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Dendroecological study of spruce growth in regions under long-term
air pollution load

M. KROUPOVA

Forestry and Game Management Research Institute, Jiloviste-Strnady, Czech Republic

ABSTRACT: The purpose of this study was to analyse increment cores from spruce growing in the Ore Mountains, Jizerské
Mountains, and Giant Mountains, to evaluate the relationship between tree growth, climatic factors, and air pollution load. The sites
from which sample cores were extracted were localised along an altitudinal gradient. Analytical methods included single pointer
year analysis and simple linear regression. An unambiguous relationship between negative pointer years and climatic extremes was
detected for growth increments prior to 1977. After 1977, minimum increment values also reflected the gradient of air pollution
levels. In the eastern part of the Ore Mountains, an increased sensitivity of spruce to low temperatures and temperature breaks was
evident. The dominant role of temperature during the winter period was confirmed by the results of correlation analysis. From this,
I have concluded (indirectly) a long-term deleterious impact of sulphur dioxide, resulting in lower frost resistance of the spruce
trees. Recent increment development suggested that the stands in the Giant Mountains overcame the critical period at the end of the
1980’s, and regenerated well. By contrast, the ecological stability of the Ore Mountain forests was disturbed due to chronic stress,
and the existence of the stands is threatened.
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The area comprising the Ore Mountains (Krus$né hory),
Jizerské Mountains (Jizerské hory), and Giant Mountains
(Krkonose) is the most air polluted region in Central Eu-
rope. The Ore Mountains (Mts.), mainly the eastern part,
have been exposed to immissions for nearly 150 years.

In the 1950°s, the first dendrochronological studies were
initiated to examine the impact of smoke emissions on fo-
rest stands in the Ore Mountains region (MATERNA 1956).
With increasing visible damage to stands the effort to
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Fig. 1. Location of sample plots

quantify it was intensified. This led MATERNA and VINS
(1957) to present a proposal for continuous research on
“smoke damage” in the Ore Mountains region. A network
of permanent plots was subsequently established. During
the study of these plots, a detailed methodology for deter-
mining increment losses in relation to the extent of stand
damage was developed (VINS 1962). During 1954-1963,
the losses were from 20% in slightly damaged stands to
65% in heavily damaged, dying stands (VINS, LUDERA

The study was undertaken in conjunction with the Project VaV 620/1/99 of the Ministry of Environment Causes of Damage to
Forest Ecosystems and Prognosis of Further Development, Including Proposal on Remedial Measures in Regions under Heavy Air

Pollution Load.
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1967). A similar approach to tree-ring analysis was used
in the following years to classify stand productivity losses
in other two regions: in Trutnov (VINS, TESAR 1969), and
Jizerské Mts. (VINS, POSPISIL 1973).

With increasing damage to the forest stands in the
1970’s and 1980’s, increment losses were studied less
as more attention was given to the study of relationships
between growth and environmental factors. For example,
SANDER et al. (1995) studied tree growth (tree-ring width
and latewood maximum density) in relation to climatic
factors and air-pollution in Labsky dul locality in the
Giant Mts.

This dendroecological study partly continues the work
by SANDER et al. (1995). Spruce growth was investigated
in the Giant Mts. and in other heavily polluted regions
— the Ore Mts. and Jizerské Mts. The dynamics of tree
growth and the relation of ring width to climatic fac-
tors were studied. In the Ore Mts., for which continuous
records of long-term sulphur dioxide (SO,) concentrations
were available, the relationship of tree growth to pollution
levels was analysed in detail. The objective of this study
was to evaluate the current state of surviving old spruce
stands, by using tree-ring analysis in relation to climatic
factors and past air pollution levels.

MATERIALS AND METHODS

A plot grid of the International Co-operative Programme
on Assessment and Monitoring of Air Pollution Effects on
Forests (ICP-Forest) was used for sampling. The plots are
shown on the background of a map of Northern Bohemia
forest regions (Fig. 1). The basic characteristics of the
sample plots are given in Table 1.

Increment cores were taken in 1988, 1992, and 1999. At
each plot, 24 sample trees of average diameter at breast
height (d.b.h.) 130 cm were selected. From each tree,
two cores were taken at breast height. Tree rings were
measured with an accuracy of 0.01 mm, and the resulting
ring-width series were cross-dated, checked and corrected
for missing and false rings. The ring-width series were
dated and corrected using the DAS-programme. Dating
was verified statistically with the COFECHA-programme
(HOLMES et al. 1986).

Critical periods of tree growth were estimated by evalu-
ating the occurrence of irregularities in tree-ring formation
(wedging and missing rings).

