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I 

 

Summery 

 

In view of the rising CO2-concentration in the atmosphere accompanied by increasing 

global warming forests play a major role as CO2-sinks. According to this background the 

impact of elevated CO2 (770/950 ppm), in combination with different nutrient regimes on 

two tree species (Fagus sylvatica and Populus canesence) were studied in two growing 

season.  

During each growing season some physiological properties of the saplings such a 

photosynthetic activity and transpiration rate were measured. After each growing season 

the trees were harvested and their phenological status such as total biomass and 

anatomical characteristics of them such as average vessel lumen area (AVLA) were 

measured. Additionally, the nitrogen and carbon content in the plants were determined. 

All data obtained were tested for differences. 

The results revealed that the two species responded very inconsistently to the 

experimental conditions. 

In both growing seasons the poplar saplings grown under elevated CO2 (770/950 ppm) 

had a lower photosynthetic rate than in ambient air, as a consequence the total biomass 

was less under elevated CO2 than in ambient air. The height growth rate of poplar was 

not affected by fertilization, whereas elevated CO2 resulted in larger leaves. But 

fertilization led to a lower C/N ratio in the saplings. The different experimental conditions 

resulted in the different effect on the wood anatomical properties such as ring width and 

vessel characteristics.  

Beech trees under elevated CO2 had a significantly lower stomatal conductance of their 

leaves than saplings in ambient air. Elevated CO2 resulted heavier and wider ring. 

In beech saplings elevated CO2 decreased the N content in the tissues and a lower C/N 

ratio. Lignification in the wall of fibres and vessels of beech was measured. 

Total vessel lumen area (TVLA) and vessel density (VD) in beech increased by elevated 

CO2 but unlike poplar no correlation was observed between ring width and vessel 

characteristics. 
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1. Introduction 

 

In the 19th century, it was discovered that the atmospheric CO2 is the carbon source for 

the photosynthetic activity of plants and in consequence for the production of the plant 

biomass (Fangmeier & Jäger 2001). Subsequently, this knowledge has been applied in 

practice to increase the yield of gardening under intentionally elevated CO2 levels in 

greenhouses. But due to industrialization around the beginning of the 19th century, the 

CO2 started to rise also in the atmosphere. At present, this rise is continuously 

increasing and since about 50 years also proven by measurements. But not only since 

man has interfered with the carbon cycle, CO2 level was changing. The composition of 

trace gases in cores taken from the polar ice shield prove that the amount of CO2 in the 

atmosphere has been severely fluctuating during the past 220,000 years resulting in 

cold and warm periods (Fangmeier & Jäger 2001). At present, the CO2 concentration 

amounts to about 385 ppm what is higher than ever during the last 200,000 years. Only 

if the time axis is further extended, CO2 concentrations of more than 3,000 ppm can be 

assumed.  

 

The recent rise of the CO2 content in the ambient air and its implications for the 

biosphere, including the global warming, are in the focus of politics since more than two 

decades and science started to study the effects of elevated CO2 on plants. Trees as 

long-living organisms have permanently to respond to various short-term or long-term 

changes in their environment, among them to the rising CO2 content in the ambient air. 

Forests as a sink for CO2 play an important role in the discussion about global warming 

(e.g., Matyssek et al. 2010). On a global scale, more CO2 is presently released than 

sequestered by photosynthesis. This CO2 surplus comes from the combustion of coal 

and oil but also from large-scale clear cuts of forests in the tropics. This rise increases 

the CO2 content in the ambient air and thus intensifies the greenhouse effect. For the 

next decades, an average increase of the global temperature of 1.5°C is predicted (e.g., 

Burschel & Weber 1988). It is at present not foreseeable how the forests will respond to 

this development. Presumable, the spectrum of tree species will change in favour of 

thermophilic trees from more southern latitudes.  
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However, the rise of CO2 stimulates photosynthesis and growth of trees also appears to 

depend on the availability of nutrients and on the capability of trees to slowly adapt to 

such changes but the processes behind are only fragmentarily known (e.g., Kriebitzsch 

et al. 1999). Also the effects on the anatomy and technological quality of wood gown 

under elevated CO2 were studied only to some extent (e.g., Burgert et al. 2000; 

Overdieck et al. 2007). 

 

In view of this situation, we wanted to close some gaps of knowledge and therefore have 

designed a research project for two years to study various physiological and 

phenological as well as anatomical features of the growth of beech and poplar saplings 

under controlled conditions of elevated CO2 and of different nutrient supply in a 

greenhouse.  
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2. Literature Review  

 

[This chapter is based on review articles and on a selection of recently issued publications; literal 

quotations are printed in italics]  

 

Since the pre-industrial CO2 level in the atmosphere has reached the current level, the 

scientific community became increasingly aware of problems possibly connected with it. 

Therefore, very soon the effect of elevated CO2 on crop plants and woody plants started 

to be studied (Cure & Acock, 1986; Sionit & Kramer, 1986; Strain, 1987; Bazzaz, 1992) 

and a large body of information of tree responses to elevated CO2 has been produced 

(Ceulemans & Mousseau, 1994; Curtis, 1996; Medlyn et al., 1999; Nowak et al., 2004; 

Körner, 2006; Taub, 2010). CO2 enrichment experiments have been made in growth 

chambers of greenhouses, open top chambers (OTC), branch bags, free air CO2 

enrichment (FACE) facilities and CO2 springs (Ceulemans & Mousseau, 1994). 

Most studies in the greenhouse are performed with seedlings or young trees for short 

periods of time (Ceulemans & Mousseau, 1994; Poorter & Navas, 2003) But due to the 

longevity of trees, also long-term studies are urgently necessary (Eamus & Jarvis, 1989) 

in order to allow for a tree’s ability to acclimate to an elevated CO2 level by adapting, for 

example, the photosynthetic rate and stomatal conductance (Donovan & Ehleringer, 

1991). FACE experimental systems, originally designed for agronomic crops (Allen et 

al., 1992), are increasingly applied to investigate the response of adult trees to elevated 

CO2 in the long-term and under natural growth conditions (Hendrey, 1992; Hendrey, 

Lewin et al., 1993). In the case of long-term exposures of trees to elevated CO2, large 

differences in their responses should be expected depending on whether slow growing 

or fast growing trees species are studied. 

 

2.1 Physiological responses of plants to elevated CO2  

 

2.1.1 CO2 and photosynthesis 

 

Photosynthesis is directly affected by a varying CO2 content in the ambient air and 

therefore is one of the major physiological processes being monitored during all kinds of 
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experiments. Numerous short-term studies showed an increase of the photosynthesis 

rate caused by an increased CO2 concentration (Cure & Acock, 1986; Strain, 1987; 

Bazzaz, 1990; Long & Drake, 1992; Curtis, 1996; Saxe et al., 1998; Ceulemans et al., 

1999). 

Evidence from FACE sites frequently supports these results and shows a stimulated 

photosynthesis rate under elevated CO2, and the degree of this enhancement varies 

among species and under different growth conditions (Curtis & Wang, 1998; Nowak et 

al., 2004; Ainsworth & Long, 2005; Leakey et al., 2009). A short-term increase of 

photosynthesis due to elevated CO2 has been explained by Farquhar et al. (1980) as 

follows:  

‘’This model defenses the rate of net leaf photosynthesis as the minimum of two sub-

processes: photosynthesis is co-limited by the rate of carboxylation and the rate of 

electron transport. Both of these processes are saturating functions of the CO2 

concentration in the cells and, in the case of electron transport, of the absorbed 

photosynthetically active radiation (PAR). The saturated rate of carboxylation (i.e.the 

maximum rate of Rubisco activity, Vcmax) and the potential rate of electron transport 

(Jmax) govern the rate of photosynthesis. Unlike other important parameters of the 

Farquhar model, these two vary substantially among plant canopies, but also within 

canopies and among leaves of the same plants (Ceulemans et al., 1999)’’. 

 

But the photosynthetic behavior of trees under long-term exposure to elevated CO2 is 

less clear (Medlyn et al., 1999). Although it is generally agreed that short-term growth 

under elevated CO2 causes a stimulation of the photosynthesis rate in trees, it has 

frequently been reported that this enhancement may decline or even disappear with time 

(Kohen et al., 1993; Woodward, 2002). Furthermore, in several studies a ‘’down 

regulation’’ of the photosynthesis rate was shown in plants grown under elevated CO2 

over longer periods (weeks or months) (see reviews by Ceulemans & Mousseau, 1994; 

Gunderson & Wullschleger, 1994; Curtis, 1996; Saxe et al., 1998; Nowak et al., 2004).  

A “down regulation” of photosynthesis means that the photosynthetic activity is more 

intense in plants grown in ambient air than under elevated CO2 (Medlyn et al., 1999).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

So far, at least three hypotheses have been proposed to explain this phenomenon:  
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Ceulemans & Mousseau (1994) suggested that the availability of more C causes a 

nutrient limitation, which induces a reduced level in the concentration of leaf nutrients. 

This procedure will reduce the photosynthetic rates (Ceulemans & Mousseau, 1994).  

Sage (1994) found the down-regulation as a result of re-allocation of leaf nitrogen, away 

from the principal CO2-fixing enzyme, Rubisco, and towards other nitrogenous 

compounds. 

As the third hypothesis, Stitt (1991) pointed out that down-regulation is caused by a 

negative feedback on photosynthesis due to an imbalance between the demand for 

carbon and photosynthetic productivity. 

A number of studies made in a greenhouse mentioned the pot size as a factor that can 

limit root growth and thus is causing the phenomenon of ‘’down regulation’’ (Arp, 1991; 

Tomas & Strain, 1991). 

 

2.1.2 CO2 and transpiration 

 

Transpiration is the evaporation of water from plants organs especially from leaves and 

is part of the water cycle. Transpiration depends on several factors such as a stomatal 

conductance (gs), net radiation receipt (R), air saturation deficit (D), temperature (T) and 

wind speed (u) (Jarvis & McNaughton, 1986). 

Elevated CO2 generally causes a decrease in stomatal conductance (see 2.3.1) and this 

in turn results in a reduced transpiration (Bazzaz, 1990; Saxe et al., 1998; Ward & 

Strain, 1999). 

 

2.2 Interaction effects between elevated CO2 and environment factors on plants 

 

The responses of plants to elevated CO2 strongly depend on environmental conditions 

(Bazzaz, 1990; Saxe et al., 1998; Poorter & Navas, 2003; De Graaff et al., 2006). 

Several investigators have focused on the interaction effect of elevated CO2 with, for 

example, light level (Sionit et al., 1982; Kubiske & Pregitzer, 1996; Marfo & Dang 2009), 

temperature (Overdieck et al., 2007), soil moisture (Arp et al., 1998), mineral nutrient 

availability (El Kohen et al., 1992; Arp et al., 1998; De Graaff et al., 2006), other 
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greenhouse gases (O3, SO2, NOx.) (Polle et al., 1993; Tausz et al., 1996; Lütz et al., 

2000; Sallas et al., 2001). 

 

2.3 CO2 and leaves  

 

Leaves as the strongest morphological driver (Poething, 1997) show the highest 

structural plasticity in response to different environmental conditions (Esau, 1977). They 

are vital for photosynthesis and water movement and therefore crucial for the whole 

plant function (Murthy & Dougherty, 1997). Structural adaptations of leaves clearly play 

a central role for a plant’s adaptation to environment changes (Lewis, 1972; Ashton & 

Berlyn, 1994).  

 

2.3.1 Stomata  

 

Stomata allow communication between the internal and external environment of plants. 

Their main function is to allow gases such as CO2, water vapor and oxygen to move 

rapidly into and out of the leaf. Stomata and their response to the environment can be 

altered by several factors such as temperature, soil moisture, light level and CO2 

(Bazzaz, 1990; Morison, 1998). 

First studies on the stomatal response to CO2 were made by Freudenberger (1940) and 

Heath (1948) and his co-workers (Heath & Russell, 1954; Heath & Meidner, 1957). The 

stomatal conductance and density can be affected by elevated CO2 (Bettarini et al., 

1998). 

Early and current evidences of FACE and non-FACE experiments reported that the 

stomatal conductance decreases under elevated CO2 (Bazzaz, 1990; Curtis & Wang, 

1998; Pritchard et al., 1999; Ward & Strain, 1999; Medlyn et al. 2001; Wullschleger et 

al., 2002; Nowak et al., 2004; Ainsworth & Rogers, 2007).  

As to the response of the stomatal density of leaves to elevated CO2, conflicting results 

are being published. A number of studies reported that elevated CO2 induces an 

increase (Thomas & Harvey, 1983; Gaudillere & Mousseau, 1989) or a decrease in 

stomatal density (Woodward & Bazzaz 1988; Field et al., 1995; Lin et al., 2001) or no 

significant effect (Mousseau & Enoch, 1989; Estirate et al., 1994). 

http://www.eol.org/article/Carbon_dioxide
http://www.eoearth.org/article/Oxygen
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     2.3.2 Specific leaf area (SLA) 

 

 SLA (leaf area/total leaf dry weight) frequently exhibits a reduction under elevated CO2 

(Penuelas & Matamala, 1990; Poorter & Navas, 2003). For example, Pritchard et al., 

(1999) reviewed 49 observations; 78% of them showed a significant decrease in SLA, in 

18% of the observations the SLA was not affected, and in 4% of them the SLA increased 

under elevated CO2. 

The SLA reduction is a consequence of an increased concentration of starch (Eamus & 

Jarvis, 1989) and of leaf total non-structural carbohydrates (TNC), which occurs when 

the fixation of C exceeds its utilization (Pritchard et al., 1999). 

 

2.3.3 Leaf area per plant  

 

The leaf area per plant generally increases by elevated CO2 in most tree species (see 

reviews Ceulemans & Mousseau, 1994; Pritchard et al., 1999; Poorter & Navas, 2003; 

Ainsworth & Long, 2005). Nevertheless, some exceptional cases have been observed 

(Norby et al., 1992; Mousseau, 1993; EL Kohen et al., 1993). However, the amount of 

leaf area increase varies among tree species. It can result from an increased number of 

leaves per tree or by larger individual leaves.   

Two hypotheses suggest an explanation for the increase in leaf area: 

a) an increase in the number of cells (cell division) (Gaudillere & Mousseau, 1989),  

b) an increase in leaf cell expansion through changes of the cell-wall properties (Taylor 

et al., 1994). 

 

2.4 CO2 and dry biomass of plants 

 

The production of biomass is one of many paths along which carbon is metabolized 

(Körner, 2006). Several measurements on seedlings and young trees indicate that 

through an increased carbon uptake, total growth increases (see reviews by Bazzaz, 

1990; Ceulemans & Mousseau, 1994; Saxe et al., 1998; Pritchard et al., 1999; Poorter & 

Navas, 2003; Ainsworth & Long, 2005). There is also strong evidence that plant biomass 

production under elevated CO2 is mostly larger than in ambient air. But a number of 

http://jxb.oxfordjournals.org/search?author1=JOSEP+PE%C3%91UELAS&sortspec=date&submit=Submit
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studies showed no significant increase or even a decrease of biomass production under 

elevated CO2 (Reekie & Bazzaz, 1989; Bazzaz & Miao, 1993; Bazzaz & Garbutt, 1998). 

