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ABSTRACT 

The era of 1700 saw industrial and societal development. However, it adversely 

contributed to the depletion of natural resources and increased emissions of carbon 

dioxide (CO2). Since CO2 is a greenhouse gas, it became a global cause of concern. In 

some studies, CO2   is known for its adverse effects on human health and the ecosystem. 

While other studies show increased CO2 concentration in the environment promote 

greater amount of CO2 being absorbed by the plants (termed as eCO2). This eCO2 

facilitates photosynthesis and supplements the biomass growth in trees. The positive 

impacts of eCO2 are largely dependent upon factors such as plant species, genetic 

makeup, absorption site conditions, drought conditions, ozone levels and concentrations 

of nitrogen. Despite preliminary stimulation of photosynthesis that the literature focuses 

on, under the outcome of eCO2, the plant incurs a down-regulation known as 

photosynthetic acclimation. The aim of this study was to analyze the allocation of 

biomass in forest species under eCO2 effect and to assess the different environmental 

factors that contribute to biomass. For this purpose, a meta-database using woody 

species of plants was developed (timeline 2000 to 2021). Two values for dry biomass 

were extracted: the ambient levels and the elevated levels of CO2. Standard error for the 

dry biomass was recorded respectively. The data was presented in either table or in the 

form of figures. The digitization of the figures was done using the software “GetData” 

and then incorporated into the meta-database. To understand the way elevated levels of 

CO2, affect the assimilation of carbon into biomass in the tree species is the main goal 

of meta-analysis. As well as how there is a shift of biomass allocation at the eCO2. The 

meta-analysis was done in a multi-factorial way where other treatments viz. drought, 

nitrogen, ozone, and temperature effect the carbon allocation pattern was also studied. 

In the current study, it was concluded that there is an overall positive response to carbon 

treatment which results in overall increase of tree mass as well its tissues like leaves, 

stems, and roots. Nitrogen, drought, temperature, and ozone also have a positive effect 

on CO2 enrichment demonstrated by the positive change in percentage of biomass in 

the total biomass, leaf biomass, root biomass and stem biomass of the trees. Although 

the results suggest that CO2 enrichment is most likely to be enhanced if there is more 

availability of nutrients for the trees which is evident by the increase in biomass as 

compared to low nutrient availability.
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CHAPTER 1 

1. INTRODUCTION 

In the late 1700s, substantial industrial growth led to the expansion of the society, 

but out of control use of resources and consumption was followed by harmful 

consequences. From pre-industrial times, the atmospheric carbon dioxide content (CO2) 

has increased by about up to 44%, and the main causes are unsustainable land use 

change and burning of fossil fuels (Moss et al., 2010; Stocker, 2014). Scientists from 

all over the world are alarmed by the fact that CO2 is a greenhouse gas with a radiative 

forcing of 1.37 105 W/m2 (Stocker, 2014). According to Moss et al. (2010), the 

concentration of CO2 has the potential to rise further until 2050 and 2100, respectively, 

up to 500 ppm and 900 ppm.  Although most studies focused on the detrimental effects 

of rising CO2 on human health and the environment, certain experiments also showed 

that the higher CO2 concentration can result in plants or trees growing at a faster rate as 

a response to the elevated levels of CO2 that they are exposed to.  This eCO2 promotes 

photosynthesis and raises the amount of biomass produced by plants and forests. (Norby 

et al., 2005). 

1.1 Factors affecting the impact of eCO2 on plants.  

While increased CO2 levels are known to have positive effects that largely depends 

on the species that have absorbed CO2 (Wang et al., 2012), the state of the area where 

the absorption occurred (McCarthy et al., 2010; Bader et al., 2013; Kitao et al., 2015; 

Ellsworth et al., 2017), the age of the tree etc. (Voelker et al., 2006; Norby. Also, the 

findings show that genotype has a significant role in the productivity response of trees 

to eCO2 across a variety of species (Dickson et al., 1998; Isebrands et al., 2001; Mohan 

et al., 2004; Cseke et al., 2009). Based on this research, it is acknowledged that 

intraspecific variations in the genotypic make-up of the tree species have a crucial role 

in affecting the phenotypic response, such as these trees response in terms of growth to 

higher levels of CO2 (Nicotra et al., 2010). 

The evolutionary and ecological advantages among various trees can be obtained from 

these intraspecific variations in responses towards eCO2 whereby the genotypic nature 

of one species may render more advantage in terms of fitness and growth than the other 
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individuals within the same species (Ward et al., 2000; Ward and Kelly, 2004). 

Nonetheless, there is immense evidence of evolution within and among the plants’ 

species related to changing concentrations of atmospheric CO2 and associated eCO2 on 

geographic timescale (Ward and Kelly, 2004; Becklin et al., 2014). However, the role 

of genotypic makeup from the practical standpoint is critical. The genotypic makeup 

among the individuals of the same species which enhance the productivity of the 

individual in relation to eCO2 as compared to the productivity in other individuals of 

the same species is crucial in determining the sustenance capacity and the productivity 

of the managed forests in future under the changing climate (Aspinwall et al., 

2012,2015). Despite this, we know very little about the functional factors that contribute 

to intraspecific variance in tree production responsiveness to eCO2. The effects of 

intraspecific diversity in plant production adaptations to eCO2 are being studied 

experimentally, mostly with agronomic traits (Bishop et al., 2015, Sanz-Sáez et al., 

2017). These studies, however, are uncommon in forest tree species, have limited 

genotypic variation, and rarely combine physiological responses to eCO2 with 

assessments of tree growth or biomass output. Emission of CO2 increases in situ rates 

of leaf photosynthetic activity (Anet) at the size of the leaf by boosting carboxylation 

and reducing photorespiration (i.e., oxygenation). Long-term increases in Anet 

frequently result in the accumulation of nonstructural polysaccharides in leaves, an 

increase in leaf dry mass per unit area (LMA), and a decrease in leaf nitrogen (N) levels. 

(Curtis 1996, Curtis and Wang 1998, Tjoelker et al., 1999, Medlyn et al., 1999, 2001, 

Leakey et al., 2009). Enhanced photosynthetic N-use productivity is the consequence 

of an elevation in Anet and a reduction in leaf N at eCO2 (PNUE). Although higher leaf 

carbohydrates and lower leaf N at eCO2 have been linked to reduced photosynthetic 

ability, commonly known as photosynthetic "down-regulation.” Down-regulation 

occurs when the supply of photosynthate outweighs the demand for it or the capacity 

of carbon (C) sinks (defense, growth, respiration, and maintenance). Mesophyll cells 

notice the imbalance as a result, and they decrease the amount or activity of 

photosynthetic enzymes (Ainsworth and Long, 2005, Ainsworth and Rogers, 2007). 

Anet stimulation is restricted at eCO2 due to decreased photosynthetic efficiency that 

could also limit plants' capability to respond productively to eCO2. Because genotypic 

variations in physiological responses to eCO2, and notably photosynthetic down-
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regulation, have not yet been thoroughly investigated in relation to tree genome biomass 

output responsiveness to eCO2, this information is crucial. 

It is likely that genomes that prevent the photosynthetic activity at eCO2 from being 

downregulated also exhibit the highest productivity improvements there. Modification 

in C distribution may be significant, while genotype biomass production adaptations to 

eCO2 may be influenced by photosynthetic processes. Pritchard et al. (1999) 

theoretically explained how different responses to eCO2 in plant productivity are 

influenced by photosynthesis and C distribution. For instance, if eCO2 lowers the C 

constraint of photosynthesis, trees may allocate more C to tissues or activities involved 

in the absorption of other scarce resources, such as nutrients (Iverson et al., 2008, 

Pritchard et al., 2008). Additionally, the results of the meta-analysis by Resco de Dios 

et al. (2016a) suggested that root- and other C sinks, including metabolism, root 

secretion, and defense, may be more important for genotypic variability in productivity 

responsiveness to eCO2 than leaf-scale photosynthetic activities. Further research has 

revealed that variations in genotype production reactions to eCO2 are correlated to 

genotype-specific adjustments in whole-tree organic matter distribution (Isebrands et 

al., 2001, Zhang et al., 2010). Changes in C distribution and photosynthetic reactions 

likely influenced genotype efficiency adaptations to eCO2. 

Genotypes with adequate down-regulation of photosynthesis and consistent increases 

in biomass output under eCO2 are able to maintain high rates of carbohydrate synthesis 

and export for growth or storage in sink tissues (such as roots) and low rates of 

carbohydrate accumulation in leaves (Davey et al., 2006). A loop between genotype 

production and photosynthetic responses to eCO2 is also conceivable where sink 

capacity (growth) impacts source activity (photosynthesis) (Körner, 2003; Fatichi et al., 

2014). For instance, no change in Rubisco concentration (measured as total leaf N) or 

down-regulation of photosynthetic activity may be anticipated if growth is the primary 

C sink and growth responses to eCO2 keep pace with C absorption via photosynthesis. 

1.2 Linking partitioning of eCO2 and biomass accumulation.  

Partitioning is the term given to how the biomass is assigned in different parts of 

the tree i.e., stem, roots, branches, and leaves. Partitioning assists in understanding how 

biomass distribution will be done in future when there will be eCO2 in the atmosphere 
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due to climate change. The biomass partitioning helps in creating a standard data for 

the models to run their analysis in creating a future trend of how different factors will 

affect the biomass accumulation in future under different scenarios like eCO2 levels 

because of climate change.  It also helps to predict whether the species will adapt to the 

changing environment as loss of biodiversity is at stake. Suitable precautions can be 

made to save certain species from perishing in the future and preserve biodiversity. 

With other factors, ozone concentration and the levels of nitrogen also prominently 

affect the C allocation in the trees. Particularly in China, rapid industrialization and 

agricultural growth over the past few decades have resulted in a notable surge in 

anthropogenic emissions of reactive nitrogen (N) and ground-level ozone (O3) (Feng et 

al., 2015; Liu et al., 2013, 2017; Lu et al., 2018; Yu et al., 2019). Ozone pollution and 

N deposition co-occur and may have an impact on biogeochemical processes and 

ecosystem services (Mills et al., 2016; Brewster et al., 2018; Kou et al., 2019; Li et al., 

2019; Zeng et al., 2019). A significant deposit of nitrogen may cause the primary output 

of forests to increase (Pregitzer et al., 2008; Thomas et al., 2010; Du and De Vries, 

2018; Tian et al., 2018). Increased O3 levels have the potential to have negative effects 

on plant growth, photosynthesis, and the buildup of biomass in some tree species. 