The method of single pointer years analysis (SCHWEIN-
GRUBER et al. 1990; DESPLANQUE et al. 1999) was used
to estimate the influence of extreme climatic events and
other abiotic factors on diameter growth. For each tree, the
negative event years were defined as extreme narrow ring
widths that were 40% or less compared with the average
value of ring widths in the previous four years (SCHWEIN-
GRUBER et al. 1990). A negative pointer year occurred
when an event year was identified for at least 20% of the
trees within the plot.

Ring-width series were standardised to eliminate the
age trend with the programme ARSTAN (HOLMES et al.
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Table 1. Characteristics of sample sites

Ore Mts.

Jizerské Mts. Giant Mts.

West

Marianska

East

Region

Harrachov Lys? Cinsky
hieben

Pec pod
Snézkou

B 160

Smédava

Spicak

Horni
Blatna

zatacka
D 040
1302 05

502319

Hora sv.
Sebestiana

Orasin Kalek Flaje

Krupka

Plot name

26
155026
504242

A%

B 150
152901
504550

A 140

B 140
151642
504513

D 030
12 47 40
502349

0710
131315
5032 06

B 070
133537

R 041
5042 02

132111

C 060
1324 54

503158

B 080

Plot code

1542 40
5042 09

1516 04
505030

135134
504150

E longit.
N latit.

503633

SW

1,130

SW
1,050

116

NE

NE
750
73

NE plane

SW

815
50

8G3

SE
557

Aspect

1,030

850
70

7R2

993

990
90

8M3

706
70
7K4

600
108

6N1

582

Altitude
Age

90

78
8F1

97

8M3

80

S5K1

76
6S6

TN4

6S4

Forest type

cambic umbric ferrric haplic
podzols gleysols podzols podzols

haplic
podzols

cambic
podzols

dystric
cambisols

dystric
cambisols

Soil
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Table 2. Meteorological stations (Czech Hydrometeorological Institute — CHMI)

Region Station code Altitude Monthly data Daily data
Meteorological station (CHMI) temperature precipitation temperature precipitation
Ore Mts.

Nova Ves v Horach UINOVEO02 725 1956-1999 1956-1999 1969-1999 1969-1999
Bolebor U1BOLRO1 640 1961-1999

Jizerské Mits.

Bedfichov U2BEDRO1 777 1959-1999 1959-1999

Desna-Sous P2DESNO1 772 1930-1999 1930-1999 1969-1999 1969-1999
Giant Mts.

Vysoké nad Jizerou P2VYSOO01 670 1955-1993 1955-1999

Harrachov P2HARRO1 670 1948-1999 1948-1999 1969-1999 1969-1999

1986). As the first step, the trend was approximated by
a negative exponential function or regression line and the
index series was obtained. As the second step, the spline
was fitted to these index series. The remaining autocor-
relation was removed by autoregressive modelling. The
resulting index series were aggregated by calculating
mean values into the local chronologies.

For the dendroclimatological evaluation, the monthly
and daily meteorological data were used (mean monthly
temperatures and sum of monthly precipitation, mean
daily temperatures and sum of daily precipitation). A list
of the stations, together with the periods for which the
continuous series of monthly and daily data were obtained,
is presented in Table 2.

First the monthly and daily climatic data of the three
selected stations (Harrachov, Desna, Nova Ves v Horach)
were analysed to determine the seasonal and short-term
weather extremities. Given that the intent was to study
spruce growth in mountain regions, attention was
focused mainly on temperature fluctuations. Seasonal
temperature extremes were determined in terms of 99%,
95%, and 90% percentiles of the mean winter tempera-
tures (January—March), and during the growing season
(April-September). Similarly, the seasonal precipita-
tion extremes were presented as 1%, 5%, and 10% per-
centiles of the total precipitation during the growing sea-
son. Short-term temperature extremes were computed
using the following functions developed by SRAMEK
(2000):

Table 3. SO, stations in the Ore Mts. (FGMRI, CHMI)

Drop of the mean daily temperature in two subsequent
days

X=T,-T, )

Drop of the mean daily temperature in four subsequent
days (see also AUCLAIR et al. 1996)

X=T,,-T, 2)

Differences in two subsequent ten-day periods

X=(T, +T,,+..

d-12

+ 7, )10) - (T +

+T,,+..+T,,)/10) 3)
Cold ten-day periods
X=(T+T, +..+T, )/10) 4)

where: X — calculated factor,
T — mean daily temperature of the actual day,

T,, — mean daily temperature on a previous day,

T,, — mean daily temperature three days before
the day evaluated,
T — ditto.

d-10, 11,20

Factor X (given short-term extreme) was calculated for
each day for which climate data were available. Periods
for which X exceeded the 99.9% percentile in functions
(1-3), or dropped below the 0.1% percentile in function
(4), were classified as extreme. Periods during which the

Station Station code (CHMI) Altitude Mean monthly [SO,] Maximum monthly [SO,]
FGMRI
Klinovec 1,244 1972-1998
Sucha 750 1977-1997
Studenec 660 1972-1998
CHMI
Blatno UIBLATO1 595 1971-1998
Vysluni U1VYSLO02 740 1971-1998
538 J. FOR. SCI,, 48, 2002 (12): 536548
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Fig. 2. Regional ring-width chronologies

temperature did not drop below 0°C were not classified
as significant. Attention was focused on the periods for
which temperature extremes were registered at all the
three stations.

