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Abstract The area of the Orlické hory Mts. has been

characterised by decline and disturbances of Norway

spruce (Picea abies/L./Karst.) stands since the 1980s.

Currently, only three permanent research plots have been

preserved from the original sixteen established plots in this

region. In the present study, the health status, as indicated

by defoliation, mortality, and stem radial growth, was

studied in the peaty and climax spruce ecosystems in the

upper elevations of the mountains from 1979 to 2014. This

health status was correlated with ambient air pollution

(SO2) as well as climate factors (temperature and precipi-

tation). The health status of individual trees on the plots

was determined by evaluation of the foliage status, and tree

vitality was evaluated by measuring stem radial growth

increment. Stress factor analysis showed that high air

pollutant concentrations predisposed Norway spruce to

stress from climatic events (drought, temperature changes),

leading to forest decline. The most serious damage can be

attributed to the combination of chemical and climatic

stress. Stands with lowered vitality were attacked by sec-

ondary biotic pests (particularly bark beetle), resulting in

rapid tree mortality. The damage process is marked not

only by higher mortality, but also by chlorosis and necrosis

of the needles. The stabilised trend in health status of the

spruce stands was registered since approximately 1990s. In

terms of climatic factors, the weather in June had the most

visible influence on radial increment. Low temperatures

and high precipitation were the limiting factors for radial

growth in studied mountain area.

Keywords Stress factors � Sulphur dioxide � Nitrogen air

pollution � Ozone � Climate � Central Europe

Introduction

Pollution and climate are the major external environmental

factors influencing the development of forest ecosystems in

Central Europe over the long run (Ulrich et al. 1980).

Montane forest ecosystems in particular are constantly

exposed to climatic stress in natural conditions and have

been severely affected by air pollution over the past

50 years (Vacek et al. 2003). Climatic stress includes water

deficit, excessive, or prolonged periods of heat or cold,

excessive radiation, and mechanical stress (Tranquillini

1979). The effects of these natural stressors on plants are

exacerbated by air pollution, caused by increased concen-

trations of harmful chemicals in the air and their deposi-

tion, and ultimately by affecting the quality of seepage

water, nutrient input, nutrient and organic matter balance,

and soil chemical conditions (Lochman and Mareš 1995;

Boháčová et al. 2010; Lüttge 2014). Changes in climatic

factors in forest stands may therefore affect numerous

processes in forest ecosystems, where they can have a

positive influence (e.g. higher growth increments) or neg-

ative influence (all types of forest damage; Spiecker 1990;
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& Zdeněk Vacek

vacekz@fld.czu.cz

1 Faculty of Forestry and Wood Sciences, Czech University of

Life Sciences Prague, Kamýcká 1176,
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Rolland and Lempériere 2004; Paoletti et al. 2010) or both.

There is an urgent need to fill in the gaps in understanding

of the interactions between air pollution, climate change

and forests (Serengil et al. 2011; Matyssek et al. 2012), in

order to assess impacts on forest ecosystems at present as

well as in the future.

The pathway to any forest decline usually follows three

stages. First, the predisposing factors, such as low site

quality, limited historical precipitation or older age of

forests, set the forest ecosystem on a path of stress. An

inciting factor, such as frost, short-term drought, insect

defoliation or acid deposition (Kmet’ et al. 2010), pushes

the ecosystem to the brink. Finally, the contributing factor

might be an insect or disease that takes advantage of a

tree’s weakened state, effectively pushing the ecosystem

over the edge (Spetich et al. 2011; Kula et al. 2013).

The most challenging task in the assessment of tree

decline and mortality is the retrospective determination of

the trees’ reactions to individual stressors (Šrámek et al.

2008). Monitoring forest decline is typically a short-term

exercise, often initiated only after evidence of symptoms

appears and thus capable of rendering only a picture of

mortality or initial factors rather than the predisposing fac-

tors (Larcher 2001; De Vries et al. 2003). In order to

interpret non-specific manifestations of forest decline where

synergistic action of a broader range of factors can be rea-

sonably expected, it is necessary to monitor not only the

latest and most evident response of trees (e.g. defoliation),

but also changes in radial growth. While defoliation and

other visible reactions are perceptible only after a delay (Žid

and Čermák 2008), growth can show an immediate

response. Annual ring analysis may therefore yield evidence

over long periods and may be correlated with individual

stressors (Fritts 1976; Kroupová 2002; Preusler et al. 2004).

Montane forests, being already in a stressful environment,

are highly sensitive ecosystems, exposed to a significant

burden from multiple stressors (Buttoud 2000; Bridgmann

et al. 2002). In Central Europe, these are chiefly emission

impacts (acid deposition, ozone), extreme climate (low

temperatures, periods of drought, high winds), and adverse

soil conditions (somewhat acidic soils with low biological

activity) because they are predominantly more recently

formed soils (Kärenlampi and Skärby 1996; Hruška and

Ciencala 2003; Gallo et al. 2014). In the Czech Republic, air

pollution has been recognised as the main environmental

problem since 1950, due to the extremely high SO2 and

particulate matter emissions from power plants and other

industrial facilities (Moldan and Schnoor 1992). Notably, the

SO2 emissions ranked among the most dangerous factors

limiting the health status of forests in the entire Central

European region (Ulrich 1991), including the Czech

Republic, between 1970 and 1990 (Materna 1999; Hůnová

2001). Even after a substantial reduction in air pollutants

(SO2, in particular) in the 1990s (Renner 2002; Hůnová et al.

