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SUMMARY

Air pollution by ground-level ozone in Poland hascently been increasing, and is
connected with the increased number of cars, thim maurce of ozone precursors.
The phytotoxic influence of this pollutant was daigered in the 1950s, when visible
injuries to tobacco and grapevine leaves were obdeBioindicative methods are very
important for evaluating the air pollution leve well as for assessment of the impact
of air pollutants on living organisms. The toba@tant and its ozone-sensitive Bel W3
cultivar are well known bioindicators. This cultivevas used in the studies presented
here. Plants were exposed in Pazogy centre during the 2002—-2006 growing seasons.
A statistical model of multivariate analysis of iauce is set up to determine the
differences between selected years and leaves reffpect to the degree of visible
tobacco leaf injury. Statistical differences in tthegree of leaf injury were observed
between years, as well as variation among exposeries during growing seasons.
These differences were connected with meteorolbgioaditions, which are among
the factors promoting tropospheric ozone creat8iatistical differences of leaf injuries
were not observed between individual leaves.

Key words: multivariate analysis of varianceanonical variates, tropospheric
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1. Introduction

The number of cars has been increasing in Polastésatically in the last few
decades, reaching 12 million when last report&dtigtical information and
elaborations, 2007). Together with industry, road traffic is thergest air
pollution source. The main air pollutants emittgddars are nitrogen oxides,
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carbon oxides and hydrocarbons, all ozone precunstiose concentration is
incre-asing in Poland. Ground-level ozone is a séary air pollutant created
during photochemical reactions from the above-nometil precursors. Hence
the highest ozone concentrations are usually obdatturing hot summer days.
The Intergovernmental Panel on Climate Change otedinvestigations to

predict selected air pollutants’ concentrationhie future. Tropospheric ozone
is a greenhouse gas, and all scenarios prediatategror lesser increase in its
concentration up to the year 2100 (Climate Chadgé7).

Ground-level ozone has been adjudged the most tantoair pollutant. Its
high concentration can cause crop losses and &igigmptoms on trees,
horticultural plants and vegetables, sometimesedesing the economic value of
plants (Heggestad, 1991; Meyetral., 2000).

The European Union ozone directive (Directive 2608£C) determines
limiting values of tropospheric ozone concentratiith regard to plant and
ecosystem protection. Investigations with biointhica for tropospheric ozone
have also been recommended. Bioindicators are wseful tools, because of
their visible response to the accumulation of alypants. Ozone is a very
reactive air pollutant that does not accumulatelants. Hence bioindicators
have revealed only visual symptoms that could lsel Ger detection of this air
pollutant. The tobacco plant and its two cultivéBel W3 and Bel B) have been
recognized as sensitive and resistant to tropogpbeone (Heggestad, 1991).
There have been many biomonitoring projects whelpadco plants were used
as ozone bioindicators (Calatayatl al., 2007; Cunyetal., 2004; Godzik,
1998a; Klumppet al., 2006b; Saitanis and Karandinos, 2001). The ozone-
sensitive tobacco cultivar exhibits a visual reggoto ground-level ozone in the
form of bifacial necrosis, while the resistant at®ws no evident symptoms.
This feature is very useful in the practice of baontoring — by placing both
cultivars together we can be sure that any injurie8el W3 are caused by
ozone. Tobacco plants are the best known tropogplepne bioindicators
(Sant'‘Annaet al., 2008). Previous investigations have revealed tthatdegree
of leaf injury is correlated with tropospheric orononcentration (Borowiak,
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2005). Hence we are able to use this bioindicaiagvialuate the tropospheric
ozone level.

There have been only a few experiments with ozamiedicators in Poland,
most of them conducted in the southern part ofctentry, while the rest of
Poland was believed to have rather low ozone cdrat@ns. However,
automatic monitoring conducted in the Pazneity area revealed ozone
concentrations that might negatively influence tdanHence the present
investigations conducted with bioindicators areessary to obtain information
about the usefulness of the tobacco plant as adiaEtor in the Poznan city
area. Moreover, these investigations could helpdeertain which leaf is the
best for further biochemical investigations of thlant's internal response to
ozone. A statistical model of multivariate analysfsvariance was specially
employed to indicate the differences between inldial years and leaves in
degree of visible tobacco leaf injury.