The occurrence of both seasonal and short-term weather
extremes was used for ecological interpretation of ob-
served negative pointer years. Given that spruce growth
in a current year is also strongly affected by the climatic
and environmental conditions in the year previous to the
year in which the given tree ring formed, data for these
years were included in the evaluation.

For the second stage of dendroclimatological evaluation,
the monthly climatic data of the stations in Jizerské Mts.
and Giant Mts. were checked for homogeneity and then ag-
gregated into the regional climatic chronology. For the Ore
Mts. region, the data of the station Nova Ves v Horach was
used. The climate-growth relationship was computed by a
simple correlation analysis for the period 1956—1998. The
residual local chronologies (series of ring-width indices
with the autocorrelation removed) were correlated gradu-
ally to mean monthly temperatures and precipitation from

M Ore Mts. O Giant Mts.

May of the previous year to September of the current year
when the given ring formed (in total 17 months).

For the spruce in the Ore Mts. a correlation analysis of
air pollution and tree growth was carried out. The mean
monthly SO, concentrations were taken from the Forestry
and Game Management Research Institute (FGMRI) sta-
tions. Maximum monthly SO, concentrations were taken
from the stations of the Czech Hydrometeorological Insti-
tute (CHMI). Both the average and maximum values were
summarised in regional chronologies. The stations of the
longest continuous time series are presented in Table 3.

The series of ring-width indices were similarly gradu-
ally correlated to the mean and maximum values, re-
spectively, of monthly SO, concentrations in the given
sequence of months. The series of SO, concentrations
were also analysed to estimate extremities in the pollu-
tion values. Given that only monthly data were available,
only monthly and seasonal extremes could be determined:
99% and 95% percentiles were calculated for the mean
and maximum monthly SO, concentrations. The same
percentiles were presented for the average winter dor-

[ Jizerské Mts. (data till 1992)
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Fig. 3. Proportion of missing rings in tree-ring series

1981
1982
1983
1984
1985
1986
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1987
1988
1989
1990
1992
1993
1994
1995
1996
1997
1998

1991
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mancy period (October—March), when air pollution usu-
ally reached the maximum values.

RESULTS AND DISCUSSION
GROWTH DYNAMICS

Spruce radial growth in the Ore, Jizerské, and Giant
Mts. showed similar trends (Fig. 2). An abrupt growth
decrease was observed in the second half of the 1970’s,
enduring until 1983. Thereafter, growth began to improve.
The year 1989 marked the end of a severe growth depres-
sion. Similar trends are also confirmed by ROHLE (1999)
for spruce in the Saxon region of the Ore Mts., and by
SANDER et al. (1995) for spruce in the Labsky dul locality
of the Giant Mts. At the end of 1980’s and in the first half
of the 1990’s, the stands regenerated, and in 1992—-1994
the increments exceeded the values of the mid-1960’s.
In the Ore Mts., this favourable trend was interrupted by
a deep growth decline in 1996.

The beginning of disruptions in tree ring formation at
all three localities was evident during the second half of
the 1970’s (Fig. 3). The highest number of missing rings
was identified in the ring-width series in the Ore Mts.
Asignificant increase in the number of missing rings in the
Ore Mts. after 1995 indicated a critical period; contrary to
the situation in the Giant Mts., where the last irregularities
were recorded in 1992.

SINGLE POINTER YEARS

The occurrence of negative pointer years was analysed
for the period 1940-1998 (Table 4). The most distinct
pointers were 1948, 1956, 1974, 1976-1983, 19861987,
1996, and 1997. Tables 5 and 6 summarise results of the
analysis of climatic and air-pollution extremities in rela-
tion to identified pointer years.

Winter 1946/1947 was very cold (heavy frosts in Janu-
ary and February), with sub-normal precipitation. NEMEC
(1952) believes that low temperatures were the cause of
spruce stand damage, observed in spring 1947 near Nova
Ves v Horach in the eastern part of the Ore Mts. On the
basis of available stand damage descriptive information,
SO, emission values, and also some results of leaf and soil
analyses at that time, MATERNA (1999) concluded that the
interaction of low temperatures and air pollution load was
the cause of damage. However, according to the single
pointer year analysis, in 1947, an abrupt growth change
was observed only at two plots in the Ore Mts., situated
at the lowest altitudes, which may instead be indicative of
extreme drought in that year. With the other higher altitude
stands, where precipitation should not be a limiting factor,
no stand growth decrease in that year was observed. It
seems likely that the air-pollution damage to spruce stands
was local, being observed only at the end of Marianské
valley, which was exposed to strong immissions.