2004), forests in some parts of the Czech Republic are still

suffering the effects of past emission-caused damage. Based

on the lingering effects on forest growth, Likens et al. (1996)

have hypothesised about the long-term residual effect of acid

deposition in spruce stands. Sulphur dioxide is not the only

source of emission impacts on forest ecosystems, however.

Air pollution by NOx and O3 (ozone) has been perceived as a

problem only since the 1990s (Hruška and Ciencala 2003;

Hůnová and Schreiberová 2012). In terms of damage to

ecosystems, ozone is currently considered as the most

harmful ambient air pollutant (EEA 2014). Concentrations of

ambient O3 range between 20 and 45 ppb over the mid-lat-

itudes of the Northern Hemisphere (Vingarzan 2004). The

long-term trends and analysis of spatial relationships of

atmospheric deposition have been published in many works,

e.g. Hůnová et al. (2004, 2014); Šrámek et al. (2014). But

atmospheric deposition of nitrogen—dry depositions in

particular—has most likely been underestimated due to the

lack of data on certain forms of nitrogen such as HNO3 and

NH3 (Flechard et al. 2011). Recently, in montane Norway

spruce (Picea abies/L./Karst.) forests, the extent and level of

air pollution (NOx and O3) have been increasing. The con-

siderable damage to these stands and the subsequent sanitary

clear-cutting devastated spruce stands in the Krušné hory

Mts. (the Ore Mts.), the Jizerské hory Mts., the Krkonoše

Mts. (the Giant Mts.), the Orlické hory Mts. (the Eagle Mts.),

and the Jesenı́ky and the Beskydy Mts. (the Beskids). Pol-

lution has caused damage in other regions of the Czech

Republic, but with less intensity (Tesař 1993; Boháčová

et al. 2010; Vacek et al. 2013; Lomský et al. 2013). A total of

62.5 thousand hectares of clear-cuts resulted from forest

decline in the forests of the Czech Republic mountains in the

1970s and 1980s. These forests were reforested mostly with

Norway spruce or so-called substitute pioneer tree species

(Vacek et al. 2003; Špulák 2012). Numerous experiments

sought to increase the stability and vitality of forest stands by

applying fertilisers and lime (Vacek et al. 2009; Kuneš et al.

2013) or to restore stands by various reproduction techniques

(e.g. Vacek et al. 2012). Visible damage to the forest stands in

the study area of the Orlické hory Mts. became evident in

1979 after the Chvaletice and Opatovice power plants were

put into full operation. Air pollution and extreme climatic

conditions in the 1980s resulted in a very rapid deterioration

of the health status of the ridge stands and vast salvage clear-

cuts (approximately 2000 ha) at altitudes of over 900 m

(Vacek et al. 2003).

The objective of this investigation was to evaluate the

trend of the health status (in terms of foliation and tree

mortality) and productivity (in terms of stem radial growth)

of peat bog and climax spruce stands in the Orlické hory

Mts. from 1979 to 2014 in relation to the air pollution

burden and climatic environmental factors. Objectives
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were to (1) identify long-term trends of air pollution indi-

cators, climatic factors, health status, and productivity of

Norway spruce stands; (2) determine the response in stand

health and productivity to climatic and air pollution factors,

and (3) reveal interactions and relationships among all air

pollution and climatic factors, stand health status, and

productivity indicators.

Materials and methods

Description of the study area

The study was conducted in three permanent research plots

(PRPs) in the central part of the Orlické hory Mts. and in

the northeast of the Czech Republic near the border with

Poland. Sixteen PRPs were originally established in 1979,

but all trees on 13 of these plots died after extreme pol-

lution-caused stress. The Orlické hory Mts. are chiefly

composed of crystalline rocks. The predominant soil types

are Cambisols, Crypto-podzols, and Podzols, with sporadic

Organosols (Vacek et al. 2003). The average annual tem-

peratures are between 4 and 7 �C, and precipitation

between 800 and 1300 mm. The predominant potential

natural vegetation is herb-rich beech forest alternating with

acidophilic beech wood of the submontane and montane

type. Habitats influenced by water are mostly represented

by waterlogged and peat bog spruce stands, and climax

spruce stands at the highest altitudes (Vacek et al. 2003).

PRP 1 is located in a peat bog spruce stand in the Jelenı́

lázeň Nature Reserve, and PRP 2 is in the peat bog spruce

stand of the U Kunštátské kaple Nature Monument. PRP 3

is represented by a climax spruce stand located on the

summit of the Koruna Mountain. Locations of the PRPs are

shown in Fig. 1, and Table 1 summarises the details about

the plots. Stand characteristics by plot are summarised in

Table 2; species’ horizontal structure by plot in 1979 and

2014 is shown in Fig. 2.

Collection of climatic and air pollution data

We used long-term climate and air pollution measurements

provided by meteorological and air pollution monitoring

stations near the study area.

Temperature and precipitation data were collected at the

meteorological station at Deštné v Orlických horách

(656 m a.s.l.; GPS 50�1802400N, 16�2100700E). Temperature

and precipitation trends were based on average annual

temperature, vegetation season temperature (April 1–

September 30), average temperature in each month, mini-

mum and maximum temperatures, total annual precipita-

tion, total precipitation in the vegetation season (April 1–

September 30), and minimum and maximum precipitation

from 1961 to 2013. The moisture balance was calculated

according to Thornthwaite (Nosek 1972). The evapotran-

spiration rates were derived from long-term measurements

(1976–2013) in a Norway spruce stand located in Deštné v

Orlických horách (Kantor 1983). In addition, we evaluated

average moisture conditions in the coniferous stands by

comparing total precipitation for the May–August period

from 1961 to 2013 with the limit of 300 mm total annual

precipitation, considered to be the maximum for favourable

growth of Norway spruce.

