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SUMMARY 

Tropospheric ozone affects plant growth and the yield of main pasture species all around 

the world. Experiments are usually performed in fully controlled conditions; the number 

of investigations in ambient air conditions is still limited. Moreover, most investigations 

of the effect of ozone on white clover biomass production consider one series after the 

other, including a period without leaves. Hence, based on the recommendations, 

additional series are proposed and studied here. The responses of sensitive and resistant 

white clover clones are presented and compared using multivariate analysis of variance 

and profile analysis. The canonical variate analysis used here makes it possible to 

present the profile comparison of dry matter content of white clover graphically in 

Euclidean space. The investigations revealed a difference in response between clones 

and the necessity of using the additional series. 

Key words: multivariate analysis of variance, profile analysis, canonical variate 

analysis, ozone, dry weight, white clover 

1. Introduction 

Bioindication methods can be a supplement to automatic monitoring systems of 

air pollution, based on the response of living organisms to air pollution. This is 

especially important for oxidative pollutants, such as ozone or nitrogen oxides, 
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because they do not accumulate in organisms. Hence visible injury caused by 

air pollution can be a good indirect indicator of their negative effect on living 

organisms. Moreover, plants have also revealed other symptoms of negative 

tropospheric ozone impact, such as lower level of photosynthesis activity and 

decreased productivity, and furthermore a decrease in biomass production and 

yield losses can also be noted (Rai et al. 2007, Feng et al. 2008, Vandermeiren 

et al. 2005, Shi et al. 2009, Hassan and Tewfik 2006). The last can be an 

important cause of economic losses (van Dingenen et al. 2009). Hence it is 

important to assess the potential effect of air pollutants on these parameters. 

Some plant species are well known as bioindicators for ozone, such as tobacco 

and its two cultivars (Borowiak et al. 2012, Klumpp et al. 2006), while others 

are still being examined. White clover (Trifolium repens L. cv. ‘Regal’) was 

investigated during the ICP Vegetation programme, according to the Geneva 

Convention on Long-Range Trans-boundary Air Pollution, for several years to 

assess the negative effect of tropospheric ozone on vegetation. Two clones – 

ozone-sensitive and ozone-resistant – were examined far from local air pollution 

sources to evaluate the effect of ozone on plants with regard to far-source 

pollution (Fumagilli et al. 2003). Tropospheric ozone was found to be one of the 

most harmful air pollutants to crops, because its highest concentrations occur 

during the growing season (Elagöz and Manning 2005), and mostly in remote 

areas. Hence it is very important to investigate the effect of this pollutant on 

vegetation and its production.  

The aim of the study was to evaluate the effect of tropospheric ozone on dry 

matter content of white clover exposed at remote areas for four-week periods. 

Plant response was compared during various series and between white clover 

clones. The study also served to evaluate the usefulness of canonical variate 

analysis in obtaining answers to the above-mentioned questions.  
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2. Materials and methods 

2.1. Experimental design 

Ozone-sensitive (NC-S) and ozone-resistant (NC-R) clones of white clover (T. 

repens) were used in the experiment. Seedlings of both clones were obtained 

from the chief coordinator of the ICP Vegetation programme. Plants were 

exposed to ozone under natural conditions in a place located about 20 km from 

Poznan city; the location was chosen according to the methodology of that 

programme (Fumagilli et al. 2003, ICP Vegetation 2003). Ten exposure series 

were carried out in the growing season of 2005. During the experiment the same 

plants, earlier cultivated in greenhouse conditions for four weeks, were exposed 

to ambient air. Each exposure series lasted four weeks, after which the dry mass 

of the above-ground parts of the plants was analysed. For this purpose the 

whole above-ground part of plants – leaves, stems and flowers – was cut and 

dried. To avoid a time between series without plants due to the cutting of the 

previous series, the second series of plants (series B) overlapped series A by 

two weeks (Figure 1).  

 

Figure 1. Dates of white clover exposure series  

Plants were exposed to field conditions in the Tarnowo Podgórne area, about 15 

km west of the city of Poznan, Poland. As recommended by the ICP Vegetation 

programme, the exposure site was located at least 200 m from main roads and 

50 m from buildings. Each series consisted of 30 plants (15 of each clone). Dry 

weight content was measured after every four-week exposure.  
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2.2. Mathematical model of observation 

Assume that the field given by the h-th white clover harvest in the j-th series for 

the i-th clone in the k-th replication will be assigned by:  

           hehhhhhy ijkijjiijk                                     (1) 

where  h  represents the general level of dry weight content in the h-th 

harvest,  hi  is the effect of the i-th clone from the h-th harvest,  hj  is the 

effect of the j-th series from the h-th harvest,  hij  is the interaction effect of 

clone i with series j and the h-th harvest,  heijk  is the error related to the i, j, k, 

h–th combination of clone, series, replications and harvest. We assume that 

random errors for each harvest have independent normal distribution with zero 

expected value and with variance  he
2 . 

