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Abstract

Changes in tree crown condition, in most cases, may be related to the integrated impact of natural and anthropogenic
factors, where S and N deposition, through the combination of direct, above-ground, impacts of SO,, NO_and NH," on
foliage and indirect, soil-mediated, impacts on roots play a predisposing, accompanying and locally, even a triggering
role. This study was designed to check which effect is more significant on changes in tree crown defoliation. The findings
revealed that the direct effect of air pollutants and acid deposition should be a more significant on Scots pine crown
defoliation than the indirect effects of acidifying compounds through soil, ground and runoff water. Needles, which are
present on trees all year round, seem to be more efficient aerosol collectors than leaves. In contrast, the direct effect
of the considered contaminators, especially N compounds, on birch defoliation, was less pronounced than their indirect
effect. In most cases, the considered contaminators had a negative effect on crown condition; meanwhile nitrate, its
deposition and concentration in soil and groundwater, had a positive effect. Ips typographus L., which caused the dying
of spruce trees, did not allow fulfilling the task.
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Introduction

Changes in forest ecosystems, in most cases, may
be related to the integrated impact of natural and an-
thropogenic factors, where air concentration of sur-
face ozone, and S and N deposition play a predispos-
ing, accompanying and locally, even a triggering role
(Chappelka and Freer-Smith 1995, Cronan and Grigal
1995, Manion and Lachance 1992, Schulze 1989). These
rather different effects of air pollution could be ex-
plained by the combination of direct, above-ground,
impacts of O,, SO, NO_, NH," and H" on foliage and
indirect, soil-mediated impacts of acid deposition on
roots, which may cause nutrient deficiencies and ag-
gravate natural stress, such as physiological drought
and the occurrence of pests and diseases (De Vries et
al. 2000a). These indirect, soil-mediated effects of air
pollutants on the vitality of forests are frequently more
important than the direct above ground effects in lo-
cal polluted areas (Roberts et al. 1989, De Vries et al.
2000b). However, on a regional scale, an indirect ef-
fect of pollutants could only be detected when data
of repeated surveys for a relatively long period, es-

pecially for variables that change slowly, become avail-
able (De Vries et al. 2003a). The Integrated Monitor-
ing Programme, which has been performed for 15 years
in Lithuania, provides all the necessary data to detect
which effects — direct, through the impact on leaves
and needles or indirect, through the changes in soil
mineralization and eutrophication processes — might
be more significant to changes in crown defoliation
of the prevailing tree species in Lithuania, and which
of them constitutes a greater threat in their integrated
impact.

To answer this question the following research
was performed:

* an analysis of temporal and spatial variation of
data on defoliation, air pollutant concentrations and
acid deposition;

* an analysis of variation of data on quality of
soil, ground and stream waters in relation to air pol-
lutants and their deposition;

* a correlative analysis of data on crown defolia-
tion of prevailing tree species in Lithuania versus air
pollutants and acid deposition, as well as their con-
centrations in soil, ground and stream water;
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* an estimate of the contributions of effect char-
acter to integrated impact of air and soil mediated
pollutants on tree defoliation.

Method and materials

The following are considered in this study: con-
centrations of sulphur (S) and nitrogen (N) compounds
on the air, precipitation and their deposition; concen-
tration of N and S compounds in the ground water,
soil water at the depth of 20 cm, and stream water; and
defoliation of the prevailing tree species. The study
was based on the 1994-2007 data available from 3
Lithuanian Integrated Monitoring Stations (IMS) es-
tablished in Aukstaitija, Dzikija (1993), Zemaitija (1994)
National Parks (NP) (Fig. 1). In 2000, the Dzikija IM
Station was closed due to underfinancing and, there-
fore, only the data on pollution and crown condition
over the period from 1994 to 1999 were used from this
IM station.

