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1. Introduction 

Changes in forest ecosystems, in most cases, are related to the integrated impact of natural 
and anthropogenic factors, where air concentration of surface ozone, and S and N 
deposition play a predisposing, accompanying and locally, even a triggering role 
(Chappelka & Freer-Smith, 1995, Cronan & Grigal, 1995, Manion & Lachance, 1992, Schulze, 
1989). These rather different effects of air pollution could be explained by the combination of 
direct, above-ground, impacts of O3, SO2, NOx, NH4

+ and H+ on foliage, and indirect, soil-
mediated effects of acid deposition on roots, which may cause nutrient deficiencies and 
aggravate natural stress, such as physiological drought and the occurrence of pests and 
diseases (De Vries et al., 2000a). These above mentioned indirect, soil-mediated effects of air 
pollutants on the vitality of forests are frequently more relevant than the direct above 
ground effects especially in local polluted areas (Roberts et al., 1989, De Vries et al., 2000b). 
However, on a regional scale long range transboundary air pollution and ensuing 
acidification of the environment could only be detected when data of the repeated surveys 
for a relatively long period become available (De Vries et al., 2003a).  
Ambient O3 is also among the key factors resulting in spatial and temporal changes of tree 
crown defoliation (Reich, 1987; Guderian, 1985; Takemoto et al., 2001; Sandermann, 1996). 
Integrated effects of ozone with acidifying species differ significantly from the sum of their 
individual effects due to the complex synergistic or antagonistic interactions (Bytnerowicz et 
al., 2007). Therefore, the process based on plant damages due to O3 exposure is still not fully 
clarified (Zierl, 2002; Matyssek et al., 2005), and the relationship between forest tree crown 
condition and O3 concentrations as well as acid deposition is still not well established. O3 is 
one of the most important and pervasive phytotoxic agents whose effects are likely to 
increase in future (Krupa & Manning, 1988; Hutunnen et al., 2002; Percy et al., 2003; 
Vingarzan, 2004). In contrast to SO2, the continuing rise in the emissions of precursor 
substances (NO, NO2) (Fowler, et al., 1998; Ryerson, et al., 2001) resulted in a rise in ozone 
concentrations (Matyssek & Innes, 1999; Coyle, et al., 2003; Fuhrer, 2000). If since the middle 
of the last century ozone (O3) air pollution has been recognized as a major phytotoxic agent 
in North America and South Europe (Smith, 1981; Schmieden & Wild, 1995; Hill, et al., 1970; 
Alonso, et al., 2002), then recently - in Central and Northern Europe (Utrainen & 
Holopainen, 2000; Muzika, et al., 2004; Karlsson, et al., 2002). 
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Therefore, due to the expected increase in O3 concentrations (Fowler et al., 1999; Percy et al., 
2003) it is necessary to determine if exposure to O3 levels actually affects tree growth and 
crown condition in natural forests (Manning, 2005) under regional pollution load. The 
findings of our earlier study allowed us to make an assumption that temporal and spatial 
changes in pine defoliation are first of all, related to air concentrations of the acidifying 
compounds and their deposition meanwhile meteorological parameters only reinforce or 
mitigate the integrated impact of these factors (Augustaitis et al. 2003, 2005, 2007d). In this 
study we attempted to investigate the possible effect of natural and anthropogenic 
environmental factors on pine defoliation and stem growth, and quantify of O3 
contributions to the integrated impact of these factors.  
However, in estimating the effect of air pollutants and their deposition on forest conditions, 
only the mean annual value of air pollutants and sum deposition over the year, or sum 
concentrations of ozone from April to September is usually used (Klap et al., 1997, 2000; De 
Vries et al., 2000a). Seasonal effects of the considered pollutants are attributed to the 
knowledge gaps in this area. Our earlier study showed that pine needles, which are present 
on trees all year round, seem to be more efficient aerosol collectors than leaves (Augustaitis 
et al., 2008a). Following this assumption, the negative effect of the considered contaminants, 
with the exception of O3, should occur during the dormant periods as well. Therefore, in the 
present study, we set out to see whether it is possible to detect seasonal effects of air 
pollutants and acid deposition on the mean defoliation of pine stands employing correlative 
or multiple regression analysis, and evaluate their significance in explaining the variance in 
mean defoliation of the pine stands.  
The Integrated Monitoring Programme, which has been performed for more than 15 years in 
Lithuania, provides all the necessary data to identify the key environmental factors, effect 
character and periods when the effect of the considered contaminants is most pronounced. 
To meet the objectives of the study the following studies were performed: 

 an analysis of temporal and spatial variation of data on defoliation, 
meteorological parameters, air pollutant concentrations, including surface 
ozone and acid deposition; 

 an analysis of variation of data on quality of soil, ground and stream waters 
in relation to air pollutants, their deposition and meteorological parameters; 

 an estimate of the contributions of effect character to the integrated impact of 
air and soil mediated pollutants on tree defoliation  

 an evaluation of the significance of the seasonal effects of the considered 
contaminants, explaining variance in mean defoliation of the pine crowns. 

 an evaluation of the significance of the surface ozone concentration in the 
integrated effect  with acidifying species, their deposition and meteorological 
parameters on Scots pine defoliation and stem increment reduction 

The findings should increase our knowledge in the field of diagnostic and mechanistic 
understanding of processes occurring in ecosystem. It may help: (i) to estimate the 
integrated effect of environmental factors on forest ecosystem, (ii) detect peculiarities of 
the seasonal effects of acidifying compounds, surface ozone on pine defoliation, (iii) 
specify the periods when the effect of the considered contaminants is most pronounced, 
and (iv) predict state of forest ecosystem under the pressure of global changes. 
 

2. Objects, materials and methods 

In order to meet the emerged tasks the different data sets obtained in three national parks 
(NP), representing different Lithuanian landscape types (Aukstaitija NP – eastern part, 
Dzukija NP – southern part and Zemaitija NP –western part) (Fig. 1) were used. There 
integrated monitoring stations have been under operation since 1994. 

 
Fig. 1. Location of Aukstaitija, Dzukija and Zemaitija Integrated Monitoring Stations (▲),  
rivulet basins and POS in Lithuanian National Parks.  

 
2.1 Objects for estimation of the direct effect of acidifying species and surface ozone 
The study of direct effects of acidifying species, their deposition, surface ozone and 
meteorological parameters on forest health was based on annual observations of crown 
defoliation of more than 8,000 Scots pine (Pinus sylvestris L.) trees from 44 permanent 
observation stands (POS) between 1994 and 2007. Aukstaitija NP had 20 POS, Dzukija NP 16 
POS and Zemaitija - NP 9 POS. These stands were located in the surroundings of Integrated 
monitoring stations (IMS) established there, and were selected according to stand maturity: 
8 sapling stands (45–50 years), 10 middle aged stands (61–80 years), 10 premature stands 
(81–100 years), 10 mature stands (101– 120 years) and 7 over mature stands >121 years).  

 
2.2 Objects for estimation of the indirect effect of acidifying species 
Investigations were performed on 5 vegetation plots established for intensive monitoring at 
IMS catchments where dendrometric parameters and crown condition of the three tree 
species – Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies Karst.) and birch (Betula 
pendula ‘Crispa’ and B. pubescens Ehrh.) were assessed. Over the period 1994-2007 about 600 
trees (pine trees– 30%, spruce – 50% and birch – 20%) in Aukstaitija NP (LT-01) on 3 
intensive plots (IPs): A, B and C; in Dzukija NP (LT-02 A) about 100 trees on 1 IP (pine trees 
– 90%, spruce and birch – 10%), and in Zemaitija NP (LT-03 A) about 100 trees on 1 IP (pine 
trees – 20%, spruce – 70% and birch – 10%) were monitored annually.  

