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This study aimed to explore if changes in stem increment of Scots pines (Pinus
sylvestris L.) could be related to changes in ambient ozone concentration when the
impact of tree dendrometric parameters (age, diameter) and crown defoliation are
accounted for. More than 200 dominant and codominant trees from 12 pine stands, for
which crown defoliation had been assessed since 1994, were chosen for increment
boring and basal area increment computing. Stands are located in Lithuanian national
parks, where since 1994–95 Integrated Monitoring Stations have been operating.
Findings of the study provide statistical evidence that peak concentrations of ambient
ozone (O3) can have a negative impact on pine tree stem growth under field conditions
where O3 exposure is below phytotoxic levels.
KEYWORDS: ambient ozone, peak concentration, basal area increment

INTRODUCTION
Relationships between ambient ozone (O3) and tree growth, focusing on physiological or biochemical
effects on tree seedlings, have been extensively documented in artificial conditions[1,2,3,4]. However,
these data do not apply well to actual forest conditions and growth of large trees[5,6,7,8]. Due to chamber
effects, extrapolation of these results to trees in the forest is impossible[7]. Much is written about
phytotoxic effect of O3 on trees in forests with elevated concentrations[9,10,11], however, too little is
known about the O3 effect on a regional scale, where this effect is subtle and difficult to detect, or often
fails[12,13] despite sophisticated approaches[14], and interaction of O3 exposure with air temperature and
global radiation[15].
Forest monitoring usually concentrates on nonspecific response indicators, i.e., tree defoliation and
tree growth, which are subject to many stressors other than O3 and therefore its causative impact on them
is difficult to generalize[13]. However, due to expected increase in ambient O3 concentration in the
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future[15], it is necessary to determine if exposure to ambient levels of O3 actually affect tree growth in
natural forests[7]. Therefore, in our final step of the Lithuanian studies, we attempted to investigate
possible relationships between tree growth and peak O3 concentrations in order to quantify its
contribution to the integrated impact of other key factors on pine stem increment.
The findings of the previous parts of our study allow us to make an assumption that changes in
temporal and spatial changes in pine defoliation most reliably could be related to acidifying compounds
and meteorology, whereas the contribution of peak O3 is smaller but significant (p < 0.05). Ozone
reinforced the integrated impact of other key factors by only 1%. Therefore, in the presented study, we
attempted to investigate the possible direct effect of peak O3 concentration on pine stem basal increment
after the influence of crown defoliation had been accounted for. The effect of different acidifying
compounds on foliage is well known[16,17]. Separation of the direct effect of O3 on tree growth from the
effect of acidifying compounds on foliage was accomplished by means of correlative analysis. Reduction
in productivity due to disturbances in transpiration, carbohydrate metabolism and movement, and mineral
nutrient deficiencies[18,19,20] seemed to be the most relevant, since changes in growth often occur at the
level below the ambient air quality standards[21] or may proceed without signs of the usual leaf
damage[22]. Findings of the study should help to understand the O3 effect and contribution of peak values
to the changes in pine stem basal area increment.

MATERIALS AND METHOD
To pursue the objectives of the present study, we chose 12 out of 48 pine permanent observation stands
(POS) and examined their defoliation changes in detail (Step II). More than 200 dominant and
codominant trees, for which crown defoliation had been assessed since 1994, were chosen for the
increment boring according to the third stage of the methodology presented in Step II of this study.
Characteristics of POS are compiled in Table 1.
A standard dendrochronological technique was used to assess tree growth rates. Radial growth was
assessed by measuring the width of annual rings in stem cores. Each ring was measured to the closest 0.01
mm using an electronic transducer and binocular scope fixed over the moving stage. The obtained data
series on tree increment are presented in Fig. 1. Based on ring widths and measured diameter, we
computed diameter for each year of the considered period, then stem basal areas, and finally stem basal
area increment (BAI). For each POS, a BAI chronology was computed by averaging the BAI for each
year across all trees sampled at that POS. In such a way, mean defoliation of sample trees was computed
for each year.
Concentrations and deposition of the considered pollutants were obtained from the Integrated
Monitoring Stations (IMS) and are presented in Steps I and II of our studies. Correlation analysis was
employed to test the relationship between tree growth and the pollution data over the period from 1994 to
2003, multiple regression analysis was used to quantify contribution of peak O3 concentrations to tree
BAI increment residuals and to detect timber losses.
The model of timber losses was created according to the hypothesis that tree stem growth is the
function of foliage biomass or defoliation and productivity of foliage, i.e., of assimilation intensity and
ability to allocate carbon. The obtained losses could be evaluated as the highest, which possibly could
have occurred due to the recently observed increase in peak O3 concentration in the prevailing Lithuanian
pine stands. The value of the timber increment losses was calculated by employing a model developed for
that purpose. For calculation of an average price for pine timber, local assortment tables and current
prices for pine assortments were used. All Lithuanian pine stands older than 40 years were selected from
the stand-wise forest inventory database to determine total timber increment losses.
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TABLE 1
Characteristics of the Considered POS
POS