The magnitude of the biomass enhancement widely varies between observations. 

Growth stimulation depends on various factors such as the developmental stage of the 

plants (Norby et al., 1992; Hättenschwiler et al., 1997), genetic factors, environmental 

conditions and water and nutrient availability (Bazzaz, 1990; Ceulemans & Mousseau,, 

1994; Roberntz & Stockfors, 1996; De Graaff et al., 2006; Leakey et al., 2009; Reddy et 

al., 2010). The enhancing effect of elevated CO2 can decline or totally disappear with 

time (Sionit et al., 1985; Garbutt et al., 1990; EL Kohen et al., 1993; Saxe et al., 1998; 

Bloom, 2009).                                                                         

 

2.5 CO2 and N content in plant tissues 

 

Nitrogen is part of all living cells and of all proteins, enzymes and metabolic processes 

involved in the synthesis and transfer of energy. Trees require a considerable amount of 

N for their growth, especially when growing under elevated CO2 because then they 

usually grow faster (Reddy et al., 2010).  

One of the most common observations is a lower N concentration in plant components 

grown under elevated CO2 than in ambient air (Cotrufo et al., 1998; Poorter et al., 1997; 

Yin, 2002; Ainsworth & Long, 2005; Taub & Wang, 2008). 

According to several reports, the concentration of N is reduced on average by 10-15% 

under elevated CO2. The range of reduction varies among species. Furthermore, the N 

content in leaves frequently decreases more than in roots (Cotrufo et al., 1994).  Several 

hypotheses are suggested to explain this phenomenon (Gifford et al., 2000; Taub & 

Wang, 2008). However, it is generally accepted that elevated CO2 causes a decrease of 

N, even if some observations show an increase when the supply with N is ample 

(Cotrufo et al., 1994). 

 

2.6 CO2 and anatomy characteristics of plants 

 

Wood anatomy is directly associated with wood quality and with various applications of 

wood. In comparison with the high number of studies related to physiological responses 
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of plants to elevated CO2, few studies have been done about how wood quality changes 

under elevated CO2. Most of them have been done with coniferous tree species 

(Donaldson et al., 1987; Conroy et al., 1990; Telewski et al., 1999; Yazaki et al., 2001; 

Ceulemans et al., 2002; Atwell et al., 2003; Kilpeläinen et al., 2003; Kostiainen et al., 

2004; Ziche & Overdieck 2004; Kilpeläinen 2007; Kostiainen et al., 2009). The reports 

available on wood quality changes in broad-leaved tree species are rare (Atkinson & 

Taylor, 1996; Luo et al., 2005; Overdieck et al., 2007; Watanabe et al., 2010; Wiemann 

et al., 2008; Kostiainen et al., 2009; Watanabe, 2010). 

 

2.6.1 Coniferous tree species 

 

Under elevated CO2, the tracheid diameter in Scot pine (Ceulemans et al., 2002) and 

mean tracheid lumen area in Siberian larch (Yazaki et al., 2001) increased and in radiate 

pine mean tracheid lumen area was unaffected by the CO2 level (Atwell et al., 2003). 

The tracheid wall was thinner in Siberian larch and Scot pine (Yazaki et al., 2001; 

Ceulemans et al., 2002) and thicker in Monterey pine under elevated CO2 (Conroy et al., 

1990). In contrast, Donaldson et al. (1987) did not find any significant CO2 effect on 

tracheid characteristics in Monterey pine.  

In a number of the studies mentioned, elevated CO2 caused wider tree rings (Telewski 

et al., 1999; Ziche & Overdieck; 2004) or wider early wood (Ceulemans et al., 2002) or 

had no effect at all (Kostiainen et al., 2009). 

 Often, it has been reported that wood density increases in response to elevated CO2 

(Conroy et al., 1990; Tognetti et al., 1998; Telewski et al., 1999), but this cannot be 

generalized; for example, mean wood density of Scots pine and Norway spruce  

remained unaffected by elevated CO2 (Ceulemans et al., 2002; Beismann et al., 2002). 

 

2.6.2 Broad-leaved tree species 

 

A review of publications shows that the total vessel lumen area increased in English oak 

and remained unchanged in cherry (Atkinson & Taylor, 1996) and Mongolian oak 

(Watanabe et al., 2008) in exposure to elevated CO2. Response of mean vessel area to 

elevated CO2 varies among species; mean vessel area increased in English oak 

http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(ZICHE)
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(ZICHE)
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(Atkinson & Taylor. 1996), black poplar and a hybrid poplar (Luo et al., 2005), decreased 

in European beech (Overdieck et al., 2007), and was unaffected by elevated CO2   in 

and Mongolian oak (Watanabe et al., 2008). 

No effect of elevated CO2 was shown in mean vessel number (vessel density) of cherry 

(Atkinson & Taylor. 1996) and European beech (Overdieck et al., 2007); in contrast, 

mean vessel number in English oak enhanced by CO2 (Atkinson & Taylor. 1996). The 

results are very inconsistent between tree species and between genotypes of the same 

species. 
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3. Material and Methods 

 

3.1 Greenhouse experiments 

 

Test plants of two tree species, European beech (Fagus sylvatica L.) and gray poplar 

(Populus x canescens (Aiton) Sm.), were studied in a greenhouse for the effects of 

elevated CO₂ and nutrient supply on growth and wood formation during two vegetation 

periods (May to September 2010 and 2011). 

 

3.1.1 Plant material and treatments 

 

In the greenhouse of the Thünen Institute (TI) for wood science in Hamburg, located 

53°30´ N and 10°12´ E at an elevation of 25 m a.s.l., two growth chambers were used. 

In one of them, the CO₂ concentration was the same as in ambient air (on average 385 

µmol mol−1) (control). In the other one, the CO₂ concentration was raised to 770 µmol 

mol−1 in the 1st study year and to 950 µmol mol−1 in the 2nd study year (Fig. 3.1). The 

one-year old saplings of beech and poplar have been planted in Ø 11x13 cm and Ø 

17x19.2 cm pots, respectively (Fig. 3.1). The soil consisted of 50% of sand and 50% of a 

standard commercial substrate (TKS1) (Tab. 3.1). 

 

Tab. 3.1: Soil properties used for the experiments. 

 

In each chamber, the saplings were divided into two groups. One of them was fertilized 

with a 0.2% liquid fertilizer (Tab. 3.2). The beech plants obtained 50 ml and the poplar 

plants 100 ml once a week during the growing seasons.  

All plants were regularly irrigated with 80 ml of tap water. The whole study design is 

summarized in Table 3.3. 

 

Substrate                            pH                   salinity (H₂O)                  N                       P₂O                    K₂O 

    TKS 1                             (Ca Cl₂)                      (g/l)                        (mg/l)               (mg/l)                (mg/l) 

                                                5.6                       0.8                     140                 80               190 
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Fig. 3.1: Study design (top); European beech (left) and gray poplar (right) at the 

beginning of the growing seasons (bottom). 

 

Tab. 3.2: Properties of the fertilizer (Wuxal top N). 

 

 
Wuxal Top N                  NH2-N          N          P2O          K2O                B              Cu           Fe            Mn            Mo             Zn            Cl 

 

 NPK liquid fertilizer                                                 

 
           [%]                                 12              12            4            6              0.01         0.004        0.02        0.012         0.001         0.004       1.2  
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Tab. 3.3: Study design. 

 

  

Treatments 

2010 

 

Number of         

saplings 

 

Fagus sylvatica L. 

unfertilized - ambient air (control) 8 

fertilized - ambient air 8 

unfertilized - elevated CO2 (770 ppm) 8 

fertilized - elevated CO2 (770 ppm) 8 

 

Populus canescens (Aiton) Sm. 

unfertilized - ambient air (control) 8 

fertilized - ambient air 8 

unfertilized - elevated CO2 (770 ppm) 8 

fertilized - elevated CO2 (770 ppm) 8 

     

                                                           2011 

 

 

 

Fagus sylvatica L. 

unfertilized - ambient air (control) 10 

fertilized - ambient air 10 

unfertilized - elevated CO2 (950 ppm) 10 

fertilized - elevated CO2 (950 ppm) 10 

 

Populus canescens (Aiton) Sm. 

unfertilized - ambient air (control) 8 

fertilized - ambient air 8 

unfertilized - elevated CO2 (950 ppm) 8 

fertilized - elevated CO2 (950 ppm) 8 

 

3.1.2 Environmental conditions in the greenhouse 

 

During the vegetation periods, the temperature in the greenhouse was kept constant at 

about 20°C, the length of photoperiod was the same as in the Hamburg area and the 

relative air humidity (RH) was about 70%. During the experiments, the CO₂ level, 

temperature, photoperiod and air humidity were monitored by the Computer Climate 

model CC 600 (RAM co.) every 12 minutes (Fig. 3.2). The CO2 levels (ambient air, 770 
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and 950 ppm) were kept from 7:00 to 21:00 o’clock per day. Moreover, all plants were 

visually controlled for any conspicuous features once a week during the growing season. 

 

 

 

 

Fig. 3.2: CO2 concentration, temperature and relative air humidity (RH) during both 

growing seasons; I, chamber with elevated CO2; II, chamber with ambient air. 
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3.1.3 Seasonal gas exchange measurements 

 

In the growing season 2010, the rates of CO2 assimilation (AC) and of transpiration (Ew) 

of one leaf from each plant were measured once a week by a CO₂/H₂O-promoter CMA-

400 (Walz Mess- und Regeltechnik 1988) (Fig. 3.3). During the experiment, the light 

intensity was 800 µmol m−2 s−1 and the flow rate of air through the system was set to 

about 1200 µmol s−1. 

 

Fig. 3.3: Promoter CMA-400 (Walz Mess- und Regeltechnik 1988). 

 

In the growing season 2011, the net photosynthesis rate (AC), transpiration rate (EW) and 

stomatal conductance (gs) were measured using a portable Infra-Red Analyzer (IRGA; 

LI-6400, Li-Cor, Lincoln, NE, USA) on one leaf of each sapling once a week (Fig. 3.4). 

The rate of air flow through the system was set to 600 µmol s−1 and the light intensity, 

provided by a red-blue light source, was set to 800 µmol m−2 s−1. The air humidity was 

regulated by adjusting the air flow through a desiccant tube. 
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Fig. 3.4: Portable Infra-Red Analyzer (IRGA; LI-6400, Li-Cor, Lincoln, NE, USA). 

 

During both study seasons, the chlorophyll content in the leaves of all saplings was non-

destructively determined by a chlorophyll meter (SPAD-502 plus Konica Minolta) once a 

week on 15-20 leaves per sapling (Fig. 3.5). The values measured correspond to the 

percentage of chlorophyll in the leaves. They were calculated from the amount of light, 

transmitted through a leaf of two wavelengths for which the absorbance of chlorophyll is 

different.            

 

Fig. 3.5: Chlorophyll meter (Model; SPAD-502 plus). 
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3.2 Growth measurements 

 

At the end of the growing season in each experimental year, the tree height was 

measured and then all trees were harvested and separated into leaves, stems and roots. 

After that, the fresh weight of these three fractions has been determined to calculate the 

dry weight biomass, after the samples have been dried at 70°C for one week (Fig. 3.6). 

At the end of the growing season 2011, the total leaf area of all saplings was measured 

by a non-destructive leaf area meter (LI-3000C, Li-Cor, Lincoln, NE, USA) (Fig. 3.7). For 

each leaf, the LI-3000C recorded values of leaf area, leaf length, average width and 

maximum width. Each of these values can be shown on the display. The instrument 

utilizes an electronic method of rectangular approximation providing a 1 mm² resolution. 

The major components are the scanning head and the readout console. Area data are 

recorded by the readout console as the scanning head is passed over the leaf. 

 

 

 

Fig. 3.6: Plants were harvested and separated into leaves, stems and roots. 
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             Fig. 3.7: Leaf area meter (LI- 3000C, Li-Cor, Lincoln, NE, USA). 

 

 

3.3 Sample preparation for biochemical measurements 

 

3.3.1 Carbon and nitrogen content in leaf, stem (without bark) and root 

 

After having determined the dry biomass weight, all three fractions of the saplings per 

treatment were sampled for elemental analysis. Leaves, stems without bark and roots 

were ground to powder using a mill (Fig. 3.8). Then, 5-10 mg of the powder were filled in 

tin capsules and the total carbon and nitrogen content of each sample were measured 

using an element analyzer instrument (Vario EL cube; Hanau, Germany) (Fig. 3.8). 

During analysis, the temperature in the oxidation oven was 1050°C and in the thermal 

conductivity detector and chromatographic column was 115°C. The carrier gas pressure 

was 80 kPa and the flow rate 125 ml/min, the oxygen addition was 20 ml, and the 

oxygen pressure was 50 kPa. 
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Fig. 3.8: Equipment for carbon and nitrogen analysis. (A) dried plant material; (B) mill; 

(C) ground material; (D) scales; (E) element analyzer instrument (Vario EL cube; Hanau, 

Germany). 

 

3.3.2 Distribution of lignin in beech cell walls 

 

Cellular ultraviolet microspectrophotometry (UMSP) was applied to localize the lignin in 

the walls of fibers and vessels. For the analysis, small blocks (approx. 1 x 1 x 0.5 mm3) 

(l x r x t) were dissected from the wood which was formed during the experimental years. 

Such blocks were taken from three saplings per treatment. 
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Fig. 3.9: Ultramicrotome (Ultracut E, Reichert-Jung, Wetzlar, Germany) (left), equipped 

with a diamond knife (right). 

       

        

The specimens were dehydrated in a graded series of ethanol (80%, 90%, 95% and 

100%) and 100% of acetone, and then embedded in Spurr’s epoxy resin (Spurr 1969). 

For UMSP, the embedded blocks were trimmed to provide a face of approximately 0.5 

mm². Transverse sections, 1 µm thick, were cut by an ultramicrotome (Ultracut E, 

Reichert-Jung, Wetzlar, Germany) equipped with a diamond knife (Fig. 3.9), transferred 

to quartz microscope slides, immersed in a drop of non UV-absorbing glycerine (Zeiss, 

Germany) and covered with a quartz cover slip (Fig. 3.10). 

 

 

Fig. 3.10: Quartz slides (left) and light microscopic image (right). 
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The measurements were carried out using a ZEISS UMSP 80 (Zeiss, Germany) 

equipped with an immersion ultrafluar lens 1:32 (Koch & Kleist 2001) and with a 

scanning stage allowing the determination of image profiles at a constant wavelength 

with the scan programme APAMOS (Zeiss, Germany) (Fig. 3.11). Lignin was detected at 

278 nm (Koch & Kleist 2001). The scan programme digitized rectangular fields with a 

local geometric resolution of 0.25 µm x 0.25 µm and a photometric resolution of 4096 

gray scale levels, which were converted into 14 basic colors to visualize the absorbance 

intensities. The scans were depicted as two dimensional (2D) image profiles, including a 

statistical evaluation (histograms) of the UV-absorbance. 