 
2.3 Objects for estimation of the effect of surface ozone on pine increment 
To get closer insight into the relationships between different O3 indices and pine increment 
we chose 12 out of 44 pine permanent observation stands (POS). More than 200 trees, for 
which defoliation was assessed from 1994 to 2007, were chosen for the increment boring.  
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Therefore, due to the expected increase in O3 concentrations (Fowler et al., 1999; Percy et al., 
2003) it is necessary to determine if exposure to O3 levels actually affects tree growth and 
crown condition in natural forests (Manning, 2005) under regional pollution load. The 
findings of our earlier study allowed us to make an assumption that temporal and spatial 
changes in pine defoliation are first of all, related to air concentrations of the acidifying 
compounds and their deposition meanwhile meteorological parameters only reinforce or 
mitigate the integrated impact of these factors (Augustaitis et al. 2003, 2005, 2007d). In this 
study we attempted to investigate the possible effect of natural and anthropogenic 
environmental factors on pine defoliation and stem growth, and quantify of O3 
contributions to the integrated impact of these factors.  
However, in estimating the effect of air pollutants and their deposition on forest conditions, 
only the mean annual value of air pollutants and sum deposition over the year, or sum 
concentrations of ozone from April to September is usually used (Klap et al., 1997, 2000; De 
Vries et al., 2000a). Seasonal effects of the considered pollutants are attributed to the 
knowledge gaps in this area. Our earlier study showed that pine needles, which are present 
on trees all year round, seem to be more efficient aerosol collectors than leaves (Augustaitis 
et al., 2008a). Following this assumption, the negative effect of the considered contaminants, 
with the exception of O3, should occur during the dormant periods as well. Therefore, in the 
present study, we set out to see whether it is possible to detect seasonal effects of air 
pollutants and acid deposition on the mean defoliation of pine stands employing correlative 
or multiple regression analysis, and evaluate their significance in explaining the variance in 
mean defoliation of the pine stands.  
The Integrated Monitoring Programme, which has been performed for more than 15 years in 
Lithuania, provides all the necessary data to identify the key environmental factors, effect 
character and periods when the effect of the considered contaminants is most pronounced. 
To meet the objectives of the study the following studies were performed: 

 an analysis of temporal and spatial variation of data on defoliation, 
meteorological parameters, air pollutant concentrations, including surface 
ozone and acid deposition; 

 an analysis of variation of data on quality of soil, ground and stream waters 
in relation to air pollutants, their deposition and meteorological parameters; 

 an estimate of the contributions of effect character to the integrated impact of 
air and soil mediated pollutants on tree defoliation  

 an evaluation of the significance of the seasonal effects of the considered 
contaminants, explaining variance in mean defoliation of the pine crowns. 

 an evaluation of the significance of the surface ozone concentration in the 
integrated effect  with acidifying species, their deposition and meteorological 
parameters on Scots pine defoliation and stem increment reduction 

The findings should increase our knowledge in the field of diagnostic and mechanistic 
understanding of processes occurring in ecosystem. It may help: (i) to estimate the 
integrated effect of environmental factors on forest ecosystem, (ii) detect peculiarities of 
the seasonal effects of acidifying compounds, surface ozone on pine defoliation, (iii) 
specify the periods when the effect of the considered contaminants is most pronounced, 
and (iv) predict state of forest ecosystem under the pressure of global changes. 
 

2. Objects, materials and methods 

In order to meet the emerged tasks the different data sets obtained in three national parks 
(NP), representing different Lithuanian landscape types (Aukstaitija NP – eastern part, 
Dzukija NP – southern part and Zemaitija NP –western part) (Fig. 1) were used. There 
integrated monitoring stations have been under operation since 1994. 

 
Fig. 1. Location of Aukstaitija, Dzukija and Zemaitija Integrated Monitoring Stations (▲),  
rivulet basins and POS in Lithuanian National Parks.  

 
2.1 Objects for estimation of the direct effect of acidifying species and surface ozone 
The study of direct effects of acidifying species, their deposition, surface ozone and 
meteorological parameters on forest health was based on annual observations of crown 
defoliation of more than 8,000 Scots pine (Pinus sylvestris L.) trees from 44 permanent 
observation stands (POS) between 1994 and 2007. Aukstaitija NP had 20 POS, Dzukija NP 16 
POS and Zemaitija - NP 9 POS. These stands were located in the surroundings of Integrated 
monitoring stations (IMS) established there, and were selected according to stand maturity: 
8 sapling stands (45–50 years), 10 middle aged stands (61–80 years), 10 premature stands 
(81–100 years), 10 mature stands (101– 120 years) and 7 over mature stands >121 years).  

 
2.2 Objects for estimation of the indirect effect of acidifying species 
Investigations were performed on 5 vegetation plots established for intensive monitoring at 
IMS catchments where dendrometric parameters and crown condition of the three tree 
species – Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies Karst.) and birch (Betula 
pendula ‘Crispa’ and B. pubescens Ehrh.) were assessed. Over the period 1994-2007 about 600 
trees (pine trees– 30%, spruce – 50% and birch – 20%) in Aukstaitija NP (LT-01) on 3 
intensive plots (IPs): A, B and C; in Dzukija NP (LT-02 A) about 100 trees on 1 IP (pine trees 
– 90%, spruce and birch – 10%), and in Zemaitija NP (LT-03 A) about 100 trees on 1 IP (pine 
trees – 20%, spruce – 70% and birch – 10%) were monitored annually.  

 
2.3 Objects for estimation of the effect of surface ozone on pine increment 
To get closer insight into the relationships between different O3 indices and pine increment 
we chose 12 out of 44 pine permanent observation stands (POS). More than 200 trees, for 
which defoliation was assessed from 1994 to 2007, were chosen for the increment boring.  
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2.4 Predictor variables and methods of their estimation 
The considered predictor variables were classified into 3 groups. The first group included 3 
site-specific variables (forest type, soil typological groups with respect to fertility, and 
moisture conditions) and 5 tree and stand variables: mean tree age (A), height (H), diameter 
(D), basal area (BA), and stand volume (M).  
The second group consisted of 10 meteorological variables (air temperature and the amount 
of precipitation for 8 seasons of 2 years and 2 year-long periods from September to August).  
The third group of 13 variables included data on: air concentrations of sulfur dioxide (SO2), 
sulfate (SO42-), the sum of nitrates in aerosols and gaseous nitric acid (ΣNO3- = NO3-+HNO3), 
the sum of gaseous ammonia and ammonium in aerosols (ΣNH4+ = NH4++NH3) and surface 
ozone (O3); concentration of SO42-, NO3-, NH4+and H+ in precipitation as well as their wet 
deposition (Sopauskiene & Jasineviciene, 2006; Girgzdiene et al., 2007). 

 
2.5 Methods 
Dendrometric and health parameters of trees and stands. Data on tree and stand 
parameters as well as crown defoliation were available from the permanent observation 
stands. A three-stage sampling pattern was used for the collection of the field material:  

(i) sampling of the research stands;  
(ii) sampling of the circular plots within each research stand;  
(iii) sampling of the trees for more detailed measurements of tree crown 