Crown defoliation of the three tree species prev-
alent in the catchments — Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies Karst.) and Birch (Bet-
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Figure 1. Location
of Integrated Moni-
toring Stations in
Lithuania

ula pendula ‘Crispa’ and B. pubescens Ehrh.) were
assessed on vegetation plots established for intensive
monitoring at IMS catchments. The crown condition
of about 600 trees (pine trees — 30%, spruce — 50%
and birch — 20%) was assessed annually, employing
the methodology of the ICP Forest monitoring pro-
gramme over the period 1994-2007 (UN-ECE 1994) on
3 intensive plots (IP’s): A, B and C at LT-01, of about
100 trees (pine trees — 90%, spruce and birch — 10%)
on 1 IP at LT-02 (A), and of about 100 trees (pine trees
— 20%, spruce — 70% and birch — 10%) on 1 IP at LT-
03 (A). The main characteristics of the considered
stands are presented in Table 1.

Table 1. Main dendrometric characteristics of the intensive
monitoring plots

Stand parameters
Mean

Mean

VG e - . Volume Forest
IMS plot c/I-\agss dla(r:rnxfter he'{%ht Stocking (m3 ha) type
LT-01 A 15 38 26 0,5 300 vacciniosum
LT-01 B 17 46 31 0,7 440 oxalidosum
LT-01 (63 8 38 28 0,6 260 caricosum
LT-02 A 8 24 26 038 370 myrtilius —
oxalidosum
LT-03 A 9 34 26 038 230 cladoniosum

Glacioaquatic accumulation forms with sand, grav-
el and stones are typical of the LT-01 catchment. In
this area, IPs LT-01A and LT-01B, bores No 1 and 2
for ground water studies and lysimeters for soil water
collection are arranged. Soil water samples were col-
lected at 20 cm (main root zone), with a sampling pe-
riod of 3—4 times per vegetation period. The surface
area of the plate type lysimeter was 1000 cm?. With a
decrease in altitude, these glacioaquatic accumulation
forms transfer into marsh accumulation forms with
organic sediments where IP LT-01C and bore No 3 are
located.

The geomorphologic structure of the LT-02 catch-
ment is formed by more intensive glacioaquatic and
eolian processes, than in LT-01. The relief represents
a re-modified fluvioglacial plain, with clearly defined
continental dunes of complicated shapes, where fine-
grain sand dominates. All 3 bores for GW collection
are arranged there. Soils are formed on quartz sands
of eolian origin and contain no carbonates. Premature
and mature pure pine stands on the haplic arenosol
where lysimeters for soil water collection are arranged,
dominate in the catchment.

The geomorphologic structure of LT-03 catchment
is different from that of the other locations. The marsh
accumulation forms with organic sediments transfer into
limnoglacial accumulative forms and glacioaquatic
accumulative sandy and hilly formations, with typical
limnoglacial sand. Bores are situated on the slope of
a glacioaquatic hill covered by sand stratified to a
depth of more than 1.5 m with thin layers of clay loam.
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A spruce forest with two or more age classes and with
up to a 20-30% pine mixture on albic arenosol where
IP LT-03A, bore No 1 and lysimeters for soil water
collection are arranged, dominates in the Zemaitija IMS.

At IM stations, SO,, SO,*, the sum of nitrate
(ENO, = NO,+HNO,), and the sum of ammonium
(ENH," = NH,"+NH,) concentrations in the air and H+,
SO,”, NO, and NH," concentrations in precipitation,
as well as their wet deposition, were established. The
air sampling was carried out at weekly intervals. The
sampling equipment for SO, and particulate sulphate
consisted of a two-stage filter pack sampler with a
cellulose filter (Whatman 40). SO, was collected by
retention of particles using a Whatman 40 filter impreg-
nated with potassium hydroxide (KOH). ZNO," and
2NH," were collected using an open-face separate
sampler with alkaline (KOH) and oxalic acid impreg-
nated Whatman 40 filters, respectively.