The indices presented in this experiment take the following values: i=1,2; 

j=1,2, k=1,..,15, h=1,..,H (H=5). Hence, we obtained 601522 N  plants 

analysed in the experiment. Due to correlations between the dry weight content 

of certain harvests, it is sufficient to use tools of multivariate analysis of 

variance for determination the differences between series and clones. Hence, the 

considered model (1) for one plant of white clover can be presented in the form:  

ijkijjiijk uγβαμy               (2) 

where 
 )](),...,1([ Hyy ijkijkijky ,  )](),...,1([ Hμ ,  )](),...,1([ Hiii α , 

 )](),...,1([ Hjjj β , 
 )](),...,1([ Hijijij γ , 

 )](),...,1([ Hee ijkijkijku . 

Finally the model (2) can be described in the matrix form 

UγXβXαXμ1Y  1221N  

where:  ],...,,,...,[ 15,2,21,2,115,1,11,1,1 yyyyY ,  ],[ 21 ααα ,  ],[ 21 βββ , 
 ],,,[ 2,21,22,11,1 γγγγγ ,  ],...,,,...,[ 15,2,21,2,115,1,11,1,1 uuuuU , 15221 11IX  , 

15222 1I1X  , 152212 1IIX   (the symbol  denotes the Kronecker 

product of matrices). 
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2.3. Statistical hypotheses in two-way multivariate analysis of variance 

In the presented experiment the hypothesis of absence of differences between 

the average yields of dry weight of the Sensitive and Resistant clones is 

presented in the form:  

0α 
101 :H C ,               (3) 

where the vector 1C  can be written in the form:  111 C .  

The hypothesis of absence of differences between the average yields of dry 

matter in Series A and Series B is presented in the form: 

0β 
202 :H C ,               (4) 

where vector 2C  can be written in the form:  112 C . 

The hypothesis of absence of clone–series interaction is presented in the 

form: 

0γ 12012 :H C ,              (5) 

where matrix C12 can be written in the form: )()( 222
1

2222
1

212 11I11I C . 

The hypotheses (3–5) were tested using Lawley–Hotelling statistics (s=1, 2, 12) 

in the form: 

)( 2
0 ss traceT H

-1
S ,              (6)  

where:  

)ˆ(])([)ˆ( 11
1

11111 αCCXXCαCH   , )ˆ(])([)ˆ( 22
1

22222 βCCXXCβCH    and 

)ˆ(])([)ˆ( 1212
1

1212121212 γCCXXCγCH
  , )YXX)XX(-(IYS  

NrN 1)(  

and ][ 1221 XXX1X N  is a matrix of rank r. In addition, the best linear 

unbiased estimator for   can be presented in the form YXXXα 1
1

11 )(ˆ   , 

YXXXβ 2
1

22 )(ˆ    and YXXXγ 12
1

1212 )(ˆ    (Anderson 2003, Morrison 1967, 

Seber 1980, 1984). 

Using approximation (McKeon 1974), the hypothesis s0H  was rejected, 

when )()( ,
2

0 
ss basss FcrNTF  , where )]1(/[)2(  HrNbbac ssss , 

ss rankHa C  , )1()2(4  sss Bab  with 
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(Lejeune and Caliński 2000). 

2.4. Statistical hypotheses in profile analysis 

Another way to test the hypotheses H01, H02, H012 is to consider the hypothesis, 

of interest from the point of view of the experimenter: 

0γ 303 :H C ,               (7) 

where 444
1

43 11IC  . Using the matrix C3 the differences between 

experimental objects are analysed. In this case it is defined as dry weight 

content for a certain clone exposed in certain exposure series. An object effect is 

determined as differences between values of dry weight content for  

a particular experimental object and means for all objects. Note, however,  

that the matrix S may be calculated from the form 

)YXXXX-(IYS 12
1

121212
1 )()4(  

NN . If the hypothesis 03H  is rejected, 

this may be either due to the fact the clone factor causes some interaction with 

the series factor, or because there are some main effects of the former factor, or 

both.  

