vealed in the 1950s and it culminated from the 1970s 
to the 1990s (Modrzyński, 2003; Máliš et al., 2010) 
persisting, to a lesser extent, until now (Vacek et al., 
2012, 2016). The impacts of an extensive decline of 
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forests in the Sudetes mountain range and especially 
in the Black Triangle region will remain apparent for 
many decades (Lorenz et al., 2008; Vacek & Matěj-
ka, 2010; Slanař et al., 2017). A boom of the power 
industry near the borders of Germany, the Czech Re-
public and Poland together with the prevailing west-
ern winds resulted in a considerable increase in air 
pollution stress in the region of interest – the Jizer-
ské hory Mts., Krkonoše Mts. and Orlické hory Mts. 
(Błaś et al., 2008; Zahradník et al., 2010; Vacek et 
al., 2013; Král et al., 2015). Vast areas (21,000 ha) 
of mostly spruce forests situated above 1,000 m a.s.l. 
were damaged by increased SO2 levels (Vacek et al., 
2003). At that time, the Czech Republic belonged 
among regions with the highest levels of acid dep-
osition in Europe (Hůnová et al., 2004; Borůvka et 
al., 2005). The Polish part of the Sudetes mountains 
faced a similar substantial damage to forest stands 
(Slovik et al., 1995; Modrzyński, 2003). Substantial 
local damage to spruce stands also occurred in the 
Šumava Mts. (Vacek et al., 2006, 2009, 2019a; Krejčí 
et al., 2013).

The Jizerské hory Mts. were among the localities 
that suffered the most severe damage (Šrámek et al., 
2008). Pollution effects slowed down the growth and 
often caused complete disintegration of stands (Va-
cek et al., 2003). There was a marked decrease in sul-
phur dioxide concentration in the 1990s (Lomský & 
Šrámek, 2002). In subsequent years the health status 
of forest stands gradually improved while currently, 
a significant loss due to sulphur dioxide is improb-
able (Lomský et al., 2012). The improved condition 
of the forests since the early 1990s was demonstrat-
ed by several studies that confirmed an increase in 
the stand growth (Vacek et al., 2015; Putalová et al., 
2019).

However, higher increments in mountain forest 
stands may relate to the climate change, especially 
to the rising temperature as a consequence in re-
cent years (Lindner et al., 2010). This statement was 
confirmed in Austria by Petritsch and Hasenauer 
(2009) who reported an average extension of grow-
ing seasons since 1960 by 0.34 day per year. Oth-
er factors that influence the growth of forest stands 
and, at the same time, relate to the climate change 
include changes in total precipitation, increase in the 
temperature and atmospheric CO2 (Churkina et al., 
2007; Eastaugh et al., 2011), and increased N depo-
sition (de Vries et al., 2009). These factors, howev-
er, do not always necessarily lead to higher growth; 
sometimes a decrease can occur (Etzold et al., 2014) 
even though the growth model studies confirm an 
increase in the forest stand productivity in the future 
(Meehl et al., 2007). Nevertheless, there are numer-
ous stochastic phenomena that exert a negative in-
fluence on the stand health, very difficult to predict 
in the future, such as an increase in the ozone level, 

sulphur deposition or frequency of abiotic and biot-
ic disturbances (Schelhaas et al., 2002; Braun et al., 
2010; Cukor et al., 2019a). Among them, due to the 
warming, the extension of the growing period and 
the risk of bark beetle disturbances, there is a mark-
edly negative factor for Norway spruce (Grundmann 
et al., 2011).

On the other hand, it is to note that forest ecosys-
tems mitigate the impacts of climate changes because 
they, for example, balance the water regime (Alewell 
& Bebi, 2011) or decrease the impact of natural risks 
(Brang et al., 2006) or cool down the regional climate 
(Renaud & Rebetez, 2009). In addition, the reaction 
of forests to environmental changes differs in rela-
tion to the type of forest, species composition and 
habitat conditions, because in an extremely warm 
year the growth may be reduced in the lowlands, 
while it may be accelerated at higher altitudes (Jolly 
et al., 2005; Etzold et al., 2014). The growth of for-
est stands can be considered as a sensitive indicator 
of forest vitality and ability to buffer environmental 
changes (Dobbertin, 2005). Due to the changing 
climate, changes in the ecophysiological processes 
of the tree growth influence the competitiveness of 
particular species (van der Meer et al., 2002), which 
subsequently causes changes in the long-term forest 
dynamics (Ge et al., 2011).

In more detail, the growth of a tree depends on 
carbon assimilation which requires resources such 
as light, water, nutrients and atmospheric CO2 
(Kirschbaum, 2000). In the context of global warm-
ing, an increasing atmospheric CO2 content increases 
photosynthetic production and the subsequent tree 
growth (Ge et al., 2011). But this effect can be neu-
tralized and reversed by drought and nutrient defi-
ciency stress (Bergh et al., 2005). So, the changes in 
hydrological processes in forest ecosystems of the 
temperate zone, including mountain spruce forest of 
Central Europe, can influence these forests in differ-
ent ways (Bonan, 2008). Nevertheless, the impacts 
of climate changes on these forest ecosystems and on 
soil moisture availability and the subsequent growth 
have not been investigated sufficiently, yet.

Scientific literature addressing the impacts of cli-
mate changes on forest stand growth often covers 
research based on model plots (Lindner et al., 2010; 
Thiele et al., 2017), but research studies on a region-
al or national level have still been scarce (Campioli 
et al., 2012). The number of published papers on the 
impacts of climate change on the growth of spruce 
has been increasing, though, in Europe (Klisz et al., 
2017; Vitali et al., 2017; Vacek et al., 2019b; Miku-
lenka et al., 2020). However, the studies on the is-
sues of the growth and health of peaty and water-
logged spruce forests are very scarce in comparison 
to climax spruce forests (Vacek et al., 2013; Putal-
ová et al., 2019). The existing studies mainly focus 
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on assessing the radial growth and health status of 
spruce trees based on the tree-ring dating, classifica-
tion of defoliation, symptoms of yellowing of foliage 
or foliar nutrition analyses (Mäkinen et al., 2003; Po-
drázský et al., 2005; Král et al., 2015; Cukor et al., 
2019b; Putalová et al., 2019). These studies show 
that peaty spruce forests are more vulnerable to the 
air pollution load and climatic stress compared to cli-
max spruce forest, while peaty stands show slightly 
better resistance in terms of bark beetle outbreaks. 
Peaty spruce research mostly deals with the physi-
cal and chemical parameters of the soil in relation 
with climate change (increased air temperature, drop 
in the water level), especially in terms of the carbon 
cycle (Krassovski et al., 2015; Griffiths & Sebestyen, 
2016; Fernandez et al., 2019; McPartland et al., 
2019).