By contrast, in 1948, growth decrease was observed
at nearly all plots. The analysis of monthly climatic data
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did not indicate any weather extreme. It seems likely that
spruce responded, with some delay, to drought in the
previous year. The monthly climate data of Desna and
Harrachov show that the dry and very warm weather lasted
until October 1947.

The year 1956 had extreme temperatures in the winter
period. Growth decrease can be related to heavy frost in
February of that year. The fact that the strong decrease
was observed at all the plots in the Ore and Jizerské Mts.,
regardless of the altitude, but not at any of the Giant
Mts. plots is of interest. WENTZEL (1956) concluded that
serious stand damage after the winter of 1955/1956 was
connected with lower resistance to frost combined with
the SO, effect. From this perspective, different responses
of the stands can be explained by higher air-pollution
levels in the Ore and Jizerské Mts. However, in compari-
son with 1947 data, the effect was not of local character.
MATERNA (1999) shows that in 1956 all stands in the
eastern part of the Ore Mts. and DéCinsky Snéznik region
were damaged.

Pointer years 1947/1948 and 1956 corresponded with
minimum tree growth on a regional scale. In the Czech
Republic, minimum pointer years were identified for
spruce also in the Beskydy and Orlické Mts. (BIBA,
KROUPOVA 2001; KROUPOVA, KYNCL 2001). Similar
minimum values for spruce were found in the French Alps
(DESPLANQUE et al. 1999). Thus it is likely that climatic
factors were dominant.

In 1974, extremely low average growing season tem-
peratures were recorded only at the Harrachov station.
At the other stations, the 1974 growing season was cold,
albeit not extremely. Considering the overall monthly tem-
perature pattern, June and July were among the coldest
months of the growing season. These months are normally
associated with intensive spruce growth in mountainous
regions. Stand response appears to depend on the altitude:
a significant growth decrease was observed only in the
plots over 1,000 m above sea level in the Giant Mts., and
in the highest altitudes in the Ore Mts. — at the sites most
sensitive to low temperatures during this period.

The year 1976, together with 1947, were among the
driest years of the period under study. However, dry
weather in 1976 was not connected with high summer
temperatures as in 1947. On the basis of different stand
responses at different altitudes, the pointer year 1976
produced evidence to support recognition of a climatic
impact on growth in that year. Growth decline was vis-
ible in the plots up to 800 m; at higher altitudes normal
growth increments were observed. Further evidence to
support the climatic impact on stand growth is provided
by the observation of no visible damage to the stands in
1974 and 1976, and no increase in salvage fellings due to
air pollution (SRAMEK 2000).

The year 1976 marked the beginning of a period of
severe growth decline in the Ore Mts.; and, at the same
time, it was a year since when the relationship between
weather extremities and low growth increments was not
unambiguous. In 1977, after a very warm period at the end
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Table 4. Negative pointer years

Region

East

Ore Mts. West

Jizerské Mts.

Giant Mts.

Plot

Krupka

Orasin

Kalek

Flije

Hora sv. |Marianska
Sebestiana| zatatka

Horni
Blatna

Spi¢ak

Smédava

Pec pod
Snézkou

Harrachov|

Lyse¢in

Aspect

SE

N

W

SW NE

plane

NE

NE

SW

N

SW

Altitude

557

582

600

706

815 990

993

750

850

1,050

1,030

1,130

1940

1941

1942

1943

1944

1945

1946

1947

1949

21

1948

22

28

1950

1951

1952

1953

1954

25

1955
1956
1957
1958

25

1959

1960

1961

1963

1962 23

28

1964

1965

1966

39

28

1967

38

100
36

1968

1969

1970

1971

1972

1973

1974

27

24

25

1975
1976
1977

1978

1984

1985

1986

1987

25

1988

39

27

1989

1990

1991

30
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Table 4 to be continued

Region East Ore Mts.

West

Jizerské Mts. Giant Mts.

Plot Krupka | Orasin Kilek Flije Sebestisna

Hora sv. Marianska
zatafka

Horni Pec pod

Blatna Spi¢ak | Smédava Snézkou Harrachov| Lyse¢in

Aspect SE N N W SW NE

plane NE NE SW N SW

1992 22
1993
1994
1995
1996
1997
1998

35

Percentage of trees that show a growth reduction exceeding —-40%

[ | |
21-30

3140 41-50 > 50 no data

of winter, the temperature dropped suddenly from 8.3°C
to —7.5°C. The ensuing frost at the end of March, together
with the cold summer, can be considered an important
meteorological stress in all the three mountain ridges.
While this extreme temperature pattern could be a causal
factor for decreasing growth increment, strong growth
reduction was, however, observed only in three of the
Ore Mts. plots (Kalek, Flaje, Hora sv. Sebestiana). Prob-
ably high SO, concentrations during the winter 1976/1977
(with maximum extreme SO, concentrations occurring in
February) were a contributing factor to the growth decline
in those three plots. The most affected plots are situated
at an altitude of a frequently occurring inversion layer in
the eastern part of the Ore Mts., where air pollution was
highest. Since 1977, the gradient of pollution load rather
than the altitudinal gradient becomes increasingly discern-
ible. According to air pollution levels, the regions can be
ranked in the following descending order: eastern part of
the Ore Mts., western part of the Ore Mts., Jizerské Mts.,
Giant Mts.