 

 

Fig. 3.11: Microspectrophotomet ZEISS UMSP 80 (Zeiss, Germany). 

 

3.4 Sample preparation for wood anatomical measurements 

 

At the end of each growing season, stem discs were collected from 5 cm above-ground 

from beech, and from 10 and 30 cm above-ground from poplar to study wood formation 

and some wood anatomical properties under the given experimental conditions. These 

samples were placed in 70% ethanol and brought to the laboratory to cut  cross-sections 

of 18 and 30 µm thickness using a sliding microtome (Sartorius MI, 31 A 30) (Fig. 3.12) 

which were stained with safranin (1%) and astra-blue (5%) (Fig. 3.13). 
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        Fig. 3.12: Microtome (Sartorius MI, 31 A 30). 

 

 

Fig. 3.13:  Cross-section of gray poplar (left) and European beech (right). 

 

After that, the width of the growth ring formed during the study year was measured to the 

nearest 0.01 mm at eight positions around the stem, using a moving table connected to 

a PC and the tree-ring software CATRAS (Aniol 1983) (Fig. 3.14). 
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Fig. 3.14: Work station for tree-ring width measurements using CATRAS (Aniol 1983).  

 

Then, from each microscopic cross-section images were taken from two areas across 

the tree ring using an Olympus BX51 microscope equipped with a digital microscope 

camera (Olympus DP 70) linked to a computer (Fig. 3.15). 

 

 

Fig. 3.15: Olympus BX51 microscope equipped with a digital microscope camera 

(Olympus DP 70). 

 

The color images were taken at 4x magnification with a resolution of 4080x3072. In the 

case of beech, the photographic area was positioned between two multi-seriate rays 

(Fig. 3.16).  
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Fig. 3.16: WinCELL analysis area of beech (left) and poplar (right). 

 

The average vessel lumen area (AVLA) (µm²), number of vessels per mm² (vessel 

density (VD)) and percentage of the total vessel area (vessel coverage) were measured 

by the image processing software WinCELL Pro (version 2010a, Régents Instruments 

Inc., 2001) (Fig. 3.15); the equations for calculation are given below. WinCELL is 

specifically designed for wood cell analysis using a different filter setting for each tree 

species. Only vessels larger than 120 and 200 µm² were measured from beech and 

poplar, respectively. The anatomical measurements can be visualized graphically using 

XLCell.  

 

   A  
                       

                   
     

 

 

A  A  
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3.5 Statistical analysis of the data 

 

A Complete Randomized Design (CRD) was considered for the greenhouse 

experiments. All data were pre-tested for normality and equality by a Kolmogorov-

Smirnov test to check whether parametric tests can be applied. 

All statistical analyses were performed using SPSS 18 (SPSS Inc. Chicago, Illinois USA). 

The data of each experimental year were analyzed separately and independently from 

each other. The effects of the CO2 levels (ambient or elevated) and fertilization were 

analyzed with repeated measures multivariate ANOVA. The statistical significance was 

set at p≤0.05 for all tests. Standard deviation (S ) was used to show the distribution of 

the data around the mean.  he Pearson’s correlation test was used to check the 

correlation between ring width and vessel variables and between chlorophyll 

concentration index and leaf N content at the end of vegetation periods.  
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4. Results 

 

4.1 Seasonal measurements 

 

4.1.1 Seasonal measurements of poplar in the greenhouse 

 

4.1.1.1 Net photosynthesis rate  

 

In 2010, the net photosynthesis rates of the saplings grown under elevated CO2 (770 

ppm) and in ambient air were considerably different throughout the whole growing 

season (Fig. 4.1.1) whereas fertilization had no effect what so ever (Tab. 4.1.1). But in 

2011, the net photosynthesis rate was not significantly different between the different 

CO2 level (elevated/ambient air) (Tab. 4.1.3).  

 

 

Fig 4.1.1: Net photosynthesis rate of poplar during the first (left) and the second (right) 

growing season. 
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4.1.1.2 Transpiration rate  

 

No distinct differences of the transpiration rate were obvious between the treatments in 

both growing seasons (Fig. 4.1.2), saying that the transpiration rate did not respond to 

different CO2 concentrations and fertilization (Tab. 4.1.3). 

 

 

Fig 4.1.2: Transpiration rate of poplar during the first (left) and second (right) growing           

season. 

 

4.1.1.3 Stomatal conductance  

 

The stomatal conductance in the leaves was not affected by the growth conditions (Fig. 

4.1.3; Tab. 4.1.3). 

 

          Fig. 4.1.3: Stomatal conductance of poplar during the second growing season. 
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Tab. 4.1.1: Mean (± st.dev.) of net photosynthesis rate and transpiration rate of poplar 

during the first growing season (2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments of poplar 

               (2010) 

 

May 

 

June 

 

July 

 

August 

 

September 

 

Photosynthetic rate 

AC (µmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

4.61 ± 0.67 

4.80 ± 0.65 

3.24 ± 0.44 

3.08 ± 0.41 

 

 

 

4.10 ± 2.17 

4.04 ± 2.07 

2.94 ± 1.60 

2.80 ± 1.52 

 

 

 

3.81 ± 0.82 

3.62 ± 0.42 

2.45 ± 0.29 

2.23 ± 0.16 

 

 

 

5.03 ± 0.31 

4.75 ± 0.29 

3.15 ± 0.19 

2.82 ± 0.17 

 

 

 

5.67 ± 0.10 

5.30 ± 0.17 

3.43 ± 0.06 

3.19 ± 0.38 

 

Transpiration rate 

EW (mmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

0.22 ± 0.01 

0.23 ± 0.01 

0.22 ± 0.01 

0.22 ± 0.01 

 

 

 

0.16 ± 0.10 

0.17 ± 0.10 

0.17 ± 0.10 

0.16 ± 0.10 

 

 

 

0.11 ± 0.01 

0.12 ± 0.02 

0.11 ± 0.02 

0.12 ± 0.03 

 

 

 

0.13 ± 0.02 

0.15 ± 0.02 

0.15 ± 0.02 

0.17 ± 0.02 

 

 

 

0.14 ± 0.01 

0.16 ± 0.01 

0.16 ± 0.00 

0.17 ± 0.01 
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Tab. 4.1.2: Mean (± st.dev.) of net photosynthetic rate, transpiration rate and stomatal 

conductance of poplar during the second growing season (2011). 

 

 

 

 

 

 

 

 

 

Treatments of poplar 

  (2011) 

 

May 

 

    June 

 

   July 

 

August 

 

September 

 

Photosynthetic rate 

AC (µmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

10.73 ± 1.50 

11.52 ± 1.48 

12.63 ± 2.42 

12.48 ± 2.19 

 

 

 

4.51 ± 1.42 

4.63 ± 1.17 

6.90 ± 2.72 

10.77 ± 2.31 

 

 

 

5.55 ± 2.24 

7.12 ± 1.27 

6.56 ± 2.74 

6.64 ± 2.52 

 

 

 

5.37 ± 2.63 

9.10 ± 1.40 

5.61 ± 1.33 

8.24 ± 3.31 

 

 

 

5.92 ± 0.83 

8.67 ± 0.97 

3.04 ± 1.04 

3.84 ± 1.59 

 

Transpiration rate 

EW (mmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

2.81 ± 0.47 

3.47 ± 1.02 

3.48 ± 0.82 

2.99 ± 0.97 

 

 

 

3.11 ± 0.85 

2.40 ± 0.96 

3.30 ± 1.00 

2.35 ± 1.21 

 

 

 

3.52 ± 0.78 

4.07 ± 0.85 

4.47 ± 0.60 

4.06 ± 0.65 

 

 

 

3.81 ± 1.63 

5.03 ± 1.05 

3.80 ± 0.77 

4.16 ± 1.28 

 

 

 

3.43 ± 0.64 

4.90 ± 0.54 

2.63 ± 0.32 

3.21 ± 0.83 

 

Stomatal conductance 

gS (molH2O m
-2

 leaf area s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

0.22 ± 0.04 

0.31 ± 0.12 

0.31 ± 0.10 

0.26 ± 0.10 

 

 

 

0.22 ± 0.07 

0.19 ± 0.09 

0.23 ± 0.07 

0.19 ± 0.15 

 

 

 

0.31 ± 0.05 

0.34 ± 0.09 

0.36 ± 0.07 

0.32 ± 0.07 

 

 

 

0.29 ± 0.09 

0.40 ± 0.06 

0.36 ± 0.08 

0.41 ± 0.11 

 

 

 

0.31 ± 0.09 

0.46 ± 0.07 

0.22 ± 0.04 

0.26 ± 0.05 
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Tab. 4.1.3: Statistical strength of the effects of fertilization and CO2 concentrations on 

the rates of net photosynthesis and transpiration and on stomatal conductance between 

the experimental variants of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

4.1.1.4 Chlorophyll concentration index (CCI)  

 

In both years, fertilization caused a significantly higher chlorophyll concentration index 

(CCI) as compared to unfertilized plants (Fig. 4.1.4; Tables 4.1.4 and 4.1.5); particularly 

at the end of the growing seasons, the difference between fertilized and unfertilized 

plants became most obvious. In contrast, the CO2 content remained meaningless for the 

CCI. 

 

 

  Treatments of poplar 

 

 

Photosynthetic 

rate 

 

Transpiration 

rate 

 

Stomatal- 

conductance 

 

CO2 concentration 

 

2010 

2011 

 

*** 

n.s. 

 

n.s. 

n.s. 

 

-- 

n.s. 

 

Fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

-- 

n.s. 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

-- 

n.s. 
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Fig. 4.1.4: Chlorophyll concentration index of poplar during (top) and at the end of both 

growing seasons (below).  

 

Tab. 4.1.4: Mean (± st.dev.) of chlorophyll concentration index (CCI) of poplar during 

both growing seasons.  

 

 

Treatments of poplar 

 

Chlorophyll concentration index (CCI) 

(Mean ± st.dev.) 

 

July 

 

August 

 

September 

(2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

21.31 ± 3.3 

27.40 ± 6.0 

19.81 ± 4.8 

25.12 ± 6.6 

 

17.81 ± 4.0 

27.60 ± 5.9 

17.30 ± 3.3 

26.34 ± 6.7 

 

  9.52 ± 5.4 

27.37 ± 4.9 

13.47 ± 4.3 

25.72 ± 7.5 

(2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

32.07 ± 1.9 

33.30 ± 2.5 

29.02 ± 2.8 

30.81 ± 2.5 

 

29.43 ± 0.1 

30.50 ± 1.4 

27.00 ± 3.7 

29.28 ± 3.8 

 

19.36 ± 1.4 

28.00 ± 1.0 

18.29 ± 3.8 

27.34 ± 3.0 
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Tab. 4.1.5: Statistical strength of the effects of fertilization and CO2 concentrations on 

the chlorophyll concentration index (CCI) between the experimental variants of poplar; * 

p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

4.1.1.5 Correlation between the CCI and the nitrogen content in the leaf at the end 

of both growing seasons  

 

The correlation between the CCI and the nitrogen content in the leaf of poplar (Tab. 

4.1.6) was strongly positive (Fig. 4.1.5). 

 

 

Fig.4.1.5: Correlation between the CCI and the leaf nitrogen content in the leaf of poplar 

saplings at the end of the first (left) and the second (right) growing season. 

 

 

Treatments of poplar 

 

Chlorophyll concentration index (CCI) 

2010 2011 

CO2 concentration n.s. n.s. 

Fertilization *** *** 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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Tab. 4.1.6: Correlations among the CCI and the nitrogen content in the leaf of poplar. 

 

 

4.1.1 Seasonal measurements of beech in the greenhouse 

 

4.1.2.1 Net photosynthesis rate  

 

During both growing seasons, the net photosynthesis rate of the saplings calculated 

from the CO2 absorption was measured (Fig. 4.1.6; Tab. 4.1.7 and 4.1.8). In 2010, 

higher photosynthesis rates were observed in plants (fertilized-unfertilized) grown under 

elevated CO2 (770 ppm). This positive effect was statistically significant. In contrast, any 

effect by fertilization or by interaction between CO2 concentration and fertilization were 

insignificant (Tab. 4.1.9). In 2011, the variation of the net photosynthesis rate differed 

from the pattern in the first growing season. The highest rate occurred with the fertilized 

saplings grown under elevated CO2 (950 ppm); nevertheless, this positive effect of 

elevated CO2 was statistically not significant (Fig. 4.1.6; right). The net photosynthesis 

rate of fertilized plants grown under different CO2 concentrations was significantly higher 

than in unfertilized plants during the whole growing season. Any interaction between 

CO2 concentration and fertilization was insignificant (Tab. 4.1.9). 

 

 

Treatments of poplar 

 

 

leaf nitrogen content 

 

2010 

 

leaf chlorophyll concentration index (CCI) 

 

0.863** 

 

2011 

 

leaf chlorophyll concentration index (CCI) 

 

0.757** 
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Fig. 4.1.6: Net photosynthesis rate of beech during the first (left) and the second (right) 

growing season. 

 

4.1.2.2 Transpiration rate  

 

In 2010, no significant difference of transpiration was detected between different 

treatments (Fig. 4.1.7). In other words, the transpiration rate did not respond to the 

different growth conditions given (Tab. 4.1.9). In 2011, the transpiration of saplings 

grown under elevated CO2 was statistically less than of plants in ambient air. The 

transpiration rate of unfertilized plants grown under different CO2 concentration was also 

less than of fertilized plants (Fig. 4.1.7). Elevated CO2 significantly decreased the 

transpiration; in contrast, fertilization caused a significant increase of transpiration (Tab. 

4.1.9). 

 

Fig. 4.1.7: Transpiration rate of beech during the first (left) and the second (right) 

growing season. 
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4.1.2.3 Stomatal conductance  

 

The stomatal conductance of the leaves was measured only during the second growing 

season (Fig. 4.1.8; Tab. 4.1.8). Between the stomatal conductance and the transpiration, 

a similar trend was observed. That means, elevated CO2 caused a reduction and 

fertilization an increase of the stomatal conductance (Tab. 4.1.9). There was no 

interaction between the CO2 concentration and fertilization. 

