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Abstract 
Elevated atmospheric carbon dioxide (CO2) increases crop yield production but simultaneously 
decreases nutritional quality in important staple crops. An estimated 2 billion people suffer from 
zinc (Zn) and iron (Fe) deficiencies and 600-700 million people are thought to be deficient in 
protein. Projected increases in atmospheric CO2 concentration risk exacerbating already serious 
global health issues caused by nutritional deficiencies. A majority of the world’s population derive 
their daily intake of nutrients and proteins from the affected staple crops. This report is a 
synthesis of studies regarding elevated CO2 effects on grain nutrient concentrations, including 
protein/nitrogen (N), Fe, and Zn in maize (Zea mays), Rice (Oryza sativa), soybean (Glycine max), 
and wheat (Triticum aestivum). A multi-level meta-analysis was conducted to test the magnitude 
and significance of observed effects. Additionally, the CO2 responses of nutrient yield and grain 
yield were compared to evaluate the extent to which changes in concentrations were caused by 
growth dilution. The results show significant decreases in grain N concentration ([N]) in maize, 
rice and wheat, but a non-significant increase in grain [N] in soybean under elevated CO2. The 
absence of CO2 effect in soybean is supported by earlier studies and is contributed to leguminous 
crops’ ability to assimilate inorganic N trough symbiosis with N2-fixing bacteria. There is 
evidence for a considerable significant decline in grain Zn concentration in all included crops. 
Furthermore, CO2 induces significant declines in grain Fe concentration ([Fe]) in soybean, rice, 
and wheat, but not maize. This study also shows that elevated CO2 has a negative effect on N, Fe 
and Zn yield at modest or neutral shifts in productivity in rice and wheat. This contest the growth 
dilution hypothesis being the only driver for declining nutrient concentrations. Grain [N] is 
decreasing in maize, rice, and wheat at rates of -7.6%, -7.5%, and 6.7% respectively, but not in 
soybean. Declines of -4.4% to -5.7% in grain [Fe] and -3.4% to -8.2% in grain [Zn] are shown in 
important staple crops. These decreases would exacerbate already serious nutritional deficiencies 
globally and jeopardize future food security in a world where atmospheric CO2 increases rapidly.  
 
Keywords: Zea mays; Oryza sativa; Glycine max; Triticum aestivum; carbon dioxide; 
nitrogen; iron; zinc; crop quality; grain yield; food security 
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1 Introduction 
1.1 Background 
1.1.1 Elevated CO2, nutritional quality and its implications for global health 
It has been shown that elevated carbon dioxide concentration (eCO2) increases crop yield 
production [1] but simultaneously decreases nutritional quality in important staple crops [2-4]. 
Globally, almost 76% of the world’s population derives most of their daily intake of protein and 
other nutrients from plants [5]. Inadequate protein intake could lead to limited growth for 
children and reduced tissue repair [6]. It is thought that 600-700 million people are currently 
suffering from protein deficiencies [2]. Humans also derive a majority of the essential 
micronutrients in their diets from plants, 81% of iron (Fe), and 68% of zinc (Zn) comes from 
vegetal sources [2]. Fe deficiency is one of the most common and widespread nutritional 
disorders in the world, affecting an estimated two billion people. In developing countries, half of 
the pregnant women and 40% of preschool children are thought to have Fe deficiencies. Effects 
of anemia are poor pregnancy outcome and impaired physical and cognitive development [7]. By 
using food availability data, the World Health Organization estimates that about one-third of the 
world’s population suffers from Zn deficiencies, with estimates ranging from 4% to 73% across 
regions. Zn deficiency is responsible for approximately 16% of lower respiratory tract infections, 
18% of malaria, and 10% of diarrheal disease [7]. Atmospheric CO2 levels are expected to rapidly 
rise during the next century [8], posing a great risk of inducing a decline in nutritional quality on a 
global scale and having severe implications for human health. Declines in nutritional quality 
could exacerbate already severe cases of malnutrition and cause more protein and micronutrient 
deficiencies globally. It is therefore imperative to investigate the mechanisms and processes in 
plants that cause nutritional quality in eCO2. 
 
1.1.2 Declining nutritional quality under eCO2 
Negative effects on of eCO2 on nitrogen concentration ([N]) (equivalent to protein 
concentration) are systematically shown for C3 non-legume crops, but not for C4 crops or 
legumes [9]. However, studies show that eCO2 is associated with significant decreases in Fe and 
Zn content for both C3 crops and legumes [2]. Although many studies show reduced N 
concentration ([N]) in plants grown in eCO2, there is no widespread consensus regarding the 
mechanisms or processes that are responsible for causing the effect. Previously, the decrease in 
nutritional quality has been explained as a growth dilution phenomenon. It was thought to be an 
increase in total biomass in a plant organ relative to the corresponding change in total N under 
eCO2 [10]. Nevertheless, it has been shown that the crop nutrient concentrations are decreased 
even when the effect of eCO2 on crop production is zero or marginal. Growth dilution thus 
cannot fully explain CO2 induced declines in nutrient concentrations, and there must be other 
mechanisms and processes that inhibit nutrient uptake by plants in eCO2 [9]. Growth dilution 
effects could be evaluated by investigating the relationship between accumulation of grain N, i.e. 
grain N yield (NY), and the accumulation of grain biomass, i.e. grain yield (GY) under eCO2 [11]. 
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Some other hypothesized mechanisms and processes that contribute to declining nutritional 
quality in eCO2 and will be discussed in this report are: 

I. Decreased mass-flow of soil N to roots due to decreased transpiration [10]  
II. Inhibited shoot nitrate assimilation in C3 plants [9, 12] 

 
Studies showing the negative effect of eCO2  on nutritional quality in C4 plants are not as 
common in the literature as studies on C3 plants [9]. This might be explained by the 
fundamentally different photosynthetic characteristics of C4 and C3 species. C4 photosynthesis can 
be described as a CO2-concentrating mechanism. The increased CO2 concentration within the 
photosynthetic cells increases RuBisCo’s chance to fix CO2 instead of oxygen, which increases 
the carboxylation rate and minimizes photorespiration. C3 plants cannot concentrate CO2 within 
the plant cell and are therefore benefited by eCO2 because it increases its carboxylation rate and 
decreases its photorespiration [13]. C4 photosynthesis is usually saturated at current atmospheric 
CO2 concentration and should therefore theoretically be stimulated less by eCO2 [14]. Despite 
this, some controlled environment studies have shown direct stimulation of C4 photosynthesis 
and productivity under eCO2. [4, 15]. In addition, a meta-analysis of eCO2 effects on maize 
showed significant decreases in grain protein (N), Fe, and Zn [4]. However, these stimulation 
responses seem to occur mainly under drought stress. One study report that photosynthesis and 
production of maize may be unaffected by eCO2 in the absence of drought and that eCO2 only 
will enhance performance by reducing crop water use [16]. Both C3 and C4 plants are subject to 
reduced stomatal conductance in eCO2 [17]. The hypothesis above states that reduced stomatal 
conductance leads to lower transpiration rates [18], which in turn could lead to decreased mass-
flow of soil N to roots. Conversely, there are other studies in wheat showing that transpiration 
decreases significantly more than nutrient uptake in eCO2 in regard to N, K, S, Ca, Mg, and Mn 
[19, 20]. There are remaining uncertainties regarding the role of transpiration rate and its 
significance for nutrient uptake.  

 
There are studies that suggest that eCO2 directly inhibits C3 plant’s N metabolism, particularly 
trough the inhibition of shoot nitrate (NO3

-) assimilation [21]. C4 plants appear to be unaffected 
by this physiological mechanism [22]. The main N species assimilated by most C3 crops is nitrate 
[12, 23]. It is also the major plant-available N form due to nitrification in agricultural soils [24]. 
An exception is the C3 plant rice (Oryza sativa), which is included in this meta-analysis. The major 
form of organic N that is available for rice grown in paddy soil is ammonium ions (NH4

+). The 
rice plant can actively assimilate ammonium ions via transporters in the roots [25]. It could be 
hypothesized that rice crops might not be as affected by the inhibition of shoot nitrate in eCO2, 
since they can assimilate ammonium ions in its place, perhaps leading to declining grain [N] of 
lesser magnitudes. One study found that nitrate assimilation was lower in eCO2 than in ambient 
CO2 concentrations (aCO2) in wheat, leading to the conclusion that wheat is subject to shoot 
nitrate inhibition in eCO2 [21]. In direct contrast, a Free Air CO2 Enrichment (FACE) experiment 
showed higher N acquisition under eCO2 in experiments with nitrate fertilization. Their results 
suggest that inhibition of nitrate assimilation is not the cause of declining N tissue concentration 
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under eCO2 [24]. One should note that the FACE study was made on tissue [N] in leaf, stem, ear, 
and whole plant, and not specifically on grain [N]. Consequently, the effect of eCO2 on nitrate 
assimilation and its importance for nutrient uptake is uncertain. 
 