Precipitation samples were collected in a polyeth-
ylene bulk-collector from December to March and in
an automatic wet-only sampler during the remaining
months. All samples were stored at 4°C until labora-
tory analysis. lon chromatography using Dionex 2010i
with conductivity detection was used for the chemi-
cal analysis of anions in precipitation and in water
extracts from the impregnated Whatman 40 filters. NH,*
concentration in precipitation as well as in the extract-
ed solutions from oxalic acid impregnated Whatman
40 filters was analysed spectrophotometrically using
the indophenol blue method. The overall measurement
and analytical procedures were based on a quality
assurance/quality control (QA/QC) programme as de-
scribed in the EMEP CCC manual for sampling, chem-
ical analysis and quality assessment (EMEP 1977).
Analytical methods were controlled through the inter-
national (EMEP and GAW) analytical intercomparisons.

The Fisher test was employed for estimating the
significance of spatial and temporal differences in chang-
es in pollution level and tree defoliation; multiple re-
gression analysis was used to establish the significance
of direct and indirect effects of acidifying compounds
on tree defoliation. Statistical analysis was performed
employing the techniques of “Statistica 6.0” software.

Results

Concentration of air acidifying compounds and
their deposition fluxes

IMS data showed a significant decrease in pol-
lutants until the year 2000 (Sopauskiene et al. 2001,
Augustaitis et al. 2005, Sopauskiene and Jasineviciene
2006, Augustaitis et al. 2007a). The air concentration
of SO, at AukétaitijavIMS decreased by 82% (from 2.73
to 0.49 ugS/m?3), at Zemaitija IMS by 79% (from 2.22

to 0.47 ugS/m?), and at Dztkija IMS by 57% (from 3.0
to 1.3 ugS/m?®) (Fig. 2). Thereafter, the concentration
was stable at the level of 0.5 — 1.0 ugS/m’. Air con-
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Figure 2. Changes in the mean air concentration of the con-
sidered contaminators from 1994-2007 (LT-01 — AukStaitija
IMS; LT-02 — Dziikija IMS; LT-03 — Zemaitija IMS)
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centration of aerosolic SO,* changed in a similar pat-
tern to SO, air concentration.

The most significant decrease in ZNH," air con-
centration lasted until 2001: 86% in LT-03 (from 8.55
to 1.15 ugN/m?), 77% in LT-01 (from 4.44 to 1.02 ugN/
m?), and 65% in LT-02 (from 3.91 to 1.37 ugN/m?). Af-
terwards, a stabilization of air XNH," concentration
at the level of 1.1 — 1.3 ugN/m?® in both LT-01 and LT-
03 was observed. Annual means of ZNO," concentra-
tion in the air were stable at the level of 0.5-0.7 ugN/
m? in all stations over the entire considered period.

Changes in annual wet deposition had a very sim-
ilar pattern to that of the air. The wet deposition of
sulphur for the period 1994-2000 at the Aukstaitija NP
decreased by 58% (from 600 to 250 mgS/m?), at Zemai-
tija by 60% (from 750 to 300 mgS/m?), and at Dzukija
by 52% (from 660 to 320 mgS/m?) (Fig. 3). This marked
decrease was most likely the result of a reduction in
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SO, emissions in Europe including Lithuania (CLRTAP
2005). Since 2001 at LT-01, sulphur deposition further
decreased gradually to 200 mgS/m?, while at LT-03, it
drastically increased again in 2002, 2003 and 2007,
reaching around 600 mgS/m?.

Until 2001, a more than tenfold decrease in H*
deposition and its concentration in precipitation were
observed in the stations as well. However, since 2001,
an increase in H* deposition and its concentration in
precipitation has been observed, especially at LT-03.

