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Abstract 

In a world with more and more humans the pressure on the environment is continuously 

increasing. It shall not just provide a safe and clean space for living, but also produce enough 

nutrients to feed the global population. Human expansion can also be self-inhibiting. This is 

partly because anthropogenic emissions of NOx, VOC and CO can react and form ground-level 

ozone, O3, which in too high concentrations is harmful to plants as it can lead to reduced crop 

yields. This study aims to investigate how ozone affects the amount of protein and yield in four 

globally important crops. This is done through a meta-analysis based on global data. Here 

several observations are presented regarding the yield, protein yield and protein concentration 

in the studied crops soybean, wheat, maize and rice. The analysis showed that ozone decreases 

both total yield and protein yield in soybean, wheat and rice, while results for maize were 

inconclusive. When it comes to protein concentration soybean stands out from the rest and is 

not affected by the ozone but remains at a relatively steady percentage. Soybean is likely the 

most sensitive out of the four crops, with the largest reduction in relative yield and biggest loss 

of protein yield when comparing absolute numbers. Since soybean is an important source of 

protein for both humans and livestock the impacts of ozone could potentially influence global 

food security. 

 

 

 

 

Sammanfattning 

I en värld med allt fler människor ställs hela tiden högre och högre krav på miljön där vi lever. 

Den ska inte bara vara ren utan också förmå att producera tillräckligt med mat för att mätta alla 

invånare. Människans utbredning kan också vara självhämmande. Detta beror delvis på att 

antropogena utsläpp av NOx, VOC och CO kan reagera och bilda marknära ozon, O3, vilket i 

för höga koncentrationer är skadligt för växter då det kan leda till reducerade grödoskördar. 

Denna studie syftar till att undersöka hur ozon påverkar mängden av protein och storleken på 

skörden hos fyra globalt viktiga grödor. Detta görs genom en metastudie baserad på globala 

data. Här presenteras många resultat med avseende på skörd, proteinskörd samt koncentration 

av protein hos de studerade grödorna sojaböna, vete, majs och ris. Analyserna visar att en högre 

koncentration av ozon reducerar både den totala skörden och skörden av protein hos sojabönor, 

vete och ris, medan resultaten för majs inte är entydiga. Sojaböna är troligen den känsligaste 

av de fyra grödorna och uppvisar den största minskningen med avseende på relativ skörd och 

största minskning av proteinskörd räknat i absoluta tal. Eftersom sojabönan är en viktig 

proteinkälla för både människor och boskap, kan påverkan från ozon spela en viktig roll globalt 

när det gäller en säker tillgång på föda.  

 

Keywords: Ozone; Crops; Protein; Yield; Food Security; Soybean; 

Wheat; Maize; Rice   
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1 Introduction 

Ozone is a naturally occurring greenhouse gas in the atmosphere. The gas is formed, and 

depleted, through several more or less complicated but balanced reactions (Finlayson-Pitts and 

Pitts, 1999). The formation of ozone could be either by “natural” reactions or by precursors 

(Krupa and Manning, 1988) caused by anthropogenic emissions such as combustion engines 

and industrial processes (Huang et al., 2011). The precursors (such as Volatile Organic 

Compounds, VOCs) inhibit the equilibrium of formation and depletion of ozone which leads 

to more formation. This in turn gives a higher level of ozone in the atmosphere, where it could 

affect the global climate (Krupa and Manning, 1988). A higher level of tropospheric ozone also 

puts agricultural plants at risk (Fuhrer and Booker, 2003) since it has been proven to give a 

reduced growth and yield of plants. Ozone namely alters the physiology of the given plant. 

Another consequence of higher ozone is also changed efficiency of fertilizers and amount of 

nutrients in the yield (Broberg et al., 2015; 2017). There is however still some further 

investigation needed to fully understand the different connections between ozone and plant 

growth (Mills et al., 2016). Understanding the relationship between ozone, plant yield and 

contained nutrients is crucial given that the need for a safe access to produced food of vegetable 

origin, especially as the climatic change due to anthropogenic activities, is increasing. Studies 

regarding the amounts of nutrients at different concentrations of air pollutants have previously 

been made (e. g. Taub et al., 2008) but not with ozone and crops of global importance 

exclusively. Numerous studies have been made, investigating ozone’s impact, but then often 

only one crop type at a time.    

 

1. 1 Ozone 

Ozone (O3) is a greenhouse gas that is naturally present in the two lowest parts of our 

atmosphere; in the troposphere, where it is also known as ground-level ozone, and in the 

stratosphere. The stratospheric ozone is crucial for life on earth. It acts as a shield against 

dangerous UV-light and helps keeping a stable temperature on the planet (McKee, 1993). 

Ozone, being a secondary air pollutant, is formed both via natural photochemical reactions via 

the sun's UV light. Ground-level ozone on the other hand is mainly produced via precursors of 

anthropogenic origin. These precursors are nitrogen oxides (NOx), methane (CH4), carbon 

monoxide (CO) and non-methane volatile organic carbons (NMVOC) (Mills et al., 2016).  

The levels of ozone present have changed a lot throughout the years with pre-industrial levels 

being approximately 20 ppb (parts per billion) in Switzerland. Between 1989 and 1991 the 

corresponding values had increased to at least the double. Unfortunately, the ozone levels do 

not seem to level off or decrease; current values measured in Canada differ between 23 to 34 

ppb, with annual maxima of 63 to 108 ppb (Vingarzan, 2004). There is no doubt that man plays 

a part in this as the case with present abundances of carbon dioxide (CO2), methane (CH4), and 

nitrous oxide (N2O) exceeding the levels being present over the past 800,000 years found in 

ice cores (IPCC, 2014) Furthermore, simulated studies using models, indicates that the levels 

of surface ozone is expected to rise significantly throughout the 21st century (Vingarzan, 2004) 

with estimations of up to 50 ppb in China in 2050 (Morgan et al., 2006).  