The absence or small effect of eCO2 in legumes is likely an effect of their ability to access and use 
inorganic N by cooperating with N2-fixing symbionts. This suggests that legumes have a 
competitive advantage over species that do not have this symbiosis  [26]. The majority of species 
capable of having a symbiotic relationship with N2-fixing bacteria are legumes, including soybean 
(Glycine max) which is one of the crops included in this meta-analysis. The edible portion of these 
legumes are high in protein and oil content and are very important sources of protein and 
calories. Since studies show that legumes are mostly unaffected by declining [N] in eCO2, these 
crops could potentially serve an even more important role as a source of protein and calories in 
the future [26]. However, legumes still seem to suffer from considerable declines in other 
important micronutrients such as Fe and Zn [2].  
 

1.2 Selection of crops  
To compare the eCO2 response in N, Fe, and Zn uptake in staple crops, C3 plants, C4 plants, and 
legumes with different physiological characteristics were examined and compared. The selection 
of crops in this study was made to be able to compare the effects of eCO2 for different types of 
photosynthetic pathways and means to acquire N, Fe, and Zn (Table 1). Additionally, maize, rice, 
soybean, and wheat are some of the most important staple crops in the world and have a 
significant influence on the nutritional status in the world.  
 
Table 1 Physiological Characteristics of Selected Crops 
Crop Characteristics  
Maize (Zea mays) C4 photosynthesis 
Rice (Oryza sativa) C3 photosynthesis, high uptake 

and direct assimilation of  
ammonium ions (NH4+)   

Soybean (Glycine max) C3 photosynthesis, symbiosis with 
N2-fixing bacteria 

Wheat (Triticum aestivum) C3 photosynthesis 
 
1.3 Aim 
This report aims to investigate the changes and differences in response for [N], [Fe], and [Zn] in 
the edible parts of maize, rice, soybean, and wheat in eCO2. In addition, the effects of eCO2 on 
NY, iron yield (FeY), and zinc yield (ZnY) will be compared to effects on GY. This is conducted 
by doing a comparative meta-analysis on crops that have different means of nutrient uptake and 
CO2 assimilation pathways. 
 
The overall hypothesis is that the change in plant N uptake in eCO2 is dependent on the unique 
mechanisms and processes of N assimilation and photosynthetic pathways in each crop species. 
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Furthermore, the change in grain [Fe] and [Zn] could be related to and be dependent on the 
mechanisms that change grain [N] in eCO2. 
 
1.3.1 Research questions 

I. Is the change in grain N concentration under eCO2 coupled to the photosynthetic 
characteristics of plants? I.e. Is there a significant difference in effects in C3 plants and C4 

plants?  
II. Is the decrease in grain N concentration under eCO2 coupled to what N forms are 

accessible to the plant? I.e. is there a significant difference in effects for crops that take 
up predominantly soil nitrate versus those that take up mostly ammonium or can access 
N through symbiosis with N2-fixing bacteria? 

III. Is grain [Fe] and [Zn] declining in wheat, rice, soybean, and maize in eCO2? What are the 
similarities and differences in response among these species in regard to grain 
concentrations? 

IV. How do changes in NY, FeY, and ZnY compare with the change in GY in different 
crops? Is the slope less than one (indicating growth dilution) and are there significant 
effects on nutrient yield in the absence of GY change (indicating non-dilution effects)? 

2 Methods 
2.1 Database development 
Literature searches of peer-reviewed primary research were conducted using Scopus and Web of 
Science, with final searches completed by February 28, 2020. The purpose of the search was to 
be comprehensive and include all studies that reported effects of eCO2 on N/protein/Fe/Zn 
content in Maize (Zea mays), Rice (Oryza sativa) and Soybean (Glycine max). The main search 
strategy used combinations of keywords that were relevant for effects on nutritional quality in 
eCO2 (Table 1). In addition, articles that were cited in previous meta-analyses research of eCO2 
effects on nutritional quality were cross-referenced with the already compiled literature search. 
The reference lists of the included publications were manually searched for relevant studies. All 
citations were imported into EndNote (Version X9.2, 2019) [27], and then checked for relevance 
and sorted in Rayyan QCRI [28]. Rayyan QCRI is an open-source web-application that helps in 
systematic reviews and enables authors and researchers to build libraries and collaborate. Data 
from graphs were extracted by using GetData Graphic Digitizer [29], which is a software 
designed for digitizing graphs and plots to obtain original data when numerical values are 
unavailable. 
 
The following requirements were applied when searching for publications to be included in the 
analysis:  

I. Grain concentration of at least one of the following variables was reported: protein/N, 
Fe, Zn, for plants grown in elevated and ambient CO2, reported as numerical or graphical 
data 
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II. Field grown experiments in order to obtain as ecologically realistic data as possible, 
excluding experiments conducted with crops grown in pots, greenhouse or indoor growth 
chambers. 
 

There was no upper or lower limit for the year of publication. To evaluate the relative eCO2 
effect, concentrations of nutrients in eCO2 were compared to concentrations of nutrients in 
aCO2. Some studies had aCO2 treatments both in open field (no OTC) and in OTC. Ambient 
CO2 levels in chambers were preferred as controls over open field controls. In cases when aCO2 
concentrations were not stated, yearly means where retrieved from NASA’s Climate Change 
database [30]. 
 
Data regarding N, Fe, and Zn content and NY, FeY, ZnY, and GY are retrieved from Broberg’s 
meta-analysis on eCO2 effects on grain nutrient concentrations in wheat from 2017 [31]. 
Experiments in pots and/or with ozone treatment were removed from the dataset before added 
to the main database for this meta-analysis.  
 

Table 1 Database search 

Scientific 
Database 

Search string Number of 
Articles  

Relevant 
Articles  

Web of 
Science  

(TS=(CO2 OR Carbon dioxide) AND TS=(Wheat OR Triticum 
aestivum) AND TS=(Nitrogen) AND TS=(elevated) AND 
TS=(inhibit*)) 
 

56 14 

Web of 
Science 

TS=(CO2 OR Carbon dioxide) AND TS=(soybean OR Glycine max) 
AND TS=(Nitrogen) AND TS=(elevated) AND TS=(inhibi*) 
 

20 4 

Web of 
Science  

TS=(CO2 OR Carbon dioxide) AND TS=(soybean OR Glycine max) 
AND TS=(Nitrogen) AND TS=(elevated) AND TS=(FACE OR OTCs 
OR Open top chamber)  
 

72 20 

Web of 
Science 

TS=(CO2 OR Carbon dioxide) AND TS=(soybean OR Glycine max) 
AND TS=(Protein) AND TS=(elevated) AND TS=(FACE OR OTCs 
OR Open top chamber) 

23 6 

Web of 
Science 

TS=(CO2 OR Carbon dioxide) AND TS=(rice OR Oryza sativa) AND 
TS=(Nitrogen) AND TS=(elevated) AND TS=(FACE OR OTCs OR 
Open top chamber) AND TS=(content)  
 

46 16 

Web of 
Science  

TS=(CO2 OR Carbon dioxide) AND TS=(rice OR Oryza sativa) AND 
TS=(Protein) AND TS=(elevated) AND TS=(FACE OR OTCs OR 
Open top chamber) AND TS=(content) 

25 13 

Web of 
Science 

TS=(CO2 OR Carbon dioxide) AND TS=(maize OR Zea mays) AND 
TS=(Nitrogen) AND TS=(elevated) AND TS=(FACE OR OTCs OR 
Open top chamber)  
 

21 8 

Web of 
Science  

TS=(CO2 OR Carbon dioxide) AND TS=(maize OR Zea mays) AND 
TS=(Protein) AND TS=(elevated) AND TS=(FACE OR OTCs OR 
Open top chamber) 