2. Materialsand methods

2.1. Experimental design

Tobacco plants were used in the present studib®emslicators of tropospheric
ozone. Two cultivars with different ozone sensitivivere chosen. The ozone-
resistant (Bel B) cultivar, which exhibits no visggmptoms, was treated as the
control with respect to the sensitive one (Bel Wid)e latter cultivar revealed
bifacial necrosis as a response of the plant tm@zBlants were located at the
exposure site in Pozaaity centre (Central-Western Poland), where autmma
monitoring of air pollution is carried out by thaoRincial Environmental
Inspectorate of Wielkopolska. This made possilteraparison of the results of
biomonitoring with those from real tropospheric paanonitoring.

Cultivation and exposure were established accordinga standardized
German method (Klumpgt al., 2006a). Plants were cultivated under green-
house conditions for eight weeks, and afterwarassported for two weeks of
exposure in the city centre. Five plants of thesgmse cultivar and one of the
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resistant one were located at the exposure siten@pone vegetative season
plants were exposed in 6 series, each of two wedksation, from the
beginning of June until the beginning of Septembethe years 2002 to 2006
(Table 1).

Table 1. Dates of tobacco plant exposure series in the Z006-growing seasons

Exposure dates in growing seasons
Exposure series number 2002 2003 2004 2005 2006

1 10/06-23/06 09/06—22/06 14/06—27/06 14/06—27/06 12/06—25/06
24/06-07/07 23/06—-06/07 28/06—11/07 28/06—11/07 26/06—09/06
08/07—-21/07 07/07-20/07 12/07—-25/07 12/07-25/07 10/07-23/07
22/07-04/08 21/07-03/08 26/07—08/08 26/07—08/08 24/07-06/08
05/08—25/08 04/08—17/08 09/08—22/08 09/08—22/08 07/08—20/08
26/08-08/09 18/08-31/08 23/08—05/09 23/08—05/09 21/08-03/09

o 0o WN

The visible leaf injuries of the sensitive cultivaere measured after each
exposure period. The symptoms were evaluated ordth&" and &' leaf,
counted from the bottom, as a percentage of injuesd area, and were
presented on a scale of 0-1.

2.2. Statistical model

Multivariate analysis of variance in double classifion was used for
interpretation of the data obtained. Ly}, denote the 6x1 vector of mean
values of leaf injury degrees coming from thth year k = 1,..., 5) andj-th
leaf § = 4, 5, 6), and leN =3, > ;1. The multivariate linear model (Cadki
et al. 1987, Seber 1984) can be written in the form:

Y=1,p+Xat+X,p+e (1)

where Y =[y14,...,Y56] is theNx6 matrix of observationsp is the 6x1
vector of general means, is the 5x6 matrix of year parametefk,is the 3x6
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matrix of leaf parametersX,, X, are design matrices, am@is theNx1 matrix
of errors.

Let us consider the hypothedi, : C,a =0, whereC, is, for example, the
5 x 5 matrix as follows:C, =1,—11L1,. The hypothesisH, was tested
according to Wilks’s criterion (Morrison 1967, Seld®80). HypothesiH
asserts the absence of differences in leaf injegree in years in comparison
with the mean of the parameters of all years. Afegection of Hy,, we
determine which elements of the matrix are responsible for it. Tests of
hypothesesH,, , :c,a =0, (C, being thek-th row of matrix C;) make it
possible to identify years differing from the awprayear. The tests
Hou :Cyxam; =0 (m; being thei-th column of matrixls) allow us to
determine which elements of the matrey, e =0 caused the rejection of
hypothesisH,, , (Lejeune and Caiski, 2000).