Much like CO2, ozone is taken up by the plant via the stomatal pores. Once inside the plant, 

the air pollutant could cause altered flowering and reduced photosynthesis, growth and yields 

(Mills et al., 2016) as well as reduce chlorophyll content, CO2 assimilation and activity of the 

enzyme Rubisco (Bagard et al., 2015). This is not just the case for crops but also for bigger 
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plants including trees (Bagard et al., 2015). Previously the photosynthesis-ozone connection 

has been well studied in plants in general (Wittig et al., 2007) and verified in soybean (Morgan 

et al., 2003), rice (Pang et al., 2009), maize (Bagard et al., 2015; Leitao et al., 2007), and wheat 

(e.g. Feng et al., 2011).  

  

1. 2 The Crops 

Out of the many vegetables and crops consumed throughout the world the four most important 

ones are soybean, wheat, maize and rice. These plants are of great importance to humans, both 

for direct consumption but also for meat production (animal feed) and for production of biofuel 

(Oerke and Dehne, 2004) and accounts for roughly 75 % of the calories that mankind directly 

or indirectly consume (Lobell et al., 2011). 

Soybean (Glycine max) is a plant native to the eastern hemisphere with the earliest recordings 

being from Asia. Historically it has been grown for a number of reasons such as for ornamental 

purposes, production of oil or for human consumption. Today’s cultivation is widely spread 

throughout the planet with the majority of the global soybean quantity being cultivated in USA, 

Brazil and Argentina (See Table 1). In 2006 these three countries alone stood for 81 % of the 

global production of soybean. It is a highly usable crop: the area of cultivation has increased 

from 29 to 97 million hectares between 1968 and 2008. That is roughly 6 % of the planet’s 

total arable land. Although the number may seem high, it is still less than corresponding area 

used for cultivation of wheat, maize and rice (Hartman et al., 2011). 

 

Table 1. Comparison of the studied plant types 

 Cultivation 

area (ha) 

Consumed 

or produced 

yearly 

(tonnes) 

Type of 

photosynthesis 

used 

Mainly 

cultivated in 

Family 

Soybean (Glycine max) 97 million 3 million C3 Argentina, 

Brazil and 

USA 

Fabaceae 

Wheat (Triticum aestivum) 200 million 670 million C3 Globally Poaceae 

Maize (Zea mays) 100 million 750 million C4 S. America, 

Africa 

Poaceae 

Rice (Oryza sativa L.) 158 million 700 million C3 China Poaceae 

 

Roughly 2 %, 3 million tonnes of the global soybean produced is estimated to be consumed by 

humans as food (Goldsmith 2008). Much of the popularity in soybean is thanks to the high 

levels of protein it contains. The said protein is also favourable due to the animal protein-like 

qualities it possesses (Hartman et al., 2011). The seeds contain about 18 % oil and 38 % protein 

(Liu 2008). Thanks to the high protein levels, soybean is often (98 %) used to feed livestock 

(Hartman et al., 2011). The high levels of protein in soybean are due to nitrogen fixating 

bacteria living amongst the roots of the plant. There, bacteria help the plant by providing it with 

nitrogen, while the soybean provides the bacteria with photosynthates. The reason for the high 

protein levels in soybean is therefore symbiosis (Pausch et al., 1996). The presence of the 

bacteria could act as a protection from nitrogen shortages in the plant during high levels of 

ozone.  
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Wheat (Triticum aestivum) is undoubtedly one of the most important crops for humans and has 

long followed us (Smith, 1998). This is especially noticeable via the many cultivars that now 

exists, as well as wheat being the most widely cultivated cereal in the world (Shiferaw et al., 

2013). Development of the many cultivars have in combination with efficient fertilizers and 

pesticides been fruitful and led to the global wheat production being doubled in the past 40 

years (Evenson and Rosengrant, 2003). 

Globally, about 670 million tonnes of wheat are produced annually with the cultivation being 

spread approximately equally between the developed (47 %) and the developing world (53 %) 

(Shiferaw et al., 2013). To produce this amount of yield an area of 200 million hectares is used 

(Shiferaw, 2011). Wheat is considered one of the most drought tolerant and water use efficient 

plants when it comes to the staple crops (Ortiz et al., 2008) and plays a big role (43 % of the 

total) in food import to developing countries (Dixon et al., 2009). Although soybean does 

contain more protein, wheat is due to its distribution the most important protein source 

worldwide. It provides approximately 21 % of our daily dietary protein intake and 20 % of our 

daily intake of calories. This is relatively high compared to other globally important crops like 

for example maize, which corresponding values are 4 and 5 % respectively (Shiferaw et al., 

2013).   

Maize (Zea mays) is globally the second most traded crop after wheat and plays an important 

role in feeding the world’s population. Together with wheat and rice, maize is responsible for 

about 30 % of the calories consumed by more than 4,5 billion individuals in more than 90 

countries in the developing regions. It has been estimated that 67 % of the global production 

of maize is located in developing countries. Annually about 750 million tonnes of maize is 

produced (Shiferaw, 2011). In some developing regions such as Asia and Africa, maize plays 

an even larger role, by being generally cheaper than other stabled crops. cultivation of maize 

is also an important source of income for many African families (Shiferaw et al., 2011). 