 

 

          Fig. 4.1.8: Stomatal conductance of beech during the second growing season. 
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Tab. 4.1.7: Mean (± st.dev.) of net photosynthesis rate and transpiration rate of beech 

during the first growing season (2010). 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments of beech 

 (2010) 

 

May 

 

June 

 

July 

 

August 

 

September 

 

Photosynthetic rate 

AC (µmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

6.50 ± 0.55 

7.17 ± 0.61 

9.10 ± 0.83 

8.91 ± 0.81 

 

 

 

5.46 ± 1.90 

6.02 ± 2.09 

7.72 ± 2.69 

7.56 ± 2.64 

 

 

 

4.68 ± 0.51 

5.17 ± 0.56 

6.59 ± 0.71 

6.46 ± 0.70 

 

 

 

5.37 ± 0.42 

5.92 ± 0.45 

7.89 ± 1.13 

7.73 ± 1.11 

 

 

 

5.72 ± 0.44 

6.31 ± 0.48 

8.06 ± 0.62 

7.89 ± 0.60 

 

Transpiration rate 

EW (mmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

0.46 ± 0.01 

0.50 ± 0.01 

0.43 ± 0.01 

0.42 ± 0.01 

 

 

 

0.37 ± 0.14 

0.39 ± 0.17 

0.36 ± 0.11 

0.35 ± 0.11 

 

 

 

0.24 ± 0.01 

0.27 ± 0.01 

0.23 ± 0.01 

0.22 ± 0.01 

 

 

 

0.28 ± 0.03 

0.30 ±0.03 

0.28 ± 0.05 

0.28 ± 0.05 

 

 

 

0.29 ± 0.04 

0.32 ± 0.05 

0.27 ± 0.04 

0.27 ± 0.04 
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Tab. 4.1.8: Mean (± st.dev.) of net photosynthetic rate, transpiration rate and stomatal 

conductance of beech during the second growing season (2011). 

 

 

 

 

 

 

 

Treatments of beech 

(2011) 

 

May 

 

June 

 

   July 

 

 

August 

 

September 

 

Photosynthetic rate 

AC (µmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

  8.83 ± 1.31 

 9.92 ± 0.15 

  9.74 ± 0.87 

11.06 ± 1.75 

 

 

 

5.70 ± 2.86 

6.98 ± 3.20 

7.13 ± 1.91 

8.64 ± 1.90 

 

 

 

5.83 ± 0.84 

6.49 ± 0.84 

5.96 ± 0.31 

8.72 ± 0.49 

 

 

 

5.00 ± 1.63 

6.52 ± 2.25 

4.79 ± 0.68 

7.95 ± 0.51 

 

 

 

5.42 ± 0.92 

7.42 ± 0.66 

4.99 ± 0.50 

7.62 ± 0.78 

 

Transpiration rate 

EW (mmol m
-2

s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

2.51 ± 0.20 

2.80 ± 0.38 

1.48 ± 0.15 

1.69 ± 0.30 

 

 

 

2.17 ± 0.40 

1.74 ± 0.33 

1.17 ± 0.42 

1.24 ± 0.23 

 

 

 

2.15 ± 0.07 

2.31 ± 0.21 

1.28 ± 0.08 

1.38 ± 0.09 

 

 

 

1.42 ± 0.04 

2.35 ± 0.12 

1.02 ± 0.14 

1.37 ± 0.12 

 

 

 

2.02 ± 0.47 

3.24 ± 0.08 

1.76 ± 0.14 

2.06 ± 0.24 

 

Stomatal conductance 

gS (molH2O m
-2

 leaf area s
-1

) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

 

0.18 ± 0.01 

0.21 ± 0.03 

0.11 ± 0.01 

0.12 ± 0.02 

 

 

 

0.15 ± 0.05 

0.11 ± 0.02 

0.08 ± 0.03 

0.08 ± 0.02 

 

 

 

0.14 ± 0.00 

0.15 ± 0.01 

0.07 ± 0.01 

0.08 ± 0.01 

 

 

 

0.08 ± 0.01 

0.13 ± 0.02 

0.05 ± 0.01 

0.07 ± 0.02 

 

 

 

0.18 ± 0.04 

0.27 ± 0.02 

0.11 ± 0.01 

0.13 ± 0.01 
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Tab. 4.1.9: Statistical strength of the effects of fertilization and CO2 concentrations on net 

photosynthetic rate, transpiration rate and stomatal conductance between variants of 

beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

4.1.2.4 Chlorophyll concentration index (CCI)  

 

The leaf chlorophyll concentration index (CCI) was measured every week from July to 

September (Fig. 4.1.9, Tab. 4.1.10). In both years, the CCI of fertilized plants was 

significantly higher than of unfertilized plants and there was no interaction between 

fertilization and CO2 concentration. A significant effect of elevated CO2 was detected 

only in 2011 (Tab. 4.1.11) as the CCI was reduced by elevated CO2 (Fig. 4.1.9). At the 

end of the vegetation period (September) in both years, the CCI in the leaves of fertilized 

plants grown under different CO2 concentration was considerably higher than of 

unfertilized plants. 

 

 

 

 

 

   Treatments of beech 

 

 

Photosynthetic 

rate 

 

Transpiration 

rate 

 

Stomatal- 

conductance 

 

 

CO2 concentration 

 

2010 

2011 

 

*** 

n.s. 

 

n.s. 

*** 

 

-- 

*** 

 

Fertilization 

 

2010 

2011 

 

n.s. 

** 

 

n.s. 

** 

 

-- 

* 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 
n.s. 

 
n.s. 

 
n.s. 

 
n.s. 

 
n.s. 

 
n.s. 
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Fig. 4.1.9: Chlorophyll concentration index of beech during (top) and at the end of both 

growing seasons (below).  
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Tab. 4.1.10: Mean (± st.dev.) of Chlorophyll concentration index (CCI) of beech during 
both growing seasons. 
 

 

Tab. 4.1.11: Statistical strength of the effects of fertilization and CO2 concentrations on 

the CCI between the experimental variants of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; 

n.s., not significant. 

 

Treatments of beech 

 

 

Chlorophyll concentration index (CCI) 

(Mean ± st.dev.) 

 

July 

 

       August 

 

September 

 

(2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

25.41 ± 3.5 

30.38 ± 2.3 

25.51 ± 3.8 

27.97 ± 3.5 

 

 

24.91 ± 3.8 

30.98 ± 1.7 

23.85 ± 3.8 

28.47 ± 3.3 

 

 

19.59 ± 4.3 

29.23 ± 1.6 

14.23 ± 3.7 

24.90 ± 4.5 

 

(2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

 

20.76 ± 4.9 

22.43 ± 2.3 

21.00 ± 2.6 

22.76 ± 4.2 

 

 

15.47 ± 5.1 

21.19 ± 2.5 

15.97 ± 3.2 

21.50 ± 5.5 

 

 

   9.30 ± 4.1 

20.60 ± 5.5 

   9.80 ± 3.3 

 19.66 ± 6.5 

 

   Treatments of beech 

 

Chlorophyll concentration index (CCI) 

2010 2011 

CO2 concentration n.s. *** 

Fertilization *** *** 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.1.2.5 Correlation between the CCI and the nitrogen content in the leaf at the end 

of both growing seasons 

 

In both years, the highest values of the CCI and of the nitrogen content belonged to 

fertilized plants grown in ambient air (Fig. 4.1.10). Both parameters were strongly 

positively correlated to each other (Tab. 4.1.12). 

 

 

Fig. 4.1.10: Correlation between the CCI and the nitrogen content in the leaf of beech 

saplings at the end of the first (left) and the second (right) growing season. 

 

 

Tab. 4.1.12: Correlations among the CCI and the nitrogen content in the leaf of beech. 

 

 

 

 

Treatments of beech 

 

 

leaf nitrogen content 

 

2010 

 

leaf chlorophyll concentration index (CCI) 

 

0.739** 

 

2011 

 

leaf chlorophyll concentration index (CCI) 

 

0.853** 



 

42 

 

4.2 Phenological and morphological analysis 

 

4.2.1 Growth and biomass status of poplar 

 

4.2.1.1 Tree height  

 

At the end of each experimental year, the height of all saplings was measured and 

compared (Tab. 4.2.1; Fig. 4.2.1). The mean values of the four variants of treatments 

varied from 124.9 -165.4 cm in 2010 and from 133.3 -178 cm in 2011. The differences of 

the mean values between the treatments were in tendency the same in both growing 

seasons. In the first year, the fertilized plants, having grown under different CO2 level, 

were by 21%, and in the second year by 24% taller than the unfertilized plants. These 

differences were highly significant (Tab. 4.2.2) whereas elevated CO2 had no significant 

effect. Furthermore, there was no significant interaction effect between elevated CO2 

and fertilization.  

 

Tab. 4.2.1: Mean (± st.dev.) height growth rate of poplar at the end of both growing 

season. 

 

 

 

 

 

Treatments of poplar 

 

Tree height (cm) 

(Mean ± st.dev.) 

 

2010 

 

           2011 

385 ppm CO2 - unfertilized 132.3 ± 18.7 133.3 ± 13.2 

385 ppm CO2 - fertilized 165.4 ± 17.4 178.0 ± 10.3 

Elevated CO2 - unfertilized 124.9 ± 8.20 135.4 ± 21.3 

Elevated CO2 - fertilized 156.3 ± 11.0 175.6 ± 13.9 
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Fig. 4.2.1: Mean values of the height growth of poplar after the first (top) and the second 

growing season (bottom). 

 

Tab. 4.2.2: Statistical strength of the effects of fertilization and CO2 concentration on the 

height of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

Treatments of poplar 

 

Tree height 

2010 2011 

CO2 concentration n.s. n.s. 

Fertilization *** *** 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.2.1.2 Leaf dry weight  

 

The dry weight of leaf varied significantly between the variants of treatments from 1 - 

11.7 g in 2010 and from 22.4 - 38.9 g in 2011 (Tab. 4.2.3; Fig. 4.2.2; Tab. 4.2.4). 

However, at the end of the first growing season, considerably less leaves have remained 

on the saplings of all treatments than at the end of the second growing season. 

Nevertheless, in both years, the dry weight of the leaves responded in tendency similarly 

to the various growth conditions (Fig. 4.2.2). The leaves of the unfertilized saplings 

grown under elevated CO2 (770/950 µmol CO2 mol−1) and of the fertilized saplings 

grown under ambient CO2 (385 µmol CO2 mol−1) had the lowest and the highest weight, 

respectively, in both years (Tab. 4.2.3; Fig. 4.2.2). Fertilization caused a significant 

increase in the weight of leaves but this positive influence was reduced by elevated CO2. 

This interaction between fertilization and CO2 in both years was moderately to highly 

significant (Tab. 4.2.4). 

 

Tab. 4.2.3: Mean (± st.dev.) leaf dry weight of poplar at the end of both growing 

seasons.       

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments of poplar 

 

Leaf dry weight (g) 

(Mean ± st.dev.) 

 

2010 

 

               2011 

385 ppm CO2 - unfertilized 1.00 ± 0.2 25.3 ± 4.5 

385 ppm CO2 - fertilized 11.7 ± 2.4 38.9 ± 2.9 

Elevated CO2 - unfertilized 1.00 ± 0.3 22.4 ± 2.7 

Elevated CO2 - fertilized 7.90 ± 0.5 31.7 ± 4.0 
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Fig. 4.2.2 Mean values of the leaf dry weight of poplar after the first (top) and the second 

growing season (bottom). 

 

Tab. 4.2.4: Statistical strength of the effects of fertilization and elevated CO₂ on the leaf 

dry weight of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

Treatments of poplar 

 

Leaf dry weight 

2010 2011 

CO2 concentration *** ** 

Fertilization *** *** 

Interaction effect between 

CO2 level and fertilization 

 

*** 

 

* 
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4.2.1.3 Number of leaves, leaf area and leaf mass per area (LMA)  

 

At the end of growing season 2011, the number and area of the leaves were measured 

and compared. The average leaf number ranged from 104.9 - 129.1 (Tab. 4.2.5). No 

distinct difference between treatments was obvious (Fig. 4.2.3), that is to say, the 

number of leaves was unaffected by the CO2 concentration and fertilization (Tab. 4.2.6). 

The average leaf area varied significantly between treatments from 3554 - 5011 cm² 

(Tab. 4.2.5); both treatments, CO2 and fertilization, caused an increase. Unfertilized 

plants under ambient air (control) had the smallest leaves; in contrast, the fertilized 

saplings under elevated CO2 had the largest leaves (Tab. 4.2.5; Fig. 4.2.3). There were 

no interaction effects between fertilization and CO₂ on the leaf area. The highest and the 

lowest value of leaf mass per area (LMA) belonged to fertilized plants grown under 

ambient air and unfertilized plants under elevated CO2, respectively.  Elevated CO2 

significantly reduced the LMA; plants grown under elevated CO2 had by 32% less LMA 

than plants grown under ambient air. In contrast, fertilization caused an increase in LMA 

(Fig. 4.2.4; Tab. 4.2.6); fertilized plants under different CO2 concentration had about 

15% more LMA. 

 

Tab. 4.2.5: Mean (± st.dev.) number of leaves, leaf area and LMA of poplar per tree. 

 

 

 

Treatments of poplar 

               2011 

 

Number of 

leaves 

(Mean ± st.dev.) 

 

Leaf area  

(cm²) 

(Mean ± st.dev.) 

 

LMA 

(g/cm²) 

(Mean ± st.dev.) 

385 ppm CO2 -unfertilized 104.9 ± 20.1 3554 ± 457.7 0.0075 ± 0.0009 

385 ppm CO2 -fertilized 129.1 ± 13.5 4564 ± 273.5 0.0089 ± 0.0003 

Elevated CO2 -unfertilized 123.3 ± 28.6 4253 ± 305.6 0.0053 ± 0.0004 

Elevated CO2 -fertilized 124.7 ± 17.0 5011 ± 199.3 0.0059 ± 0.0006 
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     Fig. 4.2.3: Mean values of number of leaves, leaf area and LMA of poplar in 2011. 

Tab. 4.2.6: Statistical strength of the effects of fertilization and elevated CO₂ on the 

number of leaves, leaf area and  MA of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., 

not significant. 

 

Treatments of poplar 

               2011 

 

Number of leaves 

 

leaf area 

 

LMA 

CO2 concentration n.s. ** *** 

Fertilization n.s. *** ** 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 

 

n.s. 
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4.2.1.4 Stem dry weight  

 

The stem dry weight of poplar ranged from 23.9 - 44.9 g in 2010 and from 37.4 - 55.8 g 

in 2011 (Tab. 4.2.7). The differences of the mean values between the treatments were in 

tendency the same in both growing seasons. In both years, the highest and lowest 

values of stem weight belonged to fertilized plants grown under ambient CO2, 

respectively to unfertilized plants grown under elevated CO2 (Fig. 4.2.4). As in the case 

of the dry weight of leaves, elevated CO2 significantly reduced the dry weight of the 

stems, whereas fertilized plants had significantly heavier stems than unfertilized plants in 

both growing seasons. There was no significant interaction effect between fertilization 

and elevated CO2 on the stem dry weight in both of experimental seasons (Tab. 4.2.8). 

 

4.2.7: Mean (± st.dev.) Stem dry weight of poplar at the end of both growing seasons. 