11 3 
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Web of 
Science  

TS=(CO2 OR Carbon dioxide OR CO-2) AND TS=(maize OR zea 
mays OR corn) AND TS=(Nitrogen) AND TS=(elevated) AND 
TS=(FACE OR OTCs OR Open top chamber)  
 

27 5 

Web of 
Science  

TS=(CO2 OR Carbon dioxide) AND TS=(wheat OR Triticum 
aestivum) AND TS=(Nitrogen) AND TS=(elevated) AND TS=(FACE 
OR OTCs OR Open top chamber) AND TS=(Content)  
 

68 18 

Web of 
Science  

TS=(CO2 OR Carbon dioxide) AND TS=(wheat OR Triticum 
aestivum) AND TS=(protein) AND TS=(elevated) AND TS=(FACE 
OR OTCs OR Open top chamber) AND TS=(Content) 

53 10 

Scopus TITLE-ABS-KEY(("zea mays" OR maize OR corn) AND (CO2 OR 
"carbon dioxide" OR CO-2) AND (FACE OR field OR OTCs OR 
open top chamber))  
 

35 7 

Web of 
Science 

TS=(CO2 OR Carbon dioxide OR CO-2) AND TS=(maize OR zea 
mays OR corn) AND TS=(FACE OR OTCs OR Open top chamber)  
 

171 11 

 

2.2 Database 
A complete list of the articles included in the analysis can be found in the reference list, after the 
main reference list for the text. Table 2 provides information about location, species, time of the 
experiment, what elements are included, number of replicates, other treatments, additional 
aCO2/eCO2 levels, inclusion or exclusion of values for standard deviation (SD) or standard error 
(SE) for each included study.  For further information about studies on eCO2 effects on wheat, 
see Broberg’s study from 2017 [31].



 

Table 2 Description of experiments included in the meta-analysis 

Author Location Species Experimental 
years Element(s) Number of 

replicates* Treatment(s) aCO2/eCO2 
[ppm] SD or SE 

Abebe et al., 
2016 

India Zea mays 2013-2014 N 3 1 nitrogen treatment (120 kg ha-1), 1 cultivar, 
3 temperature treatments (ambient, ambient 
+ 1,5°C, ambient + 3°C) 

400/550 No 

Amthor et al., 
1994 

USA Glycine 
max 

1992 N 6 1 nitrogen treatment (35 kg ha-1), 
1 cultivar 

360/720 No 

Chaturvedi et 
al., 2017 

India Oryza 
sativa 

2013-2014 N, Fe, Zn 3 1 nitrogen treatment (120 kg ha-1), 2 
temperature treatments (ambient, ambient 
+2,5°C) 
2 cultivars 

384/582 Yes 

Dietterich et 
al., 2015 

USA Zea mays 2008 N, Fe, Zn 2-4 2 nitrogen treatments (0 kg ha-1/ 168 kg ha-
1), 2 cultivars 

375/550 Yes 

Dietterich et 
al., 2015 

Japan Oryza 
sativa 

2007-2010 N, Fe, Zn 3-4 3 nitrogen treatments (0 kg ha-1/ 80 kg ha-1/ 
120 kg ha-1), 2 temperature treatments 
(ambient/elevated), 
18 cultivars 

374/576 
386/584 

Yes 

Dietterich et 
al., 2015 

USA Glycine 
max 

2001-2008 N, Fe, Zn 4 1 nitrogen treatment (0 kg ha-1), 7 cultivars 370/549 
 375/550 

Yes 

Dietterich et 
al., 2015; 
Fitzgerald et 
al., 2016 

Australia Triticum 
aestivum 

2007-2009 N/Fe/Zn 4 2 nitrogen treatments (0 kg ha-1/ 50 kg ha-1), 
2 water levels (wet/dry), 8 cultivars 

380/550 Yes 

Dijkstra et al., 
1999 

Netherland
s 

Triticum 
aestivum 

1993-1994 N 3 1 cultivar 374/706 No 

Erbs et al., 
2014 

Germany  Zea 
mays  

2007-2008 N, Fe, Zn 3 2 nitrogen treatments (171 kg ha-1/ 198 kg 
ha-1), 1 cultivar, 2 water levels (well-watered/ 
drought stress) 

382/549 Yes 

Hakala 1998 Finland  Triticum 
aestivum 

1992/1994 N 2 1 nitrogen treatment, (120 kg ha-1), 2 
temperature treatments, 1 cultivar 

356/700 
359/700 

No 
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Table 2 (Continued) 

Author Location Species Experimental 
Years Nutrient(s) Number of 

replicates* Treatment(s) aCO2/eCO2 
[ppm] SD or SE 

Hao et al., 
2016  

China Glycine 
max 

2009-2011 N 3 1 nitrogen treatment (4,8 kg ha-1), 1 cultivar 415/550 No 

Högy et al., 
2009 

Germany Triticum 
aestivum 

2004-2008 N, Fe, Zn 5 1 nitrogen treatment (140kg ha-1), 1 cultivar 399/549 
403/572 
409/537 

No 

Högy et al., 
2013 

Germany Triticum 
aestivum 

2008 N, Fe, Zn 5 1 nitrogen treatment (130 kg ha-1), 1 cultivar 418/571 No 

Jena et al., 
2018  

India Oryza 
sativa 

2012-2013 N, Fe, Zn 2 5 cultivars   390/490 No 

Kimball et al., 
2011 

USA Triticum 
aestivum 

1992–1993  
1996–1997 

N 4 2 nitrogen treatments (42,5 kg ha-1/350 kg 
ha-1), 2 water treatments (dry/wet), 1 cultivar 

370/550 
367/554 

No 
 

Lamichaney 
et al., 2019 

India Oryza 
sativa 

2017 N 2 1 nitrogen treatment (120 kg ha-1), 
1 cultivar 

410/510 
410/610 
410/720 

No 

Lenka et al. 
2019 (b) 

India Glycine 
max 

2017 N 2 4 nitrogen treatments (0%/50%/100%/150% 
of recommended N app), 1 cultivar 

395/535 No 

Lenka et al., 
2019 (a) 

India Glycine 
max 

2017 N 3 3 nitrogen treatments (15 kg ha-1/ 30 kg ha-1/ 
45 kg ha-1), 1 cultivar 

386/558 No 

Lieffering et 
al., 2004 

Japan Oryza 
sativa 

1999-2000 N, Fe, Zn 4 1 Nitrogen treatment (90 kg ha-1), 
1 Cultivar 

425/625 
370/570 

Yes 

Mishra et al., 
2013 

India Triticum 
aestivum 

2010–2011 N 3 1 nitrogen treatment (188 kg ha-1), 2 cultivars 388/549 No 

Mortensen L. 
Espace 
Report 

Denmark Triticum 
aestivum 

1994–1995 N 3 1 cultivar 335/456 
335/575 
341/494 
341/644 

No 



 
 
 

 9 

 

Table 2 (Continued) 

Author Location Species Experimental 
Years Nutrient(s) Number of 

replicates* Treatment(s) aCO2/eCO2 
[ppm] SD or SE 

Mulchi et al. 
1992 

USA Glycine 
max 

1989 N 2 1 nitrogen treatment (0 kg ha-1), 1 cultivar 353/403 
353/503 

No 

Mulchi et al. 
1995 

USA Glycine 
max 

1989-1990 N 2 1 nitrogen treatment (60 kg ha-1), 1 cultivar 350/400 
350/500 

No 

Piikki et al., 
2008, 
Fangmeier et 
al., 1999 

Belgium Triticum 
aestivum 

1994-1996 N 6 1 cultivar 357/542 
357/703 
386/570 
386/745 
390/558 
390/728 
 

Yes 

Pleijel et al., 
2000;2009 

Sweden  Triticum 
aestivum 

1994-1996 N, Fe, Zn 2-5 1 nitrogen treatment (120 kg ha-1), 2 water 
treatments (dry/wet), 1 cultivar 

355/660 
347/515 
347/667 
355/675 
358/696 

Yes 

Prior et al. 
2008 

USA Glycine 
max 

1992-1993 N, Fe, Zn 3 1 nitrogen treatment (34 kg ha-1), 1 cultivar 360/720 No 

Qiao et al., 
2019 

China  Glycine 
max, Zea 
mays 

2012-2016 N 3 1 nitrogen treatment (174 kg ha-1 Zea mays, 
0 kg ha-1 Glycine max), 1 cultivar 