Stand and Site Parameters
Age
(year)

Aukstaitija National Park
ANP-1
170
ANP-2
60
ANP-3
170
ANP-4
60
ANP-5
170
ANP-6
60
Zemaitija National Park
ZNP-1
110
ZNP-2
110
ZNP-3
100
Dzukija National Park
DNP-1
50
DNP-2
70
DNP-3
70

Mean
Height
(m)

Sum of
Basal Area
(m2·ha–1)

Volume
(m3·ha–1)

Tree
Density
(unit·ha–1)

Forest
Type*

41.4
18.5
42.4
17.8
41.7
16.6

29.5
19.7
31.0
19.4
29.9
17.1

31,0
17,2
32,0
17,5
27,8
19.6

417
173
456
175
381
177

221
600
220
622
194
772

Vac-myr
Vac-myr
Vac-myr
Vac-myr
Vac-myr
Vac-myr

392
379
315

289
282
248

26,0
35,9
25,8

301
402
264

134
198
152

Myr-ox
Myrtil
Myrtil

17.3
26.1
29.9

17.4
17.3
20.9

27.2
22.2
31.0

246.4
200.8
307.8

1156
413
442

Clad
Clad
Vac

Vac-myr, Pinetum vacciniosum-myrtilosum; Myr-ox, P. myrtilosum-oxalidosum; Myrtil, P. myrtilosum;
Clad, P. cladoniosum; Vac, P. vacciniosum.
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FIGURE 1. Radial increment of pine trees at different sites.
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RESULTS
Contribution of the O3 effect to the changes in residual increment was quantified after the influences of
tree dendrometric parameters (age, diameter) and crown defoliation had been accounted for. Correlation
between pine stem BAI and crown defoliation was strongest (r = –0.512), followed closely by positive
correlation with tree diameter (r = 0.382), and a weaker negative correlation with stand age (r = –0.081).
Integrated impact of these parameters was analyzed by the means of multiregression model:
Zq = 7.330 – 0.189 × F – 0.088 × A + 0.50 × D; R² = 0.795, p < 0.05

(1)

Crown defoliation (F, %), tree age (A, years), and diameter (D, cm) accounted for 80% of spatial and
2
temporal variability in pine stem BAI (Zq, cm ). Correlation analysis between part of BAI residuals and
considered predictor variables revealed the highest significance of peak O3 impact on increment (p <
0.001) (Fig. 2). These findings indicate a direct effect of ambient O3 on changes in pine stem increment,
probably due to disturbances in CO2 assimilation and carbohydrate movement within the trees.
0.6
Zq
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p<0.05 N=102

Correlation coefficient
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-

FIGURE 2. Relationships between basal area (Zq), and its residuals (Zq_res) with considered parameters of stand
and pollution (I, mean value of O3 for April–August; II, annual mean value of O3).