 

 

 

Treatments of poplar 

 

Stem dry weight (g) 

(Mean ± st.dev.) 

 

2010 

                 

                2011 

385 ppm CO2 - unfertilized 36.6 ± 6.0 45.7 ± 6.8 

385 ppm CO2 - fertilized 44.9 ± 9.8 55.8 ± 7.2 

Elevated CO2 - unfertilized 23.9 ± 5.0 37.4 ± 5.7 

Elevated CO2 - fertilized 38.8 ± 3.2 49.2 ± 8.8 
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Fig. 4.2.4: Mean values of the stem dry weight of poplar after the first (top) and the 

second growing season (bottom). 

 

Tab. 4.2.8: Statistical strength of the effects of fertilization and elevated CO₂ on the stem 

dry weight of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

Treatments of poplar 

 

Stem dry weight 

2010 2011 

CO2 concentration * * 

Fertilization ** * 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.2.1.5 Root dry weight  

 

The poplar trees grown in ambient air, both unfertilized and fertilized, had heavier roots 

than under elevated CO2 in both years (Tab. 4.2.9; Fig. 4.2.5). The average increase in 

2010 and in 2011 was 20 and 26%, respectively.  But the effect of fertilization was 

statistically insignificant in both years (Tab. 4.2.10). In contrast, elevated CO2 had a 

significantly negative effect on root dry weight in both years.  

 

Tab. 4.2.9: Mean (± st.dev.) root dry weight of poplar at the end of both growing 

seasons. 

 

Tab. 4.2.10: Statistical strength of the effects of fertilization and elevated CO2 on the 

root weight of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

 

 

   Treatments of poplar 

 

Root dry weight (g) 

(Mean ± st.dev.) 

2010  2011 

385 ppm CO2 - unfertilized 36.6 ± 9.80 51.1 ± 5.6 

385 ppm CO2 - fertilized 41.2 ± 10.8 56.5 ± 5.2 

Elevated CO2 - unfertilized 31.1 ± 5.40 39.5 ± 8.3 

Elevated CO2 - fertilized 30.7 ± 3.60 40.1 ± 7.6 

 

    Treatments of poplar 

 

Root dry weight 

2010 2011 

CO2 concentration ** *** 

Fertilization n.s n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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 Fig. 4.2.5: Mean values of the root dry weight of poplar after the first (top) and the 

second growing season (bottom).    

 

4.2.1.6 Biomass dry weight  

 

Here, leaves, stems and roots of a sapling are understood as biomass (Fig. 4.2.6). In 

both experimental years, the fertilized saplings in ambient air had produced the highest 

amount of biomass dry weight whereas the lowest values were obtained from the 

unfertilized saplings grown under elevated CO2. All three fractions of biomass dry weight 

were positively correlated among each other (Tab. 4.2.13).  

In 2010 and 2011, plants under elevated CO2 produced 23 and 20%, respectively, less 

biomass than plants grown in ambient air (Tab. 4.2.11)  

Fertilization increased significantly the biomass dry weight (Tab. 4.2.12). In both years, 

fertilized plants grown under different CO2 concentrations (ambient air and elevated) 



 

52 

 

produced by 26 and 19%, respectively, more biomass dry weight than unfertilized plants. 

There were no interaction effects between fertilization and CO2 concentration on the dry 

weight of biomass (Tab. 4.2.12).   

 

Tab. 4.2.11: Mean (± st.dev.) biomass dry weight of poplar at the end of both growing 

seasons. 

 

 

Tab. 4.2.12: Statistical strength of the effects of fertilization and elevated CO2 on the 

biomass dry weight of poplar; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

 

 

 

 

   Treatments of poplar 

 

Biomass dry weight (gr) 

(Mean ± st.dev.) 

 

2010 

 

 2011 

385 ppm CO2 - unfertilized 74.1 ± 14.6 122.1 ± 12.1 

385 ppm CO2 - fertilized 97.8 ± 21.7 151.2 ± 12.7 

Elevated CO2 - unfertilized 56.1 ± 8.70 99.00 ± 13.5 

Elevated CO2 - fertilized 77.4 ± 6.50 120.9 ± 18.8 

 

   Treatments of poplar 

 

Biomass dry weight 

2010 2011 

CO2 concentration ** *** 

Fertilization *** *** 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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Fig. 4.2.6: Mean values of the biomass dry weight of poplar after the first (top) and the 

second growing season (bottom).    

 

Tab. 4.2.13: Correlation between the dry weights of the three plant fractions.  

 

    Treatments of poplar 

 

 

Stem 

 

Leaf 

 

2010 

Root 0.66** 0.33* 

Stem  0.71** 

 

2011 

Root 0.62** 0.40* 

Stem  0.62** 
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4.2.2 Growth and biomass status of beech 

 

4.2.2.1 Tree height  

 

The height growth of beech saplings ranged from 47.3 - 54.5 cm between treatments in 

2010 and from 41.6 - 44.3 cm in 2011 (Tab. 4.2.14).  No distinct differences between 

treatments were obvious (Fig. 4.2.7); this was supported by statistical analysis (Tab. 

4.15). In conclusion, height growth of beech did not respond to the different growth 

conditions. 

 

Tab. 4.2.14: Mean (± st.dev.) height growth rate of beech at the end of both growing 

seasons 

 

 

Treatments of beech 

 

Tree height (cm) 

(Mean ± st.dev.) 

 

2010 

 

 2011 

385 ppm CO2 - unfertilized 47.8 ± 9.0 42.8 ± 5.4 

385 ppm CO2 - fertilized 47.3 ± 5.1 43.2 ± 4.6 

Elevated CO2 - unfertilized 48.8 ± 8.8 44.3 ± 5.5 

Elevated CO2 - fertilized 54.5 ± 2.0 41.6 ± 6.8 
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Fig. 4.2.7: Mean values of the height growth of beech after the first (top) and the second 

growing season (bottom). 

 

Tab. 4.2.15: Statistical strength of the effects of fertilization and CO2 concentration on 

the height of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

Treatments of beech 

 

Tree height 

2010 2011 

CO2 concentration n.s. n.s. 

Fertilization n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.2.2.2 Leaf dry weight  

 

No distinct treatment-related differences between the mean values of leaf dry weight 

were observed in 2010 (1.6 - 1.9 g) (Fig. 4.2.8; Tab. 4.2.16); even the slightly higher 

weight the in the case of the fertilized plants under elevated CO2 is not significant (Tab. 

4.2.17). But in 2011, the dry weight of the leaves varied significantly among treatments 

(Tab. 4.2.17).  Unfertilized plants under ambient air (control) had the highest value; in 

contrast, the unfertilized saplings under elevated CO2 had the lowest value. In 2011, leaf 

dry weight was significantly smaller under elevated CO2   than under ambient air. 

Although no significant influence of fertilization on dry weight of leaves was detected, the 

interaction between CO2 and fertilization was significant. This means that fertilization 

alone had no effect on dry weight but under elevated CO2 the difference between the dry 

weight of leaves of unfertilized and fertilized plants was significant. 

 

Tab. 4.2.16: Mean (± st.dev.) leaf dry weight of beech at the end of both growing 

seasons. 

 

 

 

 

 

Treatments of beech 

 

Leaf dry weight (g) 

(Mean ± st.dev.) 

 

2010 

 

               2011 

385 ppm CO2 - unfertilized 1.6 ± 0.3 3.6 ± 0.7 

385 ppm CO2 - fertilized 1.6 ± 0.2 2.9 ± 0.3 

Elevated CO2 - unfertilized 1.7 ± 0.1 2.7 ± 0.4 

Elevated CO2 - fertilized 1.9 ± 0.4 3.1 ± 0.2 
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Fig. 4.2.8: Mean values of the leaf dry weight of beech after the first (top) and the 

second growing season (bottom). 

 

Tab. 4.2.17: Statistical strength of the effects of fertilization and CO2 concentration on 

the leaf dry weight of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 Treatments of beech 

 

Leaf dry weight  

2010 2011 

CO2 concentration n.s. * 

Fertilization n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

*** 
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4.2.2.3 Number of leaves, leaf area and leaf mass per area (LMA)  

 

The number of leaves and the leaf area of the saplings were measured only at the end 

of the growing season 2011. For the number of leaves, no significant variation between 

treatments could be discovered (Tab. 4.2.19; Fig. 4.2.9). The leaf area ranged from 300 

– 346.5 cm² (Tab. 4.2.18; Fig. 4.2.9), but these differences were insignificant. LMA 

varied significantly between different treatments. Plants grown under elevated CO2 had 

about 20% less LMA in comparison with plants grown under ambient air. But LMA was 

unaffected by fertilization (Tab. 4.2.19), also no interaction was detected between CO2 

and fertilization. 

 

Tab. 4.2.18: Mean (± st.dev.) number of leaves, leaf area and LMA of beech per tree. 

 

Tab. 4.2.19: Statistical strength of the effects of fertilization and elevated CO2 on the 

number of leaves, leaf area and  MA of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not 

significant. 

 

 

Treatments of beech 

               2011 

 

Number of 

leaves 

(Mean ± st.dev.) 

 

Leaf area  

(cm²) 

(Mean ± st.dev.) 

 

LMA 

(g/cm²) 

(Mean ± st.dev.) 

385 ppm CO2 -unfertilized 20.9 ± 6.57 300.1 ± 65.23 0.0124 ± 0.0029 

385 ppm CO2 -fertilized 22.3 ± 7.20 300.0 ± 88.81 0.0102 ± 0.0020 

Elevated CO2 -unfertilized 19.9 ± 4.38 314.3 ± 60.23 0.0090 ± 0.0013 

Elevated CO2 -fertilized 24.8 ± 7.39 346.5 ± 79.54 0.0088 ± 0.0016 

 

Treatments of beech 

               2011 

 

Number of leaves 

 

Leaf area 

 

LMA 

CO2 concentration n.s. n.s. ** 

Fertilization n.s. n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 

 

n.s. 
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Fig. 4.2.9:  Mean values of the number of leaves, leaf area and LMA of beech in 2011. 
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4.2.2.4 Stem dry weight  

 

In 2010, the mean stem dry weight varied from 5.4 - 7.5 g whereas in 2011 the variation 

ranged from only 4.1 - 4.7 g (Tab. 4.2.20). The variation of stem dry weight between 

treatments showed a similar pattern in both growing seasons (Fig. 4.2.10), that is to say, 

plants under elevated CO2 produced heavier stems (Tab. 4.2.20). The differences 

between fertilized and unfertilized plants grown under different CO2 levels (elevated-

ambient) were not significant (Tab. 4.2.21). In other words, fertilization did not affect 

stem dry weight in both experimental years. Interactions between CO2 concentration and 

fertilization did not occur. 

 

Tab. 4.2.20: Mean (± st.dev.) stem dry weight of beech at the end of both growing 

seasons. 

 
 

 
 
 
 
 
 
 
 
 
 

 

 

  Treatments of beech 

 

Stem dry weight (g) 

(Mean ± st.dev.) 

 

2010 

 

                2011 

385 ppm CO2 - unfertilized 5.9 ± 1.3 4.1 ± 1.0 

385 ppm CO2 - fertilized 5.4 ± 1.4 4.2 ± 1.0 

Elevated CO2 - unfertilized 6.6 ± 1.3 4.7 ± 0.7 

Elevated CO2 - fertilized 7.5 ± 2.5 4.7 ± 0.7 
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Fig. 4.2.10: Mean values of the stem dry weight of beech after the first (top) and the 

second growing season (bottom). 

Tab. 4.2.21: Statistical strength of the effects of fertilization and CO2 concentration on 

the stem dry weight of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

Treatments of beech 

 

Stem dry weight  

2010 2011 

CO2 concentration * * 

Fertilization n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.2.2.5 Root dry weight  

 

In both growing seasons, there were no significant differences between the mean values 

of root dry weight grown under different treatments (Tab. 4.2.22; 4.2.23; Fig. 4. 2.11). 

That is to say, root dry weight of beech was unaffected by CO2 concentration and 

fertilization. 

 

Tab. 4.2.22: Mean (± st.dev.) root dry weight of beech at the end of both growing 

seasons 

 

 

Tab. 4.2.23: Statistical strength of the effects of fertilization and CO2 concentration on 

the root dry weight of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

 

Treatments of beech 

 

Root dry weight (g) 

(Mean ± st.dev.) 

 

2010 

 

               2011 

385 ppm CO2 - unfertilized 10.7 ± 0.8 9.6 ± 1.7 

385 ppm CO2 - fertilized 11.7 ± 2.7 9.5 ± 2.5 

Elevated CO2 - unfertilized 11.0 ± 1.6 10.1 ± 1.5 

Elevated CO2 - fertilized 11.6 ± 1.8 10.3 ± 1.2 

 

Treatments of beech 

 

Root dry weight  

2010 2011 

CO2 concentration n.s. n.s. 

Fertilization n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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 Fig. 4.2.11: Mean values of the root dry weight of beech after the first (top) and the 

second growing season (bottom). 

 

4.2.2.6 Biomass dry weight  

 

In 2010 and 2011, the total biomass weight ranged from 18.1 – 21 g and from 16.6 - 

18.1 g, respectively (Tab. 4.2.24). On average, the biomass dry weight was by about 

50% determined by the roots (Fig 4.2.12). The biomass dry weight was not affected by 

the CO2 level and fertilization in both growing seasons. However, some differences 

between treatments were visible but they were insignificant (Tab. 4.2.25). 
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Tab. 4.2.24: Mean (± st.dev.) biomass dry weight of beech at the end of both growing 

seasons. 

 

 

 

 

 

 

 

 

 

Treatments of beech 

 

Biomass dry weight (gr) 

(Mean ± st.dev.) 

2010                 2011 

385 ppm CO2 - unfertilized 18.1 ± 2.0 17.3 ± 1.7 

385 ppm CO2 - fertilized 18.7 ± 3.9 16.6 ± 2.5 

Elevated CO2 - unfertilized 19.2 ± 2.1 17.4 ± 1.5 

Elevated CO2 - fertilized 21.0 ± 4.2 18.1 ± 1.2 



 

65 

 

 

Fig. 4.2.12: Mean values of the biomass dry weight of beech after the first (top) and the 

second growing season (bottom).   

 

Tab. 4.2.25: Statistical strength of the effects of fertilization and CO2 concentration on 

the biomass dry weight of beech; * p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

Treatments of beech 

Biomass dry weight 

2010 2011 

CO2 concentration n.s. n.s. 

Fertilization n.s. n.s. 

Interaction effect between 

CO2 level and fertilization 

 

n.s. 

 

n.s. 
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4.3 Biochemical analysis 

 

4.3.1 Biochemical analysis of poplar 

  

4.3.1.1 Nitrogen content of leaf 

 

Leaf N content of poplar varied significantly between the treatments from 0.76 to 1.85 % 

in 2010 and from 0.92 to 1.65 % in 2011 (Tab. 4.3.1). In both growing seasons, the 

highest value of leaf N content belongs to fertilized plants grown under elevated CO2 

(Fig. 4.3.1). Fertilization and elevated CO2 caused a significant increase in leaf N 

content (Tab. 4.3.2).  