393/700 
396/700 
399/700 
400/700 
404/700 
399/770 

No 

Rogers et al., 
1986 

USA Glycine 
max 

1982-1983 N 2 2 water levels (dry/wet), 1 cultivar 
 
 

349/421 
349/486 
349/645 
349/946 
346/424 
346/505 
346/650 

No 

Roy et al., 
2015 

India Oryza 
sativa 

2009-2011 N 2 1 Nitrogen treatment (100 kg ha-1), 1 
Cultivar, 2 temperature treatments 
(ambient/ambient +2°C) 

394/550 Yes 
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Table 2 (Continued)  

Author Location Species Experimental 
Years Nutrient(s) Number of 

replicates* Treatment(s) aCO2/eCO2 
[ppm] SD or SE 

Terao et al., 
2005 

Japan Oryza 
sativa 

1999-2000 N 4 1 nitrogen treatment (90 kg ha-1), 1 cultivar  379/625 
379/570 

No 

Usui et al., 
2016 

Japan Oryza 
sativa 

2010-2012 N 4 1 nitrogen treatment (80 kg ha-1), 1 cultivar, 
heated water and heated soil 

385/585 
379/560 
383/578 

No 

Weigel and 
Manderscheid 
2012; Erbs et 
al 2009 

Germany Triticum 
aestivum 

2002/ 
2005 

N, Fe, Zn 2 4 nitrogen treatments (84 kg ha-1/ 114 kg 
ha-1 / 168 kg ha-1 / 251 kg ha-1), 1 cultivar  

373/550 
380/550 

No 

Xie et al., 
2018 

China  Zea mays 2013 N 3 1 nitrogen treatment (138 kg ha-1), 1 
cultivar 

380/550 
380/750 

Yes 

Yang et al. 
2007 

China Oryza 
sativa 

2001-2003 N, Fe, Zn 3 3 nitrogen treatments (150 kg ha-1/ 250 kg 
ha-1/ 350 kg ha-1), 1 cultivar 

350/550 No 

Zhang et al. 
2013 

Japan Oryza 
sativa 

2010-2011 N 4 2 nitrogen treatments (0 kg ha-1/ 80 kg ha-
1), 1 cultivar  

384/584 
386/560 
384/584 

No 

Zhang et al. 
2015 

Japan Oryza 
sativa 

2011 N 4 1 nitrogen treatment (80 kg ha-1), 3 
cultivars 

379/560 No 

* Number of replicates refers to the number of identical cultivars grown under identical conditions in the same year and location but in separate FACE/OTC rings or 
chambers. 
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2.3 Calculations 
In cases when only grain protein concentrations were reported, the N concentrations of grains 
were calculated as the protein concentration multiplied by 5.8 (maize), 5.65 (soybean), and 5.17 
(rice), or the conversion factor stated in the report [32].  
 

2.4 Meta-analysis 
Results from 37 publications yielded 852 observations distributed across 22 variables. In total, 65 
different experiments were included in the meta-analysis. The distribution across the experiments 
was as follows: 15 with maize, 31 with rice, 20 with soybeans, and 51 with wheat. See Table 4 for 
an overview of the included data and variables. Meta-analyses were done separately for each 
included variable. The data is reported as a mean percent change from the control (aCO2) across 
species and variables. 

(("" − 1)	∗ 100%)  

The mean effect size is considered to be significant if the 95% confidence interval does not 
transect zero. For the inter-group comparisons, the different species were assumed to 
significantly differ if the 95% confidence interval did not overlap [33]. This is a conservative 
criterion since, in reality, two groups can significantly differ also when there is some overlap of 
95% confidence intervals. Meta-analytical studies require some estimate of treatment effect size, 
in this analysis, the natural log of the response ratio (RR) was used [34]. 

"" = e,-!./01.203.	2013
1,-!	./01.203.	2013

 

The number of replicates (n) refers to the number of identical cultivars grown in the same 
treatment in the same year and location but in separate FACE/OTC rings or chambers. Sample 
sizes (k) in the meta-analysis refers to the number of observations. Pleijel and Uddling (2012) 
assume grain protein yield as a proxy for plant N acquisition, in this report grain NY was used as 
a proxy instead [11]. Due to very limited data availability for FeY and ZnY in maize, rice, and 
soybean, the meta-analysis could only be done for FeY and ZnY in wheat.  

The method for the multivariate meta-analysis followed the steps described by Bates et al. in 
2015 [35]. The multi-level meta-analysis was done in R (free software for statistical computing, R 
version 3.6.3) using the model rma.mv from the R package Metafor [36]. Since several data points 
were obtained from the same study location (experiment repeated for several years and using 
different cultivars) they were non-independent observations. Using the rma.mv function 
addressed this issue by assigning random-effects to a grouping variable, such as studies, location, 
etc. The grouping value is called random intercept, as it tells the model to assume different 
intercepts for each grouping [35]. The structure of the grouping variables in this meta-analysis 
can be seen in Table 3. The grouping variables were assumed to be nested since several effect 
sizes on level 2 (Location/Year) together made up a larger cluster in level 3 (Location).  
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Table 3 Grouping Variables   
Variance Components Factor Level 

Location Level 3 
Location/Year Level 2 
Location/Year/Cultivar Level 1 

 

2.4.1 Weighing 
Since a considerable proportion of the studies (28 out of 37 studies) were lacking values for 
standard deviation (SD) and/or standard error (SE), the conventional way of weighing effect 
sizes by the inverse of the sampling variance of the effect size could not be implemented. To 
build the broadest and most comprehensive database, studies that lacked values for SD and SE 
were still included. Weighing has the property of counting large studies more heavily than small 
ones and increases the precision of the combined estimates. Since SD’s and SE’s are unavailable 
in the majority of studies, number of replicates (n) was used for weighting the analysis. The main 
motive was to give studies with higher replication increased influence when summarizing the 
overall results. A weighing parameter, w, was used as a proxy for variance in the rma.mv function 
[37].  

! = #!"#$%&' + #%(%)!'%*
#!"#$%&'	#%(%)!'%*

 

2.4.2 Bootstrapping 
The resampling method bootES [38] in R which assigns measures of accuracy to sample 
estimates was used in this analysis. Bootstrapping was conducted to estimate the distribution of 
the sample mean. Confidence intervals were given to the grand mean effect sizes (Table 4). This 
method can be used for both unstandardized and standardized effect-size measures. However, 
some of the bootstrapped confidence intervals were not symmetrical around the grand mean 
effects size. The central limit theorem states that the distribution of the sample mean approaches 
a normal distribution as the sample size increases. In some cases, the sampling sizes are very 
small (For example number of observations for eCO2 effects on grain [Fe] in maize), which 
results in the Central Limit Theorem not being applicable. A larger number of bootstrap 
resamples, or a normal distributed population will give a better approximation of the distribution. 
Skewed datasets produces skewed confidence intervals. The non-symmetrical confidence 
intervals are therefore a consequence of small population sizes or not normally distributed 
populations.  Much of the included data have few observations and are not normal distributed, 
causing some of the CI’s to be non-symmetrical. 
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Table 4 Overview of the included data in the meta-analysis    

Species Variable* Observations (k) Experiments Countries Cultivars Average change (%) 
95% Confidence Interval Direction 

of 
change**  Lower     Upper 

Maize [N] 20 5 4 6 -7.6 -13 -4 - 
 [Fe] 7 2 2 3 -1.4 -6.5 14 ns 
 [Zn] 7 2 2 3 -5.6 -13 -0.6 - 
 Grain Yield 13 3 2 3 25 23 42 + 
 N Yield 13 3 2 3 14 4.3 278  
Rice [N] 68 11 3 26 -7.5 -8.4 -5.7 - 
 [Fe] 45 5 3 22 -4.4 -7.7 -0.7 - 
 [Zn] 45 5 3 22 -3.4 -5.8 -2.2 - 
 Grain Yield 25 5 2 7 12 6.7 15 + 
 N Yield 25 5 2 7 4.1 -14 11 ns 
Soybean [N] 58 10 3 12 1.9 -0.2 4 ns 
 [Fe] 28 2 1 8 -4.7 -9.1 -3.1 - 
 [Zn] 28 2 1 8 -5.4 -6.1 -3.9 - 
 Grain Yield 12 3 3 3 40 29 49 + 
 N Yield 12 3 3 3 39 29 49 + 
Wheat [N] 96 12 9 18 -6.7 -8.1 -6.1 - 
 [Fe] 74 4 3 11 -5.7 -7.1 -4.5 - 
 [Zn] 77 5 3 11 -8.2 -11 -5.5 - 
 Grain Yield 60 10 9 12 22 18 29 + 
 N Yield 60 10 9 12 14 9.9 19 + 
 Fe Yield 38 5 3 5 14 8 21 + 
 Zn Yield 41 5 3 5 14 9.3 19 + 