Analysis of air pollution in the Orlické hory Mts. was

based on SO2, NOx and O3 concentrations from data

available from the Šerlich station (1011 m a.s.l.; GPS

50�1904100N, 16�2300500E), close to the investigated PRPs.

Since the measurement time series from this station has

been relatively short, we also used data from the Desná-

Souš station in the Jizerské hory Mts. (772 m a.s.l.; GPS

50�4702100N, 15�1901100E). For the assessment, average and

maximum concentrations (in lg m-3) and their 95th per-

centiles for the whole year and for the vegetation season

(April 1–September 30) were used. For the assessment of

O3 concentrations, the exposure index AOT40 for forests,

calculated as the sum of differences between the observed

hourly mean concentration and the threshold value of

40 ppb over the vegetation period, was used (UN/ECE

2004; Hůnová and Schreiberová 2012).

Health status and productivity data collection

The long-term dynamics of the health status of individual

trees in the three investigated PRPs has been assessed

annually from 1979 to 2014 based on the level of foliation

and degrees of defoliation according to the Tesař and

Temmlová (1971) classification (Table 3). Then, the

Fig. 1 Location of the three permanent research plots (PRP 1–3) in

which the spruce stands were investigated (PRP 1: 50�1804100N,

16�2305500E, PRP 2: 50�1404800N, 16�2700800E, PRP 3: 50�1700100N,

16�2503900E)
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average stand foliation was calculated as the arithmetic

mean of the foliation values for all trees and the living trees

for each PRP. Defoliation (foliation relative to a potential

of 100 %), with attention to the cenotic position and the

morphological type of the crown, was estimated with an

accuracy of 5 %, according to the methodology applied by

the ICP-Forests project (Lorenz 1995). Mortality was cal-

culated as the percentage of all trees on the PRP with the

degree of defoliation 5 (Table 3).

The long-term productivity dynamics of the PRPs were

assessed using measures of radial growth. Data for the

radial increment analysis were obtained by collecting cores

at a height of 1.3 m using a Pressler auger from 30 living

uniform-height and above-height spruce trees in each PRP.

The annual ring width was measured to an accuracy of

0.01 mm using an Olympus binocular magnifying glass on

a LINTAB measurement table and registered using the

TSAPWin software (www.rinntech.com).

Data analyses

To calculate the stem radial growth, the annual ring

increment series were cross-dated individually (to elimi-

nate errors caused by missing annual rings) using statistical

tests in the PAST4 application software (Knibbe 2007) and

then subjected to visual inspection according to Yamaguchi

(1991). If a missing annual ring was found, a ring 0.01 mm

wide was inserted in its place. The individual curves from

PRP 1–3 were then detrended, and an average annual ring

series was created in the ARSTAN software. First, a neg-

ative exponential spline was used, and then, the 30-year

spline applied (Grissino-Mayer et al. 1992).

In order to determine the response of tree growth to

climatic and air pollution factors, the average annual ring

series from PRP 1–3 were correlated with climatic (pre-

cipitation and temperatures, 1961–2013) and air pollution

data (SO2 concentrations, 1971–2013) for each month and

year using the DendroClim software (Biondi and Waikul

2004).

In order to determine the response of stand health status

to climatic and air pollution factors, the foliation of all

trees, the foliation of living trees, tree mortality and radial

growth (diameter increment) were tested for correlation

with many parameters. For climatic factors, we used annual

temperature, temperature in the vegetation season, tem-

peratures in June (July, August) of the given year, tem-

peratures in May–August of the given year, temperatures in

May–August of the previous year, annual precipitation,

precipitation in the vegetation season, precipitation in

January–March of the given year, number of days without

precipitation in the period of May–August, precipitation in

May–August of the given year, and precipitation in May–

August of the previous year. For air pollution factors, the

average annual and the maximum annual SO2 concentra-

tions were used. Other air pollution data (NOx and O3)

were disposable for short time period. To test the differ-

ence in tree mortality between the three investigated PRPs

over time, analysis of covariance was applied with tree

mortality as the dependent variable, PRP as the indepen-

dent categorical predictor, and the time (years) as the

independent continuous co-variable. The significantly dif-

ferent results were then tested by the post hoc HSD Tukey

test. The tests were carried out in the Statistica 12 package

(StatSoft, Tulsa).

In order to examine the mutual relationships and inter-

actions among climatic data (precipitation and temperature

in selected critical periods), air pollution (annual average

and maximal SO2 concentrations), health status (foliation

of living trees, annual mortality), and productivity (ring

width), the unconstrained principal component analysis

(PCA) in the Canoco for Windows 4.5 software (ter Braak

and Šmilauer 2002) was applied. Data were log-trans-

formed, centred, and standardised before the analysis. The

results of PCA were visualised in the form of an ordination

diagram, with the years displayed (1979–2012) as passive

supplementary variables, constructed by the CanoDraw

software (ter Braak and Šmilauer 2002).