parameters and tree ring analysis. Each pine stand included 12 circular sample plots 
distributed systematically in a grid system with on average 15-20 trees on each plot, i.e., 
about 150-250 sample trees per stand. There, tree stem diameter was permanently measured 
and crown defoliation assessed for all sample trees annually. In addition three closest to the 
centre of sampling plot trees were sampled for measurement of crown parameters (height, 
diameter and length) and analysis of annual radial increment. Radial growth was assessed 
by measuring the width of annual rings in stem cores. Based on the ring widths the stem 
basal area increment (BAI) was computed.  
Crown defoliation was assessed at the end of August. Forest monitoring methodology was 
employed to assess tree defoliation: healthy trees (defoliation up to 10%); slightly damaged 
trees (defoliation ranging from 11 to 25%); moderately damaged trees (defoliation 26–60%); 
severely damaged trees (defoliation 61–99%); dead trees (defoliation 100%) (UN-ECE, 1994). 
Soil-mediated parameters. Glacioaquatic accumulation forms with sand, gravel and stones 
are typical of the Aukstaitija IMS catchment. In this area, LT-01A and LT-01B, bores No 1 
and 2 for ground water (GW) studies and lysimeters for soil water (SW) collection are 
arranged. Soil water samples were collected at 20 cm, with a sampling period of 3–4 times 
per vegetation period. The surface area of the plate type lysimeter was 1000 cm2. 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 Dzukija IMS catchment is formed by more intensive 
glacioaquatic and eolian processes, than in LT-01. All 3 bores for GW collection are arranged 
in fine-grained sand dominated 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 of Zemaitija NP is different from that of 
the other stations. 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. A 
spruce forest with two or more age classes and with up to a 20-30% pine mixture on albic 
arenosol where LT-03A, bore No 1 and lysimeters for soil water collection are arranged, 
dominates in the Zemaitija IMS (Augustaitis et al., 2008a). 
Air pollution and deposition. Data on regional air concentrations of acidifying chemical 
species, the concentrations and fluxes of these chemical species in wet deposition and 
general meteorological data were obtained from the IMS established in the national parks 
and used for all stands located in the park. Due to a lack of funding Dzukija IMS was closed 
in the year 2000. Therefore, data from this region represented the period 1994–1999. 
At IM stations, SO2, SO42-, the sum of nitrate (ΣNO3- = NO3-+HNO3), and the sum of 
ammonium (ΣNH4+ = NH4++NH3) concentrations in the air and H+, SO42-, NO3- and NH4+ 
concentrations in precipitation, as well as their wet deposition, were established. The air 
sampling was carried out at weekly intervals. The sampling equipment for SO2 and 
particulate sulphate consisted of a two-stage filter pack sampler with a cellulose filter 
(Whatman 40). SO2 was collected by retention of particles using a Whatman 40 filter 
impregnated with potassium hydroxide (KOH). ΣNO3- and ΣNH4+ were collected using an 
open-face separate sampler with alkaline (KOH) and oxalic acid impregnated Whatman 40 
filters, respectively (Sopauskiene & Jasineviciene, 2006).  
Precipitation samples were collected in a polyethylene 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 laboratory analysis. Ion chromatography using Dionex 2010i with 
conductivity detection was used for the chemical analysis of anions in precipitation, and in 
water extracts from the impregnated Whatman 40 filters. NH4+ concentration in 
precipitation as well as in the extracted 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 described in the EMEP CCC manual for sampling, chemical 
analysis and quality assessment (EMEP 1977). Analytical methods were controlled through 
the international (EMEP and GAW) analytical intercomparisons. 
Ozone. Ozone concentrations were measured continuously using commercial UV-
absorption monitors O3 41M (Environment S.A., France) and ML9811 (Monitor Labs) with 
an air inlet at the height of 2.5 m above ground. The instruments were calibrated 
periodically every year. Hourly data on peak O3 value, their annual average, and average 
from April through August were used in the analysis. AOT40 values, which define the 
potential risk of O3 for vegetation (Fuhrer et al., 1997), were calculated according to the 
requirements of the 2002/3/EC directive. For crops, the critical level is set to 3.0 ppmh 
(AOT40-1); for forest trees, 10 ppmh (AOT40-2) (NABEL, 1999). Exceedance of the AOT40-2 
threshold would indicate a risk of tree biomass loss of more than 10% (LRTAB, 2004). 
Meteorological parameters. The effect of meteorological conditions on pine defoliation was 
analyzed for two yearlong periods from September to August. The quality of the data was 
assured according to the requirements of the World Meteorological Organization (WMO, 
1983) and ICP IM methodology (UN-ECE, 1993). Meteorological data were collected at IM 
stations according to the requirements of the WMO Guidelines (1989) to ensure their 
comparability with the data from official weather stations and other monitoring sites. 
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2.4 Predictor variables and methods of their estimation 
The considered predictor variables were classified into 3 groups. The first group included 3 
site-specific variables (forest type, soil typological groups with respect to fertility, and 
moisture conditions) and 5 tree and stand variables: mean tree age (A), height (H), diameter 
(D), basal area (BA), and stand volume (M).  
The second group consisted of 10 meteorological variables (air temperature and the amount 
of precipitation for 8 seasons of 2 years and 2 year-long periods from September to August).  
The third group of 13 variables included data on: air concentrations of sulfur dioxide (SO2), 
sulfate (SO42-), the sum of nitrates in aerosols and gaseous nitric acid (ΣNO3- = NO3-+HNO3), 
the sum of gaseous ammonia and ammonium in aerosols (ΣNH4+ = NH4++NH3) and surface 
ozone (O3); concentration of SO42-, NO3-, NH4+and H+ in precipitation as well as their wet 
deposition (Sopauskiene & Jasineviciene, 2006; Girgzdiene et al., 2007). 

 
2.5 Methods 
Dendrometric and health parameters of trees and stands. Data on tree and stand 
parameters as well as crown defoliation were available from the permanent observation 
stands. A three-stage sampling pattern was used for the collection of the field material:  

(i) sampling of the research stands;  
(ii) sampling of the circular plots within each research stand;  
(iii) sampling of the trees for more detailed measurements of tree crown 

parameters and tree ring analysis. Each pine stand included 12 circular sample plots 
distributed systematically in a grid system with on average 15-20 trees on each plot, i.e., 
about 150-250 sample trees per stand. There, tree stem diameter was permanently measured 
and crown defoliation assessed for all sample trees annually. In addition three closest to the 
centre of sampling plot trees were sampled for measurement of crown parameters (height, 
diameter and length) and analysis of annual radial increment. Radial growth was assessed 
by measuring the width of annual rings in stem cores. Based on the ring widths the stem 
basal area increment (BAI) was computed.  
Crown defoliation was assessed at the end of August. Forest monitoring methodology was 
employed to assess tree defoliation: healthy trees (defoliation up to 10%); slightly damaged 
trees (defoliation ranging from 11 to 25%); moderately damaged trees (defoliation 26–60%); 
severely damaged trees (defoliation 61–99%); dead trees (defoliation 100%) (UN-ECE, 1994). 
Soil-mediated parameters. Glacioaquatic accumulation forms with sand, gravel and stones 
are typical of the Aukstaitija IMS catchment. In this area, LT-01A and LT-01B, bores No 1 
and 2 for ground water (GW) studies and lysimeters for soil water (SW) collection are 
arranged. Soil water samples were collected at 20 cm, with a sampling period of 3–4 times 
per vegetation period. The surface area of the plate type lysimeter was 1000 cm2. 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 Dzukija IMS catchment is formed by more intensive 
glacioaquatic and eolian processes, than in LT-01. All 3 bores for GW collection are arranged 
in fine-grained sand dominated 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 of Zemaitija NP is different from that of 
the other stations. 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. A 
spruce forest with two or more age classes and with up to a 20-30% pine mixture on albic 
arenosol where LT-03A, bore No 1 and lysimeters for soil water collection are arranged, 
dominates in the Zemaitija IMS (Augustaitis et al., 2008a). 
Air pollution and deposition. Data on regional air concentrations of acidifying chemical 
species, the concentrations and fluxes of these chemical species in wet deposition and 
general meteorological data were obtained from the IMS established in the national parks 
and used for all stands located in the park. Due to a lack of funding Dzukija IMS was closed 
in the year 2000. Therefore, data from this region represented the period 1994–1999. 
At IM stations, SO2, SO42-, the sum of nitrate (ΣNO3- = NO3-+HNO3), and the sum of 
ammonium (ΣNH4+ = NH4++NH3) concentrations in the air and H+, SO42-, NO3- and NH4+ 
concentrations in precipitation, as well as their wet deposition, were established. The air 
sampling was carried out at weekly intervals. The sampling equipment for SO2 and 
particulate sulphate consisted of a two-stage filter pack sampler with a cellulose filter 
(Whatman 40). SO2 was collected by retention of particles using a Whatman 40 filter 
impregnated with potassium hydroxide (KOH). ΣNO3- and ΣNH4+ were collected using an 
open-face separate sampler with alkaline (KOH) and oxalic acid impregnated Whatman 40 
filters, respectively (Sopauskiene & Jasineviciene, 2006).  
Precipitation samples were collected in a polyethylene 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 laboratory analysis. Ion chromatography using Dionex 2010i with 
conductivity detection was used for the chemical analysis of anions in precipitation, and in 
water extracts from the impregnated Whatman 40 filters. NH4+ concentration in 
precipitation as well as in the extracted 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 described in the EMEP CCC manual for sampling, chemical 
analysis and quality assessment (EMEP 1977). Analytical methods were controlled through 
the international (EMEP and GAW) analytical intercomparisons. 
Ozone. Ozone concentrations were measured continuously using commercial UV-
absorption monitors O3 41M (Environment S.A., France) and ML9811 (Monitor Labs) with 
an air inlet at the height of 2.5 m above ground. The instruments were calibrated 
periodically every year. Hourly data on peak O3 value, their annual average, and average 
from April through August were used in the analysis. AOT40 values, which define the 
potential risk of O3 for vegetation (Fuhrer et al., 1997), were calculated according to the 
requirements of the 2002/3/EC directive. For crops, the critical level is set to 3.0 ppmh 
(AOT40-1); for forest trees, 10 ppmh (AOT40-2) (NABEL, 1999). Exceedance of the AOT40-2 
threshold would indicate a risk of tree biomass loss of more than 10% (LRTAB, 2004). 
Meteorological parameters. The effect of meteorological conditions on pine defoliation was 
analyzed for two yearlong periods from September to August. The quality of the data was 
assured according to the requirements of the World Meteorological Organization (WMO, 
1983) and ICP IM methodology (UN-ECE, 1993). Meteorological data were collected at IM 
stations according to the requirements of the WMO Guidelines (1989) to ensure their 
comparability with the data from official weather stations and other monitoring sites. 
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Statistics. The Fisher test was employed for estimating the significance of spatial and 
temporal differences in changes in pollution level and tree defoliation. The integrated 
impact of natural and anthropogenic factors on mean defoliation of pine trees was analyzed 
by a multiple stress approach, using the linear multiple regression technique of “Statistica 
6.0” software. The quality of the created models was assessed by determining the coefficient 
of determination (R2) and the level of statistical significance (p). Stress factors were excluded 
from the regression model by a stepwise procedure based on the level of significance of each 
stress factor. Finally, variables with a high level of significance compiled the models.  
The impact of ambient O3 on pine crown defoliation and BAI was examined in a 2-step 
multi-regression procedure (Neirynck & Roskams, 1999). The annual mean defoliation was 
regressed on site and stand predictor variables using a stepwise regression with a forward 
selection procedure. Then, the residual defoliation was regressed on air concentrations of 
acidifying compounds, their concentration in precipitation and deposition, and meteorology 
using the same stepwise regression procedure. The annual BAI was regressed on stand 
predictor variables and crown defoliation using a stepwise regression with a forward 
selection procedure. Then, the BAI residuals were regressed on air concentrations of 
acidifying compounds, their concentration in precipitation and deposition, and meteorology 
using the same stepwise regression procedure. Finally, the predictor variable ‘‘peak ozone 
concentration’’ was included in the created models and its contribution to the integrated 
impact of different combinations of natural and anthropogenic factors on pine crown 
defoliation and BAI was quantified. 
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(from 8.55 to 1.15 gN/m3), 77% in LT-01 (from 4.44 to 1.02 gN/m3), and 65% in LT-02 
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deposition of sulphur for the period 1994-2000 at the Aukstaitija NP decreased by 58% (from 
600 to 250 mgS/m2), at Zemaitija by 60% (from 750 to 300 mgS/m2), and at Dzukija by 52%  
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Fig. 2. Changes in the mean air concentration of the considered contaminators. 
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Fig. 3. Changes in acid deposition and their concentrations in precipitation (LT-01 – Aukstaitija 
IMS; LT-02 – Dzukija IMS; LT-03 – Zemaitija IMS) 
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Statistics. The Fisher test was employed for estimating the significance of spatial and 
temporal differences in changes in pollution level and tree defoliation. The integrated 
impact of natural and anthropogenic factors on mean defoliation of pine trees was analyzed 
by a multiple stress approach, using the linear multiple regression technique of “Statistica 
6.0” software. The quality of the created models was assessed by determining the coefficient 
of determination (R2) and the level of statistical significance (p). Stress factors were excluded 
from the regression model by a stepwise procedure based on the level of significance of each 
stress factor. Finally, variables with a high level of significance compiled the models.  
The impact of ambient O3 on pine crown defoliation and BAI was examined in a 2-step 
multi-regression procedure (Neirynck & Roskams, 1999). The annual mean defoliation was 
regressed on site and stand predictor variables using a stepwise regression with a forward 
selection procedure. Then, the residual defoliation was regressed on air concentrations of 
acidifying compounds, their concentration in precipitation and deposition, and meteorology 
using the same stepwise regression procedure. The annual BAI was regressed on stand 
predictor variables and crown defoliation using a stepwise regression with a forward 
selection procedure. Then, the BAI residuals were regressed on air concentrations of 
acidifying compounds, their concentration in precipitation and deposition, and meteorology 
using the same stepwise regression procedure. Finally, the predictor variable ‘‘peak ozone 
concentration’’ was included in the created models and its contribution to the integrated 
impact of different combinations of natural and anthropogenic factors on pine crown 
defoliation and BAI was quantified. 