The summer 1978 was one of the coldest and wettest
ones. If stands were impacted only by climatic factors,
then the stands at the highest altitudes would be expected
to show a significant growth decrease. However, the
stands on ridges in the Jizerské and Giant Mts. did not
respond. Low growth increments were observed only in
the Ore Mts., starting from the medium altitudes. This
could partly be attributed to the influence of unfavourable
climatic conditions in 1977; however, the SO, impact also
seems to be an influencing factor.

The year 1979 marks the beginning of a growth depres-
sion in the Jizerské and Giant Mts. The critical deve-
lopment was triggered by the temperature break from
31.12. 1978 to 1. 1. 1979, when the temperature dropped
from about 5°C to —18°C. A severe frost period lasted for
ten days in all the three regions. Growth decrease of differ-
ent intensities was visible in all plots during that year. Simi-
larly to the two previous years, the stands in the Ore Mts.
were more sensitive to the given meteorological stress that
a significant decrease in growth increment was observed.

542

The years 1977 and 1979 are considered as years of
significant change, with respect to stand damage (see also
MATERNA 1999). During these years most of the Norway
spruce stands in the eastern part of the Ore Mts. died. The
rate of spruce mortality due to air pollution resulted in
a sharp increase in salvage fellings in the eastern, and also
in the western parts of the Ore Mts.; and since 1979, also
in the Jizerské Mts. (SRAMEK 2000).

The series of unfavourable years culminated in 1980,
towards a very cold summer (the entire growing season
was cold), together with high concentrations of air pol-
lution during the winter months. A dramatic decrease in
ring width was found in most trees at all plots. The results
show a growth reduction along the altitudinal gradient,
similar to that found in 1974. The ridge stands were the
most affected, which is also indicated by low increments
in the next three years. The temperature patterns in the
winter 1980/1981, heavy frost in January 1982, together
with high pollution levels, all contributed to the exten-
sion of a period of minimum growth at the beginning of
the 1980’s.

In the mid-1980°s a minimum increment was recorded
at all the plots in the Ore Mts. In 1985—1987, air pollution
increased in the Ore Mts., highly exceeding the levels of
previous years. The winters 1984/1985 and 1986/1987
were very cold. A frost event in April 1987 (a 10°C to
—7°C drop) was another climatic extreme. Given that
the weather on all three mountain ridges was similar, the
growth reduction in 1986 and 1987, noted only in the Ore
Mts., can be attributed to the impact of air pollution and
its interaction with weather (low winter temperatures were
probably most important). In this context, the relationship
of SO, concentrations and low resistance of spruce to frost
became apparent again. Many authors described and pro-
vided experimental evidence for increasing sensitivity of
trees to frost stress under the SO, impact (FEILER 1985;
MICHAEL et al. 1982). Evidence for the manifestation of
this phenomenon was supported experimentally in the Ore
Mits. by SPALENY (1980) and RYSKOVA and UHLIROVA
(1985).
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Differences of mean temperature in two
subsequent ten-day periods

prev. yr.

December

curr. yr.

January

January

Frost period

prev. yr.

30. 12. (78)-10. 1.

6.1.-21. 1.

curr. yr.

February?

30. 12. (78)-10. 1.

6.1.-21.1.

Temperature breaks
(winter, spring)

prev. yr.

1.

1.

curr. yr.

1.

8. 1.

Dry summer

prev. yr.

drought®

sk

curr. yr.

dk

Cold summer

prev. yr.