Greater N availability may mitigate these effects (Wittig et al., 2009; Ainsworth et al., 

2012; Li et al., 2017; Feng et al., 2019).  

Increased N availability may aid plants in detoxifying O3 damage and healing it, 

according to study (Andersen, 2003; Thomas et al., 2005; Mills et al., 2016). By doing 

this, the negative impacts of O3 on plants would likewise be diminished (Sanz et al., 

2007; Handley and Grulke, 2008; Marzuoli et al., 2016, 2018). Yet, a number of studies 

have found that higher stomatal conductance, elevated leaf N content, and improved 

photosynthetic rate result in more O3 damage (Grulke et al., 2005; Bassin et al., 2007; 

Yamaguchi et al., 2007; Azuchi et al., 2014; Brewster et al., 2018). Several studies 

found that nitrogen supply or addition had a negligible effect on O3 responses (Feng et 

al., 2011; Niu et al., 2011; Harmens et al., 2017; Dai et al., 2019). While most previous 

studies focus on above-ground function and structure, a small amount of work has 

examined the interplay between O3 and N on below-ground function and structure using 

a variety of O3 levels and N addition levels (Mills et al., 2016; Dai et al., 2019). Because 
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roots have a very high sensitivity to increasing O3 concentrations, understanding how 

roots respond to growing N inputs and O3 concentration is essential for improving 

estimates and predictions of carbon stocks and primary productivity of plants (Wittig et 

al., 2009; Wang et al., 2016; Li et al., 2017). 

Distribution of biomass across various organs is the key ecological mechanism used by 

plants to adapt to altering surroundings (Agathokleous et al., 2016, 2019; Poorter and 

Nagel, 2000; Grantz et al., 2006; Poorter et al., 2012). The distribution of biomass in 

consequence to the higher O3 and N addition, however, is still poorly understood. Lower 

root: shoot (R:S) ratio mostly accompanies reduced carbon distribution to underground 

tissues due to ozone pollution. Due to a variety of influencing variables, such as 

exposure parameters, inter-species variance, ontogenetic alterations, and interplaying 

climate factors, reactions of R:S ratio are, nevertheless, very varied (Grantz et al., 2006; 

Agathokleous et al., 2016, 2019). Because it encourages carbon buildup in ground 

biomass more than root biomass, increased N input also lowers the R:S ratio (Li et al., 

2015; Peng and Yang, 2016). The size of a plant's root system in comparison to its shoot 

may have an impact on how exposed it is to environmental pressures like winds and 

drought (Agathokleous et al., 2016, 2019). The optimal partitioning hypothesis and the 

allometric biomass partitioning theory are commonly used to explain how organic 

material is distributed in response to environmental changes (Enquist and Niklas, 2002; 

McCarthy and Enquist, 2007). When attempting to understand how organic material is 

dispersed in response to environmental changes, the optimum partitioning hypothesis 

and the allometric biomass partitioning theory are frequently used (Enquist and Niklas, 

2002; McCarthy and Enquist, 2007). According to the optimum partitioning theory, 

plants adapt to environmental changes by dividing their biomass across several organs 

to best capture light, water, and nutrients for development (Bloom et al., 1985; Chapin 

et al., 1987). According to this model, plants would selectively allocate more organic 

matter to the roots in nutrient-limited situations such as soil N, (Li et al., 2015; Kobe et 

al., 2010) and more biomasses move to the leaves and stems in nutrient-rich settings 

(Poorter et al., 2012; Chen et al., 2018). Whether the N-induced decrease in the R:S 

ratio is the result of alternate allometric methods, or the optimum potential biomass 

partitioning is still up for debate (Shipley and Meziane, 2002; Fortunel et al., 2009; Luo 

et al., 2016; Peng and Yang, 2016). Furthermore, it is not yet understood how the 
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addition of soil nitrogen may affect the processes for allocating biomass in the presence 

of higher O3 concentrations. 

1.3 Objectives of the study 

The objectives formed after studying the past literature and research are as 

following:  

1. Meta-analysis to understand the impact of elevated CO2 on carbon enrichment 

and biomass allocation. 

2. To assess biomass partitioning in trees exposed to ambient vs. elevated levels of 

CO2. 

3. To assess the combined effect of elevated CO2 and nitrogen, temperature, 

drought or ozone in biomass allocation and its partitioning.  
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1 Photorespiration and its role in elevated carbon distribution  

According to research, photosynthesis in C3 plants tends to increase when they are 

exposed to higher levels of CO2, despite the fact that photosynthesis is a critical process 

for plant growth and one of the process' regulatory variables (Ainsworth and Long, 

2005; Wang et al., 2012). The increase in CO2 has an impact on photosynthesis in higher 

plants in both good and negative ways. Significant variations in physiological, 

biochemical, and molecular reactivity to the eCO2 environment exist. Elevated CO2 

concentration effects plant development, source-sink balance as well as interactive 

mechanism including other environmental factors (Reddy and Raghavendra, 2010). On 

the other hand, the process of photorespiration is severe and is relatively an inefficient 

process. The plant requires additional energy in exchange for slight gains in terms of 

carbon or energy (Peterhansel et al., 2010). However, under eCO2 state, the levels of 

Rubisco increase and the ratio of CO2: O2 shifts dramatically. This type of change 

causes the rate of carboxylation to increase while the rate of oxygenation decreases 

(Makino and Mae, 1999). 

In both chamber experiments and FACE investigations (Ainsworth & Long, 2005), 

plants undergo a down-regulation of photosynthesis when exposed to CO2 over an 

extended period not withstanding initial stimulation (Warren et al., 2014). This event 

serves as a marker for photosynthetic adaptation. The benefits of eCO2 on 

photosynthesis are not always totally excluded by photosynthetic acclimation. For 

instance, in a study on white clover, photosynthesis was observed to improve by 37% 

following acclimation. White clover was grown for 8 years in an environment with high 

(600 ppm) [CO2] (Ainsworth et al., 2003). The results imply that the final growth 

response to eCO2 is established through plant acclimatization to it. 

2.2 Causes of photosynthetic acclimation in plants  

  Reduced leaf nitrogen (N) is one of the explanations for photosynthetic 

acclimation, which has various other causes. One such explanation is decreased leaf 

nitrogen (N) levels. In a study on rice, the fall in N allocation into leaf blade caused by 
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eCO2 resulted in a reduction in Rubisco and other protein synthesis (Seneweera et al., 

2011). This is supported by a 12-year study that found no acclimation response between 

the periods that leaf N sufficed for photosynthetic requirements (Warren et al., 2014). 

In the absence of sufficient N to use up in Rubisco, the capacity of photosynthesis in 

leaves falls. Low soil nitrate availability increases the severity of photosynthetic 

acclimation, and it also appears to be linked to a reduction in leaf nitrate uptake (Vicente 

et al., 2016). Moreover, leaf nitrate absorption is inhibited by eCO2 (Bloom et al., 2014). 

It is unclear if the decline in Rubisco synthesis at eCO2 is directly linked to poorer N 

assimilation or if Rubisco is simply controlled to maintain a balance between sources 

and sink activity. 

An explanation for the adaptation of plants to eCO2 is the increase in sugar production, 

which orders the source-sink balance and causes more sugar to be produced in source 

tissues to be consumed in sink tissues. This also occurred in the FACE experiment by 

Ainsworth et al. (2004), where single gene alterations were employed to test the theory 

that photosynthetic acclimation happens because of insufficient sink capacity. A 

soybean cultivar and the line with the mutation were compared in the study to assess 

growth for an unidentified growth feature. Besides, no increase in photosynthesis is 

shown by the soybean cultivar (ELF) determinate by mutation. This can be explained 

in a way that Elf is cultivar kept ignoring sink limitation, whereas photosynthetic 

acclimation is caused by single gene mutation (Ainsworth et al., 2004). With high-risk 

capacity, plants continue to utilize the greater CO2 availability. Nevertheless, for the 

maintenance of source activity plants must reduce photosynthesis with restricted carbon 

sink capacity. Hence, when high CO2 induces excessive photosynthesis (Ainsworth et 

al., 2004) and is followed by feedback inhibition of photosynthesis, non-structural 

carbohydrates build up. 

As chemical messengers, NSCs could influence gene transcription (Mishra et al., 2009; 

de Jong et al., 2014). In this way, feedback inhibition results in photosynthetic 

adaptation while suppressing photosynthesis. 

Rubisco, a crucial enzyme in the photosynthetic pathway, is known to be decreased in 

leaves that have accumulated carbohydrate, or "carbohydrate accumulation" (Aranjuelo 

et al., 2008). Despite the evidence, a study by Ludewig and Sonnewald (2000) refuted 
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the idea that sugar accumulations lead to photosynthetic acclimation when they found 

that increased [CO2] accelerated the senescence of leaves in Nicotiana tabacum by 

down-regulating genes involved in leaf photosynthetic processes. Only senescent leaves 

showed down-regulation of photosynthetic genes, with no increase in sugar levels. The 

result reached was that leaf senescence causes photosynthetic adaptation but not sugar 

buildup. Yet, photosynthesis was suppressed before the plants reached senescence. As 

a result, there is no single explanation for photosynthetic acclimation; rather, a number 

of processes play a role to a different extent. 

2.3 Carbon allocation and carbohydrate synthesis under eCO2 

eCO2 boosts the generation of carbohydrates by promoting photosynthesis. In pea 

plants subjected to eCO2 in growth chambers, the primary result of photosynthesis is 

sucrose, which rises in all organs while glucose concentrations remain mostly unaltered 

(Aranjuelo et al., 2013). The ratio of hexose to sucrose will change depending on when 

glucose levels are monitored. When measuring glucose during a time when blood 

glucose levels are naturally high, the hexose to sucrose ratio will be higher than when 

measuring glucose during a time when blood glucose levels are low. Sucrose levels 

increased by an average of one third in castor oil plants cultivated in growth chambers 

with 700 ppm CO2 compared to 350 ppm CO2. (Grimmer et al., 1999). Sucrose levels 

are higher than hexose in both chamber and field tests with eCO2 (Rogers et al., 2004), 

but as the growing season comes to a conclusion, the ratio of hexose-carbon to sucrose-

carbon in leaves increases with contact to eCO2, reaching a five-fold higher ratio. 

(Rogers et al., 2004). Potentially, changes in the hexose: sucrose ratio during plant 

growth can have an impact on the source and sink activities of plants. It is possible that 

the plant that prefers to generate one type of carbohydrate has genes that are regulated 

by that carbohydrate. For instance, if sucrose is needed to initiate the repression of a 

specific gene, producing more glucose than sucrose would be worthless. 