 
3. Spatial and temporal variation of predict and response variables 
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Fig. 2. Changes in the mean air concentration of the considered contaminators. 
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Fig. 3. Changes in acid deposition and their concentrations in precipitation (LT-01 – Aukstaitija 
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Decreases in annual wet deposition of NH4+  from 492 to 198 mgN/m2 at LT-01 and from 
537 to 303 mgN/m2 at LT-03 occurred until 2001. Afterwards, a gradual increase in 
deposition of the contaminant was observed at all stations. Contrary to this, no significant 
change in wet deposition of NO3- was observed (Fig. 3).  
Annual wet deposition values for NO3

- ranged from 241 to 211 mgN/m2 at LT-01, from 241 
to 270 mgN/m2 at LT-02 and from 414 to 342 mgN/m2 at LT-03, with the exception of 2002, 
when it reached the peak. Despite this, the total N deposition since 2001 started to increase 
again mainly due to the increase in ammonium deposition. As a result of these changes in 
acidifying compounds until 2001 a more than tenfold decrease in H+ concentration in 
precipitation and its deposition was observed at the stations, however, since afterwards an 
increase especially at LT-03 was recorded. Acidity of precipitation started to increase again 
mainly due to repeated increase in NH4+ deposition especially in western part of Lithuania. 
Therefore, even after a complete implementation of the Gothenburg Protocol and other 
current legislation, the effect of N deposition with commensurate adverse biological effects 
still remains the most relevant problem to confront in Europe as well as in the USA and 
Canada (Wright et al., 2005). 
An analysis of the spatial pattern of regional pollution levels revealed that the Western and 
South-western parts of Lithuania (LT-02 and LT-03 sites) were more polluted by the 
considered pollutants. That was most likely related to the proximity of those regions to the 
major pollutant sources in Central Europe as well as to the differences in the meteorology.  

 
3.2 Surface ozone 
Ozone concentration data at IMS showed no clear trend in temporal changes in the annual 
mean, and mean values from April through August as well as in the AOT40 (Girgzdiene et 
al., 2007). However, decline in the peak concentrations from 215 to 125 μg/m3 was observed 
until 2001 (Fig. 4). After 2001 gradual increase in both means (annual and April-August 
period), and peak concentrations was observed. The peak hourly O3 concentrations ranged 
from 125 μg/m3 to 165 μg/m3 during the summer period and were typical of other parts of 
Central Europe (Pell et al., 1999; Solberg et al., 2005; Bytnerowicz et al., 2004). In Lithuania 
high (more than 120 μg/m3) ozone concentrations were mostly observed when air masses 
were transported from Western Europe. Instead of rather similar ozone concentrations at all 
stations (Fig. 4), AOT40 values varried more significantly due to different meteorological 
conditions. Ozone concentrations higher than 80 μg/m3 were mostly observed on sunny 
days the number of which differed significantly in the western (LT-03) and eastern parts 
(LT-01) of Lithuania. The computed AOT40 values for the protection of forest at LT-01 and 
LT-02 ranged from 8000 to 21000 μg/m3 h while at LT-03 only from 5000 to 12000 μg/m3 h. 
The concentration of O3 among the concentrations of the other monitored air pollutants 
(SO2, ΣNO3- and ΣNH4+) reached the closest to critical phytotoxic level. The AOT40 value for 
the protection of vegetation (6000 μg/m3 per h) was exceeded at all stations for almost all 
considered years (Girgzdiene et al., 2007). The critical level 20000 μg/m3 per h for the 
protection of forest was observed only at LT-01 in the year 1999. The highest peak ozone 
value 213 μg/m3 was observed only in the year 1995, while higher than 160 μg/m3 value – at 
the beginning of observation and recently, in the years 2002 and 2005. Peak ozone 
concentrations most often were observed in spring, i.e., in April and May.  

a)

0
10
20
30
40
50
60
70

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

Anual

Co
nc

en
tra

tio
n,

 μ
g•

m
-3

IV-VIII
LT01 LT 02 LT 03

LT01 LT 02 LT 03  

b)

0

50

100

150

200

250

19
94

/1

19
95

/1

19
96

/1

19
97

/1

19
98

/1

19
99

/1

20
00

/1

20
01

/1

20
02

/1

20
03

/1

20
04

/1

20
05

/1

Pe
ak

 c
on

ce
nt

ra
tio

n,
 μ

g•
m

-3

LT  01 LT 02 LT 03  
Fig. 4. Variation in ozone annual and April-August period means (a) and peak 
concentrations (b) 

 
3.3 Soil water quality 
In the period from 1994 to 1999 soil water at LT-02 was more contaminated with SO42- and 
NH4+ than in the other sites and demonstrated significant downward trends (Fig. 5): SO42- 
concentration decreased by 0.79 mgS/l per year, and NH4+ by 0.15 mgN/l per year. At LT-
03 the decrease in SO42- concentration was not so evident at 0.24 mgS/l per year. Meanwhile 
at LT-01, SO42- concentration in soil water was stable at the level of 4-5 mgS/l. The decrease 
in NH4+ concentration at LT-01 was at about 0.03 mgN/l per year, and at LT-03 the 
concentration remained stable at the level of 0.20 mgN/l. At LT-03 a downward trend in 
NO3- concentration in soil water was detected (0.013 mgN/l per year), while at LT-01 and at 
LT-02 it increased by 0.021 mgN/l and 0.075 mgN/ l per year, respectively. The detected 
changes in NO3- concentration resulted 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, 2007a; 
2008a). Consistently, the acidity of soil water at LT-01 decreased while at LT-03 it increased. 