sk
kk

curr. yr

sksk

Cold winter

prev. yr

curr. yr

sksksk

Pointers

1948
1956

1974
1979
1980
1981

1982
1983

Table 5 to be continued

"SI JUBLD)
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1% percentile

5% percentile

10% percentile
lit. data
no data

The next critical period of the Ore Mts. stands began
after 1996. During that year the strongest growth reduction
was recorded, along with widespread stand damage. The
winter 1995/1996 was cold; however, the seasonal aver-
age was not extreme and no frost periods were recorded.
Monthly pollution concentrations were higher, but they did
not reach the values recorded in the 1980’s. This abrupt
growth change could not be explained by analysis of me-
teorological and air pollution data available. According to
LOMSKY and SRAMEK (1999) the damage may be caused
by an interaction between air pollution and the weather
patterns in winter 1995/1996. An unusual stable inversion
layer lasted for 3 months. Cumulating pollutants and frost
deposits were observed with the inversion. Short-duration
extreme pollution concentrations caused acute damage to
the affected spruce stands. The SO, impact was even
worsened by mechanical injury of needle surfaces by frost
deposits. The damage to stands was so severe that narrow
rings were recorded for the two following years. Despite
of the diametrically different monthly SO, concentrations,
stand damage of 1986—1987, and of winter 1995/1996 can
be considered attributable to acute air pollution damage. In
the Giant Mts., despite of similar weather conditions, no
significant decrease in the ring width was recorded. In the
Jizerské Mts. only the data of older cores were analysed
(1992); therefore, data on growth development during
1996-1998 were not available.

CLIMATE — GROWTH RELATIONSHIP

At all plots in the eastern part of the Ore Mts. with
no relationship to the altitude and site conditions,
a significant positive correlation (o = 0.05) was detected
between ring widths and winter temperatures in Janu-
ary and February (Table 7). This result contradicts the
common assumption of positive temperature effects on
spruce growth in mountain regions during the growing
season. As presented by KIENAST et al. (1987), mostly
temperatures in July, August and September affect trees
growing at sites where temperature is a limiting factor.
In some cases spring temperatures may also play a role.
High regional levels of air pollution may explain the
close relationship between reduced growth and winter
temperatures. Long-term impairment of frost resistance
due to SO, impact may be the underlying reason for
statistically significant correlation coefficients for the
months of heaviest frost. Similar strong relationships
between declining growth and February temperatures
were also identified for spruce in Horni Lazy, Slavkov-
sky les region, and spruce near Trutnov (KROUPOVA
2001). These two localities are both exposed to long-
term air pollution — in Lazy the source of emissions is
the Sokolov basin; in Trutnov the local power-plant in
Pofici is an important pollution source. The statistically
significant impact of May temperatures in the eastern
Ore Mts. suggests tree sensitivity to late frost that can
damage flushing trees. The impact of precipitation was
of importance only at the lower situated plots in Orasin
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Table 6. SO, extremes (for current and previous years) in relation to the pointer years — the Ore Mts.

Mean monthly [SO,] Oct prl\él\f.ail lE/igé]h curr. Max monthly [SO,] Oct prlg/\lf)i E\igrzgh curr.
Pointers Curr. yr. prev. yr. curr. yr. | prev. yr. CUIT. YT. prev. yr. Curr. yr. prev. yr.
1948
1956
1974
1976 @@ (OcH)
1977 @@ (Feb)
1978 @@ (Feb) @@ (Feb)
1979 @@ (Feb) @@ (Feb)
1980 @@ (Jan, Mar) @@ (Feb)
1981 @@ (Feb) @@ (Jan, Mar)
06 | @@y | COCE @@ @@ (an) @e@
@@ (Feb, Mar)
n, F n
1996
1997
@@@ 99% percentile
@@ 95% percentile
|:| no data
Table 7. Climate — growth relationship: summary of correlation analysis
Mean monthly temperature Sum of monthly precipitation
Region Ore Mts. — east Giant Mts. Region Ore Mts. — east Giant Mts.
Plot | Orasin | Kalek | Flaje Sl;l:bz:t p?g(;l. Ii?lr;:_ Plot | Orasin | Kalek | Flaje glibz‘s/t p?gi. I_(I;;I;)ri-
May May
Jun Jun
Jul Jul
Aug Aug
Oct Oct
Nov Nov
Dec Dec
Jan Jan
Feb Feb
Mar Mar
Apr Apr
May May -
Jun Jun
Jul Jul
Aug Aug
Sep Sep

positive significant correlation (o= 0.05)
negative significant correlation (o = 0.05)
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and Kalek, where the ring widths responded positively to
increased precipitation in July of the previous year.

Spruce growth at the plots in the Giant Mts. was posi-
tively affected mainly by summer temperatures of the
given year. This relation was evident at the Harrachov
plot, where statistically significant correlation coefficients
(o = 0.05) were obtained for June, July and August of
the given year. This strong relationship can be explained
by the position of the plot, on the northern slope of the
Mumlava river valley. Spruce growth at the plot Pec pod
Snézkou, of SW exposition, showed the highest positive
correlation to temperatures in May and June; however,
the coefficients were not significant. A similar relation-
ship between ring widths and summer temperatures was
found by SANDER et al. (1995) at the locality Labsky dul,
Giant Mts. Precipitation during the growing season did
not affect growth.