 The main carbohydrate found in plants that grow under eCO2 is starch. (Aranjuelo et 

al., 2008). Increased starch was seen with eCO2 and the conversion of starch to sucrose 

leads to the high level of sucrose. This conversion is crucial for regular plant growth 

under natural circumstances (Smith et al., 2005), but it could also lead to sucrose 

buildup. The starch content increases during day and vanishes overnight in plants grown 
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in ambient conditions. Not all of the starch from the plants reserve is washed out during 

night, shown by increased production of starch in eCO2 (Grimmer et al., 1999). The 

length of daylight influences the carbon portioning degree among starch and sucrose. 

Carbon partitioning shifts to synthesis in smaller period of light with decreased sucrose 

consumption and synthesis (Pokhilko et al., 2014). Sucrose synthesis is increased, and 

little starch is collected during day time and vice versa (Pokhilko et al., 2014). When 

the length of the day shortens, so does the amount of sucrose (Sulpice et al., 2014). 

During night, the amount of trhalose-6-phosphate (T6P) affects how starch breaks 

down. Increased T6P in Arabidopsis plants, which increases the starch reserves by 

night's end, inhibits starch breakdown at night (Martins et al., 2013). Martins et al. 

(2013) also discovered that T6P is responsible for the little increase in starch 

production. These results suggested a paradigm for nocturnal starch metabolism, with 

starch breakdown limited by the circadian rhythm of plants (Martins et al., 2013; Lunn 

et al., 2014). Low T6P results from high sucrose demand, which reduces the inhibition 

of starch breakdown and raises the concentration of sucrose. T6P rises and prevents 

starch breakdown when there is less desire for sucrose. The circadian clock of the plant 

limits the amount of starch that can degrade at night in order to prevent total starch 

depletion (Martins et al., 2013). 

While extra carbs are given to the plant in varying amounts, some tissues receive more 

than others. Under eCO2, carbohydrate allocations differ between species. In other 

species, more carbon is devoted to the seeds and shoots (Sasaki et al., 2007; Aljazairi 

et al., 2014; Butterly et al., 2015). In the case of rice, for instance, eCO2 promotes the 

translocation of carbohydrates stored in vegetative tissues by allocating freshly fixed 

carbohydrates to the panicle, which also promotes the starch, in between the stage of 

grain filling (Sasaki et al., 2007). The carbon allocation between durum wheat and 

bread wheat differs under eCO2. According to Aljazairi et al. (2014), the bread wheat 

cultivar Yitpi allocates more carbon to shoots than the durum cultivars Blanqueta and 

Sula do (Butterly et al., 2015). Moreover, more carbon is allocated into spikes in Sula 

than in Blanqueta (a modern cultivar). There is different yield potential of the two 

durum cultivars. The ten-fold increase in starch seen by a root with eCO2 increasing the 

growth of roots and shoots of tepery bean (Salsman et al., 1999). Maintaining the 
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balance of nutrients in plants can be done by assigning more carbon in roots under eCO2 

that will allow nutrients and water to be taken up.  

2.4 Mechanism of Nitrogen fixation and CO2 concentration in plants  

  Carbohydrate partitioning is influenced by a variety of environmental factors other 

than carbon content. In an experiment conducted by Aranjuelo et al. (2013), it was 

discovered that the sucrose content of N2-fixing, and NO3-fed plants altered 

significantly when exposed to increased CO2. The assimilation of nitrogen (N) in plants 

is impacted by eCO2 levels (Bloom et al., 2014; Vicente et al., 2015), which could 

suggest a connection between N uptake and the enormous 366% rise in sucrose 

observed in NO3 fed plants compared to N2 fixing plants. Plant growth techniques also 

have an impact on carbon allocation (glasshouse, field, etc). Elevated carbon dioxide 

causes perennial ryegrass roots to allocate more carbon, which leads to an increase in 

root dry matter. Such results do not occur in controlled environment chambers (Suter et 

al., 2002). The difference is attributed to shoot sink strength and plant age, N 

availability difference is the outcome in ryegrass.  Results from Aranjuelo et al. (2013) 

carbon allocation is affected by sink strength, N2 fixing plant let more storage of 

carbohydrates that in return blocks photosynthesis inhibition by more carbohydrates. 

This can result in the availability of carbon sink affected by carbon allocation. Another 

factor is that this might affect carbohydrate allocation under elevated carbon dioxide 

that affects leaf area. Compared to others, plant that has less response to leaf area under 

elevated carbon dioxide might fix greater carbohydrates to roots because the leaf sink 

capacity is unchangeable to larger production of carbohydrates. For some plants, high 

carbon dioxide stimulates root development (George et al., 2003), which would increase 

its sink capacity and enable more carbohydrate allocation. Plants that grow in low pH 

environments with high carbon dioxide levels have altered carbon allocation (Hachiya 

et al., 2014). 

Experiments have been conducted by several studies that apply exogenous 

carbohydrates in roots of the plants with creating conditions for increase in root sugar 

that reflects greater root sugar that results from the increase in photosynthesis under 

elevated carbon dioxide but lack of understanding regarding the effect elevated carbon 

dioxide have on sugar sensing. Most of the research are on the role of carbohydrate in 
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plant roots that focuses on sucrose entirely. This work is mostly limited to A. thaliana, 

but sugar plays diverse role in functioning of roots that might be discovered between 

different plant species. the possible outcomes for plants roots that grows in elevated 

carbon dioxide, altered gene expression is achieved with extra carbohydrates that are 

transported to roots from leaves. The sugar sensing effects that are in roots receive more 

attention in shoots as compared to roots which happens under elevated carbon dioxide 

(Feng et al., 2011). 
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CHAPTER 3 

3. METHODOLOGY 

3.1 Database development 

Meta-database for the study was developed with fixing the timeline for search from 

2000 to 2021. An extensive and comprehensive literature review was carried out to find 

the suitable literature which met the general requirements for the paper to be added in 

the meta-database. The meta-database was created using only the woody species of 

plants i.e., the tree species. The response variables that were extracted from the papers 

and placed under different headings are as followings; stem/branch biomass, leaf 

biomass, root biomass (main and fine roots if the distinction between the two is done) 

and total biomass. Two values for dry biomass were extracted for a species, one for the 

ambient levels and one for elevated levels of carbon dioxide. Standard deviation or 

standard error for the dry biomass was recorded respectively for the biomass at the 

ambient and elevated levels. If the paper had standard error given it was converted into 

standard deviation using the conversion formula and vice versa was done if standard 

deviation was given for the biomass. For a paper to be added into the meta-database, 

the criteria had to be met by the paper which includes the response mean for biomass 

(X_AMB, X_ELEV), the sample size (N_AMB, N_ELEV), standard error (SE_AMB, 

SE_ELEV), standard deviation (SD_AMB, SD_ELEV). All these numerical readings 

which were extracted from the papers were important in calculating the weight of 

response ratios for each study for the primary results of the current study. Many studies 

were excluded based on these variables being missing from the papers as well as well 

the unevenness within units which many of these variables were recorded in the paper 

by the author. In some cases, where the biomass was given in time intervals of two or 

three, the harvest values of biomass for the longest period of CO2 fertilization were 

taken into consideration from that paper. Only one measurement point per treatment per 

study was considered to keep the individual observations statistically independent, 

which is a requirement for most of the methods that were used in the meta-analysis. 

Other variables that were also kept in consideration apart from response of carbon 

treatment were ozone treatment, nitrogen (fertilization) treatment, drought treatment 

and temperature treatment. The factorial design papers which were looking into other 
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variables influence on the response of the woody species to the ambient and elevated 

CO2, there interaction was also investigated and measured. Other categorical variables 

that were recorded for the current study to look for their interaction/influence on the 

response of the species to CO2 are as following; plant functional group, duration of CO2 

treatment (Time), type of experiment, type of tree, div 1 (woody), div 2 

(angiosperm/gymnosperm). All the variables that are mentioned above were required 

for a study to be considered eligible to be added into our database for the meta-analysis. 

The data was presented in either table or in the form of figures, the data was easily 

available to be extracted for the former while for the latter the figures had to be 

digitized. The digitization of the figures was done using the software “GetData” and 

then incorporated into the meta-database. 

3.2 Meta-analysis of response ratios 

The studies that are based on meta-analysis are dependent on some estimation of 

treatment effect size (Curtis, 1998). The studies that are more important are given a 

higher weightage in terms of effect size through the response ration method. Most 

commonly the treatment effect size is checked by the relativity of the mean of 

experimental treatment to the mean of control treatment. In this case, the experimental 

treatment mean is Xe while the control treatment is the Xa. The previous meta-analysis 

that was carried out have used d-index to estimate the different effect sizes of a 

particular study. The other much more common effect size metric for the studies on the 

elevated levels of CO2 studies is the response ratio, which is used in this study as well 

to calculate the effect size.  The effect size calculations are done through the software 

‘R studio’, a statistical software which is commonly used to do meta-analysis of 

different studies. 

3.3 Calculations 

The variation of the data that was gathered was calculated by using the following 

formula. 

𝒗 =  
𝑺𝒆

𝟐

𝒏𝒆𝑿̅𝒆
𝟐 +

𝑺𝒂
𝟐

𝒏𝒂𝑿̅𝒂
𝟐             (1) 

The independent studies taken were summarized and given weights. For such meta-

analysis where, independent studies are used weighted means are used normally since 
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the individual studies that are taken in consideration differ in their statistical precisions. 

This means that studies which have smaller standard errors have greater statistical 

precision therefore more weight is given to them. Independent studies which have a 

greater precision are given more weight which increases the precision for the combined 

estimate (Gurevitch and Hedges, 1993).  

 

𝒍𝒓∗̅̅ ̅̅ =  
∑ 𝒘𝒊

∗𝒍𝒓𝒊
𝒌
𝒊=𝟏

∑ 𝒘𝒊
∗𝒌

𝒊=𝟏
            (2) 

In order to calculate the mass fraction values the simple formula was applied to find the 

stem, root and leaf mass ration respectively.  