Results

Long-term trends in climate and air pollution

Graphs of temperature and precipitation data for 1961

through 2013 are shown in Fig. 3. The average annual

temperature on the study site was 5.6 �C, and the average

Table 1 Overview of basic characteristics of the forest stands in this study, 2014

PRP Name Altitude

(m)

Aspect Slope

(�)
Forest

site type

Species Age

(y)

Diameter

(cm)

Height

(m)

Volume

(m3 ha-1)

1 Jelenı́ lázeň 1075 S 1 8R, 8T Picea abies 68 14 6 67

2 U K. kaple 1035 SW 2 8R, 8T Picea abies 84/22 12 5 27

3 Koruna 1095 E 7 8Z Picea abies 92 29 8 105

Forest site type: 8R—Piceetum turfosum montanum, 8T—Piceetum paludosum oligomesotropicum humile, 8Z—Sorbo-Piceetum humile
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temperature during the vegetation season was 11.6 �C. The

average annual temperatures in 1961–2013 show an

increase of approximately 2.9 �C per 53 years; those in the

vegetation seasons show a growth of approximately 3.1 �C
per 53 years. The total annual precipitation rates have

decreased by approximately 250 mm per 53 years, and the

total precipitation in the vegetation seasons by approxi-

mately 110 mm per 53 years. The moisture balance trend

for May–August on the Deštné site (Fig. 4) shows that

despite high annual variation, there is a linear trend of

decreasing precipitation excess by 106 mm per 53 years.

There were 2 years (1992 and 2003) in which the moisture

balance deficit in the mountain spruce region was extreme,

with a particular deficit in the two peat bog spruce stands.

The average total precipitation in May–August on the

study site was 457 mm (623 mm in April–September); the

average annual total was 1165 mm. The precipitation totals

for May–August exceeded 300 mm, the maximum for

providing favourable moisture conditions for Norway

spruce stands’ growth, with an exception of 2 years. In

1992 and 2003, there was a conspicuous decrease in pre-

cipitation during the summer months. This decrease led to

moisture stress throughout the Orlické hory Mts., as well as

in the entire adjacent region of Sudetes. Total precipitation

for May–August then dropped by 94 and 36 mm, respec-

tively, below the recognised limit of 300 mm, causing

significant moisture stress. In addition, the following years

were drier (i.e. with precipitation below the long-term

average): 1982, 1983, 1990, 2004, 2008, and 2013.

Concentrations of SO2 and NOx in the vegetation sea-

sons on the Šerlich and Souš stations are shown in Figs. 5

and 6, respectively. Daily maximum SO2 concentrations

decreased from 1994 to 2013, but a dramatic decline

occurred specifically up to 1999, and then, the SO2 con-

centrations remained low and slightly fluctuating. The

pattern of maximum annual NOx concentrations at both

stations between 1993 and 2013 was different. On the

Šerlich site, maximum annual NOx concentrations were

relatively high in 1995–2000, followed by a decrease, but

with considerable fluctuation, whereas on the Souš site the

trend was a slight steady decrease after 1997. The devel-

opment of the exposure index AOT40 for forests in

1996–2013 is shown in Fig. 7. The O3 concentrations were

relatively high with marked peaks in 2003 on both sites

due to the extremely hot and sunny summer. The Šerlich

station also registered high AOT40 values during the study

period, namely 24.000 ppb h-1 in 2002, 28.000 ppb h-1 in

2003 and 23.000 ppb h-1 in 2006.

Dynamics of stand health status

The trends of average foliation and degrees of defoliation

of each Norway spruce tree in PRP 1–3 in the Orlické horyT
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Fig. 2 Map of the horizontal

structure of the stands in PRP

1—Jelenı́ lázeň, PRP 2—U

Kunštátské kaple, and PRP 3—

Koruna in 1979 and 2014
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Mts. in 1979–2014 are shown in Figs. 8, 9, 10 for each PRP

separately. The development of tree mortality showed a

different pattern among PRPs. Tree mortality was signifi-

cantly the lowest for PRP 1 and highest for PRP 3

(F = 62.4, P\ 0.001).

Average foliation of Norway spruce (87 % on PRP 1,

77.5 % on PRP 2, and 78.8 % on PRP 3) and the shares of

degrees of defoliation of trees in the peat bog spruce stands

(PRP 1 and PRP 2) and climax spruce stand (PRP 3) in

1979 indicate the status at the beginning of the visible

macroscopic damage to the assimilation organs of the

spruce (sporadic necrosis and chlorosis on PRP 1; sporadic

necrosis on PRP 3).

On PRP 1, a foliation decrease occurred in 1980–1991,

slight at first in 1980 (average annual defoliation of living

trees of 2.0 %, zero mortality), and steep in 1981–1983

(average annual defoliation of living trees of 7.2 %, annual

mortality of 3.6 %), and continued at a slower defoliation

pace until 1991 (average annual defoliation of living trees

of 9.5 % in 1984–1991, annual mortality of 1.0 %).

Reflecting a nationwide reduction in emissions, a foliation

increase occurred in 1992–1998 (average annual foliation

increase in living trees of 3.7 %, annual mortality of

1.2 %). In 1999–2014, the health status of the trees has

been almost stabilised, with moderate oscillations (average

annual defoliation of living trees of 0.5 %, annual mortality

of 0.3 %).