 
3.4 Ground water quality 
Nitrate concentrations in the ground water of LT-01 had no statistically significant trends, 
whereas at LT-03 NO3- concentrations in the ground water of the shallow bores showed a 
decreasing trend, and in the water of the deeper bores an increasing trend. NH4+ 
concentration showed a trend towards decreasing in all bores of all IM stations. 
SO42- concentration changes had no regular patterns at LT-01 station. The exception was the 
year 1996 and the last period from 2005 to 2007, when SO42- concentration increased 
drastically in the third bore (near the vegetation plot LT-01 B). At LT-03 SO42- concentration 
changes had a tendency to decrease. The detected changes resulted in a gradual decrease of 
the ground water acidity at all considered depths. An exception, however, was the change in 
water acidity of the shallow bore at LT-03, which showed a tendency to increase.  
Comparison of the means of concentrations of separate chemical components in soil and 
ground water of all three stations over the considered period, revealed higher 
concentrations of the most parameters in Dzukija (LT02), when this station was in operation. 
It is highly probable that this can be attributed to good infiltrational features of the 
continental dune sand. Since 2002, higher concentrations of the considered contaminators. 
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Decreases in annual wet deposition of NH4+  from 492 to 198 mgN/m2 at LT-01 and from 
537 to 303 mgN/m2 at LT-03 occurred until 2001. Afterwards, a gradual increase in 
deposition of the contaminant was observed at all stations. Contrary to this, no significant 
change in wet deposition of NO3- was observed (Fig. 3).  
Annual wet deposition values for NO3

- ranged from 241 to 211 mgN/m2 at LT-01, from 241 
to 270 mgN/m2 at LT-02 and from 414 to 342 mgN/m2 at LT-03, with the exception of 2002, 
when it reached the peak. Despite this, the total N deposition since 2001 started to increase 
again mainly due to the increase in ammonium deposition. As a result of these changes in 
acidifying compounds until 2001 a more than tenfold decrease in H+ concentration in 
precipitation and its deposition was observed at the stations, however, since afterwards an 
increase especially at LT-03 was recorded. Acidity of precipitation started to increase again 
mainly due to repeated increase in NH4+ deposition especially in western part of Lithuania. 
Therefore, even after a complete implementation of the Gothenburg Protocol and other 
current legislation, the effect of N deposition with commensurate adverse biological effects 
still remains the most relevant problem to confront in Europe as well as in the USA and 
Canada (Wright et al., 2005). 
An analysis of the spatial pattern of regional pollution levels revealed that the Western and 
South-western parts of Lithuania (LT-02 and LT-03 sites) were more polluted by the 
considered pollutants. That was most likely related to the proximity of those regions to the 
major pollutant sources in Central Europe as well as to the differences in the meteorology.  

 
3.2 Surface ozone 
Ozone concentration data at IMS showed no clear trend in temporal changes in the annual 
mean, and mean values from April through August as well as in the AOT40 (Girgzdiene et 
al., 2007). However, decline in the peak concentrations from 215 to 125 μg/m3 was observed 
until 2001 (Fig. 4). After 2001 gradual increase in both means (annual and April-August 
period), and peak concentrations was observed. The peak hourly O3 concentrations ranged 
from 125 μg/m3 to 165 μg/m3 during the summer period and were typical of other parts of 
Central Europe (Pell et al., 1999; Solberg et al., 2005; Bytnerowicz et al., 2004). In Lithuania 
high (more than 120 μg/m3) ozone concentrations were mostly observed when air masses 
were transported from Western Europe. Instead of rather similar ozone concentrations at all 
stations (Fig. 4), AOT40 values varried more significantly due to different meteorological 
conditions. Ozone concentrations higher than 80 μg/m3 were mostly observed on sunny 
days the number of which differed significantly in the western (LT-03) and eastern parts 
(LT-01) of Lithuania. The computed AOT40 values for the protection of forest at LT-01 and 
LT-02 ranged from 8000 to 21000 μg/m3 h while at LT-03 only from 5000 to 12000 μg/m3 h. 
The concentration of O3 among the concentrations of the other monitored air pollutants 
(SO2, ΣNO3- and ΣNH4+) reached the closest to critical phytotoxic level. The AOT40 value for 
the protection of vegetation (6000 μg/m3 per h) was exceeded at all stations for almost all 
considered years (Girgzdiene et al., 2007). The critical level 20000 μg/m3 per h for the 
protection of forest was observed only at LT-01 in the year 1999. The highest peak ozone 
value 213 μg/m3 was observed only in the year 1995, while higher than 160 μg/m3 value – at 
the beginning of observation and recently, in the years 2002 and 2005. Peak ozone 
concentrations most often were observed in spring, i.e., in April and May.  
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Fig. 4. Variation in ozone annual and April-August period means (a) and peak 
concentrations (b) 

 
3.3 Soil water quality 
In the period from 1994 to 1999 soil water at LT-02 was more contaminated with SO42- and 
NH4+ than in the other sites and demonstrated significant downward trends (Fig. 5): SO42- 
concentration decreased by 0.79 mgS/l per year, and NH4+ by 0.15 mgN/l per year. At LT-
03 the decrease in SO42- concentration was not so evident at 0.24 mgS/l per year. Meanwhile 
at LT-01, SO42- concentration in soil water was stable at the level of 4-5 mgS/l. The decrease 
in NH4+ concentration at LT-01 was at about 0.03 mgN/l per year, and at LT-03 the 
concentration remained stable at the level of 0.20 mgN/l. At LT-03 a downward trend in 
NO3- concentration in soil water was detected (0.013 mgN/l per year), while at LT-01 and at 
LT-02 it increased by 0.021 mgN/l and 0.075 mgN/ l per year, respectively. The detected 
changes in NO3- concentration resulted 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, 2007a; 
2008a). Consistently, the acidity of soil water at LT-01 decreased while at LT-03 it increased. 

 
3.4 Ground water quality 
Nitrate concentrations in the ground water of LT-01 had no statistically significant trends, 
whereas at LT-03 NO3- concentrations in the ground water of the shallow bores showed a 
decreasing trend, and in the water of the deeper bores an increasing trend. NH4+ 
concentration showed a trend towards decreasing in all bores of all IM stations. 
SO42- concentration changes had no regular patterns at LT-01 station. The exception was the 
year 1996 and the last period from 2005 to 2007, when SO42- concentration increased 
drastically in the third bore (near the vegetation plot LT-01 B). At LT-03 SO42- concentration 
changes had a tendency to decrease. The detected changes resulted in a gradual decrease of 
the ground water acidity at all considered depths. An exception, however, was the change in 
water acidity of the shallow bore at LT-03, which showed a tendency to increase.  
Comparison of the means of concentrations of separate chemical components in soil and 
ground water of all three stations over the considered period, revealed higher 
concentrations of the most parameters in Dzukija (LT02), when this station was in operation. 
It is highly probable that this can be attributed to good infiltrational features of the 
continental dune sand. Since 2002, higher concentrations of the considered contaminators. 
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Fig. 5. Concentrations of the acidifying species in soil water and their flows at 20 cm depth. 
(LT-01 – Aukstaitija IMS; LT-02 – Dzukija IMS; LT-03 – Zemaitija IMS) were also observed at LT03, 
mainly due to higher air concentrations of the considered pollutants and their deposition 
(Augustaitis et al., 2005, 2008a). 