Stem/ Root/ Leaf Mass Fraction =
𝑩𝒊𝒐𝒎𝒂𝒔𝒔 𝒂𝒕 𝑬𝒍𝒆𝒗𝒂𝒕𝒆𝒅 𝑳𝒆𝒗𝒆𝒍𝒔 

𝑩𝒊𝒐𝒎𝒂𝒔𝒔 𝒂𝒕 𝑨𝒎𝒃𝒊𝒆𝒏𝒕 𝑳𝒆𝒗𝒆𝒍𝒔
  (3) 

3.4 Partitioning variance between and within groups 

Meta-analysis test the homogeneity in between the categorical groups like 

angiosperms and gymnosperms with respect to effect size, and whether there are other 

differences in mean responses between the groups (Curtis, 1998). The classification of 

data was done into angiosperms and gymnosperms. Further classification was done into 

whether the trees are evergreen broad leaf/needle leaf or deciduous broad leaf/narrow 

leaf. The response and homogeneity can be tested within these categories as well using 

effect size. Since all of the characteristics along with the difference in the treatments 

that they were exposed to had a significant impact on the assimilation of CO2 into the 

trees biomass into the different components. The different treatments that were taken in 

consideration along with the elevated CO2 were chosen because these treatments have 

a vital role in tree growth in various different processes. Therefore, it was important to 

see if the absence or enrichment of these other treatments i.e. nitrogen, ozone, 

temperature and drought conditions had a significant impact on CO2 enrichment in 

trees. Whether these treatments diminished or enhanced the assimilation of CO2 into 

the tree and whether these treatments shifted the allocations patterns that were seen in 

ambient and elevated levels of CO2 enrichment only.  

One of the main goals of the meta-analysis is to understand how the elevated levels of 

CO2 influence the assimilation of carbon into biomass in the tree species.  As well as 
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how there is a shift of biomass allocation in the elevated levels, whether the allocation 

stays the same or is there any change in how a tree allocates the carbon into its various 

parts (i.e., stem, roots, leaves, branches).  

The meta-analysis was done in a multi-factorial way where other treatments (i.e., 

drought, nitrogen, ozone, and temperature) effect on the carbon allocation was also 

studied. The response to elevated carbon is affected by other treatments that are also 

under consideration of different studies therefore the meta-analysis also aims to find 

that how the different treatments.  
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

For this research, the analysis was done on R studio and Microsoft excel. The forest 

plots were created within the R studio using the R script while the bar graphs for mass 

fractions were generated in MS Excel with statistical treatments applied to them.  

4.1 Change in biomass 

The research study was set up to know how the trees have gained carbon in terms 

of biomass allocation in the various parts of the tree that can be categorized as stem, 

roots and leaves in ambient and elevated levels of CO2. The difference in biomass 

allocation or the overall gain in tree biomass in the elevated levels of CO2 is important 

for the research to generate results. The change in biomass was calculated and presented 

in the forest plots in percentage change in biomass with response to the CO2 and other 

treatments i.e., nitrogen, temperature, drought, and ozone. The overall effect size was 

studied to deduce how the trees have responded to the treatment in terms of biomass 

change.  

4.1.1 Percentage change in total biomass  

The tree’s total biomass is the biomass accumulation in the overall tree that is the 

accumulative biomass gain in the leaves, stem, and roots of a tree. The total biomass is 

always equal to the sum of the biomass of leaves, stem, and roots. For every 

experimental setup for a specific specie of a tree, there were two levels at which the 

total biomass was recorded i.e., ambient, and elevated level of CO2, which were then 

extracted from the papers and used in our data table. To understand how the trees have 

responded to the change of CO2 levels the gain in biomass in the different parts of the 

trees has to be analyzed. For this particular analysis, we measured the gain in biomass 

in terms of percentage change in the tree’s biomass in the elevated levels of CO2 as 

compared to the normal levels of CO2. The total biomass change can be seen in Figure 

1 for the different treatments. The studies which only took elevated levels of CO2 have 

been placed under the “no treatment” in Fig. 1(a). We can see in the “no treatment” 

forest plot for total biomass data the total change in plant biomass is 25.9%. This means 

that studies which only investigated the effect of carbon enrichment under the ambient 
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and elevated levels of CO2 with no focus on any other treatment like nitrogen, ozone, 

drought, and temperature treatments were taken in consideration and plotted into this 

forest plot. The overall change which is the mean of all studies shows that under 

elevated levels of CO2 the trees gained 25.9% more biomass as compared to the ambient 

levels biomass gain. So, for the effect of elevated levels of CO2 it can be said that the 

trees show a faster growth in terms of biomass accumulation when they are given 

optimal growing environment with elevated levels of CO2. 

The forest plot 1(b-e) are plots of carbon enrichment studied in trees at ambient and 

elevated levels of CO2 along with another treatment variable such as nitrogen, 

temperature, drought, and ozone. These other variables are taken in consideration to 

study how the addition of these variables may affect the change in total biomass of the 

trees since these variables hold an important role in many processes that are linked 

directly or indirectly to the gaining of the biomass or tree growth. The addition of these 

variables may or may not affect the tree growth in a positive or a negative way which 

means that there may be either an increase in the tree growth or may hamper the fast 

growth of tree that is seen when the tree is grown in the optimum environment that is 

needed for its growth. When the percentage biomass change value of “no treatment” is 

compared with the other treatments, we see no as such significant change in values 

when it comes to nitrogen and temperature, while there is a significant increase in the 

biomass percentage when compared with drought and ozone. Studies which also 

investigated nitrogen treatment shows a 23.2% of biomass increase while the studies 

with temperature treatment shows a 22.1 % gain in biomass. A slight better response in 

terms of mass gain is seen in treatments which had drought in consideration into them 

along with fertilization of carbon dioxide which shows a 35.8% of increase in biomass 

in response to the respective treatments that were observed in these studies.  

In Fig. 1(b), it can be seen that some studies showed a negative effect towards the 

nitrogen treatment. The reason for this negative biomass growth percentage is that these 

studies investigated the CO2 effect along with low levels of nitrogen. Nitrogen is a very 

important for the growth of a plant or tree therefore when low levels of nitrogen are 

there in a study the tree shows a decrease in biomass accumulation as compared to the 

biomass accumulation that was seen under the ambient levels of CO2.  So, a low source 
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of nutrient availability shows a decline in growth hence proving that along with increase 

in CO2 plants need more nutrients as well to show a positive response towards elevation 

of CO2. to aid the rapid growth or biomass accumulation in the tree.  

The studies that are in account for ozone effect are relatively few due to which the 

statistical power of the results is low as well therefore it is hard to make any statistically 

inferred analysis from such results. The difference in the values of biomass change that 

can be seen in the ozone Fig. 1(e), which is 49.8% significantly more that can be seen 

with treatments that have taken only elevated levels of CO2 into account and not ozone. 

So, ozone has a higher effect in relation with elevated levels of CO2 in terms of 

benefitting the trees to gain more mass rapidly in experiments. Although the number of 

studies that are taken in consideration for ozone are relatively less as compared to the 

other treatments that is why there could be a significantly higher mean of biomass 

change in studies which took ozone in consideration.  
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Figure 4.1: Total Data Forest Plots; the x-

axis represents the change in biomass 

accumulation in elevated CO2, the y-axis 

represents the studies that have been included 

and plotted against the first author’s name. the 

parentheses define the confidence intervals of 

the summary of all studies along with the 

average effect size mentioned towards the left 

side of the confidence intervals.  
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Nitrogen is known as the building block for the plants tissue and is therefore very 

important for growth. The studies that were taken in consideration looked into 

two different approaches when it comes to nitrogen being a variable for treatment 

along with elevated CO2. The nitrogen is provided to the trees through nutrients 

that are given to the plants which include fertilization of the soil so therefore the 

treatments were categorized as low or high nutrients. The trees were provided 

with either high nutrients in elevated levels of CO2 or were starved of the 

nutrients which is termed as low nutrients to study how they impact the growth 

under ambient and elevated levels of CO2.  For this, we further breakdown the 

total nitrogen into high and low nitrogen (nutrients) treatments for the total 

biomass accumulation. The purpose of segmenting the data furthermore on this 

basis of nitrogen concentration was to determine whether the carbon enrichment 

Figure 4.2.1&2: Low Nitrogen Treatment & High Nitrogen Treatment Forest Plots; 

the x-axis represents the change in biomass accumulation in elevated CO2, the y-axis 

represents the studies that have been included and plotted against the first author’s name 

respectively. The parentheses define the confidence intervals of the summary of all studies 

along with the average effect size mentioned towards the left side of the confidence 

intervals. The two forest plots are made on studies with high and low nitrogen treatments 

respectively.  
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is affected positively or negatively by the nitrogen treatment that is given to the 

trees. Studies that had both treatment of high and low nitrogen monitored over a 

certain species were added into a subgroup of the database. After which the forest 

plots as seen above show the effects of nitrogen on carbon enrichment. For the 

CO2 effect percent, it is evident that low nitrogen treatment shows a 24.6% CO2 

effect which is lower than the higher nitrogen treatment value which is 27.2%. 

There is a difference of 2.6%, which points to the fact that higher nitrogen 

availability leads to significantly more growth in trees under elevated levels of 

CO2.  

4.1.2  Percentage change in leaf biomass 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3: Leaf Biomass Forest Plot; the x-axis represents the change in 

biomass accumulation in elevated CO2, the y-axis represents the treatments plotted 

against the x-axis. Inside the parentheses the number of studies that are 

incorporated in the specific treatment is written. The table below gives the 

summary of each treatment in CO2 effect (%). 
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Analyzing the percentage gain in leaf biomass is one of the objectives to 

understand how the leaf biomass accumulation is affected by CO2 enrichment. 

Figure 4.3 is the forest plot for the leaf biomass change in percent. The forest 

plot shows that elevated carbon levels also significantly increase the leaf 

biomass, which shows an overall positive trend towards the accumulation of 

biomass in leaf. The results suggest that there is an enhanced response of the 

other treatments on the tree growth under elevated levels of CO2. Although the 

most increase is seen in ozone which can most likely be due to difference in 

response of the genotypes although due to low power of statistically inference no 

definite reason can be concluded or given (Kitao et al., 2015). The changes in 

biomass accumulation that was seen in the studies that also monitored the ozone 

as a second treatment show that the different rate of biomass accumulation 

maybe due to the difference of genotype difference between the same species of 

the tree, The low power of statistical inference is due to the low number of studies 

that were added into the ozone treatment. As there weren’t many studies that we 

could infer our results from therefore the results concluded from them may not 

be an accurate picture for the wider database.  