Decreases in annual wet deposition of NH," - from
492 to 198 mgN/m? at LT-01 and from 537 to 303 mgN/
m? at LT-03, have occurred. No significant change in
wet deposition of NO,  was observed (Fig. 3). Annual
wet deposition values for NO, ranged from 241 to 211
mgN/m? at LT-01, from 241 to 270 mgN/m? at LT-02 and
from 414 to 342 mgN/m? at LT-03, with the exception
of 2002, when it reached the peak.
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Figure 3. Changes in acid deposition and their concentrations in precipitation (LT-01 — Aukstaitija IMS; LT-02 — Dzikija

IMS; LT-03 — Zemaitija IMS)
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An analysis of the spatial pattern of regional
pollution levels reveals that the Western and South-
western parts of Lithuania (LT-02 and LT-03 sites) were
more polluted by the considered pollutants. This was
most likely related to the proximity of these regions
to the major pollutant sources in Central Europe as well
as to the differences in the meteorology.

S and N concentrations in soil, ground and run-
off water and their flows

Soil water quality

In the period from 1994 to 1999 soil water at LT-02
was more contaminated with SO > and NH," than in the
other sites and demonstrated significant downward
trends (Fig. 4): SO,* concentration decreased by 0.79
mgS/1 per year, and NH," by 0.15 mgN/I per year. At LT-
03 the decrease in SO,* concentration was not so ev-
ident at 0.24 mgS/l per year. Meanwhile at LT-01, SO,*
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concentration in soil water was stable at the level of 4-
5 mgS/l. The decrease in NH," concentration at LT-01
was at about 0.03 mgN/l per year, and at LT-03 the con-
centration remained stable at the level of 0.20 mgN/I.
At LT-03 a downward trend in NO,” concentration in soil
water was detected (0.013 mgN/1 per year), while at LT-
01 and at LT-02 the concentration increased by 0.021
mgN/l and 0.075 mgN/ 1 per year, respectively.

The detected changes in NO3- concentration re-
sulted in a significant increase in soil water pH at LT-
01, by 0.1 unit per year and a decrease at LT-03, by
0.01 unit per year (Augustaitis et al., 2005, 2008). This
means the acidity of soil water at LT-01 decreased while
at LT-03 it increased.

Ground water quality

Nitrate concentrations in the ground water of LT-
01 had no statistically significant trends, whereas at
LT-03 NO, concentrations in the ground water of the
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Figure 4. Concentrations of the acidifying compounds in soil water and their flows at 20 cm depth (LT-01 — Aukstaitija

IMS; LT-02 — Dzakija IMS; LT-03 — Zemaitija IMS)
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shallow bores showed a decreasing trend, and in the
water of the deeper bores an increasing trend. The
tendency of NH," concentration in ground water was
to decrease in all bores of all IM stations.

SO,* concentration changes had no regular pat-
terns at the LT-01 station. The exception was the year
1996 and the last period from 2005 to 2007, when SO,*
concentration increased drastically in the third bore
(near the vegetation plot LT-01 B). At LT-03 SO,* con-
centration changes had a tendency to decrease. The
detected changes resulted in a gradual decrease of the
ground water acidity at all considered depths. An ex-
ception, however, was the change in water acidity of
the shallow bore at LT-03, which showed a tendency
to increase.

A comparison of the means of concentrations of
separate chemical components in soil and ground water
of all three stations over the considered period, re-
vealed higher concentrations of the most parameters
in Dzukija (LT02), when this station was under opera-
tion. It is highly probable that this can be attributed
to good infiltrational features of the continental dune
sand. Since 2002, higher concentrations of the con-
sidered contaminators were also observed at LT03,
mainly due to higher air concentration of the consid-
ered pollutants and their deposition.
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Runoff water quality

Stream water quality and runoff of the main chem-
ical compounds from ecosystems reliably reflect a
common tendency of chemical processes occurring in
forest ecosystems. Therefore, this parameter was used
in the analysis to detect the indirect effect of deposi-
tion on tree conditions.

The concentrations of NO, and SO,* in the run-
off water had no statistically significant trends over
the considered period in all stations (Fig. 5), howev-
er, since 1998 at LT-01 a significant decrease in SO,
concentration was observed. The concentration of
NH," in stream water had a tendency to decrease in
all stations over the whole observation period as well.
The year 2007 was an exception, when the concentra-
tion of this contaminator at LT-03 increased drastical-
ly. These detected changes resulted in a gradual de-
crease of stream water acidity at all sites.