On PRP 2, a foliation decrease occurred in 1980–1990,

slight in 1980 (average annual defoliation of living trees of

0.9 %, zero mortality), but very steep in 1981 (average

annual defoliation of living trees of 20.5 %, annual mor-

tality of 0.9 %), and continued at a slower defoliation pace

until 1990 (average annual defoliation of living trees of

2.9 % in 1982–1990, annual mortality of 4.7 %). A folia-

tion increase occurred in 1991–1994 (average annual foli-

ation increase in living trees of 5.3 %, annual mortality of

2.2 %). In contrast, a noticeable foliation decrease occurred

in 1995 and 1996 (average annual defoliation of living

trees of 5.6 %, annual mortality of 0.5 %). Since 1997, tree

health status has almost stabilised, with moderate oscilla-

tions (average annual defoliation of living trees of 0.1 %,

annual mortality of 0.1 %).

On PRP 3, a significant foliation decrease occurred in

1981 and 1982, very steep in 1981 (average annual defo-

liation of living trees of 10.7 %, zero mortality), and steep

in 1982 (average annual defoliation of living trees of
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Table 3 Overview of characteristics of the health status of forest

stands by degree of defoliation and percentage of foliation

Degree of

defoliation

Foliation (%) Tree characteristics

0 91–100 Healthy

1 71–90 Slightly damaged

2 51–70 Medium damaged

3 31–50 Seriously damaged

4 1–30 Dying

5 0 Dead
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5.1 %, zero mortality). Since 1983, tree health status has

been almost stabilised, with only moderate oscillations

(minimal average annual foliation increase in living trees

of 0.04 %, annual mortality of 2.4 %). Very significant

mortality rates occurred due to a spruce bark beetle out-

break in 1983–1992 (annual mortality of 6.9 %).

The foliation of all trees showed a positive correlation

with the maximum annual SO2 concentrations, a negative

correlation with temperatures, and no correlation with

precipitation parameters (Table 4). The foliation of living

trees showed negative correlations with temperatures only,

and average annual mortality of trees showed a positive

correlation with SO2 concentrations, a negative correlation

with temperatures, and no correlation with precipitation.

Annual mortality was positively correlated with SO2 con-

centrations and negatively with the temperature in June in

the current year (Table 4).

Dynamics of radial growth

Comparison of the average annual ring curves for the three

PRPs shows a high rate of agreement among them (t tests

[7.8, Fig. 11). This consistency permitted the compilation

of a local standard chronology for the spruce stands in the

ridge parts of the Orlické hory Mts.

The regional standard annual ring chronology indicates

a relatively balanced radial increment in 1960–1978,

interrupted by a decrease in 1978–1984. The year 1984

started a period of increased radial increment, interrupted

again by a decrease in 1996, and then again in 2010 and

2013 (Fig. 12).

The diameter increment in 1979–2013 showed positive

correlations with the July and August temperatures of the

previous year (r = 0.33 and 0.38), with the June, July, and

August temperatures of the current year (r = 0.41, 0.34

and 0.34) and with precipitation in February and March of
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lg m-3 (CHMI data)

0 

5000

10000

15000

20000

25000

30000

35000

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

AO
T4

0F
 (p

pb
.h

-1
) 

YearSouš sta�on Šerlich sta�on

Fig. 7 Trends in exposure index AOT40 for forests ppb h-1 on the
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the current year (r = 0.30, 0.32; Fig. 13). Statistically

significant negative correlations with precipitation amount

in June of the current year were also found (r = -0.33;

Fig. 13). In addition, diameter increment was positively

correlated with temperatures and negatively correlated with

precipitation and SO2 concentrations (Table 4).
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19
79

19
81

19
83

19
85

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

20
09

20
11

20
13

%

Year
0 1 2 3 4 5 Mean of all trees Mean of living trees

Fig. 10 Dynamics of average

foliation and shares of degrees

of defoliation of spruces in the

climax spruce stand in PRP 3—

Koruna

19
79

19
81

19
83

19
85

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

20
09

20
11

20
13

% 

Year

0 1 2 3 4
19

79

19
81

19
83

19
85

19
87

19
89

19
91

19
93

19
95

19
97

19
99

20
01

20
03

20
05

20
07

20
09

20
11

20
13

% 

Year

0 1 2 3 4 5 Mean of all trees Mean of living trees5 Mean of all trees Mean of living trees

Fig. 8 Dynamics of average

foliation and shares of degrees

of defoliation of the spruce in

the peat bog spruce stand in

PRP 1—Jelenı́ lázeň
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Interactions of air pollution, climate, health status,

and radial growth

Results of the PCA are presented in an ordination diagram

in Fig. 14. The first ordination axis explains 27 % of the

variability in the data, the first two axes explain together

45 %, and the first four axes explain together 65 %. The

first axis x represents the trends in the development of

health status and annual radial increment together with

temperatures in both the current and last years and SO2

concentrations. The second axis y represents precipitation

parameters. Foliation of living trees was negatively cor-

related with the annual ring width and with the tempera-

tures in vegetation season, July, August, and May–August

of the current and last year, and with precipitation in

January–March of the current year. Annual mortality of

trees was positively correlated with maximum and mean

annual SO2 concentrations and partly also with the number

of days without any precipitation during the year. Health

status in terms of living trees’ foliation and annual tree

mortality was not correlated, or was correlated only very

weakly, with any precipitation parameter. With respect to

time, health status during the first half of the investigated

period (1980s, 1990s) was related more to SO2 concen-

trations and precipitation parameters, whereas during the

second half of the investigated period (after 2000) it was

related more to temperature.