4.1.3 Percentage change in root biomass  

Similarly, the response of roots to the carbon enrichment treatment is to be 

assessed by the change of biomass accumulation in the elevated levels when 

compared to the ambient levels of CO2. An overall positive trend can be seen 

towards biomass accumulation in the roots under elevated levels of carbon and 

other treatments. The biomass increase in roots under temperature is 19.3% 

which shows that higher levels of temperature significantly affect the roots of a 

tree therefore slowing down the growth of trees under elevated levels of carbon 

along with higher levels of temperature treatments. This indicates that with 

higher levels of temperature there is a chance of trees responding poorly to the 

CO2 enrichment.  
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4.1.4 Percentage change in stem biomass 

 

 

 

 

 

 

 

 

 

 

The biomass accumulation was assessed in stem for the trees that were taken into 

account for the study. The aim was to understand how the tree growth has been 

affected in terms of biomass accumulation in the stem part of the tree the trend 

was seen in the forest plot that was created that in stem biomass accumulation  

again an overall positive effect of carbon enrichment along with other treatments 

as well is observed. Although we see a decrease in stem growth in nitrogen which 

can be explained by the fact that in nitrogen the shift was moved towards the 

roots and leaves with a slight less focus on carbon allocation in the stem organ. 

A higher growth is seen in ozone as compared to the other organs which is 66.8% 

Figure 4. 4: Root Biomass Forest Plot; the x-axis represents the change in biomass 

accumulation in elevated CO2, the y-axis represents the treatments plotted against the 

x-axis. Inside the parentheses the number of studies that are incorporated in the specific 

treatment is written. The table below gives the summary of each treatment in CO2 effect 

(%). 
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which can mean that in ozone the trees focus considerably shifted again in the 

ozone treatment.  

 

 

 

 

Figure 4. 5: Stem Biomass Forest Plot; the x-axis represent the change in biomass 

accumulation in elevated CO2, the y-axis represent the treatments plotted against the 

x-axis. Inside the parentheses the number of studies that are incorporated in the specific 

treatment is written. The table below gives the summary of each treatment in CO2 

effect (%). 
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4.2 Allometric Responses  

4.2.1 Allocation pattern under ambient and elevated levels  

 

 

Allocation patterns are an important and decisive in this research study since we 

have to see if allocations patterns are different under the different levels of CO2 

that are used for the carbon enrichment process. Allocation is the way which a 

tree is using the carbon that is converted into biomass in a specific part of the 

tree which then contributes to the overall gain in the biomass of the tree. For this 

research study the breakdwon of thee tree according to allocation patterns was 

done into stem, roots and leaves. When the tree growth is mentioned it means 

that the tree has converted the carbon into biomass in the form of leaves, roots 

Figure 4. 6. Ambient vs. Elevated CO2 treatment mass fraction bar graph; the x-

axis represents Stem Mass Fraction (SMF), Root Mass Fraction (RMF), Leaf Mass 

Fraction (LMF) plotted against Mass Fraction Value on the y-axis. The standard error 

bars are represented on each bar accordingly. The bars in gray represent the mass 

fractions in ambient levels of CO2 (aCO2), while the black bars represent mass fraction 

values under the elevated levels of CO2 (eCO2). None represents that no other treatment 

was taken in consideration along with elevated CO2. 
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and stem. Since most of the studies that were taken into our research studied and 

conducted the experiments on  seedlings and saplings of the trees therefore the 

terminology of stem is used here instead the trunk of the tree. Looking into the 

allocation patterns of the trees is therefore important for the research in order to 

know if there is a shift in how tree will allocate the biomass with the resources 

that it is provided with. The allocation pattern may differ in a tree under different 

situations that is the allocation pattern that is seen in ambient levels of CO2 and 

after the levels of CO2 have been increased for the tree. This means that there 

can be a shift in how a tree allocates the biomass when the trees are exposed to 

higher levels of CO2. The best way to look into allocation patterns is by using 

mass fraction to study how the tree is allocating biomass and how the mass 

fraction ratio may have changed with the increase of CO2 that is being provided 

to the tree.  

In the figure 4.6, we see that the mass fraction values at ambient levels are 

compared with elevated levels of CO2 with no other treatment. We can see that 

the SMF, RMF and LMF values are statically non-significant from each other 

which means that there is no shift in allocation patterns under the elevated levels 

of CO2 . In simpler words, the tree biomass allocation patterns are the same in 

response to elevated levels of carbons as they were when trees were grown in 

ambient levels of carbon. This shows that under the higher levels of CO2 the 

plants response is sginificantly positive towards the mass accummulatin but there 

is no shift from one part of the tree to another, which means the tree gains mass 

in the same allocation pattern as it was to normal levels of CO2.  
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The research study aimed to look at the impact of other treatments that are selected for 

this study on the carbon enrichment that is being done under the elevated levels of CO2. 

To see if adding another variable into the treatment made the tree assimilate and allocate 

CO2 in a different way than it was doing under the elevated and ambient levels of CO2 

  

 
 

Figure 4.7: Mass Fraction Bar Graphs for Nitrogen, Temperature, Drought, and Ozone 

under aCO2 and eCO2 the x-axis represents Stem Mass Fraction (SMF), Root Mass 

Fraction (RMF), Leaf Mass Fraction (LMF) plotted against Mass Fraction Value on the 

y-axis. The standard error bars are represented on each bar accordingly. The treatments 

mentioned are taken in consideration along with elevated CO2 in order to study the effect 

of other treatments.  
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with no other treatments. It is important to look into the allocation patterns in trees after 

another variable was introduced into the system and compare it with the allocations 

patterns with that of the tree that were seen in the ambient and elevated levels of CO2 

alone. The addition of another treatment into the growing system may affect the 

allocation patterns resulting in shift of mass accumulation in a tree part which is not 

normally seen in ambient levels with optimum growing environment for the tree.  

In figure 4.7, we can see that when mass fractions of ambient and elevated levels of 

CO2 along with other treatments i.e., nitrogen, temperature, drought, ozone we don’t 

see any significant shift of allocation patterns. In order to understand whether the 

presence of another treatment along with elevated carbon levels had any effect on the 

carbon allocation patterns in trees these separate forest plots along with CO2 treatment 

were also created. The non-significant differences tell us that the patterns that were 

observed in ambient levels didn’t shift in response to elevated CO2 in synthesis with 

other treatments. This indicates that the allocation patterns that were seen under the 

ambient and elevated levels of CO2 with no other treatment are generally true or the 

same even after the addition of another treatment. No change or shift of biomass is 

observed in any of the mass fractions when compared to the ambient and elevated levels 

of CO2 with no other treatments. The overall trend that we see is that no changes of 

allocation pattern were observed in any of the treatment that was taken along with 

elevated CO2, which shows that carbon allocation isn’t affected with the presence of 

another treatment.  
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4.2.2 Allometric responses comparison of other treatments with CO2 

enrichment  

 

 

For the improved understanding of the biomass allocation, we investigated the 

comparison of mass fractions of trees under eCO2 with the mass fraction of eCO2 along 

with another treatment (eCO2 + Treatment). The comparison of biomass allocation 

pattern under elevated levels of CO2 with the allocation patterns under elevated levels 

of CO2 with a secondary treatment is important to determine whether the allocation 

pattern under the carbon enrichment changes or shifts as compared to the normal 

allocation pattern that is seen under the elevated levels of CO2 with no other treatment. 

The need for this is to determine that the allocation patterns are constant or if there is a 

Table 4.1: Comparison of Allometric responses; the table represents the SMF, RMF 

and LMF in aCO2 and eCO2 along with the p-values to determine the significance of 

changes in the values if there is a considerable shift in the allocation from one part to 

another. Mass fractions are all reported against the treatments in aCO2 and eCO2 

respectively.  
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shift in them under the elevated levels of CO2 after another treatment is taken in 

consideration. The mass fraction values of stem, roots and leaves are statically tested to 

check whether the difference in those values is there or not. And if there is any 

difference then statistically how significant those values are is also determined using 

the p-values that are calculated. 

The partitioning theory (Poorter et al., 2012), suggests that the plant will invest its 

biomass allocation towards that organ which is closest to the limiting 

resource/treatment. The simple explanation of this theory is that the trees component, 

which will be in the closest physical interaction with the treatment that is being 

conducted, is the tree part which will be affected the most by the treatment. This can be 

either an increase or decrease in the biomass of that specific tree component when 

compared to the rest of the tree parts.  

The roots and leaves can be seen getting more allocation under drought conditions 

increased allocation to roots can improve the uptake of water and nutrients (Duan, 

2018). This is due to the fact during drought conditions the trees adapt by expanding 

roots length to reach down further to find moisture and water content. The surface area 

of the roots is also increased to intake more water content through the roots. The leaves 

similarly see an expansion in size to capture more moisture from the atmosphere. 

Therefore, we can see an increased mass fraction in roots and leaves, simultaneously a 

decrease in the stem mass fraction, which supports the optimal partitioning theory of 

organs discovering limiting substrates which are invested by plants with greater 

proportion (Poorter et al., 2012). In the above Figure we see how the more availability 

of nutrients considerably affect the shift of mass fraction from SMF to RMF, while 

LMF remains undisturbed. The reason for such an allometric response is that when 

more nutrients are present in the soil for the trees to uptake, the roots surface area and 

the root hair, which is termed as the fine roots, significantly increases in nitrogen 

enrichment (Thomas et al., 2001). Therefore, the larger value of RMF can be seen as 

compared to the “none treatment” with only CO2 enrichment.  

In temperature treatment along with the elevated CO2 we can see a considerable shift 

again from the stem towards the roots along with a slight increase in the leaf mass 

fraction. The slight increase that can be seen in the leaf mass fraction is due to the fact 
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in higher temperatures there is an increase in stomatal openings which in return 

increases the photosynthetic activity (Urban et al., 2017). The increase of 

photosynthetic activity increases the dry biomass for the leaf due to which we can see 

a non-significant slight increase in LMF.  Similarly, with the increase in temperature 

the soil temperature is likely to increase as well due to which the microbial root cells 

hence the increase in allocation to RMF under the elevated levels of temperature (Duan 

et al., 2018).  

In ozone treatment we can see there is a considerable shift of mass fraction value from 

LMF towards the stem this is due to the fact that ozone is damaging to the plant, 

specifically to the leaf organ of a plant (Riikonen et al., 2004). The damaging property 

that the ozone holds towards the leaves is the reason why the biomass decreased in the 

leaves and trees shift towards the stem can be seen under such a circumstance, where it 

starts allocating more of it carbon into making biomass for the stem. The ozone enters 

the stomata that is found on the leaves and oxidizes the plant tissue while it is respiring 

(Kitao et al., 2015). The partitioning theory here thus stands true as ozone is in close 

interaction with the tree leaves therefore having a negative impact on the biomass of 

the leaves.  
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CHAPTER 5 

5. CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, an overall positive response to carbon treatment was observed which 

can be seen in terms of overall increase in growth of tree mass as well its organs like 

leaf, stem, and roots. Nitrogen, drought, temperature, and ozone also have a positive 

effect on CO2 enrichment which can be seen in the positive change in percentage of 

biomass in the total biomass, leaf biomass, root biomass and stem biomass of the trees. 