 

 

Fig. 4.3.1: Mean values of the leaf N content of poplar after the first (left) and the second 

growing season (right). 
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Tab. 4.3.1: Mean (± st.dev.) of the N content in leaf, stem and root of poplar at the end 
of both growing seasons. 

 
Tab. 4.3.2: Statistical strength of the effects of fertilization and CO2 concentrations on 

the N content of leaf, stem and root between variants of poplar; * p≤0.05; ** p≤0.01; *** 

p≤0.001; n.s., not significant. 

 

 

Treatments of poplar 

 

N content (%) 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

0.76 ± 0.08 

1.66 ± 0.19 

0.86 ± 0.05 

1.85 ± 0.11 

 

0.17 ± 0.02 

0.16 ± 0.02 

0.15 ± 0.02 

0.19 ± 0.02 

 

0.41 ± 0.03 

0.66 ± 0.08 

0.40 ± 0.01 

0.70 ± 0.07 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

0.92 ± 0.06 

1.30 ± 0.09 

1.08 ± 0.13 

1.65 ± 0.13 

 

0.24 ± 0.02 

0.24 ± 0.02 

0.20 ± 0.02 

0.23 ± 0.02 

 

0.52 ± 0.02 

0.61 ± 0.03 

0.55 ± 0.06 

0.66 ± 0.07  

 

     Treatments of poplar 

 

N content (%) 

 

Leaf 

 

Stem (without bark) 

 

Root 

 

CO2 concentration 

 

2010 

2011 

 

*** 

*** 

 

n.s. 

*** 

 

n.s. 

*** 

 

Fertilization 

 

2010 

2011 

 

*** 

*** 

 

* 

* 

 

*** 

*** 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

n.s. 

** 

 

*** 

n.s. 

 

n.s. 

n.s. 
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4.3.1.2 Nitrogen content of stem  

  

The stem (without bark) nitrogen content of poplar was very low and ranged from 0.15 - 

0.19 % between treatments in 2010 and from 0.20 - 0.24 % in 2011 (Tab. 4.3.1).   

The differences of the mean values between the treatments were in tendency the same 

in both growing seasons (Fig. 4.3.2), that means, fertilization caused only a significant 

increase of N in stem under elevated CO2 (770/950 µmol CO2 mol−1); low values belong 

to unfertilized plants under elevated CO2, but a negative effect of elevated CO2 (770/950 

µmol CO2 mol−1) on stem N content was significant only in 2011 (Tab. 4.3.2). Statistical 

analysis also shows a significant interaction effect between fertilization and CO2 

concentration in both years. 

 

 

 Fig. 4.3.2: Mean values of the stem N content of poplar after the first (left) and the 

second growing season (right). 

 

4.3.1.3 Nitrogen content of root 

 

In both growing seasons, N content increased significantly by fertilization (Tab. 4.3.2); 

fertilized plants grown under different CO2 concentration had higher N content in their 

roots (Fig. 4.3.3). CO2 concentration effect on root N content was significant only in the 

second growing season. No interaction effect between CO2 concentration and 

fertilization was detected in both years (Tab.4.3.2). 
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Fig. 4.3.3: Mean values of the root N content of poplar after the first (left) and the 

second growing season (right). 

 

4.3.1.4 Carbon content of leaf 

 

The carbon content in leaf varied between different treatments from 44.75 - 45.19% in 

2010 and from 45.29 - 46.30% in 2011 (Tab. 4.3.3). 

The carbon content in response to the different growing conditions showed different 

patterns in the two growing seasons (Fig. 4.3.4). In 2010, fertilized plants grown under 

different CO2 had significantly less carbon in their leaves and CO2 concentration had no 

significant influence on the carbon content (Tab. 4.3.4). In 2011, the only significant 

difference was detected between the carbon content in fertilized plants grown under 

elevated CO2 (950 µmol CO2 mol−1) and other treatments.  

 

 

Fig. 4.3.4: Mean values of the leaf C content of poplar after the first (left) and the second 

growing season (right). 
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4.3.1.5 Carbon content of stem  

 

The difference between the mean values of stem carbon content in trees under different 

growth conditions were in tendency the same in both years (Fig. 4.3.5; Tab. 4.3.3 and 

4.3.4). Unfertilized plants grown under different CO2 concentrations had higher values of 

carbon in their stems, although a significant effect of CO2 on stem carbon content was 

detected only in 2010 (Tab. 4.3.4).  

 

 

Fig. 4.3.5: Mean values of the stem C content of poplar after the first (left) and the 

second growing season (right). 

 

4.3.1.6 Carbon content of root  

 

The C content in roots had responded differently under different growth conditions in the 

first and second growing season (Fig. 4.3.6). Only in 2011, elevated CO2 caused a 

significant increase. In both years, fertilized plants grown under different CO2 

concentration (elevated/ ambient air) had significantly less C in their roots (Fig. 4.3.6; 

Tab. 4.3.4). 
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Fig. 4.3.6: Mean values of the root C content of poplar after the first (left) and the 

second growing season (right). 

 

Tab. 4.3.3: Mean (± st.dev.) of the C content in leaf, stem and root of poplar at the end 
of both growing seasons. 
 

 
 
 
 

 

Treatments of poplar 

 

 C content (%) 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO2 -unfertilized 

385 ppm CO2 -fertilized 

Elevated CO2 -unfertilized 

Elevated CO2 -fertilized 

 

45.13 ± 0.15 

44.75 ± 0.51 

45.19 ± 0.49 

44.76 ± 0.68 

 

46.59 ± 0.11 

46.18 ± 0.39 

46.43 ± 0.07 

45.86 ± 0.17 

 

46.80 ± 0.32 

46.60 ± 0.37 

46.51 ± 0.26 

45.01 ± 0.82 

               (2011) 

385 ppm CO2 -unfertilized 

385 ppm CO2 -fertilized 

Elevated CO2 -unfertilized 

Elevated CO₂ -fertilized 

 

45.35 ± 0.35 

45.29 ± 0.20 

45.29 ± 0.60 

46.30 ± 0.28 

 

45.75 ± 0.17 

45.66 ± 0.14 

45.79 ± 0.11 

45.65 ± 0.15 

 

44.85 ± 0.25 

44.39 ± 0.19 

46.63 ± 0.17 

46.35 ± 0.88 
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Tab. 4.3.4: Statistical strength of the effects of fertilization and CO2 concentrations on 

the C content of leaf, stem and root between variants of poplar; * p≤0.05; ** p≤0.01; *** 

p≤0.001; n.s., not significant. 

 

 

4.3.1.7 Leaf C/N ratio  

 

In 2010, the mean C/N ratio in leaf varied from 24.32 - 59.80 and in 2011 from 28.29 - 

49.64 (Tab. 4.3.5). The C/N ratios between treatments showed a similar pattern in both 

growing seasons (Fig. 4.3.7); the highest and lowest values belong to unfertilized plants 

under ambient air (control) and fertilized plants under elevated CO2 (770/950 µmol CO2 

mol−1), respectively (Fig. 4.3.7). Both variants (elevated CO2 and fertilization) caused a 

decrease of the C/N ratio (Tab. 4.3.6). 

 

 

 

 

 

 

 

 

  Treatments of poplar 

 

C content (%) 

 

Leaf 

 

Stem (without bark) 

 

Root 

 

CO2 concentration 

 

2010 

2011 

 

n.s. 

*** 

 

*** 

n.s. 

 

n.s. 

*** 

 

Fertilization 

 

2010 

2011 

 

** 

*** 

 

*** 

** 

 

*** 

** 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

n.s. 

* 

 

*** 

n.s. 
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Fig. 4.3.7: Mean values of the leaf C/N ratio of poplar after the first (left) and the second 

growing season (right). 

 

4.3.1.8 Stem C/N ratio  

 

The differences of the C/N ratio in the stems under different growth conditions were in 

tendency the same in both years (Fig. 4.3.8; Tab. 4.3.5). 

Saplings grown under elevated CO2 (770/950 µmol CO2 mol−1) had a higher C/N ratio in 

their stems; nevertheless, a significant effect of CO2 was detected only in 2011.  

In both years, the interaction effect of CO2 concentration and fertilization was significant 

and significant differences were observed between the C/N ratios in fertilized and 

unfertilized plants grown under elevated CO2 (770/950 µmol CO2 mol−1) (Tab. 4.3.6). 

   

 

Fig. 4.3.8: Mean values of the stem C/N ratio of poplar after the first (left) and the 

second growing season (right). 
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4.3.1.9 Root C/N ratio  

 

In both growing seasons the differences of the mean values between treatments were in 

tendency the same (Fig. 4.3.9). Unfertilized plants grown under different CO2 

concentrations (ambient air/elevated) had a higher C/N ratio. But the effect of the CO2 

concentration was statistically insignificant (Tab. 4.3.6). The interaction between CO2 

level and fertilization was also insignificant in both years (Tab. 4.3.6). 

 

 

Fig. 4.3.9: Mean values of the root C/N ratio of poplar after the first (left) and the second 

growing season (right). 
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Tab. 4.3.5: Mean (± st.dev.) of the C/N ratio in leaf, stem and root of poplar at the end of 
both growing seasons. 

 
Tab. 4.3.6: Statistical strength of the effects of fertilization and CO2 concentrations on 

the C/N ratio in leaf, stem and root between the experimental variants of poplar; * 

p≤0.05; ** p≤0.01; *** p≤0.001; n.s., not significant. 

 

Treatments of poplar 

 

C/N ratio 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

59.80 ± 6.09 

27.30 ± 3.35 

52.89 ± 3.04 

24.32 ± 1.65 

 

271.5 ± 23.38 

287.2 ± 26.05 

306.5 ± 43.06 

249.8 ± 23.19 

 

115.04 ± 8.92 

  71.80 ± 8.15 

117.77 ± 2.11 

  64.74 ± 7.74 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

49.64 ± 3.44 

34.89 ± 2.32 

42.66 ± 5.41 

28.29 ± 2.14 

 

191.5 ± 17.94 

191.8 ± 18.65 

226.5 ± 23.83 

201.5 ± 20.64 

 

85.55 ± 3.20 

73.48 ± 3.67 

86.14 ± 9.03 

71.19 ± 8.66 

 

        Treatments of poplar 

 

C/N ratio 

 

Leaf 

 

Stem (without bark) 

 

        Root 

 

CO2 concentration 

 

2010 

2011 

 

*** 

*** 

 

n.s. 

*** 

 

n.s. 

n.s. 

 

Fertilization 

 

2010 

2011 

 

*** 

*** 

 

** 

* 

 

*** 

*** 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

*** 

* 

 

n.s. 

n.s. 
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4.3.2 Biochemical analysis of beech 

  

4.3.2.1 Nitrogen content of leaf 

 

The N content in the leaves varied significantly between the four variants from 0.79 - 

1.66% in 2010 and from 1.06 - 2.22% in 2011 (Tab. 4.3.7). The differences between the 

treatments were in tendency the same in both growing seasons. As expected, fertilized 

plants had more N in their leaves; in contrast, elevated CO2 resulted in a lower amount 

of N in the leaf. Between the CO2 concentration and the fertilization, a significant 

interaction was detected, but only in 2010 (Tab. 4.3.9).  

 

 

Fig. 4.3.10: Mean values of the leaf N content of beech after the first (left) and the 

second growing season (right). 
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Tab. 4.3.7: Mean (± st.dev.) of the N content in leaf, stem and root of beech at the end 
of both growing seasons. 

 

Tab. 4.3.8: Statistical strength of the effects of fertilization and CO2 concentrations on 

the N content of leaf, stem and root between variants of beech; * p≤0.05; ** p≤0.01; *** 

p≤0.001; n.s., not significant. 

 

  Treatments of beech 

 

N content (%) 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

0.79 ± 0.05 

1.66 ± 0.09 

0.84 ± 0.07 

1.31 ± 0.12 

 

0.19 ± 0.02 

0.86 ± 0.07 

0.20 ± 0.02 

0.62 ± 0.07 

 

0.60 ± 0.05 

1.11 ± 0.15 

0.58 ± 0.06 

0.94 ± 0.15 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

1.24 ± 0.12 

2.22 ± 0.14 

1.06 ± 0.13 

1.98 ± 0.11 

 

0.24 ± 0.03 

1.17 ± 0.08 

0.23 ± 0.03 

1.16 ± 0.13 

 

0.56 ± 0.05 

1.63 ± 0.13 

0.60 ± 0.04 

1.43 ± 0.08 

 

     Treatments of beech 

 

                                 N content (%) 

 

Leaf 

 

Stem (without bark) 

 

Root 

 

CO2 concentration 

 

2010 

2011 

 

*** 

*** 

 

*** 

n.s. 

 

** 

*** 

 

Fertilization 

 

2010 

2011 

 

*** 

*** 

 

*** 

*** 

 

*** 

*** 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

*** 

 n.s. 

 

*** 

n.s. 

 

* 

*** 
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4.3.2.2 Nitrogen content of stem 

 

Considerable differences of the amount of N were observed between fertilized and 

unfertilized plants (Tab. 4.3.7; Fig. 4.3.11). As with the leaves, fertilization caused an 

increase of N in the stem in both years. However, there was no difference of the N 

content between treatments under different CO2 concentrations (ambient air/ elevated 

CO2) in 2011. A significant interaction effect between CO2 concentration and fertilization 

was detected in 2010 in so far as elevated CO2 caused a significant decrease in N of 

fertilized saplings grown under elevated CO2. In 2011, the effect of elevated CO2 on the 

amount of N was insignificant (Tab. 4.3.8). 

 

 

Fig. 4.3.11: Mean values of the stem N content of beech after the first (left) and the 

second growing season (right). 

 

4.3.2.3 Nitrogen content of root 

 

The differences of the amount of N in the root between the saplings under different 

growth conditions were in tendency the same in both years (Fig. 4.3.12; Tab. 4.3.7); 

highest values belonged to fertilized plants grown in ambient air. As in the leaf and stem, 

fertilization caused a significant increase of N in the root. The interaction effect between 

CO2 concentration and fertilization was significant in both years (Tab. 4.3.8). A 

significant influence of elevated CO2 was detected only in fertilized plants grown under 

different CO2 concentration (elevated/ambient air). Between the roots of unfertilized 

plants grown under different CO2 level, no difference in N content was observed. 
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Fig. 4.3.12: Mean values of the root N content of beech after the first (left) and the 

second growing season (right). 

 

4.3.2.4 Carbon content of leaf 

 

The amount of C in the leaf ranged from 43.8 - 44.8% in 2010 and from 46.5 – 47.3% in 

2011 (Tab. 4.3.9). In both years, there was no difference between the C content of 

fertilized and unfertilized plants grown under different CO2 concentrations (Fig. 4.3.13). 