Maize is not just used for human consumption but have also become a source of biofuel 

production (Yamori et al., 2014), which in the future could affect the availability for human 

consumption in sub-Saharan Africa and South Asia (Headey and Fan, 2010). The global 

production of maize is today about 100 million hectares (FAOSTAT, 2010). Given the 

important role maize plays for families with low income living in developing countries, the 

demand for maize have been estimated to be at least doubled till 2050 when the global 

population passes the 9.3 billion mark (Rosegrant et al., 2009). 

The cereal rice (Oryza sativa L.) is relatively well spread when it comes to cultivation, except 

for North America and Europe (Lu, 1999). Physiologically rice is a very durable and possible 

to cultivate in varying environments, both dry and wetland conditions as well as in both low 

and high altitudes (Seck et al., 2012). Rice could therefore be cultivated in a variety of different 

areas.    

It is in the developing parts of the world the main important crop for direct consumption. 

Furthermore, it is also a staple crop to more than half of the global population. This means that 

for more than 3.5 billion people, rice accounts for more than 20 % of the daily intake of calories 

(IRRI, AfricaRice and CIAT 2010). This is due to rice containing many nutrients, amongst 

them 7.5 % protein on average (Chandler, 1979). Globally rice cultivation processes roughly 

158 million hectares and gives annual yields of about 700 million tonnes rice (470 of which 

becomes milled rice) (IRRI, AfricaRice and CIAT 2010). The main part (90 %, 640 million 

tonnes) of this area is located in Asia and China especially. In comparison Africa and Latin 
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America produce about 50 million tons rice collectively, with the rest being produced 

elsewhere (Seck et al., 2012).  

Although one could see a decreased growth yield from 2.2 % increase per year in the 1970s to 

0.8 % increase per year in the 2000s (IRRI, AfricaRice, CIAT, 2011), the demand for rice have 

been increasing. Globally it is expected that land used for rice production will stay at around 

160 million hectares, but to feed the future population, an additional 116 million tons of rice 

will be needed by 2035. Without an expansion of area for cultivation an increase in annual rice 

yield would need to be about 1.2 to 1.5 % of today’s yield (Seck et al., 2012). Due to extensive 

breeding of plants and immigration, rice have also gained popularity in developed areas such 

as North America and Europe (Tran, 1996) which also demands higher production of rice.  

 

1. 2. 1 Different types of Cultivation 
 

In previous studies regarding the impact of ozone, two cultivation strategies are normally used. 

These are field cultivation and pot cultivation which often could contain different composition 

of the nutrients nitrogen, phosphorous and potassium. Studies of soybean and wheat included 

here were done both on crops growing in fields and in pots. This is to investigate the usage of 

pot grown experiments as a way to examine the impact of ozone on field grown cultivars. 

Studies examining whether crops respond differently to ozone depending on cultivation method 

is not frequent, making a comparison between the two interesting. If experiments conducted 

on pot-grown crops can be representable for field cultivations it would be less costly due to the 

removed need for large areas and extensive maintenance.  

 

1. 3 Photosynthesis 

Among the green plants there are three main types of photosynthesis occurring. These are 

called C3, C4 and CAM.  The carbon fixation is based upon the transformation of carbon dioxide 

and water, which in the presence of sunlight gives oxygen and glucose. Common for all 

photosynthetic plants is the uptake of carbon dioxide via the stomata and the usage of the 

energy producing enzyme cycle, the Calvin cycle. What separates the tree types is the fixation 

of the carbon dioxide molecule.  

In C3-plants the CO2 molecule is taken up, and as a by-product oxygen is released, during the 

day (Björn, 2019). C3-plants represent 85 % of all plants (Yamori et al., 2014 and includes 

crops such as soybean (Khan et al., 2003), wheat (Schmitt and Edwards, 1981) and rice 

(Schmitt and Edwards, 1981; Yamori et al., 2014). After the CO2 molecule has passed the 

stomatal pore the enzyme Rubisco helps catalyse the reaction. C3 plants have one kind of the 

organelle chloroplast, where the catalysation takes place. This reaction produces two molecules 

of the three-carbon compound 3-phosphoglycerate out of five-carbon sugar phosphate, 

ribulose-l,5-bisphosphate (RuBP), and CO2. The produced sugar is the reason for the name of 

the photosynthesis-type, C3 (Furbank and Taylor, 1995).  

The C4-plants being 5 % of all plants, maize included (Yamori et al., 2014), is an adaptation of 

C3-plants (Furbank and Taylor, 1995) to mitigate water losses in warm and arid areas with high 

water scarcity. C4 plants, unlike C3 plants, has two types of chloroplasts, thus making the 

fixation of CO2 a twostep process (Furbank and Taylor, 1995). This type of photosynthesis 

operates by effectively reducing photorespiration by increasing concentration of CO2 using a 
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biochemical pump (Furbank and Taylor, 1995). The usage of this CO2 pump makes it possible 

for the C4 plants to take up CO2 with the stomatal pores just slightly open (Björn, 2019) and 

thus inhibiting water escaping. In the cytosol the CO2 is then converted to four-carbon 

dicarboxylic acid oxaloacetate with the help of phosphoenolpyruvate carboxylase (PEPC 

(hence the name C4) (Furbank and Taylor, 1995). 