Although the results suggest that CO2 enrichment is most likely to be enhanced if there 

is more availability of the nutrients for the trees which is evident by the more increase 

in biomass as compared to low nutrient availability. The effect of temperature also 

showed a positive growth effect but with the increase of temperature along with the 

atmospheric carbon dioxide. Similarly, drought treatment along with carbon showed 

that trees responded positively towards it and the biomass increased significantly faster 

than it did in ambient conditions. For ozone, not much can be said because of limited 

data available to make any significant analysis on ozone treatment but overall trees also 

responded positively towards it. For allometric responses, it can be concluded that the 

theory for partitioning was backed up by the allometric responses that were seen in the 

mass fractions. Accumulation of mass increased significantly towards the organ that 

was closest in interaction or getting affected by the specific treatment. The shift of 

allocation is in line with the partitioning which was seen in our results.   

 

 

 

 

 

 

 

 

 



 

34 

 

6. REFERENCES 

Agathokleous, E., Belz, R. G., Kitao, M., Koike, T., & Calabrese, E. J. (2019). 

Does the root to shoot ratio show a hormetic response to stress? An 

ecological and environmental perspective. Journal of Forestry 

Research, 30(5), 1569-1580. 

Agathokleous, E., Saitanis, C. J., Wang, X., Watanabe, M., & Koike, T. (2016). 

A review study on past 40 years of research on effects of tropospheric O3 

on belowground structure, functioning, and processes of trees: a linkage 

with potential ecological implications. Water, Air, & Soil 

Pollution, 227(1), 1-28. 

Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 15 years of 

free‐air CO2 enrichment (FACE)? A meta‐analytic review of the 

responses of photosynthesis, canopy properties and plant production to 

rising CO2. New phytologist, 165(2), 351-372. 

Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 15 years of 

free‐air CO2 enrichment (FACE)? A meta‐analytic review of the 

responses of photosynthesis, canopy properties and plant production to 

rising CO2. New phytologist, 165(2), 351-372. 

Ainsworth, E. A., & Rogers, A. (2007). The response of photosynthesis and 

stomatal conductance to rising [CO2]: mechanisms and environmental 

interactions. Plant, cell & environment, 30(3), 258-270. 

Ainsworth, E. A., Davey, P. A., Hymus, G. J., Osborne, C. P., Rogers, A., Blum, 

H., ... & Long, S. P. (2003). Is stimulation of leaf photosynthesis by 

elevated carbon dioxide concentration maintained in the long term? A test 

with Lolium perenne grown for 10 years at two nitrogen fertilization 

levels under Free Air CO2Enrichment (FACE). Plant, Cell & 

Environment, 26(5), 705-714. 



 

35 

 

Ainsworth, E. A., Rogers, A., Nelson, R., & Long, S. P. (2004). Testing the 

“source–sink” hypothesis of down-regulation of photosynthesis in 

elevated [CO2] in the field with single gene substitutions in Glycine 

max. Agricultural and forest meteorology, 122(1-2), 85-94. 

Ainsworth, E. A., Yendrek, C. R., Sitch, S., Collins, W. J., & Emberson, L. D. 

(2012). The effects of tropospheric ozone on net primary productivity and 

implications for climate change. Annual review of plant biology, 63(1), 

637-661. 

Aljazairi, S., Arias, C., & Nogues, S. (2015). Carbon and nitrogen allocation and 

partitioning in traditional and modern wheat genotypes under pre‐

industrial and future CO2 conditions. Plant Biology, 17(3), 647-659. 

Andersen, C. P. (2003). Source–sink balance and carbon allocation below ground 

in plants exposed to ozone. New phytologist, 157(2), 213-228. 

Aranjuelo, I., Cabrerizo, P. M., Arrese-Igor, C., & Aparicio-Tejo, P. M. (2013). 

Pea plant responsiveness under elevated [CO2] is conditioned by the N 

source (N2 fixation versus NO3− fertilization). Environmental and 

experimental botany, 95, 34-40. 

Aranjuelo, I., Irigoyen, J. J., Sánchez-Díaz, M., & Nogués, S. (2008). Carbon 

partitioning in N2 fixing Medicago sativa plants exposed to different CO2 

and temperature conditions. Functional Plant Biology, 35(4), 306-317. 

Aspinwall, M. J., Loik, M. E., Resco de Dios, V., Tjoelker, M. G., Payton, P. R., 

& Tissue, D. T. (2015). Utilizing intraspecific variation in phenotypic 

plasticity to bolster agricultural and forest productivity under climate 

change. Plant, Cell & Environment, 38(9), 1752-1764. 

Aspinwall, M. J., McKeand, S. E., & King, J. S. (2012). Carbon sequestration 

from 40 years of planting genetically improved loblolly pine across the 

southeast United States. Forest Science, 58(5), 446-456. 



 

36 

 

Azuchi, F., Kinose, Y., Matsumura, T., Kanomata, T., Uehara, Y., Kobayashi, 

A., & Izuta, T. (2014). Modeling stomatal conductance and ozone uptake 

of Fagus crenata grown under different nitrogen loads. Environmental 

pollution, 184, 481-487. 

Bader, M. K. F., Leuzinger, S., Keel, S. G., Siegwolf, R. T., Hagedorn, F., 

Schleppi, P., & Körner, C. (2013). Central E uropean hardwood trees in a 

high‐CO2 future: synthesis of an 8‐year forest canopy CO2 enrichment 

project. Journal of Ecology, 101(6), 1509-1519. 

Bassin, S., Volk, M., Suter, M., Buchmann, N., & Fuhrer, J. (2007). Nitrogen 

deposition but not ozone affects productivity and community composition 

of subalpine grassland after 3 yr of treatment. New Phytologist, 175(3), 

523-534. 

Becklin, K. M., Medeiros, J. S., Sale, K. R., & Ward, J. K. (2014). Evolutionary 

history underlies plant physiological responses to global change since the 

last glacial maximum. Ecology Letters, 17(6), 691-699. 

Bishop, K. A., Betzelberger, A. M., Long, S. P., & Ainsworth, E. A. (2015). Is 

there potential to adapt soybean (G lycine max M err.) to future [CO2]? 

An analysis of the yield response of 18 genotypes in free‐air CO2 

enrichment. Plant, Cell & Environment, 38(9), 1765-1774. 

Bloom, A. J., Burger, M., Kimball, B. A., & Pinter, P. J. (2014). Nitrate 

assimilation is inhibited by elevated CO2 in field-grown wheat. Nat Clim 

Chang 4: 477–480. 

Bloom, A. J., Chapin, F. S., & Mooney, H. A. (1985). Resource limitation in 

plants--an economic analogy. Annual review of Ecology and Systematics, 

363-392. 

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity in 

plants. Advances in genetics, 13, 115-155. 



 

37 

 

Brewster, C., Stevens, C., & McAinsh, M. (2018). Wheat's wild relatives vary in 

their response to nitrogen and ozone. Annals of Applied Biology, 173(2), 

154-163. 

Butterly, C. R., Armstrong, R., Chen, D., & Tang, C. (2015). Carbon and 

nitrogen partitioning of wheat and field pea grown with two nitrogen 

levels under elevated CO2. Plant and Soil, 391(1), 367-382. 

Chen, L., Wang, C., Dell, B., Zhao, Z., Guo, J., Xu, D., & Zeng, J. (2018). 

Growth and nutrient dynamics of Betula alnoides seedlings under 

exponential fertilization. Journal of Forestry Research, 29(1), 111-119. 

Cseke, L. J., Tsai, C. J., Rogers, A., Nelsen, M. P., White, H. L., Karnosky, D. 

F., & Podila, G. K. (2009). Transcriptomic comparison in the leaves of 

two aspen genotypes having similar carbon assimilation rates but different 

partitioning patterns under elevated [CO2]. New Phytologist, 182(4), 891-

911. 

Curtis, P. S. (1996). A meta‐analysis of leaf gas exchange and nitrogen in trees 

grown under elevated carbon dioxide. Plant, Cell & Environment, 19(2), 

127-137. 

Curtis, P. S., & Wang, X. (1998). A meta-analysis of elevated CO2 effects on 

woody plant mass, form, and physiology. Oecologia, 113(3), 299-313. 

Dai, L., Hayes, F., Sharps, K., Harmens, H., & Mills, G. (2019). Nitrogen 

availability does not affect ozone flux-effect relationships for biomass in 

birch (Betula pendula) saplings. Science of The Total Environment, 660, 

1038-1046. 

Davey, P. A., Olcer, H., Zakhleniuk, O., Bernacchi, C. J., Calfapietra, C., Long, 

S. P., & Raines, C. A. (2006). Can fast‐growing plantation trees escape 

biochemical down‐regulation of photosynthesis when grown throughout 



 

38 

 

their complete production cycle in the open air under elevated carbon 

dioxide?. Plant, Cell & Environment, 29(7), 1235-1244. 

De Jong, F., Thodey, K., Lejay, L. V., & Bevan, M. W. (2014). Glucose elevates 

NITRATE TRANSPORTER2. 1 protein levels and nitrate transport 

activity independently of its HEXOKINASE1-mediated stimulation of 

NITRATE TRANSPORTER2. 1 expression. Plant Physiology, 164(1), 

308-320. 

Dickson, R. E., Coleman, M., Riemenschneider, D. E., Isebrands, J. G., Hogan, 

G., & Karnosky, D. F. (1998). Growth of five hybrid poplar genotypes 

exposed to interacting elevated CO2 and O3. Canadian Journal of Forest 

Research, 28(11), 1706-1716. 

Du, E., & de Vries, W. (2018). Nitrogen-induced new net primary production 

and carbon sequestration in global forests. Environmental Pollution, 242, 

1476-1487. 

Ellsworth, D. S., Anderson, I. C., Crous, K. Y., Cooke, J., Drake, J. E., 

Gherlenda, A. N., ... & Reich, P. B. (2017). Elevated CO2 does not 

increase eucalypt forest productivity on a low-phosphorus soil. Nature 

Climate Change, 7(4), 279-282. 

Enquist, B. J., & Niklas, K. J. (2002). Global allocation rules for patterns of 

biomass partitioning in seed plants. science, 295(5559), 1517-1520. 