The objective of this study is to determine the 
effect of air pollution and climate changes on the 
health status and growth of peaty spruce stands, in 
the framework of a long-term research in the Black 
Triangle region of the Czech Republic. The objectives 
were to determine: (1) long-term trends of air pol-
lution indicators, climatic factors, health status, nu-
trient concentrations in the foliage and productivity 
of peaty Norway spruce stands; (2) the effect of SO2, 
NOX and O3 concentrations on the dynamics of fo-
liation and radial growth of spruce; (3) the impact 
of temperatures and precipitation on diameter incre-
ment of spruce in relation to climatic changes and 
(4) the relations between the air pollution, climate, 
health status and productivity of peaty spruce stands.

Material and methods
Study area

The study was conducted on four permanent re-
search plots (PRP) in the Jizerské hory Protected 
Landscape Area in the north of the Czech Republic, 
in a part of the Black Triangle region (Fig. 1). The 
PRP are located in three small-scale particularly pro-
tected territories of peat bogs – Rybí loučky Nature 
Reserve (NR), Rašeliniště Jizery National Nature 
Reserve (NNR) and Rašeliniště Jizerky NNR. The 
Rybí loučky NR lies in the headwater area of the 
Rybí potok brook at an altitude of 840 m a.s.l. The 
territory of 37.91 ha has been protected since 1965. 
The Rašeliniště Jizery NNR is situated in a flat broad 
valley of the Jizera River on the border with Poland. 
The territory of 189.11 ha at an altitude of 850 m 
a.s.l. has been protected since 1960. The Rašeliniště 
Jizerky NNR is situated in a flat broad valley along 
the Jizerka stream at an altitude of 865 m a.s.l. The 
territory of 112.21 ha has been protected since 1960. 
Four PRP of 0.25 ha in size (50×50 m) were estab-
lished by theodolite in 1980 and repeated measure-
ments (height, diameter, crown, coordinates) were 
taken by the Field-map technology (IFER – Monitor-
ing and Mapping Solutions, Ltd.) in 2015.

The study territory has a subarctic climate char-
acterised by long, usually very cold winters, and 
short, cool to mild summers (Dfc) by Köppen cli-
mate classification (Köppen, 1936), or, by the de-
tailed region Quitt distribution (Quitt, 1971), it is a 

Fig. 1. Localization of peaty spruce stands on the permanent research plots 1–4 in the Jizerské hory Protected Landscape 
Area and mean monthly climate values (1960–2015)
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cold climatic region and subregion CH 4 (very short, 
cold and humid summers; very long and cold winters 
with long-term snow cover). Long-term average an-
nual temperatures at the nearby Jizerka meteorolog-
ical station are around 3.8 °C, January temperatures 
are around −5.0 °C and temperatures in the month 
of July are around 13.1 °C (Fig. 1). The total annual 
sum of precipitation at the Jizerka ombrometric sta-
tion reaches around 1,300 mm. The duration of snow 
cover is usually more than 150 days per year and its 
depth exceeds 150 cm. The investigated area is one 
of the coldest in the Czech Republic (Vesecký et al., 
1991; Tolasz et al., 2007).

In the studied territory, peaty spruce stands of 
the association Sphagno-Piceetum (Tüxen 1937) Hart-
mann 1953 are clearly dominant, while the occur-
rence of waterlogged spruce stands of the association 
Bazzanio-Piceetum (Br.-Bl. et Sissingh 1939) and dwarf 
pine stands of the association Pino mugo-Sphagnetum 
(Kästn. et Flöss. 1933) are abundant (Rybníček, 
2000). Forest site type belongs to 8R (Raised Bog 
Spruce) – Piccetum turfosum montanum (Viewegh et 
al., 2003). The species composition of these spruce 
stands is dominated by Norway spruce (Picea abies 
[L.] Karsten), with admixed dwarf pine (Pinus mugo 
Turra), and interspersed white birch (Betula pubescens 
Ehrh.), Carpathian birch (Betula carpatica Waldstein 
et Kitaibel) and rowan (Sorbus aucuparia L.).

The bedrock is composed of porphyric, me-
dium-grained granite or granodiorite of the 
Krkonoše-Jizerské hory granite pluton which is over-
laid by quaternary sediments. The prevailing soil 
type is fibric Organosol, less frequent are gleyic Or-
ganosol, histic Podzol and histic Gleysol (Vacek et 
al., 2003). The depth of the peat (T horizon) on the 
PRP was 127–168 cm in the forest stands (from soil 
pits) with the deepest peat in the forest-free area of 
196–245 cm (from the peat sampler). Table 1 shows 
the basic characteristics of the PRP.

The territory of interest has been exposed to acid 
deposition environmental pollution for a long time. 
The heavy air pollution stress in the 1970s caused 
an extensive decline of the studied stands, and sub-
sequent mass outbreaks of spruce bark beetle (Ips 

typographus; Vacek et al., 2013). Sulphur dioxide 
emissions from large thermal power plants around 
the town of Zittau in the territory of Germany and 
Poland were considered as the main cause (Matěj-
ka et al., 2010). The quantity of emissions increased 
more than ten times in the course of two decades 
(45,000 tons of emissions in 1957, 500,000 tons of 
emissions in 1980) – (Jirgle et al., 1983). The de-
struction of forest stands increased proportionately 
to the quantity of emissions. In the 1980s ca. 12,000 
ha of dying and dead forest stands were gradually 
felled in the summit parts of the Jizerské hory Mts. 
above 900 m a.s.l. (Vacek et al., 2003).