The remaining 10 % of the plants use a type of photosynthesis called CAM, for example 

pineapple (Yamori et al., 2014). CAM (crassulacean acid metabolism) differs from the other 

two plant groups in the matter of when the photosynthesis and the fixation of carbon dioxide 

occur (Björn, 2019) and exists as a way to survive in areas with great environmental changes 

between day and night time (Yamori et al., 2014). In C3 and C4-plants these two processes 

occur simultaneously. Although a CO2 pump is present in CAM-plants as well (Yamori et al., 

2014), the water saving has been optimised further here. The process of photosynthesis is here 

still limited to occur during the daytime since it requires sunlight, while the uptake of carbon 

dioxide take place during night time (Björn, 2019).  

 



6 
 

2 Method 

2. 1 Aim 
The general purpose of this report is to investigate how the ozone pollution affect the global 

crop yields. This analysis will include the effects on crop yield and protein under different 

levels of tropospheric ozone. The study has been based on the following research questions: 

 

1. Which crop is most sensitive to higher levels of ozone – is there a relation to 

photosynthesis type or nitrogen fixation? 

2. How does ozone influence the amount of protein (protein yield) in the four globally 

important crops soybean, wheat, maize and rice? 

3. Does ozone impact the concentration of protein in the same way in the four crops?  

4. Does the method of crop cultivation in the experiments matter for the response to 

ozone? 

 

2. 2 Database 
The data have been collected from several peer reviewed scientific articles, found via Google 

scholar, Gothenburg university library (http://www.ub.gu.se/), Web of science and Elsevier. 

To gather these publications a number of keywords have been combined. These were: Ozone; 

Crops; Yield; Nitrogen; FACE, OTC as well as the names of each crop type (soybean, wheat, 

maize, rice). The collecting of good data sources took place between January and April 2019. 

A total number of 32 articles met the set criteria; 

  

1. Daytime ozone concentration was reported 

2. Values of measured yield 

3. Values of measured nitrogen or protein in the yield 

4. Cultivation in either pots or out in the field and performed in Open Top 

Chamber (OTC) or a free-air (FACE) fumigation system compartment 

5. At least two levels of ozone concentration tested  

 

2. 3 Response Functions 
For each individual experiment an intercept and a relative value was calculated to make a 

comparison possible. With a value of 1 it was assumed that an ozone concentration of 0 had no 

effect (Broberg et al., 2015). The relative value was then plotted against the ozone 

concentration.  Data from figures were digitized using data extraction software (Get Data Graph 

Digitizer 2.26; http://getdata-graphdigitizer.com/). For conversion between nitrogen and 

protein values a constant of 5.36 was used (Mosse, 1990). Furthermore, linear regression was 

used to examine the relationships between the variables. This method was also used to check 

significance. Linear regression is based on the idea that the relationship between two variables 

could be explained with a straight line according to the following formula: y=a+bx, (linear 

equation). In this regression the x-values affects the values of y (Devore, 2010). From the two 

data points available for each experiment (thus giving two x- and two y-values) an intercept 

has been calculated with the help of Excel. The intercept, the a in the previous formula, is the 

http://www.ub.gu.se/
http://getdata-graphdigitizer.com/
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value of where the trend line would cross the x-axis, in this case the yield-axis. This gave a 

measurement of how big yield one would have got in the experiments with no ozone present. 

A relative value was also calculated by dividing each x-value with the corresponding intercept 

value. Yield and protein yield were obtained, either by direct values reported in the articles and 

sometimes converted to other units, or by calculations with values based on one plant. The 

protein concentration was either reported directly or had to be calculated via the values of yield 

and protein yield. Furthermore, due to many experiments being conducted on many different 

cultivars in a small area (grown in the same experimental plot), an average value of these results 

has been used for presenting the results of soybean in order to avoid a large influence of random 

effects due to small samples sizes.  
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3 Results 

3. 1 Yield 
Based on the data compiled in this study, one can see that higher concentrations of present 

ozone do indeed decrease the yield of all four crops included (Figure 1-4). Furthermore, one 

could also see that the actual yield mass/ozone relationship varies from crop to crop (compare 

Figure 1 and Figure 3 for example). The equation in each figure (1-4) shows the constants of 

the straight lines, which is a measure of the yield of each crop. When comparing the constants 

of the four crops it shows that wheat is the plant with the most rapid decrease of yield with 

higher concentrations of ozone present. 

 

 

 

Figure 1. Plotted relationship between ozone concentration and relative yield in soybean. 

The result is significant (p<0.05) 
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Figure 2. Plotted relationship between ozone concentration and relative yield in wheat. 

The result is strongly statistically significant (p<0.001) 

 

 

With that same logic one could also see that maize is the plant with the lowest yield impact 

under ozone exposure. Soybean and rice with the slope values of -0.0032 and -0.0039 

respectively seem to be responding quite similar to higher ozone levels. The corresponding R2 

values for yield in soybean (Figure 1), wheat (Figure 2) and maize (Figure 3) were 0.14; 0.35 

and 0.13 respectively, not showing as strong response to ozone as rice did. Almost all crops 

(soybean: p=0.023; wheat: p=5.74E-15 and rice: p=8.13E-11) showed a significant relationship 

between yield and ozone concentration response with maize (p=0.18) being the only exception. 

Although the crops all show decreasing amounts of yield with higher ozone, the R2 values as 

well as significance of the relationship vary between the four types. Rice shows the highest R2 

value and which indicates that the trendline is a good illustration of the relationship between 

the ozone and yield and that the variation in yield response among experiments is small (Figure 

4).  
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Figure 3. Relationship between daytime ozone concentration and relative yield in maize. 

The included experiments tested with ozone levels notably higher than the experiments 

performed with other crops. The result is not statistically significant (p>0.05)  

 

 

 

Figure 4. Relationship between daytime ozone concentration and relative yield in rice. The 

result is strongly significant (p<0.001) 
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3. 2 Protein Concentration 
When comparing the ozone effect on protein concentration in each crop type, there is great 

variation in how the crops respond. One could clearly see that soybean stands out (Figure 5). 