AIR POLLUTION — GROWTH RELATIONSHIP

The correlation analysis of the air pollution — growth re-
lationship in the Ore Mts. indicated a significant negative
relationship between radial growth and average monthly
SO, concentrations at all plots studied. The correlation
coefficients were negative for all months of a given se-
quence (May of the previous year to September of the
year when the tree-ring was formed). The correlation
coefficients reached high values during the dormancy
period. The coefficients for November of the year pre-
vious to tree-ring formation, and then for February and
March of the current year, were statistically significant
for most plots.

The relationship between growth and maximum
monthly SO, concentrations was also negative. The high
negative correlation coefficient values were obtained for
the spring months of both current and previous years,
and also for October of the previous year. Correlation be-
tween growth and maximum monthly SO, concentrations
in May and October of the previous year was statistically
significant.

The presented results demonstrate that SO, impact on
spruce growth is greatest during the autumn months of
the year previous to tree-ring formation, and February and
March of the current year.

CONCLUSION

The period of 1976-1989 in the Ore Mts., and the pe-
riod of 1979-1989 in the Jizerské and Giant Mts. were
critical for spruce stands, as indicated by extremely low
increments (a 50% decrease on average), and by the high
frequency of irregularities in tree-ring formations. By
1977, a clearcut relationship between negative pointer
years and climatic extremes was obvious — the stands re-
sponded more or less according to their position along an
altitudinal gradient. Later, the occurrence of pointer years
also reflected gradients in air pollution levels. Increased
sensitivity of spruce to low temperatures and frost was
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evident in the eastern part of the Ore Mts. This finding
was also supported by the results of correlation analysis
between climate and growth, demonstrating a significant
impact of January, February and May temperatures on
ring widths in the current year. The relationship between
ring width and winter temperatures was used to indirectly
infer a long-term impact of SO,, which was manifested by
lower frost resistance of the spruce stands.

Despite of heavy damage during the above described
critical period, the surviving spruce stands showed high
regeneration capacity, demonstrated by a notable growth
increase at the end of the 1980’s and in the first half of the
1990’s. This period was characterised by moderate win-
ters, with no extreme temperature breaks, high tempera-
tures during the growing season, and, also by a decrease
in pollution levels. In the Giant Mts. the positive growth
trend, with a small decline in 1996, endured until 1998,
when the last cores were taken. By contrast, an unfavour-
able winter in the Ore Mts. during 1995/1996 resulted in
an abrupt stand growth decline over the following two
years. At the plots in Kalek and Flje, the ring widths
remained reduced until 1998. Recent development thus
confirms that the stands in the Giant Mts. have recovered
from the critical period at the beginning of the 1980’s.
The ecological stability of the Ore Mts. stands has been
disturbed due to long-term chronic stress and the existence
of the stands is threatened.
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Dendroekologické vyhodnoceni prirtistu smrku z oblasti pod dlouhodobou imisni zatézi

M. KROUPOVA

Vyzkumny tistav lesniho hospodarstvi a myslivosti, Jilovisté-Strnady, Ceskd republika

ABSTRAKT: Byly analyzovany vyvrty smrku z Krusnych hor, Jizerskych hor a Krkono$. Odbérova mista byla lokalizovéana po-
dél vyskového gradientu. Pro vyhodnoceni vztahu pfirdstd ke klimatickym faktorim a imisni zatézi se pouzila kombinace metod
analyzy jednotlivych vyznamnych let (tj. roky s vyznamnym poklesem pfiristi) a jednoduché linearni regrese. Do roku 1977 je
patrna jednoznacna spojitost mezi vyskytem vyznamnych rokti a klimatickymi extrémy, po tomto roce vyskyt priristovych minim
odrazi i gradient v mife znecisténi. Byla zjiSténa evidentni zvySena citlivost smrku z vychodni ¢asti Kru$nych hor k nizkym teplotdm
amrazovym zvratim. Dominantni vliv teplot v zimnim obdobi dokazuji i vysledky regresni analyzy. Takto neptimo bylo prokazano
dlouhodobé piisobeni SO,, projevujici se snizenou mrazuvzdornosti smrku. Vyvoj v poslednich letech ukazuje, Ze porosty v Krko-
nosich po prekonani kritického obdobi na pocatku osmdesatych let regeneruji, zatimco stabilita kruSnohorskych porostt je vlivem
chronického stresu naruSena a porosty jsou i nadéale ohrozeny ve své existenci.

Kli¢ova slova: ristovy pfirdst; smrk; klimatické podminky; znecisténi ovzdusi; Krusné hory; Krkonose; Jizerské hory

V ramci studie byly dendroekologickymi metodami
analyzovany pfirdsty 12 smrkovych porostl z oblasti

gradientu (557-1 130 m n. m. — charakteristika ploch je
uvedena v tab. 1). Cilem prace bylo na zékladé analyzy

Krusnych hor, Jizerskych hor a Krkonos (obr. 1). Za
odbérova mista byly zvoleny plochy monitoringu zdravot-
niho stavu lesti ICP Forests, usporadané podél vyskového
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prirtstt ptezivajicich starych smrkovych porostti vyhod-
notit jejich soucasny stav ve vztahu k reakci na vyvoj
klimatickych faktort a imisniho zatiZzeni v minulosti.