Data collection

The health status of spruce stands was evaluated 
by their foliation (the term describing the amount 
of foliage/needles) and degrees of defoliation/needle 
loss (the term describing the relative loss of foliage) 
on 183–276 trees (with diameter at breast height ≥ 7 
cm) in terms of the tree density on four PRP. In the pe-
riod of 1980–1985, the health status of forest stands 
was evaluated every year by the foliation of particular 
trees. In 1985–2015, the evaluation was done in five-
year intervals. The classification of spruce foliation is 
based on the concept of Tesař and Temmlová (1971). 
Average foliation of a stand is expressed as the ar-
ithmetical mean of the values of foliation of all trees 
on a plot and of the living trees. Defoliation (a com-
plement of foliation to 100%) with special respect 
to the coenotic position and morphological type of 
crown was estimated to the nearest 5%. This meth-
od is practically identical with the methodology of 
the international project ICP-Forests and ICP-Focus 
(Lorenz, 1995). For further calculations, the degrees 
of defoliation were transformed to percentages of de-
foliation (average values for a given degree of defoli-
ation). The assessment of the health status of spruce 
trees was based on the trend of the arithmetical 
mean of foliation of all trees and living trees on PRP, 
standard deviation of defoliation and on the number 
of dead trees (totally defoliated trees). For the over-
all assessment of the stand condition, total means of 

Table 1. Overview of the basic site and stand characteristics of the permanent research plots 1–4 in 1980 and 2015

ID Name of PRP GPS
coordinates

Altitude 
(m)

Peat depth 
min/max 

(cm)
Year Age of tree 

layers (y)

Ø 
diameter

(cm)

Ø 
height

(m)

Stand 
density

(trees ha–1)

Basal
area

(m2 ha–1)

Stand 
volume

(m3 ha–1)
1 Rybí loučky 1 50°50'39"N 850 141/210 1980 110 17.1 10.5  732 16.8 108

15°20'29"E 2015 145/35/15  7.2  4.7 1 832  7.5  18
2 Rybí loučky 2 50°50'42"N 845 155/245 1980 110 19.5 11.2  676 20.2 139

15°20'31"E 2015 145/35/15  6.7  4.4 2 892 10.2  17
3 Rašeliniště 

Jizery
50°51'11"N 835 127/196 1980 90 18.6 10.5  880 23.9 136
15°19'47"E 2015 125/35/15  6.9  4.3 1 484  5.5  10

4 Rašeliniště 
Jizerky

50°49'37"N 870 168/230 1980 55 14.5  8.4 1 104 18.3  84
15°19'35"E 2015 90/35/15 12.4  5.7  796  9.5  37
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foliation of all trees including totally defoliated trees 
were computed.

Concentrations of nitrogen (N), phosphorus (P), 
potassium (K), calcium (Ca), magnesium (Mg), 
sulphur (S) and silicon (Si) were determined by an 
analysis of foliage/needle samples (term used with 
reference to foliar sample characteristics). Samples 
were randomly (RNG function in Excel) taken from 
7 trees on each PRP from the current needles in the 
third whorl of 4 branches of the illuminated part of 
the tree crown. All values were determined in % of 
the air-dried sample at the room temperature. The 
material was decomposed in H2SO4 + H2O2 and the 
respective values were determined by atomic absorp-
tion spectrometry (AAS) and spectrophotometry 
(Vacek et al., 2009). This methodology is compatible 
with the ICP Forests programme (UNECE, 2005).

Increment cores were randomly (RNG function in 
Excel) taken from 30 living dominant and co-dom-
inant trees on each PRP (24–29 samples used for 
analysis) in autumn 2016 using a Pressler auger at 
breast height (1.3 m) perpendicularly to the axis 
of the stem (north-south direction). Annual ring 
widths were measured with an accuracy of 0.01 mm 
by an Olympus binocular microscope on the LINTAB 
measuring table and recorded with TsapWin software 
(Rinntech).

Stress factors related with air pollution and cli-
mate were derived using the data from air pollution 
monitoring stations and meteorological stations. Air 
pollution situation in the Jizerské hory Mts. region in 
terms of SO2 concentration was analysed using avail-
able data from the Jizerka station of the Research In-
stitute of Forest and Game Management (VÚLHM) 
(858 m a.s.l.; GPS 50°49'07"N, 15°20'44"E) situated 
in the summit parts of the Jizerské hory Mts. near-
by the studied PRP. As the time series of measure-
ments is short and NOX and O3 (exposure index 
AOT40F for forests) are not recorded there, the 
research team also used data from the Desná-Souš 
station in the Jizerské hory Mts. of the Czech Hydro-
meteorological Institute (ČHMÚ) (772 m a.s.l.; GPS 
50°47'21"N, 15°19'11"E), located 6–9 km from the 
PRP. SO2 data from the Bedřichov station of ČHMÚ 
(777 m a.s.l.; GPS 50°47'28"N, 15°08'33"E) were 
also used. Both average annual and maximum daily 
values of concentrations in µg m−3 were employed 
for evaluation. Climate behaviour evaluation with 
regard to temperature and precipitation conditions 
was based on the data from the Bedřichov (777 m 
a.s.l.; GPS 50°47'28"N, 15°08'33"E) and Jizerka me-
teorological stations (858 m a.s.l.; GPS 50°49'07"N, 
15°20'44"E). The trend of temperature and precipi-
tation conditions was studied using the data on the 
average annual temperature, temperature in the 
growing season (April–September), temperature in 
particular months, total annual precipitation, total 

precipitation in the growing season and monthly pre-
cipitation. Water (moisture) balance was calculated 
by Thornthwaite and Mather (1957) method.

Data processing

Tree ring increment series were individually 
crossdated (to remove errors related to missing tree 
rings occurrence) using statistical tests in the PAST 
4 application (Knibbe, 2007) and subsequently they 
were subjected to visual inspection by Yamaguchi 
(1991) method. If a missing tree ring was identified, 
a tree ring of 0.01 mm in width was inserted in its 
place. Each measured  dendrochronological sample 
was detrended by  negative  exponential detrending 
with added smoothing spline in the ARSTAN pro-
gramme (Tree Ring Laboratory). Smoothing spline 
had 1/3 age for each tree. This method focuses on 
the removal of the age-related trend while it pre-
serves low frequency of climatic effect (Cook & Kair-
iukstis, 1990). The detrended ring-width data were 
used to compute the expressed population signal 
(EPS). The EPS indicates the reliability of a chro-
nology as a fraction of the joint variance of the the-
oretical infinite tree population (Fritts, 1976). The 
mean, maximum, minimum and standard deviation 
for the analysed ring widths were also computed for 
each PRP. An analysis of negative pointer years was 
conducted by Schweingruber et al. (1990). For each 
tree, the pointer year was defined as an extremely 
narrow tree ring that does not reach 40% of the aver-
age of increments from four preceding years. A neg-
ative year was identified if such a strong increment 
reduction occurred at least in 20% of trees on the 
plot. The mean standardized tree-ring width chro-
nology from the PRP were correlated with climate 
data (precipitation, temperatures; 1960–2015) and 
air-pollution data (SO2 concentrations; 1960–2015) 
from the Desná-Souš station. To express the relation 
between the diameter increment (ring width index) 
and climate characteristics (monthly air tempera-
ture and monthly sum of precipitation from May of 
the previous year to August of the relevant year) the 
DendroClim software was used (Biondi & Waikul, 
2004).