There is great variation in how the crops respond. In this crop the protein concentration in the 

yield does not seem to be affected at all (Figure 5). Since the relationship is almost perfectly 

horizontal, the R2 value was very low, 7.5E-5. This means that the variation is small, and thus 

the result is strong. E.g. ozone has noticeable effect on protein concentration in soybean. In this 

case the high p-value (0.96) is showing that the result is not significant, and not indicates if 

ozone does have an effect. This is not the case and the P-value is not helpful here. Wheat and 

rice (Figure 6 and 8 respectively) are quite similar in their response, with higher protein 

concentration with higher ozone concentrations. Here the R2 values were 0.033 and 0.213 

respectively making the plotted trendline questionable. Their P-values were not significant 

p=0.056 and p=0.072 respectively. Maize (Figure 7) on the other hand shows a decreased 

protein concentration with higher ozone. The R2 and p-values here were 0.040 and 0.46, 

respectively thus indicating that the trendline might not be the best explanation for the data. 

Furthermore, the relationship is not significant.  

 

 

Figure 5. Relationship between daytime ozone concentration and relative protein 

concentration in soybean. The result is not statistically significant (p>0.05) 
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Figure 6. Relationship between daytime ozone concentration and relative protein 

concentration in wheat. The result is not significant (p>0.05) 

 

 

 

Figure 7. Relationship between daytime ozone concentration and relative protein 

concentration in maize. The experiments included tested with ozone levels notably higher 

than those in the experiments performed with other crops. The result is not statistically 

significant (p>0.05) 

 

 

y = 0.0012x + 1.0012

R² = 0.033

p = 0.056

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

0 20 40 60 80 100 120 140 160

R
el

at
iv

e 
P

ro
te

in
 C

o
n
ce

n
tr

at
io

n
 (

%
)

[Ozone] daytime, ppb

Wheat

y = -0.0114x + 2.1264

R² = 0.040

p = 0.46

0

0,5

1

1,5

2

2,5

3

3,5

0 20 40 60 80 100

R
el

at
iv

e 
P

ro
te

in
 C

o
n
ce

n
tr

at
io

n
 (

%
)

[O3] daytime, ppb

Maize



13 
 

 

Figure 8. Relationship between daytime ozone concentration and relative protein 

concentration in rice. The result is not significant (p>0.05) 

 

3. 3 Protein Yield 
When examining the effects of nutrient value of the yield, it is crucial to consider the protein 

yield of each crop type (see Figure 9-12). The protein yield is the collective result of seed yield 

and protein concentration. Here the protein is expressed as mass per area unit. In comparison 

with the seed yield, these results differ to certain extent. Once again, the maize responds 

differently, and does not seem to be as affected as the others. But the rest of the crop species 

show a relationship between protein yield and ozone that is quite similar, i.e. ozone causes 

decreased protein yield. The trendlines show a pattern similar to those that describe the reaction 

of yield; thus, protein yield in rice shows a strong relationship (R2 = 0.8) with ozone while it is 

rather weak for soybean (0.15), wheat (0.32) and maize (0.066). In line with the observations 

for yield, P-values were also statistically significant for all relationships but maize. The 

respective P-values were for soybean, wheat, maize and rice: 0.016; 1,63E-13; 0.34 and 3.68E-

9.  

 

 

 

y = 0.0018x + 0.93

R² = 0.213

p = 0.072

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

0 20 40 60 80 100 120 140 160

R
el

at
iv

e 
P

ro
te

in
 C

o
n
ce

n
tr

at
io

n
 (

%
)

[Ozone] daytime, ppb

Rice



14 
 

 

Figure 9. Relationship between ozone concentration and relative protein yield in soybean. 

The result is statistically significant (p<0.05) 

 

 

Figure 10. Relationship between daytime ozone concentration and relative protein yield in 

wheat. The result is strongly significant (p>0.001) 

 

 

 

y = -0.0045x + 0.9467

R² = 0.15

p = 0.016

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 10 20 30 40 50 60 70 80 90

R
el

at
iv

e 
P

ro
te

in
 Y

ie
ld

 (
g
/m

2
)

[Ozone] daytime, ppb

Soybean

y = -0.0055x + 1.0481

R² = 0.32

p = 1.63E-13

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

0 20 40 60 80 100 120 140 160

R
el

at
iv

e 
P

ro
te

in
 Y

ie
ld

 (
g
/m

-2
) 

[Ozone] daytime, ppb

Wheat



15 
 

 

Figure 11. Relationship between daytime ozone concentration and relative protein yield in 

maize. The experiments included tested with ozone levels notably higher than the 

experiments performed with other crops. The result is not significant (p>0.05) 

 

 

Figure 12. Relationship between daytime ozone concentration and protein yield in rice. The 

result is strongly significant (p<0.001) 
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3. 4 Comparing Field and Pot Experiments  
Experiments with yield of soybean and wheat have been conducted on either field or pot grown 

plants. Although field studies are the most frequently used experimental method, one could 

still compare the two since experiments performed in the field are more realistic than the ones 

conducted on pot cultivation. When it comes to soybean the different data points does not differ 

that much. Although there are more experiments conducted on field cultivation, the two types 

show the same result, namely a reduced yield with more ozone present (Figure 13). The slope 

of the trend line and R2 varies a bit; 0.11 for field and 0.26 for pots, showing that the 

relationship for pots is stronger than for in field experiments. They still show the same p-value 

0.11, thus not significant. 