Despite the quite similar character of changes in
NO," and NH," concentrations in runoff water, there
was evident difference in their output. Over the con-
sidered period, the output of both N compounds at
LT-01 had a tendency to decrease, while at LT-03 the
tendency was to increase (Fig. 6). Similarly, the out-
put of sulphur at LT-03 increased significantly while
at LT-01 and LT-02, it decreased only until 2000, after
which some increase was observed.
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Figure 5. Concentrations of the acidifying compounds in stream water of IM sites
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Figure 6. Runoff of
sulphur and nitrogen
from the considered
forest ecosystems

Changes in crown defoliation of prevailing tree
species

F test statistics indicated significant differences
in mean defoliation of the prevailing tree species
(p<0.05) among and within the intensive plots at Auks-
taitija IMS (LT-01). It follows from figure 7 that from
1994 to 2004, mean defoliation of the considered tree
species at the first plot, LT-01A, decreased from 30.4%
to 22.1%, or an average of 0.61% per year. At LT-01B
over the same period, the decrease was from 36.2% to
22.8%, or 1.02% per year, and at LT-01C, from 30.1%
to 23.2% or 0.59% per year. Over the last period (from
2005 to 2007), mean defoliation of the monitored trees
increased in all plots at LT-01.

The changes in stand defoliation at LT-03 had no
regular pattern. Peaks in defoliation were observed in
1997 and 2002, when they exceeded 30% (Fig. 7). Dur-
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ing the rest of the period, defoliation fluctuated be-
tween 22% and 27%.

The changes in mean defoliation at LT-02 demon-
strated a significant trend towards decreasing (p<0.05).
Between 1994 and 2001 it decreased from 26.7% to
21.6%.

Direct and indirect effects of considered pollut-
ants on tree defoliation

Changes detected in mean defoliation were direct-
ly related to changes in air pollutant concentrations
and deposition of the acidifying compounds. An anal-
ysis of the relationships between pollution and crown
defoliation of considered tree species revealed the
highest susceptibility of the Scots pines to the impact
of air pollution by sulphur compounds (SO, and aero-
solic SO,*) and SO,> and NH," deposition (Fig. 8).
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This fully agrees with ICP Forest Monitoring data
(Lorenz and Mues 2007, De Vries et al. 2000a, 2003a,
UN-ECE 2005). Changes in crown defoliation of Birch
were less related to changes in acidifying compounds,
whereas changes in defoliation of Norway spruce were
least related, mainly due to damage caused by forest
pests, primarily Ips typographus L.

An analysis of possible indirect effects of the
considered contaminators revealed that pine crown
defoliation demonstrated the highest correlation with
NH," concentrations in the soil and ground water, fol-
lowing close to the pH of soil water. The effect of these
contaminators on birch defoliation was lower. Only
nitrate concentrations both in ground and soil water
seemed to have a positive effect on crown condition
of these particular tree species. Changes in spruce
crown defoliation were least related to the indirect
effect of acidifying compounds (Fig. 9).
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nificant (r>=0.355) than the direct effect through the
air (r’>=0.258) (Table 2).

The indirect effect of sulphur compounds was not
significant. However, its concentrations in surface
water and runoff, which reflect chemical processes
carried out in the ecosystem, quite well reflects chang-
es in tree crown defoliation.

The detected very week relationships between
spruce defoliation and considered pollutants demon-
strated no regular pattern. Ips typograpphus had sig-
nificant impact on vitality of spruce trees over the
considered period. Due to their activity about 2 % of
the monitored spruce trees died annually. Maximal
value reached in 2002 — 4.5%.