The data from the assessment of foliation, mor-
tality, nutrient concentrations in the foliage, ring 
width index (RWI) and their relations to climate and 
air-pollution data were processed by the Statistica 12 
(StatSoft, Tulsa). Differences between the time se-
ries (before, during and after the air pollution load) 
in the nutrient concentrations in the foliage, folia-
tion of spruce and ring width index were tested sep-
arately by a one-way analysis of variance (ANOVA). 
The significantly different results were then tested 
by the post-hoc HSD Tukey test. In addition, the ef-
fect of air pollution data on the diameter increment 
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and nutrient concentrations and foliation with time 
were tested by the Pearson correlation coefficient. To 
determine the combined effect of the average tem-
perature and sum of precipitation in the current year 
and in the growing season on the diameter increment 
of spruce, a correlation quadratic model was used. 
The correlations between particular variables were 
tested at a significance level of α = 0.05. Variances 
are shown by standard deviation (± SD). An un-
constrained principal component analysis (PCA) in 
Canoco 5 programme (ter Braak & Šmilauer, 2012) 
was used to analyse the relations between precipita-
tion, temperature, SO2 concentrations and ring width 
in order to reveal similarity of all records during the 
time. Data were log-transformed, centred and nor-
malized before the analysis.

Results
Climatic and air-pollution conditions

Long-term climate measurements at the Bedřichov 
station indicate considerable warming and decrease 
in total annual precipitation (Fig. 2). The graph il-
lustrates an upward trend of average annual temper-
atures in 1960–2015 by ca. 1.9 °C/56 years, and an 
upward trend by ca. 2.2 °C/56 years per growing sea-
son. Total annual precipitation was moderately de-
creasing by 14 mm/56 years while total precipitation 

per growing season was increasing by 26 mm/56 
years. Annual precipitation totals, particularly, large-
ly fluctuated in the studied years. Total precipitation 
per growing season showed a similar trend. Water 
balance in period V–VIII shows an inconsiderable in-
crease in the linear trend by 3 mm/56 years. This 
trend was influenced mainly by the year 2010 due to 
a very high water balance (2.4 times higher than the 
limit value of 300 mm). In the studied period, the 
years 1963, 1972, 1982, 1990, 1991, 2003, 2014 and 
2015 were relatively dry years, while the years 1982, 
2003 and 2015 were below the recognized limit.

In relation to sulphur dioxide stress, average an-
nual concentrations of SO2 culminated at the stud-
ied stations in 1985–1990, when they were in the 
range of 19.2–57.4 μg m−3 with the maximum value 
at Bedřichov in 1987 (Fig. 3). Very high maximum 
daily concentrations of SO2 culminated in 1982–1992 
at the studied stations, when they were from 92 to 
1,000 µg m−3 with the maximum value at Bedřichov 
in 1987.

The ozone exposure indices AOT40F for forests 
were relatively high in the studied years with a pro-
nounced peak in 2003 reaching the value of 55,825 
ppb h−1 AOT40F (Fig. 4). This index exceeded the 
value of 40,000 ppb h−1 also in 1997, 1998, 2002 and 
2006. The trend of NOX concentration shows a de-
creasing tendency with the maximum of 17.2 µg m−3 
in 1994, which it stabilized at value of 7.4 μg m−3 in 
2012.

Fig. 2. The trend of average annual temperature, the growing season temperature (° C), the total annual precipitation and 
the total precipitation amount (mm) in the growing season at Bedřichov station in 1960–2015
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Dynamics of health status

Average foliation and the percentage of defoliation 
degrees in a peaty spruce stand on PRP 1–4 in Nor-
way spruce in 1980 document the stand condition 
in the first phase of the stand damage (average foli-
ation of living trees and mortality on: PRP 1 53.3% 
and 4.9%, PRP 2 52.3% and 6.3%, PRP 3 51.2% and 
6.9% and on PRP 4 52.7% and 3.6%, in individu-
als with strongly suppressed growth on the deep-
est peat; Fig. 5). A pronounced decrease in foliation 
occurred in 1981–1983. This decrease was steep in 
1981 (average annual defoliation of living trees and 
mortality on: PRP 1 10.6% and 26.8%, PRP 2 11.6% 
and 20.7%, PRP 3 14.5% and 26.3% and on PRP 4 
8.9% and 13.4%, mostly in dominant and co-dom-
inant trees). In 1982 this trend was more moderate 
(average annual defoliation of living trees and annual 
mortality on: PRP 1 2.9% and 22.6%, PRP 2 1.6% 
and 18.3%, on PRP 3 1.8% and 30.2% and on PRP 
4 3.0% and annual mortality 22.9%, also mostly in 
dominant and co-dominant trees). In 1983 there was 

a certain turnabout when the mortality process of 
the severely damaged trees continued (annual aver-
age mortality 18.1%) but the foliation of living trees 
began to increase (ranged from 2.9% on PRP 4 to 
5.7% on PRP 3).

In 1984, the health status was stabilized and 
there was a gradual moderate increase in the folia-
tion of living trees until 2010 (average foliation of 
living trees 66.5%). Foliation of living trees signif-
icantly increased in the course of time in this peri-
od (p < 0.001, r = 0.89). After the division of the 
foliation trend for two time periods in terms of the 
air pollution load (before and after the year 1985), 
we witnessed significant higher mean foliation of liv-
ing trees after year 1985 (F1,46 = 48.15, p < 0.001). 
In 2015 the foliation of living trees significantly de-
creased (p < 0.01) compared to 2010 (on PRP 1 from 
63.2% to 51.3%, on PRP 2 from 65.8% to 44.7%, 
on PRP 3 from 71.5% to 42.3% and on PRP 4 from 
65.5% to 48.7%). The mortality on all studied PRP 
was zero in 2015. The trend of spruce tree mortality 
on PRP 1–4 is illustrated in Fig. 6.