Fatichi, S., Leuzinger, S., & Körner, C. (2014). Moving beyond photosynthesis: 

from carbon source to sink-driven vegetation modeling. New 

Phytologist, 201(4), 1086-1095. 

Feng, H., Yan, M., Fan, X., Li, B., Shen, Q., Miller, A. J., & Xu, G. (2011). 

Spatial expression and regulation of rice high-affinity nitrate transporters 

by nitrogen and carbon status. Journal of Experimental Botany, 62(7), 

2319-2332. 



 

39 

 

Feng, Z., Hu, E., Wang, X., Jiang, L., & Liu, X. (2015). Ground-level O3 

pollution and its impacts on food crops in China: a review. Environmental 

Pollution, 199, 42-48. 

Feng, Z., Niu, J., Zhang, W., Wang, X., Yao, F., & Tian, Y. (2011). Effects of 

ozone exposure on sub-tropical evergreen Cinnamomum camphora 

seedlings grown in different nitrogen loads. Trees, 25(4), 617-625. 

Feng, Z., Shang, B., Li, Z., Calatayud, V., & Agathokleous, E. (2019). Ozone 

will remain a threat for plants independently of nitrogen load. Functional 

Ecology, 33(10), 1854-1870. 

Fortunel, C., Violle, C., Roumet, C., Buatois, B., Navas, M. L., & Garnier, E. 

(2009). Allocation strategies and seed traits are hardly affected by 

nitrogen supply in 18 species differing in successional 

status. Perspectives in Plant Ecology, Evolution and Systematics, 11(4), 

267-283. 

George, K., Norby, R. J., Hamilton, J. G., & DeLucia, E. H. (2003). Fine‐root 

respiration in a loblolly pine and sweetgum forest growing in elevated 

CO2. New Phytologist, 160(3), 511-522. 

Grantz, D. A., Gunn, S., & Vu, H. B. (2006). O3 impacts on plant development: 

a meta‐analysis of root/shoot allocation and growth. Plant, Cell & 

Environment, 29(7), 1193-1209. 

Grimmer, C., Bachfischer, T., & Komor, E. (1999). Carbohydrate partitioning 

into starch in leaves of Ricinus communis L. grown under elevated CO2 

is controlled by sucrose. Plant, Cell & Environment, 22(10), 1275-1280. 

Grulke, N. E., Dobrowolski, W., Mingus, P., & Fenn, M. E. (2005). California 

black oak response to nitrogen amendment at a high O3, nitrogen-

saturated site. Environmental Pollution, 137(3), 536-545. 



 

40 

 

Hachiya, T., Sugiura, D., Kojima, M., Sato, S., Yanagisawa, S., Sakakibara, H., 

... & Noguchi, K. (2014). High CO2 triggers preferential root growth of 

Arabidopsis thaliana via two distinct systems under low pH and low N 

stresses. Plant and Cell Physiology, 55(2), 269-280. 

Handley, T., & Grulke, N. E. (2008). Interactive effects of O3 exposure on 

California black oak (Quercus kelloggii Newb.) seedlings with and 

without N amendment. Environmental Pollution, 156(1), 53-60. 

Harmens, H., Hayes, F., Sharps, K., Mills, G., & Calatayud, V. (2017). Leaf traits 

and photosynthetic responses of Betula pendula saplings to a range of 

ground-level ozone concentrations at a range of nitrogen loads. Journal 

of Plant Physiology, 211, 42-52. 

Isebrands, J. G., McDonald, E. P., Kruger, E., Hendrey, G., Percy, K., Pregitzer, 

K., ... & Karnosky, D. F. (2001). Growth responses of Populus 

tremuloides clones to interacting elevated carbon dioxide and 

tropospheric ozone. Environmental Pollution, 115(3), 359-371. 

Iversen, C. M., Ledford, J., & Norby, R. J. (2008). CO2 enrichment increases 

carbon and nitrogen input from fine roots in a deciduous forest. New 

Phytologist, 179(3), 837-847. 

Kobe, R. K., Iyer, M., & Walters, M. B. (2010). Optimal partitioning theory 

revisited: nonstructural carbohydrates dominate root mass responses to 

nitrogen. Ecology, 91(1), 166-179. 

Körner, C. (2003). Carbon limitation in trees. Journal of ecology, 91(1), 4-17. 

Kou, L., Zhang, X., Wang, H., Yang, H., Zhao, W., & Li, S. (2019). Nitrogen 

additions inhibit nitrification in acidic soils in a subtropical pine 

plantation: effects of soil pH and compositional shifts in microbial 

groups. Journal of Forestry Research, 30(2), 669-678. 



 

41 

 

Leakey, A. D., Ainsworth, E. A., Bernacchi, C. J., Rogers, A., Long, S. P., & 

Ort, D. R. (2009). Elevated CO2 effects on plant carbon, nitrogen, and 

water relations: six important lessons from FACE. Journal of 

experimental botany, 60(10), 2859-2876. 

Li, P., Feng, Z., Catalayud, V., Yuan, X., Xu, Y., & Paoletti, E. (2017). A meta‐

analysis on growth, physiological, and biochemical responses of woody 

species to ground‐level ozone highlights the role of plant functional 

types. Plant, Cell & Environment, 40(10), 2369-2380. 

Li, P., Zhou, H., Xu, Y., Shang, B., & Feng, Z. (2019). The effects of elevated 

ozone on the accumulation and allocation of poplar biomass depend 

strongly on water and nitrogen availability. Science of the Total 

Environment, 665, 929-936. 

Li, W., Jin, C., Guan, D., Wang, Q., Wang, A., Yuan, F., & Wu, J. (2015). The 

effects of simulated nitrogen deposition on plant root traits: a meta-

analysis. Soil Biology and Biochemistry, 82, 112-118. 

Liu, J., Peng, B., Xia, Z., Sun, J., Gao, D., Dai, W., ... & Bai, E. (2017). Different 

fates of deposited and in a temperate forest in northeast China: a 15N 

tracer study. Global change biology, 23(6), 2441-2449. 

Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., ... & Zhang, F. (2013). 

Enhanced nitrogen deposition over China. Nature, 494(7438), 459-462. 

Lu, X., Hong, J., Zhang, L., Cooper, O. R., Schultz, M. G., Xu, X., ... & Zhang, 

Y. (2018). Severe surface ozone pollution in China: a global 

perspective. Environmental Science & Technology Letters, 5(8), 487-494. 

Ludewig, F., & Sonnewald, U. (2000). High CO2-mediated down-regulation of 

photosynthetic gene transcripts is caused by accelerated leaf senescence 

rather than sugar accumulation. FEBS letters, 479(1-2), 19-24. 



 

42 

 

Lunn, J. E., Delorge, I., Figueroa, C. M., Van Dijck, P., & Stitt, M. (2014). 

Trehalose metabolism in plants. The Plant Journal, 79(4), 544-567. 

Luo, X., Mazer, S. J., Guo, H., Zhang, N., Weiner, J., & Hu, S. (2016). Nitrogen: 

phosphorous supply ratio and allometry in five alpine plant 

species. Ecology and evolution, 6(24), 8881-8892. 

Makino, A., & Mae, T. (1999). Photosynthesis and plant growth at elevated 

levels of CO2. Plant and Cell Physiology, 40(10), 999-1006. 

Martins, M. C. M., Hejazi, M., Fettke, J., Steup, M., Feil, R., Krause, U., ... & 

Lunn, J. E. (2013). Feedback inhibition of starch degradation in 

Arabidopsis leaves mediated by trehalose 6-phosphate. Plant 

physiology, 163(3), 1142-1163. 

Marzuoli, R., Monga, R., Finco, A., & Gerosa, G. (2016). Biomass and 

physiological responses of Quercus robur (L.) young trees during 2 years 

of treatments with different levels of ozone and nitrogen wet 

deposition. Trees, 30(6), 1995-2010. 

Marzuoli, R., Monga, R., Finco, A., Chiesa, M., & Gerosa, G. (2018). Increased 

nitrogen wet deposition triggers negative effects of ozone on the biomass 

production of Carpinus betulus L. young trees. Environmental and 

Experimental Botany, 152, 128-136. 

McCarthy, H. R., Oren, R., Johnsen, K. H., Gallet‐Budynek, A., Pritchard, S. G., 

Cook, C. W., ... & Finzi, A. C. (2010). Re‐assessment of plant carbon 

dynamics at the Duke free‐air CO2 enrichment site: interactions of 

atmospheric [CO2] with nitrogen and water availability over stand 

development. New Phytologist, 185(2), 514-528. 

McCarthy, M. C., & Enquist, B. J. (2007). Consistency between an allometric 

approach and optimal partitioning theory in global patterns of plant 

biomass allocation. Functional Ecology, 713-720. 



 

43 

 

Medlyn, B. E., Badeck, F. W., De Pury, D. G. G., Barton, C. V. M., 

Broadmeadow, M., Ceulemans, R., ... & Jstbid, P. G. (1999). Effects of 

elevated [CO2] on photosynthesis in European forest species: a meta‐

analysis of model parameters. Plant, Cell & Environment, 22(12), 1475-

1495. 

Medlyn, B. E., Barton, C. V. M., Broadmeadow, M. S. J., Ceulemans, R., De 

Angelis, P., Forstreuter, M., ... & Jarvis, P. G. (2001). Stomatal 

conductance of forest species after long‐term exposure to elevated CO2 

concentration: a synthesis. New Phytologist, 149(2), 247-264. 

Mills, G., Harmens, H., Wagg, S., Sharps, K., Hayes, F., Fowler, D., ... & Davies, 

B. (2016). Ozone impacts on vegetation in a nitrogen enriched and 

changing climate. Environmental Pollution, 208, 898-908. 

Mishra, B. S., Singh, M., Aggrawal, P., & Laxmi, A. (2009). Glucose and auxin 

signaling interaction in controlling Arabidopsis thaliana seedlings root 

growth and development. PloS one, 4(2), e4502. 

Mohan, J. E., Clark, J. S., & Schlesinger, W. H. (2004). Genetic variation in 

germination, growth, and survivorship of red maple in response to 

subambient through elevated atmospheric CO2. Global Change 

Biology, 10(2), 233-247. 

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, S. K., Van 

Vuuren, D. P., ... & Wilbanks, T. J. (2010). The next generation of 

scenarios for climate change research and assessment. Nature, 463(7282), 

747-756. 

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J., 

Mathesius, U., ... & van Kleunen, M. (2010). Plant phenotypic plasticity 

in a changing climate. Trends in plant science, 15(12), 684-692. 