The profile analysis can also verify the hypothesis of no differences for any 

combination between clones and series in terms of dry weight content. These 

hypotheses can be written in the following form: 

0:H0 γctt , 

where the 4 - dimensional vector tc  describes the contrast issue (Caliński et al. 

1975). Hypotheses H03 using the statistic tttttT cScc γγXXc  
ˆˆ])([ 11

1212
2

0  are 

tested. 

The test statistic ))(()1( 2
0 HrNTHrNF tt   denotes that the statistic 

has F distribution with H and (N-r-H+1) degrees of freedom when the null 

hypothesis t0H  is true. In the present experiment, the vector  0011 tc  

denotes that we are testing whether differences between mean dry weight 
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contents of the sensitive clone vary between series A and B for certain harvests. 

Moreover, the statistics   hhtttth ST
21

1212
2

0 ˆ])([ dγccXXc    where Sh is the h-th 

diagonal element of matrix S and dh is the h-th column of HI  matrix ( 2
0thT  has  

a Student distribution with N-r degrees of freedom) tests which harvests in the 

examined contrast have an influence on the rejection of hypothesis t0H .  

A similar treatment can be applied to the hypotheses  

0:H0 
Htt γ1c , 

which test differences between individual experimental objects, summing over 

all harvests.  

2.5. Canonical variate analysis 

For the graphical presentation of clone–series interaction, canonical variate 

analysis was used. This is based on transforming the matrix γC ˆ3  into a set of 

new variables, which carry similar information, but are distributed in  

a multivariate Euclidean space (Lejeune and Caliński 2000, Kayzer et al. 2009, 

Borowiak et al. 2011, Budka et al. 2011). Following the transformation, the 

matrix γC ˆ3  is presented in the form:   
v

w wwwλ1
21

3
ˆ γC , where 

)3,(Hminv   and the vectors w  and w  and scalars wλ  are determined from 

equations of the form:  

www
- λ    ])([)ˆ(ˆ

3
1

121233
1

3 CCS XXγCγC ,          

www λ    1
33

1
121233

ˆ])([)ˆ( )S( γCCXXCγC .    

The vectors w  and w  are standardized in the following way: 
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3. Results and discussion 

The effects of the various sources of variation were examined using multivariate 

analysis of variance. The results of the testing of the hypotheses, according to 

the formula (6), are presented in Table 1. It can be concluded that the dry 

weight content varies due to clones, series and interaction between clone and 

series, because the respective empirical significance levels are lower than 0.05. 

 
Table 1. Results of tests conducted in profile analysis for investigation  

of the structure of dry weight content 

Source of variability Test statistics 
2

0sT  Test statistics sF  
Empirical 

significance 

level p 

clones 33.6 6.25  < 0.01  

series 339.2 63.2  < 0.01  

interaction 18.9 3.51 0.01  

 

Mean values of dry weight content for individual experimental objects area 

presented in Figure 2. Comparison was made using matrix C3 and considering 

hypothesis H03 (7). The value of the Lawley–Hotelling statistics was at a level 

of 23.8, and the empirical significance level was lower than 0.05. The second, 

third and fourth harvests were characterised by higher dry weight content than 

the first and fifth. The lower level of biomass production in the last series could 

be connected with pot-binding, hence for the proper determination of the effect 

of ozone on biomass production the second, third and fourth series should be 

taken into consideration (Heagle et al. 1995). Köllner and Krause (2002) 

observed no effect of ozone on the biomass ratio of white clover. However 

similar tendencies to those noted by Heagle et al. (1995) were found during the 

season – the lowest levels were recorded in the first and last series of both 

exposed clones of T. repens. 
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Figure 2. Profiles of dry weight content in ozone-sensitive and ozone-resistant  

clones of white clover for harvests A and B 

 

The values of object effects are presented in Table 2. Based on these results it 

can be concluded that in the first and second harvest, lower levels of dry weight 

content [%] of white clover were noted in series A than in series B (excluding 

the results obtained for the resistant clone in series B). Values of dry weight 

content in the fourth and fifth harvest were higher in series A than in series B. 

The third harvest was characterised by low variation of dry weight content.  