Let us consider the hypothedit, : Cp =0, whereC, is for example the
3 x 3 matrix as follows:C, =1, —311;. The hypothesisH,, was tested
according to Wilks’s criterion (Anderson, 2003, Mson, 1967, Seber, 1980).
HypothesisH,, asserts the absence of differences in leaf injiegree in an
individual leaf in comparison with the mean of fherameters of all individual
leaves.

The results of multivariate analysis of varianceevgresented graphically
in the space of the first two canonical variatesjéune and Calski, 2000,
Kayzeret al., 2009).

3. Resultsand discussion
The ozone concentration during all five years wae l@vel causing visible leaf

injuries only to the sensitive cultivar. Troposgheozone concentration is
presented as an AOT 40 value for plants’ and etes)ys responses. This is
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an accumulated value over the threshold 40 ppb teperiod 8.00 to 20.00.
The investigations revealed a positive linear datien between ozone and
visible leaf injury (Figure 1). Hence we could ciomf the usefulness of tobacco
plants as a bioindicator of tropospheric ozondv@éRozna city area.
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Figure 1. Leaf injury degree of ozone-sensitive tobacco eaitand ozone
concentration during experimental years 2002 (d)2006 (b)

The hypothesid,, was rejected at the given significance level, beedhbe
test statistic valueF = 593 is larger than the critical valué,, ¢, = 384
(p = 0.017). Comparing the computed valué& =105 to the critical
valueF,, =2439, we can observe that there was insufficient evideto
reject H,, at the levela = 005 (p = 0.65). The analysis revealed that leaf
injury degree is dependent on the year and partalthe leaf number.
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The highest values of visible leaf injury were alse in 2002 during the t
and t exposure series, as well as in 2005 in the,tand § exposure series
(Table 2, Figure 2). The lowest values of visidaflsymptoms were found in
2003 and 2004 in the,tt;, andts exposure series, and in the first term of
exposure in 2004 and 2006. Levels of leaf injudksensitive tobacco plants in
Poznan city in 2002 were comparable to symptomsrekd at the same time in
Dusseldorf and Edinburgh (Klumg al., 2004). Variability of ozone-caused
tobacco injuries during the growing season was abeerved in studies
conducted in the southern part of Poland (in Kral@avince). During these
investigations a high level of leaf injury was ob®e in June and remained at
a medium level until the end of August (Godzik, 89 High values of ozone-
caused injuries of tobacco leaves in June and \Welg also noted in Polish
mountain National Parks — again in the southerbgfaPoland (Godzik, 2000).
Analogous results were obtained in bioindicatioumdss in Italy, Greece and
the Swiss mountains (Novakt al., 2003; Saitanis, 2003; Toncelli and
Lorenzini, 1999).
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Figure 2. Position of selected years relative to the aveyege in the space
of the first two canonical variates and distributwf the particular terms of expositions
in the dual space of canonical variates (valueduaf canonical
coordinates are multiplied by 10)
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Table 2. Evaluations of differences in the degree of leafrinof tobacco plants
in selected years in comparison to the average(%aa)

C.a
vear g fy ts ty fs fo
2002 0.202** 0.207* -0.113 -0.068 0.004 -0.052
2003 -0.001 -0.163 -0.219* -0.097 -0.006 -0.072*
2004 -0.105* -0.164 -0.222* -0.071 0.011 -0.063*
2005 0.011 0.007 0.356** 0.188* 0.003 0728

2006 -0.107* 0.114 0.197* 0.049 -0.011 -0.049
* significant at levelr = 0.05
** significant at levela = 0.01

The results obtained with the model of multivariatealysis of variance
confirmed data obtained from air pollution and roeddogical monitoring.
Tropospheric 0zone concentration is a result afralination of several factors,
such as ozone precursor concentrations (e.g. eitraxides) and favourable
meteorological conditions (such as solar radiatod temperature). In 2004
low temperatures and solar radiation resultedwdaone concentration, while
in 2002 and 2006 we recorded higher temperaturas solar radiation
(especially for 2006). There are no ozone and saldiation data for 2003, but
on the basis of temperature level, we could assaifosv 0zone concentration
during that growing season. The bioindication regeaconfirmed these
assumptions. The highest ozone concentration weeradd in 2002 and 2006 —
similar to the indicated results of multivariateabsis of variance of visible leaf
tobacco injury (Table 3). Hence the method coulcaheseful tool for further
data presentation of multiyear air biomonitoringui¢s.