 
3.5 Runoff water quality 
Stream water quality and runoff of the main chemical compounds from ecosystems reliably 
reflect a common tendency of the chemical processes occurring in forest ecosystems. 
Therefore, this parameter was used in the analysis to detect the indirect effect of deposition 
on tree conditions. Concentrations of NO3

- and SO42- in the surface water had no statistically 
significant trends over the considered period (Fig. 6), however, since 1998 at LT-01 a 
significant decrease in SO42- concentration was observed. Concentration of NH4+ had a 
tendency to decrease in all stations over the entire observation period. The year 2007 was an 
exception, when concentration of this contaminator at LT-03 increased drastically. These 
detected changes resulted in a gradual decrease of surface water acidity at all sites. 
Despite rather similar character of the changes in NO3- and NH4+ concentrations in runoff 
water, there was an evident difference in their output. Over the considered period, the 
output of both N compounds at LT-01 had a tendency to decrease, while at LT-03 a tendency 
to increase (Fig. 7). Similarly, the output of sulphur at LT-03 increased significantly while at 
LT-01 and LT-02, it decreased only until 2000, and afterwards some increase was observed. 
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Fig. 6. Concentrations of the acidifying compounds in surface water of IM sites 
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Fig. 7. Runoff of sulphur and nitrogen from the considered forest ecosystems 

 
3.6 Temporal and spatial changes in meteorology 
Annual amounts of precipitation did not demonstrate significant temporal tendency in NP 
during the 1994-2007 period meanwhile difference among them was significant (p<0.05). 
Mean annual precipitation was 930 mm at Zemaitija NP, 710 mm at Aukstaitija NP, and 650 
mm at Dzukija NP (Fig. 8). The precipitation amount from October through February 
accounted for these differences (Augustaitis et al., 2005; 2007b; 2007d).  
Mean annual temperature tended to increase between 1994 and 2007 (p > 0.05). At 
Aukstaitija there was an average increase of 0.013ºC per year, at Dzukija 0.061ºC, and at 
Zemaitija 0.069ºC per year. The increase was most pronounced in autumn (September-
November). Mean annual temperature in Zemaitija (+6.9ºC) was significantly higher than in 
Aukstaitija (+6.4ºC), and Dzukija (+6.5ºC) (p<0.05). 
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Fig. 5. Concentrations of the acidifying species in soil water and their flows at 20 cm depth. 
(LT-01 – Aukstaitija IMS; LT-02 – Dzukija IMS; LT-03 – Zemaitija IMS) were also observed at LT03, 
mainly due to higher air concentrations of the considered pollutants and their deposition 
(Augustaitis et al., 2005, 2008a). 

 
3.5 Runoff water quality 
Stream water quality and runoff of the main chemical compounds from ecosystems reliably 
reflect a common tendency of the chemical processes occurring in forest ecosystems. 
Therefore, this parameter was used in the analysis to detect the indirect effect of deposition 
on tree conditions. Concentrations of NO3

- and SO42- in the surface water had no statistically 
significant trends over the considered period (Fig. 6), however, since 1998 at LT-01 a 
significant decrease in SO42- concentration was observed. Concentration of NH4+ had a 
tendency to decrease in all stations over the entire observation period. The year 2007 was an 
exception, when concentration of this contaminator at LT-03 increased drastically. These 
detected changes resulted in a gradual decrease of surface water acidity at all sites. 
Despite rather similar character of the changes in NO3- and NH4+ concentrations in runoff 
water, there was an evident difference in their output. Over the considered period, the 
output of both N compounds at LT-01 had a tendency to decrease, while at LT-03 a tendency 
to increase (Fig. 7). Similarly, the output of sulphur at LT-03 increased significantly while at 
LT-01 and LT-02, it decreased only until 2000, and afterwards some increase was observed. 
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Fig. 6. Concentrations of the acidifying compounds in surface water of IM sites 
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Fig. 7. Runoff of sulphur and nitrogen from the considered forest ecosystems 

 
3.6 Temporal and spatial changes in meteorology 
Annual amounts of precipitation did not demonstrate significant temporal tendency in NP 
during the 1994-2007 period meanwhile difference among them was significant (p<0.05). 
Mean annual precipitation was 930 mm at Zemaitija NP, 710 mm at Aukstaitija NP, and 650 
mm at Dzukija NP (Fig. 8). The precipitation amount from October through February 
accounted for these differences (Augustaitis et al., 2005; 2007b; 2007d).  
Mean annual temperature tended to increase between 1994 and 2007 (p > 0.05). At 
Aukstaitija there was an average increase of 0.013ºC per year, at Dzukija 0.061ºC, and at 
Zemaitija 0.069ºC per year. The increase was most pronounced in autumn (September-
November). Mean annual temperature in Zemaitija (+6.9ºC) was significantly higher than in 
Aukstaitija (+6.4ºC), and Dzukija (+6.5ºC) (p<0.05). 
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3.7 Tree crown defoliation 
Scots pine trees in Aukstaitija NP showed the best condition as illustrated in Fig. 8. On the 
poorest sites (Pinetum cladoniosum forest type) in Dzukija NP, outbreaks of the forest pests 
(Diprion pini L. and Ocneria monacha L.) started in 1992 after a hot and dry vegetation period 
in 1991 and caused very serious crown damage. In 1996 biological insecticide Foray-48B was 
applied to suppress the outbreak, and recovery of the damaged Scots pine trees started. The 
highest level of mean defoliation of pine trees in Aukstaitija and Dzukija NPs was observed 
in 1995, whereas in Zemaitija NP it was observed in 1997. Afterwards, crown condition 
showed obvious improvement that lasted until 2005. Since this year pine defoliation started 
to gradually increase again. The detected temporal changes in mean defoliation of pine trees 
were quite common throughout most of Europe (UN-ECE, 2005; Lorenz & Mues, 2007). 
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Fig. 8. Spatial and temporal changes in pine crown defoliation 
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Fig. 9. Mean defoliation and standard error of estimation of the considered stands (LT-01 – 
Aukstaitija IMS; LT-02 – Dzukija IMS; LT-03 – Zemaitija IMS)  
 
F test statistics indicated significant differences in mean defoliation of the prevailing tree 
species (p<0.05) among and within the intensive plots at Aukstaitija IMS (LT-01). It follows 
from figure 9 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 at an average by 0.61% per year. At LT-
01B over the same period, the decrease made 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-03A had no regular pattern. Peaks in defoliation were 
observed in 1997 and 2002, when they exceeded 30% (Fig. 9). During the rest of the period, 
defoliation fluctuated between 22% and 27%. The changes in mean defoliation at LT-02A 
demonstrated a significant trend towards decreasing (p<0.05). Between 1994 and 2001 it 
decreased from 26.7% to 21.6% (Augustaitis et al., 2005, 2007a; 2007b). 

 
3.8 Stem radial increment of Scots pine trees 
Significant temporal changes in annual stem increment were established at all sites (p < 0.05) 
(Fig. 10) and reflected changes in crown defoliation (Fig. 8). Correlation coefficients between 
crown defoliation and stem increment ranged between r=-0.25 in Zemaitija NP and r = -0.91 
in Dukija NP. Over the considered period increment of the pine stems in Aukstaitija NP 
increased by an average of 0.033 mm per year in middle aged and by 0.018 mm per year in 
matured stands. In contrast, in Zemaitija NP radial increments of the pine stems decreased 
by an average of 0.024 mm per year. Over the period from 1994 to 1999 pine stem increment 
increase in Dzukija NP was the most significant, by 0.178 mm per year (Fig. 10). 
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Fig. 10. Radial increment of pine trees at different sites. 

 
4. Effect of predict variables on tree health and increment 

4.1 Effect of meteorological parameters on Scots pine defoliation 
Derived relationships between meteorological variables and tree defoliation showed that the 
correlation between pine defoliation and the amount of precipitation was generally the 
strongest one, followed by the correlation with air temperature. The direct correlation 
between pine defoliation and precipitation in September was found to be the strongest, 
followed by a weaker direct correlation with precipitation in the second half of the dormant 
period (February-April). Temporal changes in precipitation during these months 
(precipitation decrease) indicated improvement of pine stand conditions (lower defoliation 
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3.7 Tree crown defoliation 
Scots pine trees in Aukstaitija NP showed the best condition as illustrated in Fig. 8. On the 
poorest sites (Pinetum cladoniosum forest type) in Dzukija NP, outbreaks of the forest pests 
(Diprion pini L. and Ocneria monacha L.) started in 1992 after a hot and dry vegetation period 
in 1991 and caused very serious crown damage. In 1996 biological insecticide Foray-48B was 
applied to suppress the outbreak, and recovery of the damaged Scots pine trees started. The 
highest level of mean defoliation of pine trees in Aukstaitija and Dzukija NPs was observed 
in 1995, whereas in Zemaitija NP it was observed in 1997. Afterwards, crown condition 
showed obvious improvement that lasted until 2005. Since this year pine defoliation started 
to gradually increase again. The detected temporal changes in mean defoliation of pine trees 
were quite common throughout most of Europe (UN-ECE, 2005; Lorenz & Mues, 2007). 
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Fig. 8. Spatial and temporal changes in pine crown defoliation 
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Fig. 9. Mean defoliation and standard error of estimation of the considered stands (LT-01 – 
Aukstaitija IMS; LT-02 – Dzukija IMS; LT-03 – Zemaitija IMS)  
 