 

44 

 

Niu, J., Zhang, W., Feng, Z., Wang, X., & Tian, Y. (2011). Impact of elevated 

O3 on visible foliar symptom, growth and biomass of Cinnamomum 

camphora seedlings under different nitrogen loads. Journal of 

Environmental Monitoring, 13(10), 2873-2879. 

Norby, R. J., DeLucia, E. H., Gielen, B., Calfapietra, C., Giardina, C. P., King, 

J. S., ... & Oren, R. (2005). Forest response to elevated CO2 is conserved 

across a broad range of productivity. Proceedings of the National 

Academy of Sciences, 102(50), 18052-18056. 

Peng, Y., & Yang, Y. (2016). Allometric biomass partitioning under nitrogen 

enrichment: Evidence from manipulative experiments around the 

world. Scientific reports, 6(1), 1-7. 

Peterhansel, C., Horst, I., Niessen, M., Blume, C., Kebeish, R., Kürkcüoglu, S., 

& Kreuzaler, F. (2010). Photorespiration. The Arabidopsis 

book/American Society of Plant Biologists, 8. 

Pokhilko, A., Flis, A., Sulpice, R., Stitt, M., & Ebenhöh, O. (2014). Adjustment 

of carbon fluxes to light conditions regulates the daily turnover of starch 

in plants: a computational model. Molecular BioSystems, 10(3), 613-627. 

Poorter, H., & Nagel, O. (2000). The role of biomass allocation in the growth 

response of plants to different levels of light, CO2, nutrients and water: a 

quantitative review. Functional Plant Biology, 27(12), 1191-1191. 

Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P., & Mommer, L. 

(2012). Biomass allocation to leaves, stems and roots: meta‐analyses of 

interspecific variation and environmental control. New 

Phytologist, 193(1), 30-50. 

Pregitzer, K. S., Burton, A. J., Zak, D. R., & Talhelm, A. F. (2008). Simulated 

chronic nitrogen deposition increases carbon storage in Northern 

Temperate forests. Global change biology, 14(1), 142-153. 



 

45 

 

Pritchard, S. G., Rogers, H. H., Prior, S. A., & Peterson, C. M. (1999). Elevated 

CO2 and plant structure: a review. Global Change Biology, 5(7), 807-837. 

Pritchard, S. G., Strand, A. E., McCormack, M. L., Davis, M. A., Finzi, A. C., 

Jackson, R. B., ... & Oren, R. A. M. (2008). Fine root dynamics in a 

loblolly pine forest are influenced by free‐air‐CO2‐enrichment: A six‐

year‐minirhizotron study. Global Change Biology, 14(3), 588-602. 

Resco de Dios, V., Mereed, T. E., Ferrio, J. P., Tissue, D. T., & Voltas, J. (2016). 

Intraspecific variation in juvenile tree growth under elevated CO2 alone 

and with O3: a meta-analysis. Tree Physiology, 36(6), 682-693. 

Rogers, A., Allen, D. J., Davey, P. A., Morgan, P. B., Ainsworth, E. A., 

Bernacchi, C. J., ... & Long, S. P. (2004). Leaf photosynthesis and 

carbohydrate dynamics of soybeans grown throughout their life cycle 

under free‐air carbon dioxide enrichment. Plant, Cell & 

Environment, 27(4), 449-458. 

Salsman, K. J., Jordan, D. N., Smith, S. D., & Neuman, D. S. (1999). Effect of 

atmospheric CO2 enrichment on root growth and carbohydrate allocation 

of Phaseolus spp. International Journal of Plant Sciences, 160(6), 1075-

1081. 

Sanz, J., Bermejo, V., Gimeno, B. S., Elvira, S., & Alonso, R. (2007). Ozone 

sensitivity of the Mediterranean terophyte Trifolium striatum is 

modulated by soil nitrogen content. Atmospheric Environment, 41(39), 

8952-8962. 

Sanz‐Sáez, Á., Koester, R. P., Rosenthal, D. M., Montes, C. M., Ort, D. R., & 

Ainsworth, E. A. (2017). Leaf and canopy scale drivers of genotypic 

variation in soybean response to elevated carbon dioxide 

concentration. Global change biology, 23(9), 3908-3920. 



 

46 

 

Sasaki, H., Hara, T., Ito, S., Uehara, N., Kim, H. Y., Lieffering, M., ... & 

Kobayashi, K. (2007). Effect of free-air CO2 enrichment on the storage of 

carbohydrate fixed at different stages in rice (Oryza sativa L.). Field crops 

research, 100(1), 24-31. 

Seneweera, S. P., Basra, A. S., Barlow, E. W., & Conroy, J. P. (1995). Diurnal 

regulation of leaf blade elongation in rice by CO2 (is it related to sucrose-

phosphate synthase activity?). Plant Physiology, 108(4), 1471-1477. 

Seneweera, S., Makino, A., Hirotsu, N., Norton, R., & Suzuki, Y. (2011). New 

insight into photosynthetic acclimation to elevated CO2: the role of leaf 

nitrogen and ribulose-1, 5-bisphosphate carboxylase/oxygenase content 

in rice leaves. Environmental and Experimental Botany, 71(2), 128-136. 

Shipley, B., & Meziane, D. (2002). The balanced‐growth hypothesis and the 

allometry of leaf and root biomass allocation. Functional Ecology, 16(3), 

326-331. 

Smith, A. M., Zeeman, S. C., & Smith, S. M. (2005). Starch degradation. Annual 

review of plant biology, 56(1), 73-98. 

Stocker, T. (Ed.). (2014). Climate change 2013: the physical science basis: 

Working Group I contribution to the Fifth assessment report of the 

Intergovernmental Panel on Climate Change. Cambridge university 

press. 

Sulpice, R., Flis, A., Ivakov, A. A., Apelt, F., Krohn, N., Encke, B., ... & Stitt, 

M. (2014). Arabidopsis coordinates the diurnal regulation of carbon 

allocation and growth across a wide range of photoperiods. Molecular 

Plant, 7(1), 137-155. 

Suter, D., Frehner, M., Fischer, B. U., Nösberger, J., & Lüscher, A. (2002). 

Elevated CO2 increases carbon allocation to the roots of Lolium perenne 



 

47 

 

under free‐air CO2 enrichment but not in a controlled environment. New 

Phytologist, 154(1), 65-75. 

Thomas, V. F. D., Braun, S., & Flückiger, W. (2005). Effects of simultaneous 

ozone exposure and nitrogen loads on carbohydrate concentrations, 

biomass, and growth of young spruce trees (Picea abies). Environmental 

Pollution, 137(3), 507-516. 

Tian, D., Du, E., Jiang, L., Ma, S., Zeng, W., Zou, A., ... & Fang, J. (2018). 

Responses of forest ecosystems to increasing N deposition in China: A 

critical review. Environmental Pollution, 243, 75-86. 

Tjoelker, M. G., Reich, P. B., & Oleksyn, J. (1999). Changes in leaf nitrogen and 

carbohydrates underlie temperature and CO2 acclimation of dark 

respiration in five boreal tree species. Plant, Cell & Environment, 22(7), 

767-778. 

Vicente, R., Pérez, P., Martínez-Carrasco, R., Feil, R., Lunn, J. E., Watanabe, 

M., ... & Morcuende, R. (2016). Metabolic and transcriptional analysis of 

durum wheat responses to elevated CO2 at low and high nitrate 

supply. Plant and Cell Physiology, 57(10), 2133-2146. 

Vicente, R., Pérez, P., Martínez-Carrasco, R., Gutiérrez, E., & Morcuende, R. 

(2015). Nitrate supply and plant development influence nitrogen uptake 

and allocation under elevated CO2 in durum wheat grown 

hydroponically. Acta Physiologiae Plantarum, 37(6), 1-13. 

Voelker, S. L., Muzika, R. M., Guyette, R. P., & Stambaugh, M. C. (2006). 

Historical CO2 growth enhancement declines with age in Quercus and 

Pinus. Ecological Monographs, 76(4), 549-564. 

Wang, D., Heckathorn, S. A., Wang, X., & Philpott, S. M. (2012). A meta-

analysis of plant physiological and growth responses to temperature and 

elevated CO2. Oecologia, 169(1), 1-13. 



 

48 

 

Wang, X., Agathokleous, E., Qu, L., Watanabe, M., & Koike, T. (2016). Effects 

of CO2 and O3 on the interaction between root of woody plants and 

ectomycorrhizae. Journal of Agricultural Meteorology, 72(2), 95-105. 

Ward, J. K., & Kelly, J. K. (2004). Scaling up evolutionary responses to elevated 

CO2: lessons from Arabidopsis. Ecology letters, 7(5), 427-440. 

Ward, J. K., & Strain, B. R. (1999). Elevated CO2 studies: past, present and 

future. Tree Physiology, 19(4-5), 211-220. 

Ward, J. K., Antonovics, J., Thomas, R. B., & Strain, B. R. (2000). Is 

atmospheric CO2 a selective agent on model C3 

annuals? Oecologia, 123(3), 330-341. 

Warren, J. M., Jensen, A. M., Medlyn, B. E., Norby, R. J., & Tissue, D. T. (2015). 

Carbon dioxide stimulation of photosynthesis in Liquidambar styraciflua 

is not sustained during a 12-year field experiment. AoB plants, 7. 

Wittig, V. E., Ainsworth, E. A., Naidu, S. L., Karnosky, D. F., & Long, S. P. 

(2009). Quantifying the impact of current and future tropospheric ozone 

on tree biomass, growth, physiology and biochemistry: a quantitative 

meta‐analysis. Global change biology, 15(2), 396-424. 

Yamaguchi, M., Watanabe, M., Iwasaki, M., Tabe, C., Matsumura, H., Kohno, 

Y., & Izuta, T. (2007). Growth and photosynthetic responses of Fagus 

crenata seedlings to O3 under different nitrogen loads. Trees, 21(6), 707-

718. 

Yu, G., Jia, Y., He, N., Zhu, J., Chen, Z., Wang, Q., ... & Goulding, K. (2019). 

Stabilization of atmospheric nitrogen deposition in China over the past 

decade. Nature Geoscience, 12(6), 424-429. 

Zeng, Y., Cao, Y., Qiao, X., Seyler, B. C., & Tang, Y. (2019). Air pollution 

reduction in China: Recent success but great challenge for the 

future. Science of the Total Environment, 663, 329-337. 



 

49 

 

Zhang, J., Mycroft, E. E., Adams, G., & Reekie, E. (2011). Why do genotypes 

of Picea glauca differ in their growth response to elevated CO2? Tree 

Physiology, 31(1), 16-21. 

 

 

 