Discussion

Nitrogen (N) deposition, meaning inorganic am-
monium (NH,") and nitrate (NO,) disrupting the ratio

Indirect effect

0,2

Correlation coefficien

Figure 9. Indirect effect of con-
centrations of considered contam-
inators in ground, soil and runoff
water on tree defoliation

0,6 +

Soil water
“NH:" NOs pH

08+ SO4

BE== Pinus

Contributions of effect character to their inte-
grated impact on tree defoliation

Findings have revealed that the changes in pine
defoliation were most significantly related to changes
in SO,*, NH," and NO,™ air concentrations. Deposition
of these compounds as well as ozone concentration,
did not significantly increase the explanation of pine
defoliation variability. Changes in concentrations of
the considered compounds in soil and ground water
affected pine crown condition remarkably less (Table
2). However, this indirect effect increased the expla-
nation of pine defoliation variability significantly - by
15%, up to 89%.

Controversial results were obtained in explaining
changes in the defoliation of birch trees. The highest
correlation was detected between birch defoliation and
N concentration in ground water, followed closely by
NO, concentration in the air and NH," deposition. The
results revealed that the indirect effect of N com-
pounds through soil and ground water was more sig-

Runoff
N

Stream water
2- + - S
S04~ NH4 NOs; pH

Ground water
SO4* NHs' NOy™ pH

Birch Spruce

p<0.05

between dissolved organic and inorganic N available
to plants, together with surface ozone and sulphur air
concentrations and their deposition, are among key
factors resulting in spatial and temporal changes in the
condition of forest ecosystems. While the anthropo-
genic emissions of SO, have declined in Europe by
67 % since the early 1980s due to enactment of strict
pollution control strategies, the NO_and NH, emissions
have only been reduced by approximately 20% (EMEP
2004). Therefore, even after complete implementation
of the Gothenburg Protocol and other current legisla-
tion, the effect of N deposition with commensurate
adverse biological effects still remains the most rele-
vant problem to confront in Europe as well as in the
USA and Canada (Wright et al. 2005).

Ambient ozone (O,) is considered to be one of the
most important and pervasive phytotoxic agents, the
effects of which are likely to increase in the future
(Krupa and Manning 1988, Hutunnen et al. 2002, Per-
cy et al. 2003, Vingarzan 2004), not only in the South-
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Table 2. Contribution of different pollutant compounds in an integrated impact on pine, birch and spruce crown defoliation

Models, F(a.b)
Variables Pinus Spruce Birch
343 244 244 343 244 541 937 151 250 250 349 250 448 547 154 253 253 352 352 451 847
In the air: O3
S04 + + + +
S0z + + +
NHy4 _ _
NO3
Deposition: SO4 + + +
NHy4
NO3 - - _
In soil water: pH - - -
SOy
NHg + + + + + +
NO3 - - - -
In ground water: deep - + + - - - + + +
pH - - - - -
SO4
NHg + + + + + +
NO3 B - -
In stream water:  pH
SO4 +
NH4 +
NO3 - - -
Runoff: S
N + + + + +
2 0.747 0.662 0.560 0.496 0.560 0.687 0.897 0.094 0.101 0.060 0.296 0.104 0.473 0.502 0.258 0.150 0.206 0.355 0.234 0.387 0.690
p< 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.071 0.177 0.001 0.063 0.000 0.012 0.000 0.013 0.002 0.000 0.001 0.000 0.000

Note: F(a.b) - models identified by F - test symbol with numbers of degrees of freedom: a - of the predictor
variables; b - of the observations. Effect on the defoliation: + - relevance; — inverse.

ern parts of Europe (Bussotti et al. 2005, Ferrety et al.
2003, Paoletti 2005, 2006), but also in the Centre and
eventually in the Northern parts of Europe (Augus-
taitis and Bytnerowicz 2008, Bytnerowicz et al. 2004,
2007, Karlsson et al. 2002, 2006, Utrainen and Holopain-
en 2000). Its combined effects with acid deposition
differ significantly from the sum of individual effects
due to their complex synergistic or antagonistic inter-
actions (Bytnerowicz et al. 2004). Our earlier data in-
dicated that only the effect of the peak ambient ozone
concentrations on Scots pine defoliation in Lithuania
is statistically significant (Augustaitis et al. 2007b,
2007¢, 2007d), and its effect on pine defoliation is sig-
nificant but lower than the integrated effect of acidi-
fying compounds in the air and their deposition. There-
fore, the primary attention of investigating the direct
and indirect effects of pollutants on tree defoliation
was focused on the direct and indirect effects of acid-
ifying compounds and nitrogen compounds.