The obtained results revealed that after the effect of defoliation was accounted for, the SO2 effect on
residuals decreased substantially (Fig. 2), whereas the integrated impact of all air acidifying compounds
accounted for only 6.3% of BAI residual variability (Model F-1), and their deposition for 2.5% (F-3)
(Table 2). Thus, we can conclude that the key factor contributing to increment residual changes could be
peak O3 concentrations while SO2 only reinforced the O3 effect on stem increment.
Special emphasis was given to the integrated impact of nitrogen and O3 on pine stem growth. Both
pollutants are known to affect growth and biomass. Ozone has negative impact on growth, whereas
nitrogen has positive fertilization effect[23]. In this study, no significant effects of air concentrations of
NO3– and NH4+, and deposition on BAI residuals, were detected (p > 0.05) (F-5). However, their
integrated impact with peak O3 value seemed to have synergetic effect. The sum of their effects was
greater than individual.
Integrated impact of air acidifying compounds and their deposition accounted for 18.5% of variability
in stem increment residual (Model F-4). Ozone increased the degree of the explanation by 8.7% up to
27.2%. Integrated impact of meteorological parameters accounted for 10.2% of variability of stem
increment residual (F-8), and O3 increased this rate up to 17.2% (by 7.0%). Integrated impact of air
acidifying compounds, acid deposition, and meteorological parameters accounted for up to 21% of
variability in residual of stem BAI (F-9). Ozone increased this rate of explanation by approximately 10%
up to 31.6%.
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TABLE 2
Contribution of Ambient O3 to the Integrated Impact of Different Environmental Factors on
Residual of Pine Stems BAI
Models, F(a.b)

Variables
1(3.98)

2(3.98)

3(3.98)

4(4.97)

5(4.97)

6(2.99)

7(4.97)

8(4.97)

9(8.93)

In the air:
SO2
+
ΣNH4
–
ΣNO3
In precipitation (P):
2–
SO4
+
NH4
–
NO3
Deposition (D):
SO42–
NH4+
–
NO3
Precipitation (Pr):
Last year:
IX–XI
XII–II
Current year:
III–V
VI–VIII
Temperature (Tm):
Last year:
IX–XI
XII–II
Current year:
III–V
VI–VIII
2
r ,%
r2* with O3 effect, %
O3 effect (r2* – r2), %
O3 significance: p <

+
–
–

+
+
–
–
–

–
–
–

+

–
–
–
–
–

+
+
+

+

–
–

–
–

+
–

+

+
–
7.7
17.2
9.5
0.001

+

–

+
–

–
0.2
10.2
21.7
14.4
17.2
31.6
14.2
7.0
9.9
0.000
0.005
0.000
Note: individual impact of peak O3 concentration on stem basal area increment residual: r2=13.3% and p<0.0002.
F(a.b) - models identified by F - test symbol with degrees of freedom: a - of the predictor variables; b - of the observations
(STATISTICA software); significance of variables (+), p<0.05 and (–), p>0.05 in model.
F1(3.98) =
F2(3.98) =
F3(3.98) =
F4(4.97) =
F5(4.97) =
F6(2.99) =
F7(4.97) =
F8(4.97) =
F9(8.93) =

6.3
15.3
9.0
0.002

0.4
16.4
16.0
0.000

2.5
19.4
16.9
0.000

18.5
27.2
8.7
0.001

0.7
23.9
23.2
0.000

0.501 – 0.800 × SO2 + 0.306 × ΣNO3– + 0.163 × ΣNH4+;
0.463 – 0.418 × P_SO42– + 0.234 × P_NH4+ – 0.693 × P_NO3–;
2–
+
–
0.326 – 0.0031 × D_SO4 + 0.0029 × D_NH4 + 0.0003 × D_NO3 ;
–
+
0.749 – 1.823 × SO2 + 3.546 × ΣNO3 + 0.0062 × D_NH4 – 0.0092 × D_NO3–;
–
+
+
–
0.312 – 0.427 × ΣNO3 – 0.205 × ΣNH4 + 0.518 × P_NH4 + 0.125 × P_NO3 ;
0.406 – 0.004 × Pr(III–V) + 0.0009 × Pr(VI–VIII);
–1.704 + 0.275 × Tm(IX–XI) – 0.042 × Tm(XII–II) – 0.366 × Tm(III–V) + O.132 × Tm(VI–VIII);
2.371 – 0.005 × Pr(III–V) + 0.002 × Pr(VI–VIII) + 0.188 × Tm(IX–XI) – 0.510 × Tm(III–V);
–8.042 – 1.743 × SO2 + 2.829 × ΣNO3– + 0.0068 × D_SO42– – 0.012 × D_NO3– + 0.004 × Pr(VI–VIII)
+ 0.257 × Tm(IX–XI) – 0.295 × Tm(XII–II) + O.320 × Tm(VI–VIII).

62

Augustaitis et al.: Did Ozone Affect Stem Increment?