Discussion

Long-term trends in climate and air pollution

The ridges of the Orlické hory Mts. are characterised by a

harsh climate with low temperatures and high total pre-

cipitation (see Fig. 3). The ambient temperatures are,

however, not a limiting factor for Norway spruce. Total

precipitation exceeds 300 mm (the maximum for optimal

growth) in the May–August period (Fig. 4), with the

exception of 1992 and 2003, when water deficit stress was

significant. Similar conclusions were derived by Žid and

Čermák (2008) in the upper elevations of the Orlické hory

Mts. in the Anenský vrch area.

The relationship between precipitation and temperatures

during the vegetation season has been described similarly

by Kahle and Spiecker (1996), Dittmar and Elling (2004)

for Germany, Mäkinen et al. (2001) for Finland, Meyer and

Bräker (2001) for Switzerland, and Koprowski and Zielski

(2006) for Poland. The last authors note that radial growth

is influenced not only by climatic factors (precipitation and

temperature), but also by fructification, increased atmo-

spheric CO2 levels, nitrogen compounds, and UV

radiation.T
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The annual SO2 and NOX concentrations gradually

decreased from 1994 to 2013. The values indicate that in

1994–1998, the SO2 concentrations were still high enough

to cause acute damage to the assimilatory organs of the

spruce (not observed). Damage to the Norway spruce

assimilatory organs occurs when SO2 concentrations reach

20 lg m-3 and NOx concentration is about 30 lg m-3

(Manninen and Huttunen 2000). Apparently, climate con-

ditions play a crucial role in the damage process. Foliation

damage was also observed at lower concentrations of SO2

and NOx, reflecting the synergic effects of air pollution and

climatic factors, especially winter desiccation, at altitudes

above 900 m a.s.l. in the Krkonoše (cf. Vacek et al. 2007).

The level of air pollutants decreased after 1999, with a

slightly fluctuating trend, and no acute damage has ensued.

Likewise, the NOx concentrations were relatively high in

1995–2000, followed by a decrease, again with consider-

able fluctuation. Figure 4 documents the trend of annual

SO2 and NOx concentrations (the 95th percentile of daily

mean concentrations and daily maxima) on the Souš sta-

tion. A noticeable decrease in the SO2 concentrations

occurred in 1999. This figure shows that the annual max-

imum SO2 concentrations were elevated before 1999 and

were presumably a predisposing factor for acute damage to

the assimilation organs, acidification of stand soil, and

disruption to the soil sorption complex. NOx concentrations

have been decreasing slightly decreasing since 1997.

Similar findings were reported for the mountain spruce

stands in the Krkonoše Mts. (Vacek et al. 2013; Hůnová

et al. 2014).

Ozone represented a significant air pollution factor in the

Orlické hory Mts. in summer; its long-term concentrations

0 

40

80

120

160

200

240

19
60

19
62

19
64

19
66

19
68

19
70

19
72

19
74

19
76

19
78

19
80

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

A
nn

ua
l r

in
g 

w
id

th
 

(0
.0

1 
m

m
)

YearPRP 1 PRP 2 PRP 3 Mean

Fig. 11 Standard annual ring

chronology for PRP 1–3 and the

entire study area of top parts of

the Orlické hory Mts.
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have exceeded the vegetation protection thresholds

(Hůnová and Schreiberová 2012). These thresholds were

exceeded particularly during the vegetation season, and the

occurrence and duration of the extremely high concentra-

tions were closely linked to the weather trend in the vege-

tation season. The highest ozone concentrations were

detected in 2002 and 2003, along with the highest frequency

of exceeding the air pollution limit for the 24-h concen-

trations and the highest AOT40 rates. Similar results for the

Sudetes ranges were found by Šrámek et al. (2007); Hůnová

and Schreiberová 2012.

Dynamics of the stand health status

After an onset of a major air pollution–ecological load in

the Orlické hory Mts. in the late 1970s and early 1980s, the

interaction of air pollution, climatic extremes, and biotic

pests resulted in a dramatic deterioration in the health

status of the spruce stands. After pollution-caused stress,

only three RPPs situated in extreme habitats from 16

originally plots have been preserved in the present (Vacek

et al. 2013). Similar findings in the Orlické hory were made

by Žid and Čermák (2008), who showed the dependence of

defoliation and yellowing symptoms on slope and aspect of

the forest stands. The most severely damaged stands were

identified in the summit areas. Number of secondary spruce

shoots formed in the current year was positively correlated

with the annual NO3 deposition rates.