Whereas the C content significantly increased in response to elevated CO2, no 

interaction between CO2 concentration and fertilization was detected in both 

experimental years (Tab. 4.3.10). 

 

Fig. 4.3.13: Mean values of the leaf C content of beech after the first (left) and the 

second growing season (right). 
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Tab. 4.3.9: Mean (± st.dev.) of the C content in leaf, stem and root of beech at the end 

of both growing seasons. 

 

Tab. 4.3.10: Statistical strength of the effects of fertilization and CO2 concentrations on 

the C content in leaf, stem and root between variants of beech; * p≤0.05; **; p≤0.01; *** 

p≤0.001; n.s., not significant. 

 
 

 

Treatments of beech 

 

C content (%) 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

43.78 ± 0.27 

43.90 ± 0.43 

44.80 ± 0.34 

44.51 ± 0.39 

 

44.46 ± 0.14 

44.33 ± 0.10 

44.49 ± 0.29 

44.61 ± 0.27 

 

47.81 ± 0.63 

47.77 ± 0.41 

48.01 ± 0.41 

48.08 ± 0.56 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

46.54 ± 0.25 

46.58 ± 0.43 

46.94 ± 0.55 

47.29 ± 0.79 

 

44.04 ± 0.12 

44.19 ± 0.19 

44.59 ± 0.08 

44.39 ± 0.30 

 

46.20 ± 0.49 

45.70 ± 0.38 

46.25 ± 0.44 

46.16 ± 0.56 

 
Treatments of beech 

 

                          C content (%) 

 
Leaf 

 
Stem (without bark) 

 
Root 

 
CO2 concentration 

 
2010 
2011 

 
*** 
*** 

 
** 
*** 

 
n.s. 
n.s. 

 

Fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

n.s. 

* 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

n.s. 

n.s. 

 

* 

* 

 

n.s. 

n.s. 
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4.3.2.5 Carbon content of stem 

 

In both years, the differences of stem carbon content between treatments grown under 

different growth conditions were small (Fig. 4.3.14; Tab. 4.3.9): differently treated 

(fertilized/unfertilized) plants grown under elevated CO2 had about 0.4% in 2010 and 

0.8% in 2011 more C in their stems than saplings grown in ambient air; nevertheless 

these small differences were significant (Tab. 4.3.10). In contrast, fertilization caused no 

significant difference of stem C content between treatments in both growing seasons. 

 

 

Fig. 4.3.14: Mean values of the stem C content of beech after the first (left) and the 

second growing season (right). 

 

4.3.2.6 Carbon content of root 

 

In 2010 and 2011, the C content in the roots ranged from 47.8 - 48.1% and from 45.7 - 

46.25%, respectively (Tab. 4.3.9). However, in both growing seasons the value of root C 

content under elevated CO2 was higher than in ambient air. Nevertheless, no significant 

effect of CO2 on root C content was detected. The C content was not so much affected 

by fertilization; only in 2011, a significant effect of fertilization was detected between 

fertilized and unfertilized plants grown in ambient air (Fig. 4.3.15; Tab. 4.3.10). 
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Fig. 4.3.15: Mean values of the root C content of beech after the first (left) and the 

second growing season (right). 

 

4.3.2.7 Leaf C/N ratio  

 

The C/N ratio in the leaf varied significantly from 26.6 - 55.3% in 2010 and from 21.0 - 

44.9% in 2011 (Tab. 4.3.11). In both growing seasons, the lowest value belonged to 

fertilized plants grown in ambient air (Fig. 4.3.16). Fertilization caused a significant 

decrease in the C/N ratio. Elevated CO2 increased this ratio in both years (Tab. 4.312).  

 

Fig. 4.3.16: Mean values of the leaf C/N ratio of beech after the first (left) and the 

second growing season (right). 
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Tab. 4.3.11: Mean (± st.dev.) C/N ratio in leaf, stem and root of beech at the end of both 
growing seasons. 

 
Tab. 4.3.12: Statistical strength of the effects of fertilization and CO2 concentrations on 

the C/N ratio of leaf, stem and root between variants of beech; * p≤0.05; ** p≤0.01; *** 

p≤0.001; n.s., not significant. 

 

 

Treatments of beech 

 

C/N ratio 

(Mean ± st.dev.) 

 

Leaf 

 

Stem (without bark) 

 

Root 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

55.31 ± 3.52 

26.60 ± 1.54 

52.50 ± 3.92 

34.11 ± 3.15 

 

230.77 ± 20.11 

52.04 ± 4.13 

227.32 ± 26.36 

72.77 ± 8.42 

 

80.32 ± 6.60 

43.79 ± 6.17 

83.68 ± 8.07 

52.83 ± 11.1 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

38.03 ± 3.96 

21.04 ± 1.35 

44.90 ± 5.49 

24.00 ± 1.52 

 

190.24 ± 25.76 

37.95 ± 2.40 

200.87 ± 27.30 

38.80 ± 4.41 

 

83.29 ± 7.09 

28.27 ± 2.78 

76.80 ± 5.46 

32.47 ± 1.97 

 

Treatments of beech 

 

C/N ratio 

 

Leaf 

 

Stem 

 

Root 

 

CO2 concentration 

 

2010 

2011 

 

** 

*** 

 

n.s. 

n.s. 

 

* 

n.s. 

 

Fertilization 

 

2010 

2011 

 

*** 

*** 

 

*** 

*** 

 

*** 

*** 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

*** 

* 

 

* 

n.s. 

 

n.s. 

*** 
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4.3.2.8 Stem C/N ratio  

 

           The C/N ratio in stems varied substantially among treatments in both experimental 

years (Tab. 4.3.11). The differences of the mean values between treatments were in 

tendency the same in both growing seasons (Fig. 4.3.17). Fertilized plants grown under 

different CO2 concentrations (ambient air/elevated) had a significantly lower C/N ratio.  

But the effects of the CO2 concentration on the C/N ratio were statistically insignificant 

(Tab. 4.3.12). 

 

Fig. 4.3.17: Mean values of the stem C/N ratio of beech after the first (left) and the 

second growing season (right). 

 

 

4.3.2.9 Root C/N ratio 

 

The mean values of the C/N ratio ranged from 43.8 - 83.7% in 2010 and from 28.3 - 83.3 

in 2011 (Fig. 4.3.18; Tab. 4.3.11). In both growing seasons the lowest ratio belonged to 

fertilized plants grown in ambient air. As with leaf and stem, the fertilization resulted in 

an increase of the C/N ratio in roots (Tab. 4.3.12). Only in 2010, a significant effect of 

elevated CO2 concentration on the C/N ratio was detected. 
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Fig. 4.3.18: Mean values of the root C/N ratio of beech after the first (left) and the 

second growing season (right). 

 

4.3.2.10 Distribution of lignin in walls of vessels and fibers of beech 

 

Cellular ultraviolet (UV) microspectrophotometry (UMSP) was used to topochemically 

detect lignin in vessel and fiber walls of beech. 

Figure 4.3.20 illustrated the lignin distribution in vessel and fiber walls after the first 

growing season. Mean UV-absorbance values at 278 nm of vessel walls and fiber walls 

varied between the variants of treatments from 0.18 to 0.22 in 2010 and 0.18 to 0.21 in 

2011(Fig. 4.3.19; Tab. 4.3.13). 

In first growing season lignifications in both vessel and fiber walls was reduced by 

elevated CO2. Under different CO2 levels the mean UV-absorbance was less in fiber 

walls of fertilized plants than unfertilized plants (Fig. 4.3.19; Tab. 4.3.14). 

The lignin content in vessel walls of fertilized plants was less than of unfertilized saplings 

but this effect occurred only between treatments that grown in ambient air. Interaction 

effect between CO2 concentration and fertilization on the lignification of vessel walls was 

statistically significant (Fig. 4.3.19; Tab. 4.3.14). 

In 2011, no significant differences were detected between the lignin distribution in vessel 

and fiber walls (Tab. 4.3.14). 
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Fig. 4.3.19: Mean values of the UV-absorbance of vessel and fiber walls in beech after 

the first (up) and the second growing season (below). 
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Tab. 4.3.13: Mean (± st.dev.) of UV-absorbance of vessel and fiber walls in beech at the 

end of each growing season. 

  

Tab. 4.3.14: Statistical strength of the effects of fertilization and CO2 concentrations on 

the UV-absorbance of vessel and fiber walls between variants of beech; * p≤0.05; **; 

p≤0.01; *** p≤0.001; n.s., not significant. 

   

   Treatments of beech 

 

UV-absorbance value at 278 nm 

(Mean ± st.dev.) 

 

Vessel cell wall 

 

Fiber cell wall 

                (2010) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

0.22 ± 0.02 

0.19 ± 0.01 

0.18 ± 0.01 

0.18 ± 0.02 

 

0.21 ± 0.01 

0.19 ± 0.01 

0.20 ± 0.02 

0.18 ± 0.01 

               (2011) 

385 ppm CO₂ -unfertilized 

385 ppm CO₂ -fertilized 

Elevated CO₂ -unfertilized 

Elevated CO₂ -fertilized 

 

0.20 ± 0.03 

0.19 ± 0.01 

0.20 ± 0.01 

0.20 ± 0.01 

 

0.19 ± 0.01 

0.20 ± 0.02 

0.19 ± 0.01 

0.20 ± 0.02 

 

  Treatments of beech 

UV-absorbance value at 278 nm 

 

  Vessel wall 

 

    Fiber wall 

 

CO2 concentration 

 

2010 

2011 

 

*** 

n.s. 

 

* 

n.s. 

 

Fertilization 

 

2010 

2011 

 

* 

n.s. 

 

*** 

n.s. 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

2011 

 

* 

n.s. 

 

n.s. 

n.s. 
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Fig. 4.3.20: UV-absorbance of vessel and fiber walls of different treatments of beech; 

(A) unfertilized-ambient air (control), (B) fertilized-ambient air, (C) unfertilized-770 ppm 

CO2, (D) fertilized-770 ppm CO2. 
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4.4 Anatomical analysis 

 

4.4.1 Anatomical analysis of poplar 

 

4.4.1.1 Ring width  

 

The tree-ring width (RW) of poplar has been measured in two heights (A-B). In A (10 cm 

above ground), RW ranged from 1.70 - 2.20 mm in 2010 and from 0.78 - 1.26 mm in 

2011 (Tab.4.4.1). The mean values differed between treatments in tendency in the same 

way in both growing seasons. Fertilized plants grown under different CO2 levels 

(elevated - ambient air) had significantly wider rings than unfertilized plants (Fig. 4.4.1; 

Tab. 4.4.2). In contrast, elevated CO2 had no significant effect on RW. Furthermore, 

there was no interaction effect between elevated CO2 and fertilization in both of years. 

 

 

Fig. 4.4.1: Ring width (RW) of poplar along stems in the first (left) and the second 

growing season (right).                   
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Tab. 4.4.1: Mean (± st.dev.) of ring width and of vessel characteristics of poplar during 

both growing seasons; zone A (10 cm above ground) and zone B (30 cm above ground). 

 

     

 

 

 

 

 

Treatments of poplar 

 

 

(Mean ± st.dev.) 

 

RW (mm) 

 

TVLA (%) 

 

AVLA (µm²) 

 

VD (n/mm²) 

2010 (zone A) 

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

1.70 ± 0.2 

2.00 ± 0.2 

1.70 ± 0.3 

2.20 ± 0.3 

 

13.3 ± 0.7 

10.5 ± 1.4 

13.2 ± 1.2 

12.5 ± 1.0 

 

672 ± 68.5 

558 ± 43.6 

659 ± 34.2 

655 ± 52.8 

 

193 ± 15.8 

182 ± 24.4 

188 ± 14.0 

186 ± 9.20 

2010 (zone B) 

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

2.60 ± 0.3 

3.10 ± 0.5 

2.20 ± 0.5 

3.00 ± 0.2 

 

10.7 ± 1.3 

10.2 ± 0.6 

12.8 ± 0.9 

10.1 ± 1.6 

 

601 ± 80.1 

558 ± 41.6 

679 ± 55.7 

549 ± 32.6 

 

174 ± 26.2 

175 ± 8.80 

181 ± 21.7 

175 ± 20.6 

2011 (zone A) 

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

0.78 ± 0.08 

1.11 ± 0.14 

0.80 ± 0.07 

1.26 ± 0.30 

 

19.2 ± 2.0 

17.7 ± 1.6 

22.4 ± 2.1 

19.1 ± 2.1 

 

850 ± 59.9 

759 ± 56.1 

968 ± 71.1 

827 ± 69.4 

 

221 ± 13.6 

230 ± 18.3 

229 ± 10.4 

225 ± 12.3 

2011 (zone B) 

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

2.27 ± 0.27 

3.08 ± 0.18 

2.34 ± 0.09 

2.90 ± 0.20 

 

15.5 ± 1.6 

14.6 ± 0.7 

17.3 ± 1.4 

16.1 ± 1.3 

 

832 ± 99.9 

807 ± 29.2 

900 ± 59.4 

892 ± 90.1 

 

178 ± 15.0 

174 ± 7.83 

182 ± 13.5 

175 ± 10.8 
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Tab. 4.4.2: Statistical strength of the effects of fertilization and CO2 concentrations on 

ring width and vessel characteristics between the experimental variants of poplar; * 

p≤0.05; **; p≤0.01; *** p≤0.001; n.s., not significant. 

 

 

 

4.4.1.2. Total vessel lumen area (TVLA) 

 

The total vessel lumen area (TVLA) of poplar varied from 10.5 - 13.3% in 2010 (zone A) 

and from 17.7 - 22.4% in 2011 (zone A) (Tab. 4.4.1) and responded in tendency similarly 

to the different growth conditions (Fig. 4.4.2) in both experimental years. Elevated CO2 

had a significant positive influence (Tab. 4.4.2). Both fertilized and unfertilized poplar 

 

      Treatments of poplar 

 

 

RW 

 

TVLA 

 

AVLA 

 

VD 

 

 

CO2 concentration 

 

 

2010  

 

zone A 

zone B 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

* 

* 

 

** 

*** 

 

* 

n.s 

 

*** 

** 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

2011   

 

zone A 

zone B 

 

 

Fertilization 

 

 

 

2010  

 

zone A 

zone B 

 

*** 

*** 

 

*** 

*** 

 

*** 

*** 

 

** 

* 

 

** 

*** 

 

*** 

n.s 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

2011   

 

zone A 

zone B 

 

 

Interaction effect between 

CO2 level and fertilization 

 

 

2010  

 

zone A 

zone B 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

** 

* 

 

n.s. 

n.s. 

 

** 

* 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

n.s. 

n.s. 

 

2011   

 

zone A 

zone B 
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trees grown under elevated CO2 (770/950 µmol CO2 mol−1) had at least by 10% higher 

values than tress grown in ambient air (385 µmol CO2 mol−1) in both years; this trend 

was observed along stems. In contrast, fertilized trees under different CO2 

concentrations (elevated/ambient) had a significantly lower TVLA in both years (Tab. 