Fig. 3. The average annual and maximum daily SO2 concentrations (µg m–3) at stations Souš, Bedřichov and Jizerka in 
1970–2015

Fig. 4. The mean annual NOX concertation (µg m−3) in 1992–2012 and the ozone exposure index AOT40F for forests 
(ppb h−1) in 1996–2015 at the Souš station
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Nutrient concentrations in foliage

The nutrient status of N, P, K, Ca, Mg, S and Si 
was very unsatisfactory and unbalanced in the spruce 
stands (Fig. 7). The residues to 100% consisted main-
ly of the basic building materials of needles, namely 
carbon (C), hydrogen (H) and oxygen (O), which 
were burnt from the dry matter as oxides within 
the carbon grid. Heavy metals (Al – aluminium, Fe 
– iron, Mn – manganese, Zn – zinc, Cu – cuprum, Pb 
– lead, Cd – cadmium, Ni – nickel, Cr – chromium) 
were present in the foliage at least.

First of all, the nitrogen reserve was critical low. 
The values of nitrogen concentrations in the foliage 

Fig. 5. The health status of peaty spruce stands according to foliation (%) and five degrees of defoliation/needle loss on 
the permanent research plots 1–4 in 1980–2015; degrees of defoliation indicate: 0 – healthy trees (defoliation 0–10%), 
1 – slightly damaged trees (11–30%), 2 – medium damaged (31–50%), 3 – seriously damaged (51–70%), 4 – dying 
trees (71–99%), 5 – dead trees (100%)

Fig. 6. Dynamics of mortality of spruce trees on the perma-
nent research plots 1–4 in 1980–2015
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of spruce were approximately at a half level of the 
limits defining deficiency (1.3%), which corresponds 
to the extreme type of site. They decreased from the 
initial values around 0.7% in 1980 to the values os-
cillating around 0.5% in 2010, with the minimum 
values in 2005. In the last period they increased 
again to about 0.6%.

In the same period, the content of foliar phospho-
rus decreased from 0.10–0.13% in 1980 to 0.3–0.7% 
in 2015, which indicates a generally worse reserve 
of this nutrient in the relevant sites in the period of 
observations. The concentrations mostly indicated 
a deficiency while in 1980 they reached the limit of 
sufficient nutrition (UNECE, 2005). The potassium 
content also dropped considerably when minimum 
values were found around the year of 2000, and have 
remained unchanged until now. The content of this 
nutrient in foliar tissues was at the lower limit of suf-
ficient nutrition while in 2000 and 2015 it reached 
the limit of deficiency. On the contrary, the content 
of foliar calcium increased from deficiency values in 
1980 to the values indicating an optimum reserve of 
this nutrient, and the same applies to the magnesium 
content in the needles of studied spruce trees. The 
content of foliar sulphur gradually increased at first, 
from 1980 to 1990 it reached the double of the values 
considered as the limit of negative effects (0.12%). 

Then a dramatic drop was documented until 2000 to 
the values considered as deficiency. Anthropogenic 
effects on the nutrient status of forest stands in the 
studied area are very noticeable.

Comparing the first and the second half of the in-
vestigated period, there were significant differences 
in the nutrient content of all elements (p < 0.001; 
Fig. 7). In 2000–2015 the nutrient content was sig-
nificantly lower on all PRP in nitrogen (F1,30 = 7.7), 
phosphorus (F1,30 = 19.8), potassium (F1,30 = 39.2), 
sulphur (F1,30 = 104.0) and silicon (F1,30 = 45.8) and 
significantly higher in calcium (F1,30 = 45.9) and 
magnesium (F1,30 =72.9) than in 1980–1995. The 
development over the time (1980–2015) had a sig-
nificant effect on nutrient concentrations in the foli-
age (p < 0.001). Time was significantly (p < 0.001) 
negatively correlated with the content of nitrogen 
(r  = −0.45), phosphorus (r = −0.73), potassi-
um (r  =  −0.73), sulphur (r = −0.74) and silicon 
(r = −0.68) and positively with calcium (r = 0.75) 
and magnesium (r = 0.91). In terms of the content, 
the greatest changes occurred in magnesium, sul-
phur and calcium during the time.

Radial growth

The characteristics of dendrochronology analysis 
of spruce trees (24–29 sample cores) are numerically 
described in Table 2 that shows the basic indicators. 
The age of the tree core samples ranged from 83–
245 years (mean 147 years). The average tree-ring 
width of spruce was the lowest on PRP 3 (0.776 mm 
± 0.256 SD) and PRP 2 (0.807 mm ± 0.297 SD), 
while the highest increment was on PRP 4 (1.226 
mm ± 0.437 SD) and PRP 1 (1.037 mm ± 0.309 
SD). The expression population signal shows a sig-
nificant value (significant EPS level is 0.850) on all 
PRP (0.859–0.934).

The results of tree ring analyses from PRP 1–4 
document following negative pointer years with ex-
tremely low radial growth: 1980, 1981, 1982, 1983, 
1984, 1985, 1990, 1996, 2010 and 2015 on particular 
PRP (Table 2, Fig. 8). The highest number of nega-
tive years were on PRP 3 and 4 (7 years), while on 
PRP  1, only 3 negative years were observed. Years 
1981 and 1982 were common negative pointer years 
in all PRP. Very strong growth depression was ob-
served in 1979–1987 caused by the synergism of air 

Table 2. Characteristic of the tree-ring chronologies and significant negative pointer years characterizing extreme low 
radial growth on the permanent research plots 1–4 in 1960–2015

ID No. of 
samples Mean (mm) Min (mm) Max (mm) Standard 

deviation
Expression popul. 

signal Negative pointer years

1 29 1.037 0.535 1.810 0.309 0.926 1980, 1981, 1982
2 29 0.807 0.364 1.576 0.297 0.934 1981, 1982, 1984, 1985
3 24 0.776 0.276 1.133 0.256 0.859 1981, 1982, 1983, 1984, 1990, 2010, 2011
4 27 1.226 0.365 2.082 0.437 0.889 1980, 1981, 1982, 1983, 1984, 1996, 2015