A similar increase in stand damage (defoliation) with

site slope, and particularly with elevation, in climax spruce

stands in the Krkonoše Mountains has been documented by

Vacek and Lepš (1987, 1996) and Vacek and Matějka

(2010). They indicate that the extreme winter desiccation

in the early spring of 1981 led to a major increase in

damage to spruce stands, caused by physiological weak-

ening of the stands followed by an attack of various insect

pests (Larch Tortrix, spruce bark beetle). Trees with

inhibited growth were mostly damaged in the first stage of

the disturbance; their cenotic position no longer had an

effect on their mortality once the air pollution–ecological

disturbance had been in place for a while. Moreover, in the

north-eastern French Alps, tree sensitivity to climate was

found to be greatly enhanced by insect infestation. Such

interactions between climatic stress and insect outbreak led

to forest dieback in a 15- to 20-year period (Rolland and

Lempériere 2004). Similar findings from the Polish part of

the Sudetes were made by Mazurski (1986), but he con-

cluded that spruce stands are damaged by air pollution

(chiefly acid deposition) because it upsets the nutrient

balance in soil. Schulze (1989) expresses an almost iden-

tical opinion on the cause of damage to spruce stands in

Central Europe; he attributes the considerable acidification

in these stands to spruce’s ability to intercept a high pro-

portion of airborne acidifying substances. This process

results in the strong acidification of soil in spruce stands

(Augusto et al. 2002; Szopka et al. 2011). According to

Hůnová et al. (2014), the total deposition of acidic sub-

stances in forest stands in the Czech Republic is consid-

erably lower today than it was in the 1980s. This is clear

for both wet and dry sulphur deposition. Nitrogen deposi-

tion does not show clear regional trends. In spite of an

overall decrease in acid deposition, forest soils have not

been regenerated adequately so far (Borůvka et al. 2005),

defoliation is still substantial (Fabiánek et al. 2012), and

numerous symptoms of damage to the assimilation organs

are connected to nutritional disturbance (Lomský et al.

2012).

Dynamics of radial growth

The regional standard ring chronology for the Orlické hory

Mts. indicates a gradual reduction in the radial increment in

1979–1987. A similar case exists in mature spruce stands in

the mountain areas of the north of the Czech Republic

(Kroupová 2002; Sander et al. 1995; Vejpustková et al.

2004). According to the authors, the reduced increment

was caused by air pollution, chiefly by SO2 air pollution in

the 1970s and 1980s combined with climatic factors. Since

the late 1990s, this has been followed by a steady increase

Fig. 14 Ordination diagram showing results of PCA analysis of

relationships among climatic data (Temp—mean temperature, Prec—

precipitation, Act—current year, Last—last year, Veg—vegetation

season, Sum—summary; I–III, V–VIII, VI, VII, VIII—months), SO2

concentrations (mean—mean annual concentration, max—maximum

annual concentration), annual mortality of trees (AnnMort) and ring

width (AnRing—annual ring width); codes filled circle indicate years

1979–2012
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in radial increment. The period was characterised by mild

winters without any substantial temperature extremes, rel-

atively high temperatures in the vegetation season, more or

less normal precipitation, and a decrease in air pollution,

albeit with high NOx deposition (Vejpustková et al. 2004).

The period of increased increment was interrupted by

major decreases in 1996, 2010, and 2013.

The low radial increment was confirmed by an analysis

of years with decreases in incremental growth. In 1979, it

resulted from a temperature reversal at the turn of

1978–1979, when the temperature dropped by nearly 30 �C
within 24 h; in 1982–1986, it was the combined influence

of air pollution and climatic stresses; and in 1995 and 2013,

the situation chiefly resulted from the winter desiccation of

the assimilation organs in early spring (considerable extent

of necrotic defects).

Similar results of the diameter increment and its reaction

to climatic factors have been reported in the Orlické hory

Mts., namely in spruce stands around the Anenský vrch at

altitudes of 830–910 m a.s.l. (Rybnı́ček et al. 2009). There

is a similarity in the reduced increment between the 1970s

and roughly the mid-1980s and its increase in the 1990s.

There is also a similarity in the years of substantially

reduced growth in 1979, 1981, 1984, and 1986.

Until 1978, there was a noticeable connection between

the occurrence of major negative years and climatic

extremes, especially in the case of stands on specific sites

and in specific stand conditions in the summit areas of the

Orlické hory Mts. Similarly, the period of 1977–1989 was

also critical for spruce stands in the Krušné hory Mts. An

almost identical situation existed in the Jizerské hory Mts.

and the Krkonoše Mountains in 1979–1989, demonstrated

by extremely low increments (50 % decrease on average)

and a high frequency of defective annual ring formation

(Kroupová 2002). The negative impact of air pollution on

growth increment has been documented often (e.g. Feliksik

1995; Juknys et al. 2002). A gradual increase in the tree

growth followed in the late 1990s. The period was char-

acterised by mild winters without any significant temper-

ature extremes, high vegetation season temperatures,

approximately normal precipitation, and a decrease in air

pollution. A perceptible increase in the radial increment in

spruce is documented by Rybnı́ček et al. (2009) for the

Orlické hory Mts. and by Wilczyński and Feliksik (2005)

for the western Polish Beskids in the same period. The

trend curves of the regional standard chronology for our

monitoring in the Orlické hory Mts. essentially correspond

with the findings of Šrámek et al. (2008) for the Silesian

Beskids.

Interpreting the correlations of the radial increment with

the average monthly temperatures and precipitations is

somewhat complicated, as the growth process is influenced

by many factors. The positive effect of the July

precipitation in the previous year and the July temperatures

in the current year can be explained by conditions in the

period in which a substantial part of the radial increment

forms. July is typically the warmest month of the year in

the area. Therefore, temperatures do not limit growth as

long as there is a sufficient water reserve in the soil. If

water availability is reduced, stress becomes apparent the

following year in the form of reduced increment. Similar

results indicating a positive effect of July temperatures on

spruce growth have been detected in submontane spruce

forests in the Western Carpathians (Bednarz et al. 1999), in

spruce stands on the northern slopes of the Krkonoše Mts.

(Sander et al. 1995), at altitudes of 830–910 m a.s.l. of the

Orlické hory Mts. (Rybnı́ček et al. 2009), in the Polish

Tatras (Feliksik 1972), and at high-altitude sites in Nor-

way, Germany, and Finland (Mäkinen et al. 2002;

Andreassen et al. 2006). Positive correlations of radial

spruce growth with summer precipitation and temperatures

have also been found at lower elevations of the French

Alps (Desplanque et al. 1999) and in the Polish Beskids

(Feliksik et al. 1994). A positive influence of precipitation

in July of the previous year on radial increment has also

been reported at lower elevations of the Krušné hory Mts.

