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Background 

Two experiments 

Future work 



Climate change 
•  Northern limits of plant species may be shifted further to the north 

•  Daylength varies along the latitudinal gradient 

•  Perennials may experience increased cold and frost injuries in spring and autumn 

Ozone 
•  Currently the most damaging air pollutant 

•  Expected to increase in the Nordic countries, as well as in many other parts of the world 

•  Causes oxidative stress in plants, - the response resembles that from salt stress, water 
shortage, excess light and fungal attack 



Tropospheric	  ozone	  
Ground	  level	  ozone	  

Stratosphere: the important ozone layer 
protecting against UV radiation    
 

Troposphere: ground level ozone, an 
important factor in air pollution 



Average levels 
 
•  30-40 ppb ozone in Europe 

Critical levels 
 
• To avoid exceedances 
  
• For estimating economic 
   losses 

•   Based on concentrations 
   e.g. AOT40 

•  Based on uptake to leaves 
   e.g. AFst6 

Karlsson et al. 2009. Ozone exposure and impacts on vegetation in 
Nordic and Baltic countries, Ambio. 



Economic losses due to ozone 
EU + Norway, Switzerland 
(2000) 

•  13.7 % loss in wheat production 

•  Economic loss of 3.2 billion € 

Current global losses 
•  4-15 % loss in wheat production 

•  6-16 % loss in soybean production 

•  3-4 % loss in rice production 

•  2.2-5.5 % loss in maize production 

•  Economic loss up to 26 billion $ 



Possible causes: dose 
1.  Humid climate in Northern 
Europe. Causes more open 
stomata and thus more uptake 
of ozone 

2.  Longer days in Northern 
Europe. Causes more hours per 
day with open stomata due to 
light 

Ozone	  injuries	  develop	  more	  easily	  in	  northern	  
Europe	  

Additional cause: daylength 

Shorter nights in northern Europe increases the sensitivity to ozone. 

We have done several studies with clovers, confirming this effect. 



0 2 1 3 4 Score 
 

Fraction of 
the leaf: 0%              1-25%           26-50%       51-75%  76-100% 

Visible	  injuries	  
	  

Subterranean	  clover	  (Trifolium	  subterraneum)	  has	  been	  used	  
as	  a	  bioindicator	  for	  ozone	  



Ozone	  exposure	  

Short-term effects of slightly 
increased levels of ozone 

Ozone was given during 
daytime, simultaneously to 
all ozone treated plants  

The ozone concentration 
was fixed 

Thus, the dose was the 
same for all ozone treated 
plants 



Effect	  of	  daylength	  on	  injuries	  
§  Trifolium pratense (Bjursele and Nordi), T. repens (Norstar and Milkanova) 

and T. subterraneum were grown in short or long day after ozone treatment 

§  All plants were of the same age and had the same physiological status 
before ozone exposure, and were exposed to the same ozone doses 

Short day (SD): 10 h high light, 14 h darkness 

Long day (LD): 10 h high light, 14 h dim light (~1% of daytime light) 

   Day 1       Day 2   Day 3    Day 4-8 

Daylength  0830  1830      0830  1830      0830  1830      0830  1830 

 SD 
 LD        

 
     Ozone 
   exposure 
    70 ppb 



Ozone caused visible injuries 

The injuries were more severe when 
plants were given dim nights (LD) 
instead of dark nights (SD) after ozone 
exposure 

All three species of clovers showed this 
pattern 

Even Bjursele, originating in Northern 
Sweden, was negatively affected by long 
day conditions 

Effect	  of	  daylength	  on	  injuries	  

Severity of foliar injuries 
Short day Long day 



Polyploidy	  
Trifolium	  pratense,	  Red	  clover	  

Cultivar Bjursele from Northern Sweden 

cv. Betty made from doubling the genome of Bjursele 

Betty is the autotetraploid of the diploid cv. Bjursele 

The plants were sown in three 
different climates 

At the same age, half of them 
were exposed to ozone 

70 ppb for 6 h on five days 

An ozone injured leaf 



24	  h	  light	  
cycle	  

Three	  
temperature	  
regimes	  

A             8 °C 

B           13 °C 

C           18 °C 
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0	  am	   4	  am	   12	  pm	  8	  am	   8	  pm	  

Growth	  condi;ons	  
•  20	  h	  light	  /	  4	  h	  darkness	  

•  12	  h	  high	  /12	  h	  low	  temperature	  

•  The	  4	  h	  darkness	  was	  in	  the	  middle	  of	  the	  cold	  period	  

•  Three	  different	  temperature	  regimes	  (mean	  temperature:	  A	  16	  °C,	  B	  16	  °C;	  C	  24	  °C)	  

Ozone	  
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	  	  	  	  Results	  
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The diploid Bjursele and the tetraploid 
Betty produced approximately the same 
numbers of trifoliate leaves in all three 
climates 

The fractions of leaves that were visibly 
injured was approximately the same in the 
two moderate climates 

The combined stress of heat and ozone 
caused increased fraction of injured leaves 
in Bjursele, but not in Betty 

The tetraploid cultivar seemed to handle 
the combination of stresses better than the 
diploid 



Background 
 
 
Two experiments 
 
 
Future work 

Climate change 
Tropospheric ozone pollution increases 
Daylength in the growth season is longer at higher latitudes 

Long days and ozone 
Three species are more injured by ozone in long days 

Combined stress of heat and ozone 
Polyploid less injured than diploid 

Polyploid clovers may be favoured under conditions of multiple 
stresses 
Ozone may cause more damage to clovers at higher latitudes 
due to longer daylengths 
Do other species respond to ozone×daylength in similar ways? 
Does daylength interfere with the effects of other oxidative 
stresses? 



Thank	  you!	  

0 2 1 3 4 

Part of this work was done together with Cecilia M. 
Futsæther and Ole Mathis O. Kruse, NMBU 