* All variables refer to the edible portion of the crop. **ns= not significant effect. + = positive significant effect. - = negative significant effect 
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2.5 Investigating growth dilution  
The regression tool in SPSS [39] was used to examine the relationship between relative effects of 
eCO2 on grain nutrient concentrations and GY, and the relationship between the relative effects 
of eCO2 on grain nutrient yield and GY (Table 5). The regression results were then used to 
evaluate growth dilution effects with a method proposed by Pleijel and Uddling (2012) [11]. The 
method investigates the intercepts and linear slopes for the relationship between eCO2 effects on 
nutrient yields (y axis) and GY (x axis). The eCO2 effect on nutrient concentration can be 
explained as a growth dilution phenomenon if the result is a linear regression with a slope that is 
significantly smaller than unity. A confidence interval that span across unity indicates that growth 
dilution does not contribute to the overall effect on nutrient concentration in eCO2. A significant 
negative intercept demonstrates a negative effect of eCO2 on nutrient yield at neutral or modest 
shifts in productivity, thereby showing that non-dilution effects are occurring [17].  
 
Table 5 Response functions included in the regression 

Crop Response function 
Concentration Yield 

Maize  [N] vs GY NY vs GY 

Rice [N] vs GY NY vs GY 

Soybean [N] vs GY NY vs GY 

Wheat [N] vs GY 
[Fe] vs GY 
[Zn] vs GY 

NY vs GY 
FeY vs GY 
ZnY vs GY 

 

3 Results  
3.1 Effects of elevated CO2 on nutrient composition  
The meta-analysis showed that grain [N] was significantly reduced by eCO2 in maize, rice, and 
wheat, but not in soybean (Figure 3). Instead, the analysis showed a non-significant increase in 
[N] for soybean in eCO2. Maize had a -7.6% reduction in grain [N], rice had a -7.5% reduction in 
grain [N], and wheat had a -6.7% reduction in grain [N] in eCO2. The magnitude of the effect on 
grain [N] was similar for maize, rice, and wheat, consequently, there is no significant difference in 
grain [N] response among these crops under eCO2. Rice, soybean, and wheat had significant 
reductions in grain [Fe] in orders of -4.4%, -4.7%, and -5.7% respectively. Maize had a non-
significant decrease in grain [Fe]. All species had significant reductions of grain [Zn] in eCO2. 
Maize grains had a -5.6% decline in [Zn], rice grains had a -3.4% decline in [Zn], soybean grains 
had a -5.4% decline in [Zn], and wheat grains had a -8.2% in [Zn].  
 
Maize displayed a stronger relative reduction of grain [N] than grain [Zn]. In rice, grain [Fe] and 
[Zn] behave similarly in response to eCO2 with declining mean rates of -4.4% and -3.4% 
respectively, and grain [N] showed the biggest decrease at -7.5%. Interestingly, soybean shows a 
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significant decrease in grain [Fe] and [Zn], despite the non-significant positive effect on grain [N]. 
Wheat show significant decreases for all tested compounds in eCO2.  
 
There were significant differences in eCO2 responses for grain [N]. Soybean showed a non-
significant increase, whilst maize, rice, and wheat showed a significant decrease. Soybean had a 
within species significant difference in response between grain [N] and grain [Fe]/[Zn]. For grain 
[Fe] and grain [Zn] in eCO2 there is no significant difference in concentration-response for any 
crop. Furthermore, there is not a significant difference in grain [Fe], and [Zn] within each crop 
category. The results are most robust for grain [N], [Fe], and [Zn] in rice and wheat, and [N] in 
soybean due to a higher number of individual observations for those analyzes. There are a limited 
number of observations for all nutrients in maize, which could affect the outcome of the analysis.  
 

 
Figure 1 Meta-analysis output for changes in grain N, Fe and Zn concentrations in maize, rice, 
soybean and wheat in eCO2, using aCO2 as reference. All analyses refer to the edible part of each 
crop. Mean effects and number of observations (k; within brackets) are given for each species. 

 
 
3.2 Effects of elevated CO2 on nutrient yield 
Contrary to the results from the meta-analysis on grain concentrations, the meta-analysis of 
nutrient yield shows an increase. GY, NY, FeY, and ZnY were all stimulated under eCO2 (Figure 
4). GY was significantly increased in all crops under eCO2. NY was significantly increased under 
eCO2 in maize, soybean, and wheat by 14%, 39%, and 14% respectively.  There was a small 
positive but non-significant eCO2 effect on NY in rice. FeY and ZnY in wheat both showed a 
significant increase in eCO2 of 14% and 14% respectively. The biggest GY stimulation was seen 
in soybean with an average 40% increase, thereafter an average increase of 25% in maize, and an 

N
Fe
Zn

N
Fe
Zn

N
Fe
Zn

N
Fe
Zn

Maize

Rice

Soybean

Wheat

-7.6 (20)
-1.4 (7)
-5.6 (7)

-7.5 (68)
-4.4 (45)
-3.4 (45)

1.9 (58)
-4.7 (28)
-5.4 (28)

-6.7 (96)
-5.7 (74)
-8.2 (77)

Crop        Variable % change

-35 -30 -25 -20 -15 -10 -5 0 5 10 15
% change

95% confidence interval 
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average increase of 23% in wheat. The lowest stimulation of eCO2 on GY was seen in rice with 
an average increase of 13%.  
 
There was a significantly weaker relative response of GY to eCO2 in rice compared to wheat, 
maize, and soybean (Figure 4). Soybean showed a greater NY stimulation under eCO2 than the 
other three species (although slightly overlapping 95% CI with maize). In wheat, the effects of 
eCO2 on NY, FeY, and ZnY were very similar. 
 

 

Figure 2 Meta-analysis output for change in NY, GY, FeY and ZnY under eCO2, using aCO2 
as reference. All analyses refer to the edible part of each crop. Mean effects and number of 
observations (k; within brackets) are given for each species. 

 
3.3 Relationships between effects of eCO2 on nutrient and grain yields  
3.3.1 Maize  
The relationship between NY and GY in eCO2 has an R2 value of 0.79 and is stronger than that 
for [N] and GY with an R2 value of 0.61. The fitted linear regression for NY versus GY had a 
non-significant intercept (B0) at -3.8 (p = 0.43 ) (Figure 5.c). The slope value (B1=0.71, 
p=<0.000) was significantly lower than unity. For more details regarding the regression, see 
Tables 6 and 7.  
 

GY
NY

GY
NY

GY
NY

GY
NY
FeY
ZnY

Maize

Rice

Soybean

Wheat

25 (13)
14 (13)

13 (25)
4.1 (25)

40 (12)
39 (12)

23 (60)
14 (60) 
14 (38)
14 (41)

Crop   Variable

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50

% change
95% confidence interval 

% change
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Maize (Zea mays) 
 

Figure 3 a) Relationship between effects of eCO2 on grain [N] and GY with a non-linear fitted 
curve b) Relationship between effects of eCO2 for relative response under eCO2 for NY and 
GY, fitted linear line. The yellow dashed line represents the 1:1 relationship between NY and 
GY. 

 

3.3.2 Rice  
There is not a clear relationship between the relative effects on [N] and GY in eCO2 (Figure 6 a). 
The response function for NY and GY has a significant intercept at -10 (p-value = <0.000) and 
R2 = 0.70 (Figure 6b). The slope value (B1=1.36; p=0.002) is significant and greater than unity 
(Table 6).  
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Rice (Oryza sativa)  

Figure 6 a) Relationship between effects of eCO2 in grain [N] and GY b) Relationship between effects 
of eCO2 for relative response under eCO2 for NY and GY, fitted linear line. The yellow dashed line 
represents the 1:1 relationship between NY and GY. 