The protein concentration (Figure 14) in the two cultivation methods of soybean shows a 

similar trend line and thus could be assumed to respond quite similarly to the ozone, i.e. not be 

affected at all as we could see in Figure 13. However, the levels of R2 and significance varies 

a lot with the experiments on the pots both having a higher value of determination (R2=0.57) 

and being significant (p=0.0074). That is not the case for the field experiments, here the results 

instead show a lower value of determination (R2=0.0045) and are not significant (p=0.76).  

There is a larger difference between the two cultivation methods when comparing protein yield 

(Figure 15). Here the pots have been shown to give a smaller protein yield compared to the 

field cultivated individuals, in the presence of higher ozone. Once again, the R2-value and value 

of significance (p) shows the same result of relationship as the one in the previous figure (13). 

Their R2-value differ a bit (0.089 for field and 0.49 for pots respectively) while the p-value is 

the same at 0.17. Altogether, the potted plants seem to be more sensitive to ozone than the 

plants cultivated out in the field but has a better trendline.  

 

 

Figure 13. Relationship between daytime ozone concentration and relative yield in 

soybean cultivated in field and pots respectively. In neither kind of experiment, the results 

are statistically significant (p>0.05) 
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Figure 14. Relationship between ozone concentration and relative protein concentration in soybean 

cultivated in field and pots respectively. The field results are not significant (p>0.05) while the pot 

experiments are significant (p<0.05) 

 

 

Figure 15. Relationship between daytime ozone concentration and relative protein yield in soybean 

cultivated in field and pots respectively. In neither kind of experiment, the results are statistically 

significant (p>0.05) 
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Figure 16. Relationship between ozone concentration and relative yield in wheat cultivated 

in field and pots respectively. The field results are strongly significant (p<0.0001) while 

the pot experiments are not (p>0.05) 

 

 

Figure 17. Relationship between ozone concentration and relative protein concentration in wheat 

cultivated in field and pots respectively. The field results are significant (p<0.05) while the pot 

experiments are not (p>0.05) 
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Figure 18. Relationship between ozone concentration and relative protein yield in wheat 

cultivated in field and pots respectively. The field results are strongly significant (p<0.0001) 

while the pot experiments are not (p>0.05) 

 

When comparing the same results for the two cultivation methods for wheat one clearly sees 

that there are a large number of field studies compared to studies using pots (Figure 16-18). 

When it comes to protein concentration (Figure 17) in wheat, the experiments with pots does 

not seem to be considerably affected by the ozone compared to the field cultivation. The field 

experiments on the other hand show an increased protein concentration with higher ozone. The 

individuals cultivated in the field have a lower R2-value than for the pots, 0.046 and 0.08 

respectively. The results based on the field cultivars is on the other hand shown to be significant 

(0.033), something that the pots are not (0.37).  

The uneven distribution of field and pot studies of wheat is particularly clear when it comes to 

protein concentration (Figure 18). Given the allocation of different data is not surprising that 

the field studies both shows a decreasing trend line as well as higher value of R2 (0.48 in field 

and 0.0046 in pots) and higher significance (p=8.13E-20) than for the pots (p=0.83) when it 

comes to grain yield (Figure 16) as well as the protein yield (Figure 18). The field studies and 

pot studies showed R2 value of 0.41 and 0.08 respectively. The p-values were 4.61E-16 for 

field and thus being significant while the pots were not since the p-value was 0.80. Studies of 

wheat cultivated out in the field is therefore considered significant when it comes to both grain 

yield and protein yield. 
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3. 5 Comparing Protein Yields - Projection under two Ozone Levels 
When comparing the four crops, soybean have a substantially larger concentration of protein 

(Figure 19), which is not surprising given the natural abundance of protein in the crop being a 

nitrogen fixing crop. Here two different values of ozone concentration have been used to 

calculate the expected yield corresponding to the formula given in Figure 1-4. The Figure 19 

show that the protein concentration in soybean and rice, unlike wheat, is not 

increased/stimulated at 50 ppb of O3 compared to 0 ppb.  

Figure 20 shows the estimated protein yields, comparing zero ozone to 50 ppb of ozone, based 

on the calculated relationship in Figure 1-4. Here an estimation that all crop types will produce 

5 tonne per hectare has been made. Due to the data points used being based upon experiments 

with higher ozone concentration than 50 ppb and thus requiring a large amount of extrapolation, 

maize is not included here. From this figure we could conclude that soybean is the one with the 

highest losses of protein yield (~300 kg ha-) compared to wheat and rice (50 kg ha- and 100 kg 

ha-1 respectively).  
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Figure 19. Projected protein concentration at two ozone levels in each crop type. 

Projection based on the relationship formulated in the formulas in Figure 1-4  

 

 

Figure 20. Projected protein yield at two ozone levels in each crop type. Projection based 

on the relationship formulated in the formulas in Figure 1-4 and the assumption of a 

general yield of 5000 kilos per hectare. Maize is not included due to the pattern of 

datapoints that cause a need for too big extrapolation  
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4 Discussion 

4. 1 Yield 

With the exception for maize, ozone had a significant impact on the yield of the crops 

considered in this study. It is therefore possible with high certainty to say that ozone lowers the 

yield in at least three out of the four most important global crops. This is not surprising since 

this pattern is shown in many articles studying the impact of ozone (e.g. Jaoude et al., 2007; 

Rai and Agrawal, 2014; Sarkar et al., 2015 and Singh et al., 2018). Ozone was not found to 

have any significant effect on the yields in maize in this study. A likely explanation for this is 

that maize uses the C4-photosynthesis, leading to a lower stomatal conductance thus a smaller 

uptake of ozone and therefore suffer less damages (Morison and Gifford, 1983). This does not 

mean that ozone is not detrimental to maize, and a larger data set would likely provide a 

negative correlation between yield and ozone concentration, although with a less steep slope 

compared the C3 crops. Due to the lack of data one could only speculate in this. 