Fig. 7. Concentrations of nitrogen, phosphorus, potassi-
um, calcium, magnesium, sulphur and silicon in dry 
matter of the foliage (needles) in 1980–2015; bars indi-
cate standard deviation
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Fig. 8. The ring-width chronology of Norway spruce from the particular permanent research plots 1–4 in 1960–2015 
(displayed for common interval)

Fig. 9. Correlation coefficients of the regional residual index tree-ring chronology with the monthly temperature (left) and 
the total precipitation (right) from May to December of the previous year (capital letters) and from January to Sep-
tember of the given year (small letters) on PRP 1–4 in total in 1960–2015; only correlation coefficients of statistically 
significant values (α = 0.05%) are represented

Fig. 10. Response of the ring width index of Norway spruce to the sum of precipitation and the mean temperature in the 
current year A) and in the growing season B) (correlation quadratic model, years 1960–2015)



 Long-term effect of climate and air pollution on health status and growth of Picea abies (L.) Karst. 11

pollution (extremely high SO2 concentration) and 
climatic extremes. The year of 1980 was the second 
coldest year in the observed period of 1960–2015 
(2.3 °C, the mean 3.8 °C) related to late frosts. Con-
sequently, the highest annual amount of precipita-
tion was observed in 1981 (1,778 mm, the mean 
1,219 mm), while the second driest year (795 mm, 
the mean 1,219 mm) was 1982 related, again, to late 
frosts. Extremely cold and dry winter were typical 
for the years 1985 and 1996, while the negative year 
1990 was, by contrast, an extremely hot year. There 
was also an evident growth depression in 2009–2015 
resulting mainly from the climate extremes. In the 
negative pointer year 2010, the second highest annu-
al amount of precipitation was observed (1,642 mm, 
the mean 1,219 mm). Moreover, in that year, the new 
needles became frostbitten due to late frosts and the 
growth was thus reduced. The year 2015 was char-
acterized by the driest (99 mm, the mean 282 mm) 
and extremely warm (15.5 °C, 12.7 °C) June and July, 
when the major part of radial growth is formed.

After the division of the ring-width curves for 
three seasons in terms of air pollution load (before 
1960–1979, during 1979–1988 and after the SO2 
load 1988–2015), there were significant differences 
between these periods (F2,221 = 61.41; p < 0.001). 
In the period of 1979–1988, trees had significantly 
lower increment (the mean ring index 0.55) than in 
the other two periods (p < 0.001). Comparing ra-
dial growth between periods before (1.04) and after 
(0.99) the SO2 load, there were no significant differ-
ences in the tree ring index (p > 0.05).

The mean diameter increments in 1960–2015 
correlated positively with the temperature in August 
of the preceding year (r = 0.20) and positively with 
the temperature in January, February, May, June, July 
and August of the current year (r = 0.32, 0.41, 0.24, 
0.26, 0.20 and 0.32, respectively). Besides, the radial 
growth was in positive correlation with the precipi-
tation in February (r = 0.24), in negative correlation 
with the precipitation in April and May of the current 

year (r = −0.26 and −0.22, resp.; Fig. 9). The tem-
perature was identified as a factor positively influ-
encing the diameter increment of spruce in the study 
area (Fig. 10). The diameter increment considerably 
increased with increasing temperature, especially in 
the growing season. On the other hand, the optimal 
range of precipitation for the radial growth was from 
550 to 600 mm in the growing season.

Relations between air pollution, climate 
and radial growth

The radial growth increment showed a signifi-
cantly negative correlation with the mean annual and 
maximum daily SO2 concentrations (Table 3), espe-
cially on PRP 4 (r = −0.55) and PRP 1 (r = −0.49; 
no influence on PRP 3, r = 0.03), positive correlation 
with the foliation of living trees, mean annual NOX 
concentrations, average temperature outside the 
growing season and in January–March of the current 
year and no correlation with precipitation. The foli-
ation of living trees was negatively correlated with 
SO2 concentrations and maximum daily NOX concen-
trations, positively with radial growth increment and 
there was no correlation with any climatic factors. 
The annual mortality showed a significantly positive 
correlation with SO2 concentrations and amount of 
precipitation outside the growing season of the cur-
rent year and negative correlation with the foliation 
of living trees, radial growth and temperature in the 
growing season of the previous year (Table 3). No sig-
nificant effect of the ozone exposure index AOT40F 
was observed on the studied spruce stands.

The results of the PCA analysis are presented 
in the ordination diagram in Fig. 11. The first ordi-
nation axis explains 32.4% of the variability in the 
data, the first two axes together explain 54.0%, and 
the first four axes together explain 78.8%. The first 
x-axis represents the annual radial increment togeth-
er with temperatures in both the current and the 

Table 3. Correlations between the radial growth increment (1960–2015) and health status (1980–2015) and climate 
(1960–2015) and air pollution factors (SO2 1970–2015, NOX 1992–2012, AOT40F 1996–2015)

SO2
Mean

SO2
Max

NOX
Mean

NOX
Max AOT40F Tem

ActAnn
Tem

ActVeg
Tem

LasVeg
Tem

ActNon
Tem

ActI–III.
AnRing −0.44** −0.48** 0.53** 0.16** 0.30** 0.39** 0.28** 0.16** 0.42** 0.50**
Foliation −0.62** −0.73** −0.81** −0.92** −0.83** 0.16** 0.16** 0.32** 0.30** 0.08**
Mortality 0.49** 0.56** 0.26** −0.03** 0.23** −0.24** −0.18** −0.36** −0.22** −0.09**

Tem
ActVI–VII.

Pre
ActAnn

Pre
ActVeg

Pre
LastVeg

Pre
ActNon

Pre
ActI-III.