F test statistics indicated significant differences in mean defoliation of the prevailing tree 
species (p<0.05) among and within the intensive plots at Aukstaitija IMS (LT-01). It follows 
from figure 9 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 at an average by 0.61% per year. At LT-
01B over the same period, the decrease made 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-03A had no regular pattern. Peaks in defoliation were 
observed in 1997 and 2002, when they exceeded 30% (Fig. 9). During the rest of the period, 
defoliation fluctuated between 22% and 27%. The changes in mean defoliation at LT-02A 
demonstrated a significant trend towards decreasing (p<0.05). Between 1994 and 2001 it 
decreased from 26.7% to 21.6% (Augustaitis et al., 2005, 2007a; 2007b). 
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(Fig. 10) and reflected changes in crown defoliation (Fig. 8). Correlation coefficients between 
crown defoliation and stem increment ranged between r=-0.25 in Zemaitija NP and r = -0.91 
in Dukija NP. Over the considered period increment of the pine stems in Aukstaitija NP 
increased by an average of 0.033 mm per year in middle aged and by 0.018 mm per year in 
matured stands. In contrast, in Zemaitija NP radial increments of the pine stems decreased 
by an average of 0.024 mm per year. Over the period from 1994 to 1999 pine stem increment 
increase in Dzukija NP was the most significant, by 0.178 mm per year (Fig. 10). 
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Fig. 10. Radial increment of pine trees at different sites. 

 
4. Effect of predict variables on tree health and increment 

4.1 Effect of meteorological parameters on Scots pine defoliation 
Derived relationships between meteorological variables and tree defoliation showed that the 
correlation between pine defoliation and the amount of precipitation was generally the 
strongest one, followed by the correlation with air temperature. The direct correlation 
between pine defoliation and precipitation in September was found to be the strongest, 
followed by a weaker direct correlation with precipitation in the second half of the dormant 
period (February-April). Temporal changes in precipitation during these months 
(precipitation decrease) indicated improvement of pine stand conditions (lower defoliation 
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level). A negative correlation was established between defoliation and precipitation during 
the vegetation period (May-August), when the increase in precipitation should have 
resulted in better tree crown conditions as well (Augustaitis et al., 2010a).  
The seasonal effect of monthly air temperature on pine defoliation was less significant than 
that of precipitation. In most cases, the effect of temperature on pine crown defoliation was 
negative and only higher temperatures in November-December should have resulted in 
better pine crown condition. The established significance of these relationships was in full 
agreement with the findings of the ICP Forest monitoring programme (De Vries et al., 
2000a). An exceptional case, however, was the effect of the precipitation during early spring 
(March and May), a higher amount of which resulted in an increase in defoliation. 
Therefore, the hydrothermal index had no significant impact on tree crown defoliation. 
An increase in both precipitation during the vegetation period and mean monthly 
temperature from September to December, as well as a decrease in temperature and 
precipitation over the rest of the dormant period, represented the conditions of climate 
change during the 14-year period in Lithuania, where the monitored pine stands were 
located. The positive effect of warmer and dryer dormant periods on tree condition is well 
known (Kozlowski et al., 1991), and our results confirmed that. An increase in temperature 
over the dormant period, particularly for the 2-month period of November and December, 
should have improved the condition of pine stands in Lithuania. The positive effect of more 
abundant precipitation over the vegetation period is well known (Makinen et al., 2003; 
Kahle and Spiecker, 1996). Gradual increase in temperature over vegetation, what could 
result in increase in surface ozone concentration should result in tree condition 
deterioration. Despite this, positive effects of changing climate conditions could be expected. 
By contrast, this process is opposite to the official scenario of climate change presented by 
the SRES A1 B Project (IPCC 2007), in which an increase in drought effect during the 
vegetation period is expected. Further investigation should allow us to check our 
assumptions.  

 
4.2 Effect of air pollutants and acid deposition on tree crown condition 
The air concentrations of SO2 and NH4+ as well as their wet deposition showed the strongest 
statistically significant relationships with temporal and spatial changes in mean defoliation 
of Scots pines (p<0.05) (Fig. 11). There was the weakest relationship between defoliation and 
the air concentration of ΣNO3- (r=0.23). The obtained results are in agreement with the ICP 
Forests Monitoring data (De Vries et al., 2000a, 2003; Klap et al., 2000).  
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Fig. 11. Correlation coefficients of mean defoliation of pine stands and considered pollution 
variables in Lithuanian NPs (AOT40-1 for vegetation; AOT40-2 for forest) 

Correlation coefficient between peak ozone concentration and temporal and spatial changes 
in mean pine defoliation was weaker. In Aukstaitija NP correlation coefficient between 
mean stand-wise defoliation and peak O3 concentration in 13 of 22 stands was statistically 
significant (p<0.05, r>0.56), in Dzukija NP in 5 of 16 stands (r>0.80), and in Zemaitija NP – in 
3 of 9 stands (Table 3). Data revealed that the changes in mean stand-wise defoliation of 
pines were most likely related to changes in acidifying compounds and peak concentration 
of ambient ozone. Significance of AOT40-2 for forest was twofold lower, meanwhile AOT40-
1 for vegetation as well as other considered ozone indices were not significant (p>0.05). 

 
4.3 Integrated effect of the considered variables on tree crown condition 
A multiple regression analysis showed that 79% of the spatial and temporal variance in 
defoliation of the pine trees was explained by the variation in regional air pollution and 
meteorological, site and stand variables (Table 1). These findings suggest that the worst 
conditions of Scots pines which were found at Dzukija NP were not due to forest pests, 
alone. The poor site conditions, the higher level of pollutants, and the low precipitation 
amount explained together 75% of the defoliation variance of the pine trees in this park. 
Outbreaks of forest pests increased crown defoliation only by 7–19%, which accounted for 
25% of the variance (Augustaitis et al., 2007d). 
 

 Predictor variables (parameters) of: Regression  
Model Stand-site Meteorology Pollution summary of model 

 Stand Site Precipi- 
tation 

Tempe- 
rature 

In  
air 

In preci-
pitation 

Load F R2 p   Std. 
err. 

  mm ºC μg/m3 mg/l  mg/m2  

F (4.400)  + +      129.4 0.564 0.00 5.2 
F (4.400) +       61.1 0.337 0.00 6.2 
F (1.403)  +      174.3 0.301 0.00 6.5 
F (6.398)   + +    43.0 0.393 0.00 6.2 
F (5.399)   +     48.0 0.376 0.00 6.2 
F (3.399)    +    42.2 0.178 0.00 7.2 
F (6.398)     + + + 89.8 0.575 0.00 5.2 
F (2.402)     +   146.9 0.422 0.00 6.0 
F (2.402)      +  154.4 0.434 0.00 5.9 
F (2.402)       + 115.0 0.364 0.00 6.3 
F (5.399)     + +  99.8 0.555 0.00 5.3 
F (5.399)      + + 84.3 0.514 0.00 5.5 
F (5.399)     +  + 85.1 0.516 0.00 5.5 
F (14.390)    + + + + + 50.8 0.646 0.00 4.8 
F (10.394) + + +    98.9 0.715 0.00 4.2 
F (  8.396) +   + + + 158.5 0.762 0.00 3.8 
F (16.388) + + + + + + 89.8 0.787 0.00 3.7 

Table 1. Multiple regression analysis of the impact significance of the group of predictor 
variables on changes in crown defoliation of Scots pine trees 

 
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. 
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level). A negative correlation was established between defoliation and precipitation during 
the vegetation period (May-August), when the increase in precipitation should have 
resulted in better tree crown conditions as well (Augustaitis et al., 2010a).  
The seasonal effect of monthly air temperature on pine defoliation was less significant than 
that of precipitation. In most cases, the effect of temperature on pine crown defoliation was 
negative and only higher temperatures in November-December should have resulted in 
better pine crown condition. The established significance of these relationships was in full 
agreement with the findings of the ICP Forest monitoring programme (De Vries et al., 
2000a). An exceptional case, however, was the effect of the precipitation during early spring 
(March and May), a higher amount of which resulted in an increase in defoliation. 
Therefore, the hydrothermal index had no significant impact on tree crown defoliation. 
An increase in both precipitation during the vegetation period and mean monthly 
temperature from September to December, as well as a decrease in temperature and 
precipitation over the rest of the dormant period, represented the conditions of climate 
change during the 14-year period in Lithuania, where the monitored pine stands were 
located. The positive effect of warmer and dryer dormant periods on tree condition is well 
known (Kozlowski et al., 1991), and our results confirmed that. An increase in temperature 
over the dormant period, particularly for the 2-month period of November and December, 
should have improved the condition of pine stands in Lithuania. The positive effect of more 
abundant precipitation over the vegetation period is well known (Makinen et al., 2003; 
Kahle and Spiecker, 1996). Gradual increase in temperature over vegetation, what could 
result in increase in surface ozone concentration should result in tree condition 
deterioration. Despite this, positive effects of changing climate conditions could be expected. 
By contrast, this process is opposite to the official scenario of climate change presented by 
the SRES A1 B Project (IPCC 2007), in which an increase in drought effect during the 
vegetation period is expected. Further investigation should allow us to check our 
assumptions.  