 
3.3.3 Soybean  
The relative effect of eCO2 on [N] showed no relationship with the effects on GY (R2=0.02) 
(Figure 6 a). Nevertheless, the relationship of the relative effect of eCO2 on NY and GY shows a 
strong linear relationship (R2=0.98) (Figure 6 b). The intercept at -1.4 was non-significant 
(p=0.43). The slope value of 1.02 (p=<0.000) shows that it is near a 1:1 relationship between 
eCO2 effects on NY and GY. The rate of NY increases at the same rate as GY under eCO2.  
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Soybean (Glycine max)  

Figure 7 a) Relationship between effects of eCO2 in grain [N] and GY, with a fitted linear 
curve b) Relationship between effects of eCO2 for relative response under eCO2 for NY and 
GY, fitted linear line. The yellow dashed line represents the 1:1 relationship between NY 
and GY. 

 

3.3.4 Wheat 
The relative effects of eCO2 on grain [N] and GY show a very weak linear relationship (R2 
=0.009) (Figure 8 a).  Wheat demonstrates a strong linear relationship between the effects of 
eCO2 on NY and GY (R2=0.96) in eCO2 (Figure 7 b). There was a significant intercept at -4.14 
(p=0.001), indicating that there is a negative effect on NY in eCO2 even when there is zero or 
marginal stimulation in GY. The slope (B1=0.77) was significantly smaller than unity (p=0.001). 
 
Grain [Fe] in wheat under eCO2 displayed a weak relationship with GY (R2=0.16) (Figure 9 a). 
The relationship between FeY and GY was stronger (R2=0.92). The intercept at -5.1 was 
significant, indicating a negative effect on FeY, even in the absence of an effect on GY (Figure 9 
b). The slope value (B1=0.85) was significant (p=<0.000).  
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The relationship the between effects of eCO2 on grain [Zn] and GY was weak (R2=0.37), but 
stronger than that for grain [N] and grain [Fe] in wheat. The response function of ZnY and GY 
had a non-significant intercept at +2.15 (p=0.345) and a relatively flat slope in comparison to the 
other response functions of in nutrient yields in wheat. The slope value is 0.56 significant 
(p=<0.000) and the confidence interval does not overlap with unity.   
 

Wheat (Triticum aestivum), N  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 a) Relationship between effects of eCO2 grain [N] and GY in wheat, using aCO2 as reference, 
with a fitted linear curve. b) Relationship between effects of eCO2 on NY and GY using aCO2 as 
reference, with a fitted linear curve. The yellow dashed line represents a 1:1 relationship between 
relative effect of eCO2 on NY and GY. 

y = -0.089x - 5.0 
R² = 0.16

-25

-20

-15

-10

-5

0

5

10

-20 -10 0 10 20 30 40 50 60 70 80 90 100

Ef
fe

ct
 o

f e
CO

2
on

 [N
] (

%
) 

Effect of eCO2 on GY (%)

Relationship between effects of eCO2 on [N] and GY

y = 0.84x - 5.0
R² = 0.96

1:1

-40

-20

0

20

40

60

80

100

-35 -25 -15 -5 5 15 25 35 45 55 65 75 85Ef
fe

ct
 o

f e
CO

2
on

 N
Y 

(%
)

Effect of eCO2 on GY (%)

Relationship etween effects of eCO2 on NY and GY

a) 

b) 



 
 
 

 21 

Wheat (Triticum aestivum), Fe 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 a) Relationship between effects of eCO2 grain [Fe] and GY in wheat, using aCO2 as 
reference, with a fitted linear curve. b) Relationship between effects of eCO2 on FeY and GY using 
aCO2 as reference, with a fitted linear curve. The yellow dashed line represents a 1:1 relationship 
between relative effect of eCO2 on FeY and GY. 
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Wheat (Triticum aestivum), Zn 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 a) Relationship between effects of eCO2 grain [Zn] and GY in wheat, using aCO2 as 
reference. Fitted linear curve. b) Relationship between effects of eCO2 on ZnY and GY using aCO2 as 
reference, with a fitted linear curve. The yellow dashed line represents a 1:1 relationship between 
relative effect eCO2 on ZnY and GY. 
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Table 6 Response functions for the linear regression of eCO2 effect on the relationships between grain nutrient concentrations and GY, and grain nutrient 

yield and GY. P-value and 95% CI for intercept (B0). 

 

Crop X Variable Observations R2 Intercept (B0) P-value Intercept 
95% Confidence Interval 

Significance 
Lower Upper 

Maize GY [N] 13 0.25  -3.2 0.40 -11 4.9 n.s 
  

NY 12 0.79 -3.8 0.40 -14 5.9 n.s 
Rice GY [N] 25 0.24 -11 <0.000 -16 -5.6 * 

  
[Fe] 6 0.24 -16 0.004 -23 -8.7 * 

  
[Zn] 6 0.34 -14 0.002 -20 -8.5 * 

  
NY 25 0.70 -10 0.002 -16 -4.3 * 

Soybean GY [N] 12 0.03 -1.1 0.36 -3.8 1.5 * 
  

NY 12 0.99 -1.4 0.43 -5.3 2.5 n.s 
Wheat GY [N] 59 0.16 -5.0 <0.000 -6.8 -3.3 * 

  
[Fe] 37 0.01 -5.6 <0.000 -8.3 -3.0 * 

  
[Zn] 40 0.37 0.38 0.82 -3.1 3.9 n.s 

  
NY** 59 0.90 -4.1 0.001 -6.4 -1.9 * 

  
FeY 37 0.92 -5.1 0.001 -8.0 -2.2 * 

  
ZnY 40 0.64 2.2 0.35 -2.4 6.7 n.s 

Model parameters are presented for linear (y=B1x+B0) curve fits where x is the relative effect of eCO2 on GY. and y is the relative effect of eCO2 on the responsible y 
variable. * Indicates that the intercept of the linear model is significant (! ≤ 0.05). ** The values from the SPSS linear regression are slightly deviating from the equation 
given by the trendline in excel. 
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Table 7 Response functions for the linear regression of eCO2 effect on the relationships between grain nutrient concentrations and GY, and grain 

nutrient yield and GY. P-value and 95% CI for slope (B1) 

 

Crop X Variable Observations R2 Slope (B1) P-value Slope 
95% Confidence Interval 

Significance 
Lower Upper 

Maize GY [N] 13 0.25 -0.18 0.08 -0.38 0.02 n.s 
  

NY 12 0.79 0.71 <0.000 0.47 0.96 * 
Rice GY [N] 25 0.24 0.43 0.01 0.1 -0.77 * 

  
[Fe] 6 0.24 0.18 0.33 -0.26 0.62 n.s 

  
[Zn] 6 0.34 0.19 0.23 -0.17 0.55 n.s 

  
NY 25 0.70 1.4 <0.000 0.98 1.7 * 

Soybean GY [N] 12 0.03 0.01 0.52 -0.05 0.07 n.s 
  

NY 12 0.99 1.0 <0.000 0.93 1.1 * 
Wheat GY [N] 59 0.16 -0.09 0.001 -0.14 -0.36 * 

  
[Fe] 37 0.01 -0.02 0.56 -0.1 0.05 n.s 

  
[Zn] 40 0.37 -0.25 <0.000 -0.35 -0.14 * 

  
NY** 59 0.90 0.77 <0.000 0.71 0.84 * 

  
FeY 37 0.92 0.85 <0.000 0.76 0.93 * 

  
ZnY 40 0.64 0.56 <0.000 0.42 0.69 * 

Model parameters are presented for linear (y=B1x+B0) curve fits where x is the relative effect of eCO2 on GY, and y is the relative effect of eCO2 on the responsible y 
variable. * Indicates that the slope of the linear model is significant (! ≤ 0.05). The p-value of the slope indicates if B1 is significantly different from zero. ** The values 
from the SPSS linear regression are slightly deviating from the equation given by the trendline in excel 
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4 Discussion 
This is the first study to compile and compare data from several field studies on eCO2 effects on 
grain [N], [Fe], and [Zn] concentrations in maize, rice, soybean, and wheat, and relating the 
effects to GY. It is an important addition to the research field and investigating differences and 
similarities between different crops’ changes in grain concentration under eCO2 is fundamental to 
understand underlying mechanisms of change. The results from this meta-analysis on eCO2 
effects in grain nutrient concentrations are largely in line with earlier reports in the field. Previous 
studies have found significant eCO2 induced reductions in grain [N], [Fe], and [Zn] in rice and 
wheat [2, 4, 31, 40-42], reductions in grain [Fe], and [Zn] in soybean [2], and declines in grain [N], 
[Fe], and [Zn] in maize [2, 4].  
 