Pre
ActVI–VII. WatBal AnRing Foliation

AnRing 0.19** −0.02** −0.11** −0.12** −0.01** 0.06** −0.13** −0.17** 1.00** 0.63**
Foliation 0.25** 0.35** 0.57** −0.39** −0.01** 0.20** 0.07** 0.46** 0.63** 1.00**
Mortality −0.13** 0.09** −0.11** 0.00** 0.40** 0.16** −0.00** −0.02** −0.62** −0.79**

Notes: AnRing – annual ring width, Foliation – foliation of living trees, Mortality – Annual mortality, SO2 and NOX concentrations (mean 
– mean annual concentration, max – maximum daily concentration), AOT40F – ozone exposure index, Tem – mean temperature, 
Pre – sum of precipitation, Ann – annual, Act – current year, Las – last year, Veg – vegetation season, Non – non vegetation season, 
WaterBal – water balance, I–III and VI–VII – months; significant correlations are indicated with an asterisk (* p < 0.05, ** p < 0.01).
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previous years. The second y-axis represents pre-
cipitation parameters. The annual ring increment of 
trees was negatively correlated with the maximum 
daily and mean annual SO2 concentrations. Average 
temperatures had a positive effect on the tree ring 
increment, especially temperatures in June–July and 
temperatures in the growing season of the current 
year, while the radial growth was not correlated, or 
was correlated only very slightly, with any precipita-
tion parameter. Precipitation in the growing season 
of the last year, precipitation in January–March and 
precipitation outside the growing season of the cur-
rent year were the weakest explanatory variables in 
the diagram. On the contrary, the water balance and 
precipitation in the growing season of the previous 
year had the highest loading in the diagram. In terms 
of time, the radial growth of trees during the first half 
of the investigated period (1980s, 1990s) was related 
more closely to SO2 concentrations and precipitation 
parameters, whereas during the second half of the 
investigated period (after 2000) it was related more 
closely to the temperature.

Discussion

Pronounced air-pollution stress that afflicted the 
Jizerské hory Mts. in the 1970s and 1980s caused se-
vere deterioration of the health status of peaty spruce 

stands as a consequence of the synergism of air pol-
lution, climate extremes and insect outbreaks, simi-
larly to other Sudetes mountains (Král et al., 2015; 
Vacek et al., 2015). In these studies, it was identically 
stated that heavy destruction of these forests started 
in 1981 as a result of the synergism of very strong 
winter desiccation in early spring and high SO2 con-
centrations. A similar increase in defoliation to forest 
stands was documented in mountains climax spruce 
stands by many studies (Vacek & Matějka, 2010; Va-
cek et al., 2013). Similar findings were reported from 
the Orlické hory Mts. (Žid & Čermák, 2008) with the 
most damaged stands in the summit parts. A study 
from the Polish mountain range documented that 
damage to spruce stands was caused by air pollution 
that impairs the nutrient balance in soil (Mazurski, 
1986). Schulze et al. (1989) had almost an identical 
opinion on the cause of damage to spruce stands in 
Central Europe, and ascribed great acidification in 
these stands to the capacity of spruce to intercept a 
high amount of air pollutants. Despite the general 
decrease in acid deposition (Hůnová et al., 2014) 
the regeneration of forest soils has not been suffi-
cient (Borůvka et al., 2005), defoliation is still great 
(Fabiánek et al., 2012) and many symptoms of dam-
age to the foliage are connected with nutrition disor-
ders as reported from the Jizerské hory Mts. (Lomský 
et al., 2012). A similar statement was confirmed in 
our study, when the soil regeneration is still insuf-
ficient, especially on PRP 3 and 4, where the water 
regime close to PRP was modified (by drainage, 
building roads, dams) in the past and thus the peat 
profile mineralization was accelerated. Moreover, de-
foliation has decreased in comparison to the 1980s, 
but it is still higher than it had been in the period 
before the air pollution load. Also, nutritional disor-
ders are sometimes seen on the foliage as increased 
yellowing symptoms.

The health status was threatened to the largest 
extent in the 1980s, which corresponds with the 
air pollution culmination in Central Europe (Zim-
mermann et al., 2002; Lomský et al., 2012). The air 
quality started improving after 1990 (Hůnová et al., 
2004). An improvement in the trend of air pollution 
in terms of the concentrations of SO2 and NOX is also 
documented by our study since 1994. Gradual im-
provement in health status between 1998 and 2004 
was confirmed from the neighbouring Krkonoše Mts. 
by Staszewski et al. (2012). However, the health 
status of forest stands after 2010 started to worsen 
again, probably due to diminished water availabili-
ty and by more frequent events of climate extremes 
(drought, high temperatures). Decreased availability 
of water as a limiting factor that usually manifests 
itself primarily in the lowlands (Tumajer & Treml, 
2017), can be – surprisingly – a limiting factor even 
at high altitudes (Etzold et al., 2014). In connection 

Fig. 11. Ordination diagram showing results of the PCA 
analysis of relationships between climate data (Tem – 
average temperature, Pre – amount of precipitation, 
Act – current year, Las – last year, Veg – growing sea-
son, WaterBal – water balance; I–III, VI–VII – months), 
SO2 concentrations (mean – mean annual concentra-
tion, max – maximum daily concentration) and the ring 
width (AnRing – annual ring width); codes of filled cir-
cles indicate the years 1970–2015
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with diminished water availability and more frequent 
and longer drought spells, high defoliation and the 
risk of bark beetle attacks to spruce stands increases 
(Krejčí et al., 2013; Šrámek et al., 2015).

Ozone air pollution is a significant stress factor in 
the Jizerské hory Mts. in the summer season as its 
concentrations exceed – in the long run – the thresh-
old values for vegetation protection (9,000 ppb h−1 – 
limit of vegetation damage) according to the Czech 
Air Protection Act. The limit values are exceeded 
throughout a major part of the growing season. O3 
concentrations were quite high in the studied years, 
especially in 1997, 1998, 2002, 2003 and 2006, when 
the AOT40F index exceeded 40,000 ppb h−1. Similar 
findings from the Sudetes mountain range were re-
ported by Šrámek et al. (2007) and Vacek et al. (2015).

The results of leaf analyses also document the im-
pacts of air pollutants and other factors on the nu-
trient status of forest stands in the studied region. 
In the first period a decrease or a low level of bases 
were revealed, given by either natural or anthropo-
genic acidification of the environment (Hůnová et 
al., 2014). A decrease in nitrogen and phosphorus 
was also found. Approximately since 1990 there has 
been a fast increase in calcium and a moderate in-
crease in magnesium, which indicates the influence 
of liming in the region as in other mountain ranges 
(Šrámek et al., 2006). An increase in nitrogen con-
tent since 2005 can be ascribed to high deposition of 
this element which is not, however, able to prevent 
its critical deficiency with regard to the nutrition of 
forest stands. Our assessment of the nutrient status 
of peaty spruce forests of the Jizerské hory Mts. using 
the ICP Forests methodology (UNECE, 2005) was 
very similar to the results of Bergmann (1988) and 
Ulbrichová and Šimková (2007). Very low values of 
the nitrogen content were demonstrated in Šumava 
peat bogs by Materna (1960) although the values he 
determined were somewhat higher even in stunted 
spruce trees. On the contrary, the sulphur and silicon 
content measured in his study was much lower.