(Kroupová 2002).

Interactions of air pollution, climate, health status,

and radial growth

Climatic factors together with air pollution have showed an

important combined effect on the health status and radial

growth of peaty bog as well as climax spruce stands in the

upper elevations of the Orlické hory Mts. The most

notable dynamics was documented in the period

1981–1991. Spruce trees, damaged by the interactive

effects of air pollution and climatic extremes, were infested

by spruce bark beetle; decline followed (Rolland and

Lempériere 2004; Bytnerowicz et al. 2007). The results of

multivariate analysis showed that the first half of the

investigated period was largely influenced by SO2 con-

centrations and precipitation parameters, whereas after

2000 temperatures became the primary factor. Annual

concentrations of SO2 were negatively correlated with the

annual ring width; similarly, other studies reported the

negative influence of SO2 on basal area increment (Muzika

et al. 2004) or on ring width of Picea, especially in

mountainous areas (Hauck et al. 2012). Annual ring width

was positively correlated with temperatures in May–Au-

gust of the previous and current years and precipitation in

January–March of the current year. Temperatures in June

and July positively affect growth with increased elevation

(Meyer and Bräker 2001; Andreassen et al. 2006; Hauck

et al. 2012). The limiting effect of low temperatures is

more significant not only at high-altitude sites, but also at
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northern latitudes, while the importance of precipitation

increased in the south latitudes and at lowlands (Mäkinen

et al. 2002). Additionally, in southern Finland precipitation

in January was also positively related to increment, but in

the peat stands the correlation between precipitation and

growth was very weak (Mäkinen et al. 2001). In addition,

the annual ring width was negatively correlated with pre-

cipitation in May–August of the current year. In contrast,

spruce growth on northern Polish sites was positively

correlated with rainfall from May to July, but it is caused

by water deficiency in that period (Koprowski and Zielski

2006). The relationship between annual mortality and SO2

concentrations was positive, as reported in coniferous for-

ests in southern Germany (Elling et al. 2009), where a

negative response (mortality or reduced growth) to

increased SO2 concentrations was observed but with quick

recovery following a decline in concentration of the pol-

lutant. In contrast, our results suggest that high concen-

trations of SO2 triggered the deterioration of health status,

but no distinct improvement of foliation was documented

after the decrease in concentration.

Conclusion

It can be concluded that climatic factors together with air

pollution cause a progressive decline and even dying of

spruce stands in the summit areas of the Orlické hory Mts.

Until 1978, there was a connection between the occurrence

of years with decreased tree growth and climatic extremes,

when the stands reacted to climatic extremes by increased

defoliation and decreased increment. A major deterioration

in the health status of the spruce stands and their radial

growth as a consequence of the interaction between the air

pollution and climatic stresses occurred in 1979–1987. This

outcome is indicated not only by high rates of defoliation

or a decrease in radial increment, but first of all it is

demonstrated in the 100 per cent mortality on most of the

original research plots, which could not be included in the

study for this reason. The three remaining plots are more

resistant to bark beetle outbreak, probably because they are

located on sites with extreme conditions, such as water-

logged soils and a summit position, which may favour

resistance. The improved condition of the adjacent stands

(due to elimination of insect pests) could contribute to

stabilisation of the studied stands as well. Since the late

1990s, the health status of the spruce stands has been sta-

bilised when measured by radial increment and foliation of

living trees in the different PRPs. Foliation did not improve

visibly after atmospheric pollution decreased. Tree growth

increased significantly with increasing temperature, but

was only slightly affected by precipitation. It is important

to recognise that we had only a small number of different

‘‘surviving’’ plots to analyse in this study.
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Hůnová I, Šantroch J, Ostatnická J (2004) Ambient air quality and

deposition trends at rural stations in the Czech Republic during

1993–2001. Atmos Environ 38(6):887–898
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indicated by ring width and wood intensity. Ann Sci For

52:401–410

Schulze DE (1989) Air pollution and forest decline in a Spruce (Picea

abies) forest. Science 244(4906):776–783

Serengil Y, Augustaitis A, Bytnerowicz A, Grulke N, Kozovitz AR,

Matyssek R, Muller-Starck G, Schaub M, Wieser G, Coskun AA,

Paoletti E (2011) Adaptation of forest ecosystems to air pollution

and climate change: a global assessment on research priorities.

i-Forest Biogeosci For 4:44–48

Spetich M, Fan Z, Fan X, He H, Shifley SR, Moser WK (2011) Risk

factors of oak decline and regional mortality patterns in the

Ozark highlands of Arkansas and Missouri. In: Potter KM,

Conkling BL (eds) 2012. Forest health monitoring: 2009 national

technical report. Gen. Tech. Rep. SRS-GTR-167. U.S. Depart-

ment of Agriculture Forest Service, Southern Research Station,

Asheville, pp 199–202

Spiecker H (1990) Growth variation and environmental stresses—

long-term observation on permanent research plots in south

western Germany. Water Air Soil Pollut 54(91):247–256
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Vacek S, Lepš J (1987) Changes in the horizontal structure in a spruce

forest over a 9-year period of pollutant exposure in the Krkonoše
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