The overall hypothesis was that the change in grain [N] in eCO2 is dependent on the unique 
mechanisms and processes of N assimilation and photosynthetic pathways in each crop species. 
Additionally, it was hypothesized that change in grain [Fe] and [Zn] could be related to and be 
dependent on the mechanisms that change grain [N] in eCO2. Some of the results support these 
hypothesizes. The meta-analysis of eCO2 effects on average nutrient concentration showed no 
significant difference between maize, rice, and wheat in regard to grain [Fe] and [Zn]. However, 
soybeans showed a small non-significant increase in grain [N], which is a significantly different 
response compared to the other species and likely a result of its symbiosis with N2-fixing bacteria.  
Soybean had a within species significant difference in response between grain [N] and grain 
[Fe]/[Zn], which could imply that the mechanisms that cause a decline in grain [Fe] and [Zn] are 
different from the mechanism that affect grain [N]. Moreover, the decline in [N] in the absence 
of GY change was significant in wheat and rice but not in the legume soybean or the C4 species 
maize, in line with our hypothesis.  
 

4.1 Effects of eCO2 on nutrient concentration  
Previous studies on CO2 effects on nutrient concentration in maize have produced varied results. 
One FACE study showed significant negative effects on grain [Fe] (-5.8%), but not for grain [N] 
grain [Zn] in eCO2 [2]. Another meta-analysis showed significant negative effects for grain [N] (-
5.6%), grain [Fe] (-5.8%), and grain [Zn] (-5.2%) in eCO2 [4]. This meta-analysis showed a 
significant decrease in grain [N] (-7.6%) and grain [Zn] (-5.6%), and a non-significant decrease in 
grain [Fe] (-1.4%). In earlier studies conducted on rice, magnitudes of change in response to 
eCO2 range from -5.3% to -14% for grain [N], -5.2% to -22%- for grain [Fe], and -3.3% to -23% 
for grain [Zn] [2, 4, 43]. This meta-analysis reports changes in grain [N], [Fe], and [Zn] at rates of 
-7.5%, -4.4%, and -3.4% respectively. These results are in the lower region of observed effects, 
nevertheless within range. The high variability of response sizes could be a consequence of the 
substantial variety of change in grain [N], [Fe], and [Zn] across different rice cultivars [2, 42]. 
Recent studies on soybeans show significant reductions in grain [Fe] and [Zn], and non-
significant increase in grain [N] [2, 4]. One meta-analysis reports a -3.8% decrease in grain [Fe], 
and a -5.7% decrease in grain [Zn] [4], another FACE experiment reports a -4.4% decline in grain 
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[Fe] and a -5.1% decline in grain [Zn] [2] in e CO2 . These earlier established effects are similar to 
the results of this meta-analysis (-4.7% and 5.4%). Several meta-analyses and FACE experiments 
report magnitudes of change in wheat in response to eCO2. The results range from -6.3% to -12 
% for grain [N], -4.6% to -10% for grain [Fe], and -9.1% to -22% for grain [Zn] [2, 4, 31, 40, 41]. 
This meta-analysis reports changes in grain [N], [Fe], and [Zn] at rates of -6.7%, -5.4%, and -
8.2% respectively. These magnitudes of change are in line with those of earlier studies on eCO2 
effects on wheat. 
 
Grain [N] in maize, rice, and wheat declined at similar rates in eCO2. This contradicts the theory 
that rice would be less affected by eCO2 due to its ability to take up and directly assimilate 
ammonium in place of nitrate. Inhibited shoot nitrate affects C3 plants in eCO2 and is linked to 
lower rates of photorespiration [12]. To what extent rice is affected by this inhibition is unclear. 
Rice takes up much of its N as ammonium but also has the capacity to oxidize ammonium to 
nitrate in the rhizosphere, thereby taking up substantial amounts of nitrate as well [44]. It is also 
unclear whether the decrease in transpiration-driven soil mass flow in eCO2 is affecting rice. Rice 
is predominantly cultivated submerged in water which allows for nutrients and organic molecules 
to be suspended and mobile. This could possibly compensate for the lower rate of transpiration 
driven mass flow. Nevertheless, the results from this analysis show that the nutrient 
concentration in rice is negatively affected at the same rates as wheat, which is a C3 crop that is 
cultivated in non-flooded soil. Furthermore, this study cannot disprove that inhibition of shoot 
nitrate assimilation is taking place in rice. 
 
The non-significant increase in grain [N] under eCO2 is significantly different from the other 
crops. This is physiologically consistent with leguminous crops’ ability to increase NY at the same 
rate as GY is stimulated in eCO2. This ability derives from its symbiotic relationship with N2-
fixing bacteria. Under N-limited conditions, nodulated soybeans can fix atmospheric N2 trough a 
pathway located in the root nodules, making them less dependent on soil N and availability and 
N assimilation trough roots. This process is energy- and carbon-intensive and is therefore 
favored by eCO2 conditions, enabling the plant to maintain grain carbon and N ratios [2, 45]. 
Moreover, soybean had a within species significant difference in response between grain [N] and 
grain [Fe]/[Zn]. This is an important finding since it shows that the mechanisms that are 
negatively affecting grain [Fe] and [Zn] in eCO2 are independent of the mechanisms that affect 
grain [N].  
 
As previously mentioned, growth dilution occurs when the rate of acquisition of a specific 
nutrient for some reason does not keep pace with the eCO2 stimulation of growth [17]. The 
growth dilution hypothesis was tested for all included crops by analyzing effects on grain nutrient 
yields in relation to effects on GY. Analysis of intercepts and slopes for yield response ratios 
generated interesting findings. The intercept (-3.8, p=0.4) of the response function for the effects 
of eCO2 on NY and GY in maize was non-significant (Figure 5b). Showing that there is no 
negative effect on NY in the absence of GY stimulation. This is similar to the findings of Feng et 
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al. in 2015, who also presented a non-significant negative intercept (B0=-3.6) for C4 grassland 
species [17]. 
 
Rice and wheat had significant negative intercepts at -10 (p=0.002) and -4,1 (p=0.001) 
respectively, which proves a negative effect on NY at marginal or no relative effect of eCO2 on 
GY, consequently, there are non-dilution effects on grain [N]. In rice, the slope (B1=1.4, 
p=0.002) was significant and greater than unity, which refutes that growth dilution is the cause of 
declining nutritional quality in rice. In wheat, however, the slope (B1=0.77, p=<0.000) was 
significantly smaller than unity, and the confidence interval did not overlap with 1 which suggests 
that the decline in grain [N] can to some extent be contributed to a dilution effect. This is 
supported by the findings of Pleijel and Uddling in their report from 2012 who found negative 
effects on grain protein accumulation, superimposed on a growth dilution effect in eCO2 [11]. 
Similarly, for grain [Fe] in wheat, the response function (FeY vs GY) had a significant negative 
intercept (-5.1), indicating a negative effect on FeY in the absence of stimulation of GY. 
Furthermore, the slope value (0.85) was significant (p=<0.000), and the confidence interval did 
not converge with 1, suggesting that growth dilution is one of the mechanisms causing declining 
grain [Fe] in wheat under eCO2. These findings suggest that grain [Fe] also is subject to growth 
dilution and non-dilution effects in eCO2. It cannot be confirmed that ZnY is negatively affected 
at zero or marginal responses in GY under eCO2 since the intercept is non-significant. However, 
its slope confidence interval was significantly lower than unity, proving that the decline in grain 
[Zn] can be partly attributed to growth dilution. In conclusion, the findings in wheat show that 
growth dilution occurs but cannot be operating alone to reduce nutrient concentrations in eCO2 
since there are significant negative intercepts for the response functions (NY/FeY vs GY). Thus, 
there must be other mechanisms than growth dilution that, at least contribute to reducing [N], 
[Fe], and [Zn] in rice and wheat. This suggests that rice is subject to mechanisms similar to that 
of wheat that inhibit nutrient uptake. There is a range of proposed mechanisms and processes 
that could be responsible. Some suggestions are: decreased rubisco demand, decreased 
transpiration-driven mass-flow of soil N to roots, and inhibited shoot nitrate assimilation [9]. 
Rice and wheat had significant negative intercepts showing negative effects on NY when there 
was no effect on GY, but maize did not. This suggests that there are differences in wheat and 
rice, and maize in terms of nutrient acquisition. 
 