TheScientificWorldJOURNAL (2007) 7(S1), 58–66

Finally, we attempted to evaluate the economic losses due to increase in peak O3 concentration from
125 to 165 μg·m–3 and mean defoliation from 18.3 to 20.9%, what was approximately monitored over
2001–2003 period. In this case, we computed stem basal area as sum of residual (ΔZq) and as a part of
BAI, which was regressed with defoliation, age, and diameter of pine stands (Eq. 1):
Zq = ΔZq + [7.330 – 0.189 × F – 0.088 × A + 0.50 × D]

(2)

Defoliation and residuals were the function of peak O3 concentration:
F = 12,137 × e0.0033 × O3; r = 0.288

(3)

ΔZq = 3.829 – 0.025 × O3; r = 0.364

(4)

Economic evaluation of pine increment changes was computed developing the model of BAI in
relation to peak O3 concentration, mean tree age, and diameter:
Zq = 11.16 – 2.294 × e0.003 × O3 – 0.088 × A + 0.50 × D – 0.025 × O3; R² = 0.835, p < 0.05 (5)
Reduction of wood growth due to the effect of ambient O3 typically ranged from 3–22% in the U.S.
and Europe as well[10,20,23,24]. In Lithuania, the increase of peak O3 values could have resulted in pine
annual increment decrease of approximately 0.73 m³ ha–1, what makes 12.7% of a total annual pine
increment in Lithuania equivalent to 0.39 million m³. When this decrease in the increment was valued at
the average stumpage prices, the annual average losses would reach €16.1 ha–1, and the total annual losses
for Lithuania would be as high as €8.6 million.

DISCUSSION
Numerous research studies underscore the negative effect of ambient O3 on tree photosynthesis and
biomass production during long-term exposure to moderately elevated O3 concentration[25,26] and
regionally elevated concentration as well[23]. However, the detection of the negative ambient O3 effect
on mature trees under field conditions is more complicated than under artificial conditions, where
experiments have not yet precisely determined if ambient O3 levels actually impair it[7]. Despite this, we
could conclude, that O3 has a considerable negative impact on pine stem BAI in Lithuania.
In this study, we attempted to detect possible direct effect of O3 on tree growth after the influence of
defoliation on BAI was accounted for. To meet the objective, we simplified the complicated and
insufficiently investigated effect of O3 on trees[7,27] to its impacts on:
1. Mesophyll tissue[27] resulting in reduction of CO2 assimilation[19], decrease in needle longevity,
and premature foliar senescence as well as earlier loss of foliage – defoliation[28]
2. Plant metabolism and movement of carbohydrate[10,18,29,31,32], increase in respiration[19,33],
disturbance in mineral nutrient deficiencies[18,34,35], and decrease in photosynthesis and
productivity[18,19,35,36] – growth reduction[21,37]
Moreover, tree growth reduction could additionally occur due to decrease in foliage biomass caused
by other environmental factors. Therefore, this procedure allowed the elimination of the impact of air
concentration of acidifying compounds and their deposition on BAI, and verified strong interaction of
acid compounds with crown defoliation that was detected not only in our earlier studies, but also in the
cause-effect studies on pine defoliation changes in Europe[38]. In our opinion, elimination of the
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defoliation impact on tree increment was a good example of an attempt to separate the effects of different
pollutants[30], i.e., acidifying compounds and ambient O3 by empirical regression methods.
The detected effect of ambient O3 on stem growth was in full agreement with the findings in other
countries[14,23,24,35]. The detected significant effect of springtime highest O3 concentration in
Finland[35] and the Carpathian forest[14], a higher significance of mean diurnal O3 concentration than
accumulated (AOT40) in Sweden[23], could be the basis for a conclusion that changes in Scots pine stem
growth could be related to changes in peak ambient O3 concentration.
However, these results were obtained by regressing data on tree growth with O3 concentrations and
other environmental factors. Such methods can reveal stress effects on radial growth, but cannot
conclusively prove causation[7]. It has been suggested that the predictor variable must be selected from
the hypothetically adopted cause-effect relationships based on relevant literature information[27]. Then,
correlation analysis can be used to assess the relative contribution of the predictor variable to the response
variable; however, a significant relationship does not necessarily mean a causal relationship. We support
this point of view concerning causation of the significant correlation. However, in some cases, when
detailed and thorough studies are completed, indirect signs, such as a significant relationship, cannot be
ignored even in cases when explanation of causation of the effect is difficult due to the present state of
knowledge or knowledge gaps. In our study, peak O3 concentration demonstrated higher relationships
with all of the considered components of biota including pine defoliation and BAI than with such a
widespread index as AOT40 or mean values of O3 concentrations over vegetation period. The AOT40 is a
widespread indicator that analyzes possible O3-induced injury to plants, however, its limitations are well
known[21,23,39]. Neither mean O3 value for a vegetation period nor its annual concentration, in
particular, showed significant effects on pine growth, which was in full agreement with the present
knowledge. These results could be presented as a proof that correlative analysis reliably reflects effect of
these parameters. Based on this assumption, can we ignore the detected significant effect of peak O3
concentrations on the considered components of biota and pine defoliation and increment in particular?
This is the question to be dealt with in our further studies in this field.
Data from the ICP IMS, where air pollutants have been continuously monitored[40,41] offered a
possibility to get more insight into O3 effect on tree growth. Peak O3 concentration has more significant
effect on tree defoliation and increment than other indices, such as AOT40, for vegetation and forest as
well as mean O3 concentrations for a vegetation period. Therefore, more thorough studies with continuous
active monitors are needed, especially in the northern countries where O3 concentrations very seldom
reach the level of toxicity. However, impact of ambient O3 on native forest ecosystems could be higher
than in the southern countries where O3 concentrations often exceed the phytotoxic level of the AOT
index, but significant relations with tree damages fail[12].