An indirect effect of the considered pollutants
was detected through analysis of the relationships
between their concentrations in soil, ground and sur-
face water and tree defoliation. Our data revealed that
changes in the concentration of NH," in the soil and
ground water could be explained by variation of con-
centrations in the air, precipitation and deposition
(Augustaitis et al. 2008). These concentrations in-
creased with an increase in NH," deposition level and
the concentrations in the air and precipitation. NO
concentrations in soil and ground water were less re-
lated to the concentrations in the air, precipitation or

deposition. However, these changes often were relat-
ed to the NH," concentration in the air, precipitation
and deposition, indicating the occurrence of nitrifica-
tion in the soil. Other authors investigating key fac-
tors of changes in soil water obtained similar results
(De Vries et al. 2003Db).

Despite these earlier derived, very complicated
relationships, what is not entirely understood is which
of these effects, direct or indirect, is more significant
to the forest ecosystem. In Lithuania, in the vicinity
of the nitrogen fertilizer plant “Achema” over a peri-
od of 25 years, the distance over which chemical
changes in forest soils were observed became 3-8 fold
less than the distance over which emission compounds
damaged pine stands (Armolaitis 1998, Armolaitis and
Stakenas 2001). These results revealed a more signif-
icant effect of N compounds through the air and dep-
osition on the condition of pine stands, than through
the soil. The findings of this study revealed the same
regularities. Defoliation of pine trees was more relat-
ed to changes in N concentrations in the air and dep-
osition than in the soil and ground water.

Controversial results were obtained in explaining
changes in the defoliation of birch trees. The indirect
effect of N compounds through the soil and ground
water was more significant than the direct effect
through the air. The main reason is that, when air con-
centration of N compounds and their deposition reach
their highest values, birch trees are leafless and di-
rect effects do not occur. It is therefore most likely that
their indirect effect through changes in the soil,
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ground and surface water is more significant than their
direct effect.

Only detected key factors resulting in spruce
crown defoliation (Table 2) could be attributed to the
uncertainties of this study due to very intensive dam-
age of spruce by forest pests, especially Ips typo-
graphus L.

Generalizing these results, we could state that in
most cases, nitrates in the soil and ground water have
a positive effect on crown condition as do a higher
value of pH of these waters, while ammonia has a neg-
ative effect. Notwithstanding this, the direct effect of
air concentration of acidifying compounds, reinforced
by the effect of surface ozone, was more significant
for pine crown defoliation than their indirect effect
through the soil and ground water. Needles, which are
present on trees all year round, seem to be more effi-
cient aerosol collectors than leaves. This was con-
firmed by the results of other authors (Blood et al.
1989, Rothe et al. 2002). To test this hypothesis, de-
tailed analysis of the seasonal effect of considered
pollutants on pine defoliation is needed.

Conclusions

Changes in the mean defoliation of pine trees were
mainly related to changes in air concentration of aer-
osolic NO,, NH," and SO,*. Deposition of these com-
pounds as well as ozone concentration did not sig-
nificantly increase the explanation of pine defolia-
tion variability. The indirect effect of acidifying com-
pounds in the soil and ground water affected pine
defoliation remarkably less; however, this indirect ef-
fect increased the explanation of pine defoliation var-
iability significantly by 14%, from 75% up to 89%.

Contrary to pine crown defoliation, the indirect
effect of N compounds through the soil and ground
water on birch defoliation was more significant
(r=0.355) than the direct effect through the air on
leaves (1’=0.258). Therefore, we could state that nee-
dles, which are present on trees all year round, seem
to be more efficient aerosol collectors than leaves. The
death of spruce trees due to Ips typographus L., pre-
vented completion of this task.