547



U vsech porostt byla vyhodnocovana dynamika vyvoje
prirtstl, frekvence vyskytu poruch v tvorbé letokruht
a vztah sifek letokruhti ke klimatickym faktorim.
V Kru$nych horach, kde byla k dispozici i souvisla
dlouhodoba méfeni mési¢nich koncentraci SO,, byl navic
podrobné analyzovan vztah k Grovni znecisténi. Pro vy-
hodnoceni vztahu pfirGstt ke klimatickym faktorim
a imisni zatézi byly pouzity dva pfistupy: 1. analyza
vyskytu negativnich vyznamnych rokd, 2. jednoducha
linearni regrese. Negativni vyznamny rok je definovan
jako extrémné uzky letokruh vykazujici redukei ristu
prekracujici —40 % v porovnani s prumérnou sitkou
letokruhl za Ctyfi pfedchazejici roky, pficemz silna
redukce pfirtistd je spole¢na minimalné 20 % strom z jed-
né populace/plochy. Analyza vyskytu vyznamnych rokt
podél definovaného ekologického gradientu umoznuje
odhalit faktory se silnym vlivem na pfirdsty, ale ptisobici
s niz8i frekvenci. Naproti tomu metody linearni regrese
poskytuji informaci o dominantni povaze zkoumaného
vztahu v dlouhodobém ¢asovém horizontu. Tyto dva
pfistupy se tedy vzajemné dopliuji.

Obdobi 1977-1989 v Krusnych horach a 1979-1989
v Jizerskych horach a Krkonos$ich byla pro smrkové
porosty kriticka, o cemz svéd¢i extrémné nizké piirtsty
(pokles v priméru o 50 %) a vysoka frekvence poruch
v tvorbé letokruhti (obr. 2 a 3). Do roku 1977 je patrna
jednoznacna spojitost mezi vyskytem negativnich
vyznamnych roku a klimatickymi extrémy — porosty rea-
guji viceméné podle své polohy na vyskovém gradientu
(tab. 4). Po tomto roce vyskyt pfiristového minima odrazi
i gradient v mif'e znecisténi. Evidentni je zvySena citlivost
smrku z vychodni ¢asti Krusnych hor k nizkym teplotam
a mrazovym zvratim (tab. 5). Toto zjisténi je podpofeno

i vysledky korela¢ni analyzy vztahu klima — pfirGst,
prokazujici dominantni vliv teplot v lednu, inoru a kvétnu
na velikost pfirdstti v daném roce (tab. 7). Vysoké kladné
korelace mezi Sifkami letokruhti a zimnimi teplotami tak
nepiimo prokazuji dlouhodobé plisobeni SO, projevujici
se snizenou mrazuvzdornosti dfevin. Podrobny rozbor
vyvoje znecisténi pro oblast Kru$nych hor potvrzuje spo-
jitost mezi vyskytem vyznamnych pfirGstovych minim
a extrémnimi koncentracemi SO, na konci sedmdesatych
leta v prvni polovin¢ osmdesatych let (tab. 6). Z vysledka
korela¢ni analyzy vztahu imise — pfirust je patrné, Ze z hle-
diska ptsobeni oxidu sifi¢it¢ho na pfirtisty smrku jsou
nejvice rizikové podzimni mésice roku piedchazejiciho
tvorbé letokruhu a mésice tinor a bfezen v daném roce.

Ptes silné poskozeni porostd v popsaném kritickém
obdobi prokazaly ptezivsi porosty smrku vysokou rege-
neracni schopnost demonstrovanou markantnim vzestu-
pem piirasti na konci osmdesatych let a v prvni poloviné
let devadesatych. Toto obdobi se vyznacovalo mirnymi
zimami bez teplotnich zvratl, vysokymi teplotami ve ve-
getacni dobé a v neposledni fadé zfejmée piiznive puisobil
i pokles znecisténi. V Krkonosich se pozitivni pfiriistovy
trend udrzel (s mirnym vykyvem v roce 1996) v podstaté
az do roku odbéru vyvrti — 1998. Naproti tomu v Krus-
nych horach se nepfizniva zima 1995/1996 projevila hlu-
bokym poklesem pfirtsti v nasledujicich dvou letech, na
plochach Kalek a Flaje byly pfirtsty redukovany az do
roku 1998. Z vyvoje v poslednich letech je tedy patrné,
ze porosty v Krkonosich po piekonani kritického obdobi
na poc¢atku osmdesatych let regeneruji, zatimco stabilita
kru$nohorskych porost je plisobenim dlouhodobého
chronického stresu velmi naruSena a porosty jsou i nadale
ohrozeny ve své existenci.
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