In spite of the lack of significant differencesween injuries of individual
leaves, it is possible to indicate the greatestggms at the fourth and the least
at the sixth leaf, counting from the bottom (Ta#leFigure 3). Based on our
results we can select the proper leaf for furtieestigation of internal plant
response to ozone. Thus the results suggest théftthleaf is the best, because
of its maturity before exposure. The younger sigtf was developing during
exposure, and ozone did not affect the whole legh drom the beginning of
exposure. We could assume that in further biointinaresearch with tobacco
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plants, using the same experimental schedule,ifttreléaf counted from the
bottom might be used as an indicator of internahptesponse to ozone.

Table 3. Selected meteorological parameters (temperatursalad radiation) and air
pollutants (ozone and nitrogen dioxide/nitrogerdes) in experimental series and years

Exposure Temperature Tota_l s_olar AOT40 Nl_tro_gen
series radlat!gn o d|0X|q3e
[°C] [W-m] [Mg-m™h"] [ng- m]
2002
1 20.7 215 4269.9 28
2 18.3 187 4226.2 26
3 22.6 189 53455 22
4 21.6 166 2922.0 27
5 215 150 1524.1 25
6 22.9 188 4488.4 39
2003
1 19.1 X X 29
2 18.8 X X 28
3 20.2 X X 27
4 23.0 X X 34
5 20.7 X X 31
6 17.9 X X 38
2004
1 16.6 186 140.1 19
2 17.6 205 230.2 23
3 19.3 164 781.3 24
4 21.6 196 649.7 22
5 22.0 191 991.2 25
6 17.7 153 232.0 28
2005
1 18.9 289 1545.0 31*
2 19.0 252 1006 25
3 18.3 205 119.5 33
4 18.7 199 290.0 34
5 16.4 188 3235 31
6 17.4 218 1079.0 67
2006
1 20.7 256 4755.6 22*
2 22.4 296 5100.8 17
3 23.1 262 4689.6 23
4 21.1 190 2878.7 22
5 17.6 166 1098.5 28
6 15.0 124 103.3 28

*in 2005 and 2006 nitrogen oxides were measured
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Figure 3. Position of particular leaves relative to the ageraxposure series in the
space of the first two canonical variates and ithigtion of the particular terms
of expositions in the dual space of canonical vesigvalues of dual canonical
coordinates are multiplied by 3)

Table 4. Evaluations of differences in the leaf injury degod tobacco plants
in selected exposure series in comparison witlatteeage level of damage
to an individual leafC,3)

Individual CB

m'f,‘;"ger ty t, ts ty ts to
4Mleaf 0.010 0.113 0.076 0.027 0.000 0.006
5Mleaf -0.018 0.020 -0.001 0.012 0.009 0.019
6"leaf 0.008 -0.133 -0.075 -0.039 -0.009 -0.025

4, Conclusons

The statistical model of multivariate analysis @frimnce performed specially

for the purposes of these data is a good tool &oifigation of differences

between degrees of tobacco leaf injury caused dposipheric ozone. On the

basis of this analysis the following results welnéaed:

1. Differences in visible ozone-caused leaf injurietween years, as well as
variations between exposure series in differentwgrg seasons, were
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found. These differences were connected with melegical conditions,
one of the factors affecting tropospheric ozonatme.

2. No significant differences were observed betweelividual leaves, but for
further studies of internal plant response to tepheric ozone the™Sleaf
might be chosen because of its moderate ozone eymspand maturity
before exposure.
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