The standardized tree-ring chronology in the Jiz-
erské hory Mts. indicates a gradual decrease in radial 
increment in 1979–1987, similarly to other moun-
tain spruce stands in the Czech Republic (Kroupová, 
2002; Král et al., 2015; Vacek et al., 2015). Accord-
ing to the cited authors the cause of the increment 
decrease was a strong air pollution load, especially 
of SO2 emissions in the 1970s and 1980s, in com-
bination with climate factors. Since the second half 
of the 1990s a gradual increase in growth has been 
recorded. That period was characterized by mild win-
ters without pronounced temperature extremes, by 
relatively high temperatures in the growing season 
and by a decrease in air pollution but high NOX depo-
sitions (Vejpustková et al., 2004). A distinct increase 
in radial increment in this period was documented in 

the Orlické hory Mts. (Rybníček et al., 2009; Králíček 
et al., 2017), in the Krkonoše Mts. (Král et al., 2015; 
Putalová et al., 2019), Broumovsko (Vacek et al., 
2019c) and in the Polish Beskids (Feliksis, 1995; 
Wilczyński & Feliksik, 2005). A strong decrease in 
radial growth started in 1979 as a consequence of 
temperature shock at the turn of 1978–1979, when 
the temperature dropped by almost 30 °C within 24 
hours (Vacek et al., 2015). In 1980–1986 it was due 
to the synergism of air pollution and climatic stress, 
and in 1996 and 2010 it was a result of winter desic-
cation of the foliage in early spring. Several negative 
pointer years (1979 and 1981) were also identical in 
peaty spruce stands in the summit parts of Orlické 
hory Mts. (Rybníček et al., 2009; Vacek et al., 2015).

An interpretation of correlations of radial incre-
ment with climatic factors is rather complicated be-
cause the growth process is influenced by many fac-
tors (Dorotovič et al., 2014; Remeš et al., 2015; Vacek 
et al., 2016, 2017; Šimůnek et al., 2019; Cukor et al., 
2020). The positive effect of temperatures in the 
growing season on radial increment can be explained 
by conditions in a period when a considerable part of 
radial increment is created. Hence temperatures do 
not limit growth if the water reserve in soil is suffi-
cient. Similar results showing the positive effect of 
temperature in July and August on spruce growth 
were also found in spruce forests in the western Car-
pathians (Bednarz et al., 1999), in the Krkonoše Mts. 
(Král et al., 2015), in Orlické hory Mts. (Rybníček 
et al., 2009; Vacek et al., 2015) and in the Polish Ta-
tras (Feliksik, 1972). The relations between precipi-
tation and temperatures in the growing season were 
described in a similar way in Germany (Dittmar & 
Elling, 2004), Switzerland (Meyer & Bräker, 2001) 
and Poland (Koprowski & Zielski, 2006). In addi-
tion, a negative effect of precipitation on growth in 
April and June of the current year was, similarly to 
our study, reported from peaty spruce stands in the 
Krkonoše Mts. (Král et al., 2015).

Generally, from 1960 to 2015 the average annual 
amount of precipitation in the studied localities de-
creased minimally (by 14 mm on average), while a 
marked rise in the average annual temperature (by 
1.9 °C) was observed. Climate changes and air pol-
lution are mutually integrating influences that affect 
forest ecosystems, the species composition and spe-
cies distribution, soil environment, health status, 
water availability and tree growth (Bytnerowicz et 
al., 2007), which is quite clearly apparent from the 
results of our study. Climate changes and particu-
larly high temperatures have distinct consequences 
for the whole ecosystem. The influence of climate 
changes on growth in relation to the increment of 
forest stands is generally positive in our study but on 
condition that water is not a strongly limiting factor. 
This finding is in line with the results of Laubhann et 
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al. (2009) where the authors observed a significant 
influence of climate warming on 152 spruce stands 
throughout Europe. Researches (Solberg et al., 2009; 
Schuster & Oberhuber, 2013) confirmed a positive 
effect of temperature increase on radial growth of 
spruce if the growth was not limited by water deficien-
cy, especially in growing season. A more pronounced 
reduction in radial growth in relation to diminished 
water availability is more clearly manifested in older 
trees (Pichler & Oberhuber, 2007) because ecophysi-
ological studies showed that changes in the tree size 
are related to the changes in physiological processes 
taking place in trees during their aging (Mencuccini 
et al., 2005). This fact is compounded by the age of 
trees in the study stands reaching up to 250 years.

Conclusion

The analysis of air pollution and climate factors in 
the summit parts of the Jizerské hory Mts. shows the 
occurrence of predisposing factors that have a poten-
tial, through their synergic effects, to cause gradual 
decline of spruce forests. Until 1978 there was close 
interaction between the occurrence of negative years 
and climate extremes when forest stands reacted in 
accordance with the specific site and stand condi-
tions. Pronounced deterioration of the health status 
of spruce stands as a consequence of the synergism 
of air pollution, especially high SO2 concentrations, 
and climatic stress occurred in 1979–1988. It was 
documented not only by strong defoliation but also 
by a decrease in radial increment. In addition, winter 
desiccation, low temperatures and high precipitation 
were the limiting factors for radial growth in the 
studied peat mountain area. From the second half 
of the 1980s until 2000 the health status of spruce 
stands was relatively stabilized, considering the foli-
ation trend of living trees and their radial increment. 
Since 2010 there has been a significant defoliation 
comparable to the defoliation trend in 1980–1983, 
only with low mortality so far. This trend is also re-
flected by a significant decline in radial growth in 
2010–2015. It is a question of how the health sta-
tus of these spruce stands will develop during ongo-
ing global climatic changes, whereas the foliation of 
most spruce in the tree layer on the PRP is approach-
ing the limit of critical foliation.
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