The results of the regression for yield response ratios in eCO2 for soybean showed a slope that is 
close to unity, and a confidence interval that comprises 1, consequently there is no dilution effect 
[11]. Furthermore, soybean did not have a significant intercept (-1.4; p=0.43) proving that there 
is no negative effect on NY at zero or marginal GY stimulation. Both values for slope and 
intercept are supported by the results presented by Feng et al. in 2015, although legume species 
in that study were grassland species rather than legume crops [17].  
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4.2 Elevated CO2 induced differences in yield 
In maize, NY and GY are stimulated by eCO2, which is supported by other studies in the field 
[46, 47]. The eCO2 induced stimulation of NY and GY could be explained by the increased water 
use efficiency in C4 crops in eCO2 [16]. Maize is primarily grown in arid areas, and the increased 
water use efficiency in eCO2 could facilitate improved productivity under drought stress. The 
maize GY should theoretically not be stimulated under moist conditions due to C4 
photosynthesis being saturated at current atmospheric CO2 concentration. Indeed, a FACE 
experiment where maize plants were grown under well-watered conditions one year, and under 
drought stress the other year, showed an effect of eCO2 on in the dry year but not in the wet 
year. Furthermore, the effects of drought stress were less pronounced in eCO2 than in aCO2 [47]. 
Another study also showed that GY was not stimulated in eCO2 in the absence of drought [15]. 
Wheat and soybean grown in arid conditions may also benefit from increased water efficiency, in 
addition to the direct stimulation of C3 photosynthesis. However, it is also hypothesized that the 
increased water efficiency reduces the mass flow of N to the roots, which could have a negative 
effect on nutrient composition [9].  
 
There is a significantly lower stimulation of GY to eCO2 for rice compared to the other three 
crops. As previously mentioned, maize is particularly favored by eCO2 under drought due to 
water savings of reductions in stomatal conductance. The same effect has been observed in 
wheat [48]. Such water by eCO2 interaction is less likely for rice which grows under moist soil 
conditions. Another reason for the weak yield stimulation seen in rice could be that elevated 
temperature treatments were applied in some included experiments. Increased temperatures 
induce declines in overall GY in rice [49, 50]. High temperatures during the grain filling diminish 
the grain size in rice, and as a consequence, the GY is reduced [51]. An included study conducted 
by Chaturvedi et al. in 2015 had different elevated temperature treatments in combination with 
eCO2 in their experiments on rice. The data points in Figure 6 b that display both a negative NY 
response and a negative GY response in eCO2 are from the Chaturvedi et al. experiment. The 
outlying data points negatively influence the mean NY and GY stimulation in eCO2.  
 
In addition, the results from the meta-analysis on yield components also exhibit soybeans’ ability 
to increase the rate of N assimilation to match that of growth stimulation in eCO2. Namely, there 
is an analogous response in NY and GY in eCO2, increasing by 39% and 40% respectively.  
 
4.3 Implications for food security 
Fe and Zn concentrations are significantly declining in all included crops (with the exception of 
grain [Fe] in maize) in eCO2. Near two billion people are already suffering from Fe and Zn 
deficiencies. Predictions assume a continued rapid increase in atmospheric CO2 in the next 
century, which will cause declining nutritional quality in some of the world’s most important food 
crops. This has serious implications for global food security and human health [2, 52]. Women 
and children are worst affected by these deficiencies. Moreover, poorer regions where a majority 
of the daily intake of protein and micronutrients are derived from plants will be affected 
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adversely [7]. This study shows declines of -4.4 to -5.7% in Fe and -3.4 to -8.2% decline in Zn in 
important staple crops, which would significantly reduce the daily intake of Fe and Zn for a 
substantial amount of the world’s population. The eCO2 induced increase in GY could be 
positive from at food production point of view. More carbohydrates and energy would be 
available. However, nutritional deficiencies would still be very prominent and worsened unless 
total crop consumption increased to compensate for lower nutritional quality [5]. Understanding 
the mechanisms behind declining nutritional quality is essential to develop new crop genotypes to 
mitigate the negative effects on food security and global health. This could be done by identifying 
cultivars that are less sensitive to eCO2 and breed more resilient new cultivars to decrease the 
vulnerability of staple food crops to increasing atmospheric CO2 concentration. 
 
4.4 Limitations and potential developments 
Studies of eCO2 effects have been frequently done for rice, soybean, and wheat. It is relatively 
easy to access data and research regarding responses and grain nutrient concentrations in these 
crops. However, the number of studies conducted for maize are considerably lower than for 
other staple food crops, which makes it difficult to make assumptions about general responses in 
nutrient concentrations and the mechanisms that cause them in maize. The meta-analysis results 
for maize should be interpreted cautiously due to the limited set of observations. Moreover, 
different additional experimental treatments in some of the studies on maize (fertilization, 
temperature) could also affect the overall results. For example, some findings show increased 
yields under drought stress [15, 47], and that increased temperature stimulates GY positively in 
maize [46]. Information regarding fertilizer practices, water treatments, temperature treatments, 
soil type, etc. was collected for this study. Due to time limitations, a statistical analysis of the 
significance of treatment impacts on the overall CO2 effect was not done. It would be relevant to 
include this analysis in a future review in order to understand the mechanisms better, and 
possibly find strategies to mitigate the lowered nutrient concentrations in eCO2 in the future.  
 
If passive dilution of nutrients were to occur, changes in [N], [Fe], and [Zn] would be of similar 
magnitudes in a specific crop [2]. This meta-analysis found significant differences in elemental 
changes in grain [N] in soybean. However, differences were dismissed based on a 95% 
confidence interval not overlapping, which is a quite high significance standard 
(0.05*0.05=0.0025). One could argue that a 90% CI for this comparative analysis would suffice. 
If a 90% CI were to be used, there would be additional significant differences in elemental 
changes. For example, in rice, the CI’s for change in grain [N] and grain [Zn] barely overlap. 

5 Conclusions 
§ The magnitude of the eCO2 effect on grain [N] was not significantly different for the C3 

crops rice and wheat and the C4 crop maize. However, there was a negative effect of 
eCO2 on NY at zero or marginal stimulation of GY for rice and wheat, but not for maize.  
This could imply that there are differences in the response to eCO2 between C3 and C4 

species. 
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§ There is a significant difference in the effect of eCO2 on grain [N] between soybean and 
maize, rice, and wheat. This is a consequence of soybeans’ symbiotic relationship with N2 
-fixing bacteria. There is no significant difference in the effect of eCO2  between rice and 
wheat, despite rice’s ability to assimilate ammonium in place on nitrate. Thus, rice’s ability 
to assimilate different N-species does not mitigate the negative effects of eCO2 on grain 
[N]. 

§ Soybean had a within species significant difference in response, where there is an eCO2 

induced increase in grain [N] and an eCO2 induced reduction in grain [Fe] and [Zn]. This 
implies that the mechanisms that are negatively affecting grain [Fe] and [Zn] in eCO2 are 
independent of the mechanisms that affect grain [N]. 

§ All crops exhibit significant eCO2 induced declines in grain [Fe] and grain [Zn] (with the 
exception of grain [Fe] in maize), in line with previous studies. There are no significant 
differences in eCO2 response among crop species with respect to grain [Fe] and grain 
[Zn]. 

§ The decrease in grain [N] is caused by growth dilution in maize but not in rice, while 
wheat exhibits both non-dilution and dilution effects on [N] in eCO2. Soybean has no 
eCO2 induced [N] reduction at all. 

§ This study shows magnitudes of decline that range between 6.7% to 7.5 % in grain [N]. 
Increased atmospheric CO2 will negatively alter protein concentrations for important 
staple food crops. This study also shows eCO2 induced declines in the ranges of -4.4% to 
-5.7% in grain [Fe], and -3.4 % to -8.2% decline in grain [Zn] in important staple crops. 
These negative effects on grain quality would exacerbate already serious nutritional 
deficiencies globally. 

§ Understanding the mechanisms behind declining nutritional quality is essential to mitigate 
the negative effects on food security and global health. 
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