CONCLUSION
Changes in pine stem increment could, first of all, be related to tree parameters and crown defoliation.
Peak O3 concentrations had the most significant effect on the residual part of increment, when the
integrated effect of these parameters was accounted. Ozone most intensively increased the effect of air
acidifying compounds and acid deposition, followed closely by the effect of meteorological parameters.
We estimate that the recent increase in the peak O3 concentrations could result in a 12.7% decrease of a
total annual pine increment in Lithuania.

REFERENCES
1.
2.

Chappelka, A.H. and Samuelson, L.J. (1998) Ambient ozone effects on forest trees of the eastern United States: a
review. New Phytol. 139, 91–108.
Skärby, L., Ro-Poulsen, H., Wellburn, F.A.M., and Sheppard, L.J. (1998) Impacts of ozone on forests: a European
perspective. New Phytol. 139, 109–122.

64

Augustaitis et al.: Did Ozone Affect Stem Increment?

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

TheScientificWorldJOURNAL (2007) 7(S1), 58–66

Krupa, S.V. and Kicker, R.N. (1989) The greenhouse effect; impact of ultraviolet-B (UV-B) radiation, carbon dioxide
(CO2), and ozone (O3) on vegetation. Environ. Pollut. 61, 363–392.
Manning, W.J., Cooley, D.R., Tuttle, A.F., Frenkel, M.A., and Bergweiler, C.J. (2004) Assessing plant response to
ambient ozone: growth of young apple trees in open-top chambers and corresponding ambient air plots. Environ.
Pollut. 132, 503–508.
Sandermann, H.J. (1996) Ozone and plant health. Annu. Rev. Phytopathol. 34, 347–366.
Ferretti, M., Innes, J.L., Jalkanen, R., Saurer, M., Schaffer, J., Spiecker, H., and von Wilport, K. (2002) Air pollution
and environmental chemistry - what role for tree-ring studies? Dendrochronologia 20(1–2), 159–174.
Manning, W.J. (2005) Establishing a cause and effect relationship for ambient ozone exposure and tree growth in the
forest: Progress and an experimental approach. Environ. Pollut. 137, 443–454.
Kolb, T.E. and Matyssek, R. (2003) Limitations and perspectives about scaling ozone impacts in trees. In Air
Pollution and Global Change and Forests in the New Millennium. Karnosky, D.F., Percy, K.E., Chappelka, A.H.,
Simpson, C., and Pikkarainen, J., Eds. Developments in Environmental Science Series. Elsevier. pp. 141–173.
Newman, J.R., Schreiber, R.K., and Novakova, E. (1992) Air pollution effects on terrestrial and aquatic animals. In
Air Pollution Effects on Biodiversity. Barker, J.R. and Tingey, D.T., Eds. Van Nostrand Reinhold, New York.
Krupa, S.V. and Manning, W.J. (1988) Atmospheric ozone: formation and effects on vegetation. Environmental
Pollution. 50, 101-137.
Peterson, D.L., Arbaugh, M.J., and Robinson, L.J. (1991) Regional growth changes in ozone-stressed ponderosa pine
(Pinus ponderosa) in the Sierra Nevada, California, USA. Holocene 11, 52–61.
Paoletti, E. (2006) Impact of ozone on Mediterranean forests: a review . Environ. Pollut. 144, 463–474.
Percy, K. and Ferretti, M. (2004) Air pollution and forest health: towards new monitoring concepts. Environ. Pollut.
130, 113–126.
Muzika, R.M., Guyeeitte, R., Zielonka, T., and Liebhold, A. (2002) The influence of air pollution on tree growth in
the Carpathian mountains. In R.C.Szaro, A.Bytnerowicz and J.Oszlanyi (ed.) Effect of air pollution on forest health
and biodiversity in forest of the Carpatian Mountains. NATO Science Service. 185-193.