 

4. 2 Protein Concentration 

Although soybean, rice and wheat show a decrease in yield at higher ozone concentration, they 

differ when it comes to protein concentration. The most noticeable result regarding the 

concentration of protein is in the soybean. This crop shows a relatively even percentage no 

matter the ozone concentration. The reason for the different result noted in soybean, compared 

to the other three crops, when it comes to protein concentration (Figure 9) could be that soybean 

is a nitrogen fixating plant due to the symbiosis with bacteria associated with the roots. It has 

previously suggested that the soybean, as a member of the bacteria-associated Fabaceae family, 

could use the symbiosis as a reserve of nitrogen in the presence of harmful ozone 

concentrations (Pausch et al., 1996) even with reduced roots of the plant (Hewitt et al., 2016). 

This is likely the case here as well. Both wheat and rice show an increase of protein 

concentration with higher ozone. Higher protein content is desirable since it is a measure of 

nutrients and therefore leads to higher prices. However, the amount of total yield decreases due 

to the presence of ozone and therefore could at least partly mitigate the positive effects of higher 

amounts of nutrients.     

For wheat and rice the raised protein concentration could possibly be explained with ozone 

causing the crops to ripe prematurely, thus not increasing so much in size (Broberg et al., 2015). 

The prematurely ripening is a consequence of the plant trying to mitigate the harmful effects 

of the ozone. To do this, the plant produces reactive oxygen species (ROS). ROS could however 

harm plant cells and tissues. It could also trigger the production growing hormones such as 

ethylene gas, which quickens the ripening of the plant (Ainsworth, 2016). The increased 

concentration of protein is a result of the decreasing amount of starch since the plant’s 

production of protein is not as affected as the production of starch (Wang and Frei, 2011). The 

premature ripening gives the plant less time to accumulate starch in the grain. The decrease in 

grain size and mass is also due to the shortages of starch, which gives a higher relative amount 

of protein. Starch is namely found in the endosperm in the grain (Wang and Frei, 2011).  

The protein concentration in maize showed a non-significant result of decreased concentration 

with higher ozone. The C4-photosynthesis could play a part, but it is difficult to explain the 

result presented here. This since the lower stomatal conductance in maize would give less of 

an uptake of ozone (less open stomata) and therefore less change of protein concentration. The 

lack of data could certainly be a reason for the result obtained here, especially since the result 
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showed non-significance. This indicates that further studies of maize are needed when it comes 

to the impact of ozone.  

 

4. 3 Protein Yield 

The protein results of this study indicate that soybean and wheat both could be the most 

sensitive plant. This is in line with previous studies of assessed sensitivity in the four crops 

(Mills and Harmens, 2011). However there they do not specify which of these two that is the 

most sensitive.    

Like for yield, in all crops except maize there are significant relationships between ozone and 

yield of protein (Figure 20). It is therefore possible to say with high certainty that ozone affects 

protein yield in at least three of the four most important global crops. In Figure 20 one could 

clearly see that soybean contains the highest amount of protein among the studied crops. This 

relationship is most likely due to the symbiotic bacteria. Soybean is also the crop that loses the 

most when it comes to protein. Another interesting result here is that although wheat, maize 

and rice all show a decreased value of yield with higher ozone levels, wheat and rice show 

roughly the same values of the slope denoting the relationship and thus responding to ozone in 

a similar way. This could be a consequence of them both being cereals as well as C3-plants, 

which determinates how much ozone being entered the plant via the stomata. 

By comparing the formulas created in Figure 1-4, soybean will be the crop most heavily 

impacted by exposure to ozone levels of at least 50 ppb in terms of protein yield. This would 

suggest that soybean is the most sensitive crop when comparing with wheat and rice. Because 

of shortages of data regarding maize, it is here difficult to assess its sensitivity compared to the 

other three crops studied. A possible reason that soybean stands out from the rest could be that 

soybean do not belong to the family Poaceae (grasses), like the other three crops. This means 

that grasses, like wheat, maize and rice, all show similar, and in plants uncommon way of 

growing in that the meristem, where they grow, is located in the basal part of the plant. The 

consequence of this is that they quickly could recover from damages in the top, for example 

from cropping (Langer, 1979) and possibly also from ozone. The latter is unclear in this case, 

since we do not know if the ozone affects the lower parts of the plant less than the top, but 

could possibly be an explanation here.   

 

4. 4 Comparing Field and Pot Experiments 

Based upon the data conducted here field experiments is the most common form of cultivation. 

The field experiments also gave more significant results than those from the pots, with the 

exception of protein concentration in pot grown soybean. Here the occurrence of significance 

is more than likely connected to the frequency of experiments available. Field experiments also 

give a more realistic composition of nutrients. To evaluate whether field or pot experiment is 

more sensitive to ozone one need to take the number of experiments with each cultivation 

method into account. For wheat, the majority of the experiments is conducted out in the field, 

whilst it for soybean is more equally divided between methods. This gives the result that it is 

difficult to say which method of cultivation that is most sensitive, wheat lacks data and he 

trendline of soybean experiments shows no clear difference between the two methods. This 

indicates that there could be no difference in ozone impact between different cultivation 
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methods for soybean. This shows that the studies of soybean where pot cultivation have been 

used can draw conclusions significant also for field cultivation of soybean.  