In most cases, the considered contaminators had
a negative effect on crown condition, while nitrate -
its deposition and concentration in the soil and
groundwater - had a positive effect.
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HEHOCPEACTBEHHOE MW KOCBEHHOE BJIHUAHUE PEI'NMOHAJIBHOTI'O
3AI'PABHEHUA HA JEPOJIMALIMIO KPOH JIEPEBLEB

A. Ayrycraiituc, JI. lllonayckene, . bayxene

Pezome

V3MeHeHns coCTOSIHUS KPOH JAEPEBBEB Yallle BCEr0 3aBHCAT OT KOMIUICKCHOTO BIMSHHS HATYyPaJIbHBIX M QHTPOIIOT€HHBIX
(baxTopoB IMpUpOaHOH cpenbl, Tae S 1 N ocankyu 4epe3 KOMOMHAIUIO HEMOCPEACTBEHHOTO BIUAHUs aTMocpepHoro SO,, NOx
u NH," Ha JTUCTBY M KOCBEHHOTO BJIMAHMS Ha KOPHEBYIO CHCTEMY, U PAIOT TIPEAPACTIONOKHUTENBHYIO, COMPOBOTUTENLHYIO HIH
MHOT/Ia JJa)ke OCHOBHYIO POJib. [109TOMY, B IpeACTaBICHHONH paboTe MBI MOMBITAIUCH HPOBEPHUTH, KOTOPOE W3 BIMSHUIM
SBIIsIeTCs O0JIee 3HAYNTENBEHBIM JUIS COCTOSHHS KPOH JiepeBheB. Pe3ynmbTaThl HCcCIenoBaHUs OKa3aIH, YTO HEIIOCPEICTBEHHOE
BIMSHUE aTMOC(EPHOTO 3arps3HEHHs SBISETCS 0ojiee 3HAUUTEIBHBIM JUI COCTOSHHS KPOH COCHBI OOBIKHOBEHHOM, 4eM
KOCBEHHOC BIIMSHUE Yepe3 U3MCHEHHUS COCTaBa MOYBCHHOMN, IPYHTOBOM M MOBEPXHOCTHOH BOIBI. XBOSs, IPOIOIKHTEIEHOCTD
KOTOPOH COCTABIACT HECKOJIBKO JIET, II0-BUIMMOMY, SBIIACTCS 60JIee XOPOIIMM KOJIIEKTOPOM a3pO30JIbHBIX COCAMHEHHH, YeM
JHCThA. [IPOTUBOIONIONKHO ITOMY, HETIOCPEICTBEHHOE BIMSHUE HCCIIELYyeMbIX 3arps3HUTENeH, 0COOCHHO a30THBIX COCAMHEHHI
Ha COCTOSIHHE KPOH Oepesbl, SIBIIIeTCs MeHee 3HaUNTEeIbHBIM YeM MX KOCBEHHOE BIHsSHKE. B GONBIIMHCTBE ClydaeB, KHCIOTHBIE
COeIMHEHUs] HETaTHBHO BIMSIOT HAa COCTOSHHE KPOH JIEPEBBEB 3a HCKIIOYEHHEM TOJIBKO HHTPATOB, BIMSHHE KOTOPHIX Ha
COCTOSIHUE KPOH JICPEBBEB IMOJOXKHUTENbHOE. BiusHHe KopoenoB Ips typographus L., BIOCIEACTBUH KOTOPBIX MOTHOIIO
3HAYUTENIBHOE YHCIIO UCCIIELyeMBIX JICPEBBEB €U, HE TO3BOJIMIIO MOATBEPAUTD NIPEICTABICHHOE.

Knrw4eBble cJIOBa: KUCIIOTHBIC 0CaJKH, MOYBCHHAsA, TPYHTOBAA U NOBEPXHOCTHAs BOAA. I[e(l)OJ'[I/IaL[I/IH KPOHBI
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