Percy, K.E., Legge, A.H., and Krupa, S.W. (2003). Tropospheric ozone: a continuing threat to global forests? In:
Karnosky, D.F., Percy, K.E., Chappelka, A.H., Simpson, C., Pikkarainen, J. (Eds.), Air Pollution and Global Change
and Forests in the New Millennium. Development in Environmental Science. 3, 85-118.
De Vries, W., Klap, J., and Erisman, J.W. (2000) Effects of environmental stress on forest crown condition in Europe.
I. Hypotheses and approach to the study. Water Air Soil Pollut. 119, 317–333.
De Vries, W., Vel, E., Reinds, G.J., Deelstra, H., Klap, J.M., Leeters, E.E.J.M., Hendriks, C.M.A., Kerkvoorden, M.,
Landmann, G., Herkendell, J., Haussmann, T., and Erisman, J.W. (2003) Intensive monitoring of forest ecosystems in
Europe. 1. Objectives, set-up and evaluation strategy. For. Ecol. Manage. 174, 77–95.
Schmieden, U. and Wild, A. (1995) The contribution of ozone to forest decline. Physiol. Plant. 94, 371–378.
Reich, P.B. (1983) Effects of low concentrations of O3 on net photosynthesis, dark respiration, and chlorophyll
contents in aging hybrid poplar leaves. Plant Physiol. 73, 291–296.
Ollinger, S.V., Aber, J.D., and Reich, P.B. (1997) Simulating ozone effects on forest productivity: interactions among
leaf-, canopy-, and stand-level processes. Ecol. Appl. 7(4), 1237–1251.
Matyssek, R. and Innes, J.L. (1999) Ozone – a risk factor for trees and forests in Europe. Water Air Soil Pollut. 116,
199–226.
LaCoss, R. (2000) Ground-level Ozone: An Assessment of the Effects on Human and Forest Health with Implications
for Transportation Policy. Graduate Program in Sustainable Development and Conservation Biology University of
Maryland, College Park. p. 46.
Karlsson, P.E., Örlander, G., Langvall, O., Uddling, J., Hjorth, U., Wiklander, K., Areskoug, B., and Grennfelt, P.
(2006) Negative impact of ozone on the stem basal area increment of mature Norway spruce in south Sweden. For.
Ecol. Manage. 232, 146–151.
Skärby, L., Ottosson, S., Karlsson, P.E., Wallin, G., Sellden, G., Medin, E.L., and Pleijel, H. (2004) Growth of
Norway spruce (Picea abies) in relation to different ozone exposure indices: a synthesis. Atmos. Environ. 38, 2225–
2236.
Fuhrer, J., Skärby, L., and Ashmore, M.R. (1997) Critical levels for ozone effects on vegetation in Europe. Environ.
Pollut. 97, 91–106.
Skärby, L., Wallin, G., Sellden, G., Karlsson, P.E., Ottosson, S., Sutinen, S., and Grennfelt, P. (1995) Tropospheric
ozone - a stress factor for Norway spruce in Sweden. Ecol. Bull. 44, 133–146.
Zierl, B. (2002) Relations between crown condition and ozone and its dependence on environmental factors. Environ.
Pollut. 119, 55–68.
Skelly, J.M., Innes, J.L., Savage, J.E., Snyder, K.R., Vanderheyden, D., Zhang, J., and Sanz, M.J. (1999). Observation
and confirmation of foliar ozone symptoms of native plant species of Switzerland and southern Spain. Water Air Soil
Pollut. 116, 227–234.
Smith, W.H. (1990) The health of North American forests: stress and risk assessment. J. For. 88, 32–35.
Mohren, G.M.J., Jorritsma, I.T.M., Vermetten, A.W.M., Kropff, M.J., Smeets, W.L.M., and Tiktak, A. (1992)
Quantifying the direct effects of SO2 and O3 on forest growth. For. Ecol. Manage. 51, 137–150.
Darrall, N.M. (1989). The effect of air pollutants on physiological processes in plants. Plant Cell Environ. 12, 1–30.