 

4. 5 Implications for Food Security 

Ozone also affects protein available in the crops, and thus also affect the nutrient accessible for 

living creatures. Protein plays an important role in many functions in our bodies, like for 

example building muscles (Moore et al., 2014). The impact of ozone showed in this study is in 

accordance with the occurring research in the field as reduced yields have been noted in 

numerous experiments throughout the years (e.g. Jaoude et al., 2007; Rai and Agrawal, 2014; 

Sarkar et al., 2015 and Singh et al., 2018). 

Out of the crops studied here, maize is undoubtedly the least examined one when it comes to 

impact of ozone. There is also a bit difficult to find good data matching these criteria for rice, 

although it is more studied than maize. Given that both maize as well as rice plays an important 

role for many individuals livelihood in developing areas, future studies are needed. With higher 

ozone levels it is believable that a higher crop prize will follow. This could become a great 

setback for many of those livelihoods. Previous research studying the impact ozone will have 

on each of these crop types suggest that maize and rice are less sensitive to ozone compared to 

the sensitivity of soybean and wheat (Mills and Harmens, 2011). This is partly consistent with 

the findings in Figure 19, showing that the difference in rice protein concentration would not 

be that big at ozone levels of 50 ppb (compared to the other crop). It also shows that maize 

could increase its protein concentration, but this is hard to verify here since the data points for 

maize both are few and of values close to 50 ppb. Maize and rice are considered less sensitive 

to ozone, which could be interpreted as there is no risk for food shortages in developing 

countries as a result of increased ozone levels, when these crops are grown. However, studies 

indicate that the risks of decreased yields due to ozone previously have been underestimated 

(Pang et al., 2009). 

 

4. 6 Uncertainties  

During this study there have been some sources of error that have affected the outcome of the 

results. First and foremost, there is data points lacking when it comes to pot experiments in 

general and experiments on maize and rice in particular. It is more than likely that more data 

would give another, more statically satisfying result. Furthermore, the results would have been 

improved by being able to include harvest index (HI), since it is a good measurement of 

efficiency i.e. how much mass biomass of the plant that turns into edible yield. 
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5 Conclusions  

Which crop is most sensitive to higher levels of ozone – is there a relation to 

photosynthesis type or nitrogen fixation? 

When it comes to sensitivity this could be measured in several ways. If comparing yields of 

protein higher ozone concentration (at least 50 ppb), the biggest loss is observed in soybean. 

But by looking at total yield, wheat is instead the biggest loser of mass with a higher 

concentration (<50 ppb) ozone. Soybean is most sensitive to higher ozone when it comes to 

protein yield and wheat when it comes to overall yield. Soybean is thus likely the type of crop 

to experience the highest losses due to ozone when it comes to protein. Wheat and rice, both 

being C3 cereals, often show similar values. Furthermore, it is difficult to assess sensitivity in 

maize. Soybean due to its symbiotic bacteria is not faced with shortages of N due to ozone 

exposure but could never the less be impacted by ozone. Nitrogen therefore plays a role in 

sensitivity towards ozone, by mitigating the N-shortages, but not protecting the plant against 

the ozone. However, the plant is still facing other common problems from ozone exposure such 

as reduced yield. Type of photosynthesis could play a role here as well since the values of 

maize often differs from the rest of the C3 plants.  

 

How does ozone influence the amount of protein (protein yield) in the four globally 

important crops soybean, wheat, maize and rice? 

Ozone plays a role in the amount of protein in the four crops. Given the relationship plots 

conducted here higher ozone give lower mass of protein in the crop yield. Although the actual 

amounts vary between the crop types, they all show a downward trendline. Ozone therefore 

does influence the amount of nutrient in the four crops.  

 

Does ozone impact the concentration of protein in the same way in the four crops?  

By comparing the trendlines, the amount of protein concentration in the crops varies greatly 

between the crops. Unlike the others, soybean is not at all affected by the ozone as the protein 

concentration stays at a constant level regardless of concentration level of present ozone. The 

protein concentration in maize is decreased while it is increased in both wheat and rice. 

Ozone therefore does not affect the different crop types in the same way, given the data used 

here. 

 

Does the method of crop cultivation in the experiments matter for the response to ozone? 

In this case analysis could only be made on soybean and wheat since required data for maize 

and rice were absent. Due to the dataset being imminently based on field cultivation it is 

difficult to give a clear answer to this question. The results indicate that it is difficult to say 

whether field-grown or pot-grown cultivars is the most sensitive to ozone when measuring 

yield, protein yield and protein concentration. The question therefore remains unresolved.  
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5. 1 Suggestions and Future Research 

This area of research is far from a novel one, but to fully understand the possible impact ozone 

can have on food availability more studies are needed. The reports regarding maize and ozone 

were few, so an increased number of these in the future would be preferable to gain robust 

results. Furthermore, given that ozone concentration varies throughout both during the day but 

also throughout the year, maybe experiments with a longer period of cultivation (up to 12 

months instead of a season) would have been a good idea to improve the comparative results 

further. These results presented in this thesis shows that both soybean and maize could act 

different than the other crops. It would therefore be interesting to investigate not only C3, C4 

and N-fixating crops but also possibly include CAM-plants such as Agave for example (which 

have been suggested for livestock feed, (Mason et al., 2015) and plants of other families with 

unique living patterns. It has here been shown that ozone plays an important role when it comes 

to availability of food. To increase the global security of food, these crops especially, the 

breeding and cultivation of more ozone resistant pedigrees is needed. 
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