 
4.2 Effect of air pollutants and acid deposition on tree crown condition 
The air concentrations of SO2 and NH4+ as well as their wet deposition showed the strongest 
statistically significant relationships with temporal and spatial changes in mean defoliation 
of Scots pines (p<0.05) (Fig. 11). There was the weakest relationship between defoliation and 
the air concentration of ΣNO3- (r=0.23). The obtained results are in agreement with the ICP 
Forests Monitoring data (De Vries et al., 2000a, 2003; Klap et al., 2000).  
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Fig. 11. Correlation coefficients of mean defoliation of pine stands and considered pollution 
variables in Lithuanian NPs (AOT40-1 for vegetation; AOT40-2 for forest) 

Correlation coefficient between peak ozone concentration and temporal and spatial changes 
in mean pine defoliation was weaker. In Aukstaitija NP correlation coefficient between 
mean stand-wise defoliation and peak O3 concentration in 13 of 22 stands was statistically 
significant (p<0.05, r>0.56), in Dzukija NP in 5 of 16 stands (r>0.80), and in Zemaitija NP – in 
3 of 9 stands (Table 3). Data revealed that the changes in mean stand-wise defoliation of 
pines were most likely related to changes in acidifying compounds and peak concentration 
of ambient ozone. Significance of AOT40-2 for forest was twofold lower, meanwhile AOT40-
1 for vegetation as well as other considered ozone indices were not significant (p>0.05). 

 
4.3 Integrated effect of the considered variables on tree crown condition 
A multiple regression analysis showed that 79% of the spatial and temporal variance in 
defoliation of the pine trees was explained by the variation in regional air pollution and 
meteorological, site and stand variables (Table 1). These findings suggest that the worst 
conditions of Scots pines which were found at Dzukija NP were not due to forest pests, 
alone. The poor site conditions, the higher level of pollutants, and the low precipitation 
amount explained together 75% of the defoliation variance of the pine trees in this park. 
Outbreaks of forest pests increased crown defoliation only by 7–19%, which accounted for 
25% of the variance (Augustaitis et al., 2007d). 
 

 Predictor variables (parameters) of: Regression  
Model Stand-site Meteorology Pollution summary of model 

 Stand Site Precipi- 
tation 

Tempe- 
rature 

In  
air 

In preci-
pitation 

Load F R2 p   Std. 
err. 

  mm ºC μg/m3 mg/l  mg/m2  

F (4.400)  + +      129.4 0.564 0.00 5.2 
F (4.400) +       61.1 0.337 0.00 6.2 
F (1.403)  +      174.3 0.301 0.00 6.5 
F (6.398)   + +    43.0 0.393 0.00 6.2 
F (5.399)   +     48.0 0.376 0.00 6.2 
F (3.399)    +    42.2 0.178 0.00 7.2 
F (6.398)     + + + 89.8 0.575 0.00 5.2 
F (2.402)     +   146.9 0.422 0.00 6.0 
F (2.402)      +  154.4 0.434 0.00 5.9 
F (2.402)       + 115.0 0.364 0.00 6.3 
F (5.399)     + +  99.8 0.555 0.00 5.3 
F (5.399)      + + 84.3 0.514 0.00 5.5 
F (5.399)     +  + 85.1 0.516 0.00 5.5 
F (14.390)    + + + + + 50.8 0.646 0.00 4.8 
F (10.394) + + +    98.9 0.715 0.00 4.2 
F (  8.396) +   + + + 158.5 0.762 0.00 3.8 
F (16.388) + + + + + + 89.8 0.787 0.00 3.7 

Table 1. Multiple regression analysis of the impact significance of the group of predictor 
variables on changes in crown defoliation of Scots pine trees 

 
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. 
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The group of pollution variables (air concentrations of the acidifying species, and their wet 
deposition) was regarded as the most relevant one. The integrated impact of these variables 
accounted for 58% of the variance in pine tree defoliation. A separate regression with air 
temperature and amount of precipitation (meteorological factors) accounted for 39%.  
The integrated impact of the variables from both of these groups accounted for 65% of the 
variance, and inclusion of stand and site parameters increased the degree of explanation by 
another 14% (totally 79%). Based on the obtained results we could state, that regional air 
pollution and acid deposition had the most significant effect on temporal and spatial 
changes in Scots pine crown defoliation in Lithuania. 

 
4.4 Significance of the effect character on tree defoliation 
Changes detected in mean defoliation of the prevailing tree species on vegetation plots of 
IMS were directly related to changes in air pollutant concentrations and deposition of the 
acidifying compounds. An analysis of the relationships between pollution and crown 
defoliation of considered tree species revealed the highest susceptibility of Scots pines to the 
impact of air pollution by sulphur compounds (SO2 and aerosolic SO42-) and SO42- and NH4+ 
deposition (Fig. 12). This fully agrees with our data obtained in National parks and 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. (Augustaitis et al., 2010b). 
An analysis of possible indirect effects of the considered contaminators revealed that pine 
crown defoliation demonstrated the highest correlation with NH4+ concentrations in soil and 
ground water, following similar with 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. 
The findings have revealed that the changes in pine defoliation were most significantly 
related to changes in SO42-, NH4+ and NO3

- air concentrations. The effect of changes in 
concentrations of the considered compounds in soil and ground water on pine crown 
condition was remarkably lower (Table 2). However, this indirect effect increased the 
explanation of pine defoliation variability significantly - by 15%, up to 89%.  
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Fig. 12. Direct and indirect effect of concentrations of considered contaminators in the air, 
and their deposition on tree defoliation. 
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The group of pollution variables (air concentrations of the acidifying species, and their wet 
deposition) was regarded as the most relevant one. The integrated impact of these variables 
accounted for 58% of the variance in pine tree defoliation. A separate regression with air 
temperature and amount of precipitation (meteorological factors) accounted for 39%.  
The integrated impact of the variables from both of these groups accounted for 65% of the 
variance, and inclusion of stand and site parameters increased the degree of explanation by 
another 14% (totally 79%). Based on the obtained results we could state, that regional air 
pollution and acid deposition had the most significant effect on temporal and spatial 
changes in Scots pine crown defoliation in Lithuania. 

 
4.4 Significance of the effect character on tree defoliation 
Changes detected in mean defoliation of the prevailing tree species on vegetation plots of 
IMS were directly related to changes in air pollutant concentrations and deposition of the 
acidifying compounds. An analysis of the relationships between pollution and crown 
defoliation of considered tree species revealed the highest susceptibility of Scots pines to the 
impact of air pollution by sulphur compounds (SO2 and aerosolic SO42-) and SO42- and NH4+ 
deposition (Fig. 12). This fully agrees with our data obtained in National parks and 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. (Augustaitis et al., 2010b). 
An analysis of possible indirect effects of the considered contaminators revealed that pine 
crown defoliation demonstrated the highest correlation with NH4+ concentrations in soil and 
ground water, following similar with 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. 
The findings have revealed that the changes in pine defoliation were most significantly 
related to changes in SO42-, NH4+ and NO3

- air concentrations. The effect of changes in 
concentrations of the considered compounds in soil and ground water on pine crown 
condition was remarkably lower (Table 2). However, this indirect effect increased the 
explanation of pine defoliation variability significantly - by 15%, up to 89%.  
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Fig. 12. Direct and indirect effect of concentrations of considered contaminators in the air, 
and their deposition on tree defoliation. 
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