65

Augustaitis et al.: Did Ozone Affect Stem Increment?

32.
33.

34.
35.
36.
37.
38.
39.
40.
41.

TheScientificWorldJOURNAL (2007) 7(S1), 58–66

Eckardt, N.A. and Pell, E.J. (1996) Effects of ethylenediurea (EDU) on ozone-induced acceleration of foliar
senescence in potato (Solanum tuberosum L.). Environ. Pollut. 92, 299–306.
Noormets, A., Sober, A., Pell, E.J., Dickson, R.E., Podila, G.K., Sober, J., Isebrands, J.G., and Karnosky, D.F. (2001)
Stomatal and non-stomatal limitation to photosynthesis in two trembling aspen (Populus tremuloides Michx.) clones
exposed to elevated CO2 and/or O3. Plant Cell Environ. 24, 327–336.
Matsumura, H. (2001) Impact of ambient ozone and/or acid mist on the growth of 14 tree species: an open-top
chamber study conduced in Japan. Water Air Soil Pollut. 130, 959–964.
Utrainen, J. and Holopainen, T. (2000). Impact of increased springtime O3 exposure on Scots pine (Pinus sylvestris)
seedlings in central Finland. Environ. Pollut. 109, 479–487.
Karnosky, D.F., Skelly, J.M., Percy, K.E., and Chappelka, A.H. (2006) Perspectives regarding 50 years of research on
effects of tropospheric ozone air pollution on US forests. Environ. Pollut. doi:10.1016/j.envpol.2006.08.043
Laurence, J.A. (1998) Ecological effects of ozone: integrating exposure and response with ecosystem dynamics and
function. Environ. Sci. Policy 1, 179–184.
Lorenz, M., and Mues, V. (2007) Forest health status in Europe. TheScientificWorldJOURNAL, 7(S1), 22-27. DOI
10.1100/tsw.2007.17.
Fowler, D., Cape, J.N., Coyle, M., Flechard, C., Kuylenstierna, J., Hicks, K., Derwent, D., Johnson, C., and
Stevenson, D. (1999) The global exposure of forests to air pollutants. Water, Air, and Soil Pollution 116, 5-32.
UNECE (1993) Manual for Integrated Monitoring Programme. Phase 1993–1996. Environmental Report 5.
Environmental Data Centre, National Board of Waters and the Environment, Helsinki.
EMEP (1977) Manual of Sampling and Chemical Analysis, EMEP/CHEM 3/77. Norwegian Institute for Air
Research.

This article should be cited as follows:
Augustaitis, A., Augustaitiene, I., Cinga, G., Mazeika, J., Deltuvas, R., Juknys, R., and Vitas, A. (2007) Did the ambient ozone
affect stem increment of Scots pines (Pinus sylvestris L.) on territories under regional pollution load? Step III of Lithuanian
studies. TheScientificWorldJOURNAL 7(S1), 58–66. DOI 10.1100/tsw.2007.55.

66

Journal of

Journal of

Waste Management

Hindawi Publishing Corporation
http://www.hindawi.com

The Scientific
World Journal
Volume 2014

International Journal of

Ecology

Environmental and
Public Health

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Ecosystems

International Journal of

Oceanography
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
Journal of

International Journal of

Marine Biology

Atmospheric Sciences
Hindawi Publishing Corporation
http://www.hindawi.com

International Journal of

Journal of

Biodiversity
Hindawi Publishing Corporation
http://www.hindawi.com

Geological Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of
Computational
Environmental Sciences

Journal of

Earthquakes
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Forestry Research
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Geophysics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Applied &
Environmental
Soil Science
Hindawi Publishing Corporation
http://www.hindawi.com

Journal of

Climatology
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Advances in

Environmental
Chemistry

Advances in

Meteorology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