 
Table 2. Values of experimental effect in terms of dry weight content [%]  

of white clover 

Experimental objects 
Harvest Test statistics 

2
0tT  1 2 3 4 5 

“Sensitive A” -4.66** -7.47** -5.95* 1.20 3.79* 16.81** 

“Resistant A” -6.04** -5.71* 2.24 11.59** 4.13* 27.85** 

“Sensitive B” 6.79** 16.49** -0.50 -6.25* -2.28 27.90** 

“Resistant B” 3.92** -3.30 4.22 -6.54* -5.64** 24.41** 

* significance level =0.05; ** significance level =0.01 

 

Values of object effects after transformation to Euclidean space are presented in 

Figure 3. It is possible to observe that the main direction of variation is 

connected with a division into experimental terms for series A and B. Points 

representing sensitive and resistant clones for series A are located on one side of 
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the horizontal axis (characterised by high values for the fourth and fifth harvest 

and low for the first and the second).  
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Figure 3. Canonical variate analysis of dry weight content of sensitive (“S”) and 

resistant (“R”) white clover clones in series A and B 

 

The results of testing of the hypothesis of the parallelism of profiles of the 

sensitive clone in series A and B are presented in Table 3. Note that the 

sensitive clone in series A had lower dry weight content than in series B for 

harvests 1 and 2, but higher content in the case of harvest 5. Furthermore, it is 

noted that the resistant clone in series A had higher dry weight content than in 

series B for harvests 4 and 5, and lower in the harvest 1. Hence it is concluded 

that the existence of differences in dry weight content between sets confirms the 

validity of both series during the growing season. 

The results of comparison for summarized values across all harvests for 

certain objects are presented in Table 4. The mean values of dry weight content 

for the sensitive clone in series A were lower than in series B, while for the 

resistant  clone  the opposite  tendency  was observed. This means  that different  



 

 

 

 

An application of canonical variate analysis  

 

 

 

 

 

33 

Table 3. Profile differences between dry weight content of white clover clones  

in certain harvests 

Difference 

Harvest 

Test statistics 1 2 3 4 5 

Dry weight content [%] 

“Sensitive A” – “Sensitive B” -11.5** -24.0** -5.45 7.450 6.07* 30.40** 

“Resistant A” – “Resistant B” -9.96** -2.410 -1.98 18.1** 9.76** 36.10** 

“Sensitive A” – “Resistant A” 1.380 -1.7600 -8.19 -10.400 -0.3300 2.0000     

“Sensitive B” – “Resistant B” 2.87** 19.8** -4.72 0.290 3.350 7.74** 

* significance level =0.05; ** significance level =0.01 

 

times of harvest had a significant effect on dry weight content for certain white 

clover clones. Moreover, comparison of dry weight content between clones in 

certain harvests revealed that in series A the summarized values of dry weight 

content of the sensitive clone were lower than for the resistant one, while for 

series B they were higher. It seems to be very important to retain the 

overlapping series A and B, due to the lack of leaves after harvesting. White 

clover is one of the most important pasture species, hence it is important to 

evaluate the potential for survival of this species. Previous investigations 

revealed a decline in white clover fraction in response to long-term ozone 

treatment with low peak concentration (Nussbaum et al. 1995). Biomass 

production of NC-R was higher than NC-S, except for the harvest in one series. 

The yield increased in the first three series (Postiglione et al. 2000). Fumagilli et 

al. (2003) found a 60% decrease in the biomass production of a sensitive clone 

in comparison with a resistant one. This was not so clearly marked in our 

experiment, which may be connected with the relatively low ozone 

concentration during the growing season. 

 

Table 4. Profile differences between mean values for all harvests  

of dry weight content of white clover clones 

Difference  Ht 1γc ˆ  

“Sensitive A” – “Sensitive B” -5.47 

“Resistant A” – “Resistant B” 2.71 

“Sensitive A” – “Resistant A” -3.86 

“Sensitive B” – “Resistant B” 4.32 

“Sensitive” – “Resistant” 0.23 

“A” – “B” -1.38 
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4. Conclusions 

The dry weight of white clover exposed to ambient air ozone varied between 

harvests and clones. The experiment confirmed the necessity of supplementary 

exposure series to avoid a period without leaves. Moreover it is difficult to 

identify the directions of changes in the dry weight content of the clones, due to 

the high variability of the results. However, profile analysis and graphical 

presentation using canonical variate analysis was very useful in evaluating the 

changes of the examined parameters. It seems that dry matter content is not a 

good indicator of ozone effect on white clover in place of visible leaf injuries. 
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