4.4.2). An interaction between elevated CO2 and fertilization was only detected in the 

first year. 

 

 

Fig. 4.4.2: Total vessel lumen area (TVLA) of poplar under different growth conditions 

after the first (left) and the second growing season (right). 

 

4.4.1.3 Average vessel lumen area (AVLA) 

 

The average vessel lumen area (AVLA), in response to the different growing conditions, 

showed the same pattern in both growing seasons (Fig. 4.4.3). In 2010 (zone A), AVLA 

ranged from 558 - 672 µm² and in 2011 (zone A) from 759 - 968 µm² (Tab. 4.4.1). In 

both growing seasons, unfertilized plants under elevated CO2 (770/950 µmol CO2 mol−1) 
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showed the largest AVLA whereas the smallest AVLA belonged to fertilized saplings in 

ambient air. In both years, AVLA increased significantly under elevated CO2 (770/950 

µmol CO2 mol−1) but decreased under fertilization (Tab. 4.4.2). An interaction between 

elevated CO2 and fertilization was detected only in 2010. 

 

Fig. 4.4.3: Average vessel lumen area (AVLA) of poplar under different growth 

conditions after the first (left) and the second growing season (right). 

 

4.4.1.4 Vessel density (VD) 

 

In both growing seasons, vessel density (VD) did not significantly respond to any of the 

growth conditions (Fig. 4.4.4; Tab. 4.22). VD varied from 182 - 193 n/mm² in 2010 (zone 

A) and from 221 - 230 n/mm² in 2011 (zone B) (Tab. 4.4.1). Furthermore, there was no 

significant interaction effect between elevated CO2 and fertilization (Tab. 4.4.2). 
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 Fig. 4.4.4: Vessel density (VD) of poplar under different growth conditions after the first 

(left) and the second growing season (right). 

 

4.4.1.5 Relationship between ring width and vessel variables  

 

In both years, ring width (RW) and total vessel lumen area (TVLA) were negatively 

correlated with each other (Tab. 4.4.3). The same holds true for RW and AVLA although 

the correlation in 2011 was weak. In both years, the correlation between RW and VD 

was statistically insignificant. TVLA correlated strongly positively with AVLA and VD in 

both years. 

Tab. 4.4.3: Correlations among ring width and vessel variables of poplar. 

Treatments of poplar RW TVLA AVLA VD 

 

2010 

RW 

TVLA 

AVLA 

VD 

 

     -0.38* 

     -0.20 

     -0.33 

 

 

0.83** 

0.48** 

 

 

 

-0.05 

 

 

2011 

RW 

TVLA 

AVLA 

VD 

 

-0.43* 

-0.36* 

     -0.24 

 

 

     0.89** 

     0.45* 

 

 

 

  0.03 
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4.4.2 Anatomical analysis of beech 

 

4.4.2.1 Ring width  

 

Ring width (RW) of beech ranged from 0.67 - 1.08 mm in 2010 and from 1.03 - 1.45 mm 

in 2011 (Tab. 4.4.4). Fertilized tress under elevated CO2 (770/950 µmol CO2 mol−1) had 

the widest tree ring (Fig. 4.4.5). In both years, elevated CO2 induced a significant 

increase in RW but a significant effect of fertilization was detected only in 2011(Tab. 

4.4.5). Also no interaction was found between CO2 concentration and fertilization in both 

growing seasons. 

 

 

Fig. 4.4.5: Ring-width (RW) of beech in the first (left) and the second growing season 

(right). 

 

4.4.2.2 Total vessel lumen area (TVLA) 

 

The differences of the mean values of TVLA between trees under different growth 

conditions were in tendency the same in both years (Fig. 4.16; Tab. 4.4.4). The highest 

and the lowest value of TVLA belonged to the unfertilized variant under elevated CO2 

(770/950 µmol CO2 mol−1) and to the fertilized variant in ambient air, respectively. These 

differences were highly significant. TVLA was significantly reduced by fertilization. In 

contrast, elevated CO2 (770/950 µmol CO2 mol−1) caused a significant increase (Tab. 

4.2.5). 
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Fig. 4.4.6: Total vessel lumen area (TVLA) of beech in the first (left) and the second 

growing season (right). 

 

4.4.2.3 Average vessel lumen area (AVLA) 

 

AVLA under different growth conditions varied from 358 - 463 µm² in 2010 and from 413 

- 514 µm² in 2011 (Tab. 4.4.4). The trend of AVLA among treatments was similar in both 

years (Fig. 4.4.7). Unfertilized plants under elevated CO2 (770/950 µmol CO2 mol−1) had 

formed the largest and fertilized plants in ambient air (385 µmol CO2 mol−1) the smallest 

AVLA. Nevertheless, these differences were insignificant. But a significant interaction 

effect on AVLA was detected between CO2 concentration and fertilization in 2010 (Tab. 

4.4.5). 

 

Fig. 4.4.7: Average vessel lumen area (AVLA) of beech in the first (left) and the second 

growing season (right). 



 

97 

 

Tab. 4.4.4: Mean (± st.dev.) of ring width and vessel characteristics between variants of 

beech in both growing seasons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments of beech 

 

 

(Mean ± st.dev.) 

 

RW (mm) 

 

TVLA (%) 

 

AVLA (µm²) 

 

VD (n/mm²) 

 

2010  

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

 

0.72 ± 0.16 

0.67 ± 0.17 

0.80 ± 0.31 

1.08 ± 0.30 

 

 

9.60 ± 1.50 

8.00 ± 1.20 

10.8 ± 2.10 

9.50 ± 1.50 

 

 

463 ± 144.5 

454 ± 72.30 

358 ± 51.00 

449 ± 119.7 

 

 

257 ± 139.7 

179 ± 41.10 

321 ± 116.8 

221 ± 69.00 

2011  

385 ppm CO₂ - unfertilized 

385 ppm CO₂ - fertilized 

Elevated CO₂ - unfertilized 

Elevated CO₂ - fertilized 

 

1.03 ± 0.09 

1.20 ± 0.16 

1.26 ± 0.17 

1.45 ± 0.41 

 

7.40 ± 1.00 

7.20 ± 1.20 

9.40 ± 1.50 

7.90 ± 1.00 

 

490 ± 50.40 

443 ± 31.00 

413 ± 54.20 

514 ± 59.60 

 

152 ± 33.60 

161 ± 24.00 

229 ± 46.20 

148 ± 88.80 
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Tab. 4.4.5: Statistical strength of the effects of fertilization and CO2 concentrations on 

the ring width and vessel characteristics between variants of beech; * p≤0.05; **; p≤0.01; 

*** p≤0.001; n.s., not significant. 

 

 

4.4.2.4 Vessel density (VD) 

 

VD varied from 179 - 321 (n/mm²) in 2010 and from 148 - 229 (n/mm²) in 2011. In both 

growing seasons, unfertilized plants under elevated CO2 (770/950 µmol CO2 mol−1) had 

a highest VD (Fig. 4.4.8 Tab. 4.4.4).  Nevertheless, a positive significant influence of 

elevated CO2 only in 2011 was detected and differences between plants, grown under 

ambient air and trees under elevated CO2 (770 µmol CO2 mol−1) were insignificant in 

2010 (Tab. 4.4.4). VD decreased significantly by fertilization in both years. Furthermore, 

a significant interaction effect between CO2 concentration and fertilization was 

determined in 2011 (Tab. 4.4.5). 

 

    Treatments of beech 

 

 

     RW 

 

    TVLA 

 

  AVLA 

 

    VD 

 

 

CO2 concentration 

 

           

2010 

 

2011 

 

* 

 

** 

 

* 

 

*** 

 

n.s. 

 

n.s. 

 

n.s. 

 

** 

 

Fertilization 

 

2010 

 

2011 

 

n.s. 

 

* 

 

* 

 

* 

 

n.s. 

 

n.s. 

 

*** 

 

* 

 

Interaction effect between 

CO2 level and fertilization 

 

2010 

 

2011 

 

n.s. 

 

n.s. 

 

n.s. 

 

n.s. 

 

n.s. 

 

*** 

 

n.s. 

 

*** 
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Fig. 4.4.8: Vessel density (VD) of beech in the first (left) and the second growing season 

(right). 

 

4.4.2.5 Relationship between ring width and vessel variables  

 

The same correlation trend between variables was found in both years (Tab. 4.4.6). 

However, no significant correlation was between RW and vessel variables.  Instead, 

high correlations were found between vessel variables. Average vessel lumen area 

(AVLA) was highly negatively correlated with total TVLA and VD. Furthermore, a strong 

positive correlation was detected between TVLA and VD. 

 

Tab. 4.4.6: Correlations between ring width and vessel variables of beech. 

 

Treatments of beech 

 

RW 

 

TVLA 

 

AVLA 

 

VD 

 

 

2010 

 

RW 

TVLA 

AVLA 

VD 

 

 

-0.14 

-0.16 

-0.03 

 

 

 

     -0.46* 

0.87** 

 

 

 

 

-0.79** 

 

 

 

2011 

 

RW 

TVLA 

AVLA 

VD 

 

 

0.07 

-0.14 

0.05 

 

 

 

     -0.34* 

0.87** 

 

 

 

 

-0.70** 

 



 

100 

 

5. Discussion 

 

Carbon dioxide is a natural component of the atmosphere and an essential factor for the 

growth of trees as nearly half of their bodies are composed of carbon. However, the 

CO2-content in the ambient atmosphere has not been constant through time. Since 

around 1850, it has risen from about 270 ppm to around 350 ppm and will continue to do 

so in future (Burschel & Weber 1988). The scientific community, as soon as it became 

aware of the evidence of rising CO2, started to study its effects on plants (Ceulemans & 

Mousseau 1994) resulting in an output of several thousands of scientific articles and 

approx. 120 reviews (Körner 2006). Despite this vast amount of CO2-related papers 

being published so far, trees and shrubs are underrepresented. Nevertheless, a 

considerable but confusing variety of experimental results and a wide diversity of 

interpretations have become accessible. 

 

The present study on beech and poplar saplings grown under elevated CO2 in a 

greenhouse over two seasons has focused on the monitoring of physiological 

parameters, such as photosynthesis, transpiration and stomatal conductance, on the 

measurement of biomass of leaves, stem and roots and their content of nitrogen and 

carbon, and finally on vessel anatomical variables, such as average vessel lumen area. 

As the results are more coherent for beech than for poplar both tree species will not be 

considered in common but successively.  

 

5.1 Physiological responses to elevated CO2 

 

5.1.1 Beech 

 

In both study years, photosynthesis throughout the growing season was highest in 

saplings grown under elevated CO2 whereas the influence of fertilization was 

ambiguous. Such positive effects of elevated CO2 on the rate of photosynthesis have 

been repeatedly reported by, e.g., Leverenz et al. (1999), Overdieck et al. (2010), but 

also a contrary effect or no effect at all (Epron et al. 1995) was sometimes observed. 
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Also for fertilization, a positive effect under elevated CO2 has been repeatedly described 

(e.g., Liozon et al. 2000).  

 

The transpiration rate is strongly correlated with the stomatal conductance. For both 

variables, a clear effect of the different treatments on the saplings could be seen only in 

the second year when elevated CO2 has resulted in a reduced stomatal conductance as 

also reported for beech by Saxe et al. (1998) and Leverenz et al. (1999). Again, a 

contrary or no effect on the stomatal conductance or on the transpiration of beech was 

observed by Heath and Kerstiens (1997) and Pontailler et al. (1994). The least stomatal 

conductance we found in unfertilized saplings grown under elevated CO2. A reduced 

transpiration rate was measured by Saxe (1994). The rate of transpiration and stomatal 

conductance of our beech saplings were higher when fertilized as compared to 

unfertilized.  

 

5.1.2 Poplar 

 

The rate of photosynthesis, obtained in 2010, could not be brought into a meaningful 

context with other physiological results. In 2011, the physiological measurements, 

although not significant, showed an interesting signal over the vegetation period: From 

May to July, the saplings grown under elevated CO2 were photosynthetically highly 

active but this positive effect disappeared towards the end of the vegetation period. 

Such behaviour was also observed by Radoglou and Jarvis 1990.  

Also in this study, later during the growing season, saplings grown in ambient air 

showed a higher rate of photosynthesis than those grown under elevated CO2. This 

phenomenon, known as ‘down regulation’, was described and explained by Gaurdillere 

and Moussea (1989) and Ceulemans et al. (1993) for other genotypes of poplar. There 

are various hypotheses put forward for this phenomenon (see the literature review). 

Gaurdillere and Moussea (1989) have been considering the size of the plant pots as one 

of the reasons whereas Ceulemans et al. (1993) in addition took a reduction of nutrient 

supply into account.  

From July to the end of September, our fertilized saplings were photosynthetically more 

active than unfertilized saplings, that means, plants growing under unlimited nutrient 
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supply show a higher rate of photosynthesis (Volin & Reich 1996); a higher content of 

chlorophyll in the leaves of our fertilized saplings is a good argument for it. 

All in all, transpiration and stomatal conductance remained unaffected by the differing 

experimental growing conditions. Such behaviour was observed by Volin and Reich 

(1996); admittedly, other studies with various genotypes of poplar under elevated CO2 

resulted in a reduced stomatal conductance (Bosac et al. 1995; Curtis et al. 1995). 

 

5.2 Phenological responses to elevated CO2   

 

5.2.1 Beech 

 

Various phenological parameters, such as height growth, leaf area and biomass, were 

measured at the end of each vegetation period. The height of the saplings although 

varying between the treatments was statistically not significantly different. This may be 

due to the large spread of the data acquired per treatment. At least Overdieck et al. 

(2007) mentioned a positive influence of elevated CO2 on height growth of beech. 

Incidentally, comparing and generalizing the hitherto results for beech is not easy 

because of the differing experimental conditions and of differing genotypes of the study 

material. 

The leaf area appeared to be unaffected by the various growth conditions. Admittedly, 

only measurements from one vegetation period were acquired. Other studies are giving 

evidence that the total leaf area was larger under elevated CO2 than in ambient air (El 

Kohen et al. 1993; Epron et al. 1995) but the plants have been growing in the ground 

and not in a pot. 

In general, it appears that beech under elevated CO2 produces more biomass (El Kohen 

et al.1993; Overdieck 1993; Overdieck et al 2007) even if this is not persistently 

supported by our own results. This missing influence in our study can be due to the fact 

that half of the biomass consisted of roots which remained unaffected by the differing 

growth conditions (Spinnler et al. 2003). In our study, the increase in stem weight of 

saplings grown under elevated CO2 was the most obvious but insignificant response. In 

both study years, the stems were heavier when grown under elevated CO2 than in 
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ambient air but the above-ground biomass was significantly higher only in the first study 

year. 

 

5.2.2 Poplar 

 

The studies on poplar up to now are contradictory and based on numerous species or 

mixtures of species. Therefore, the different genotypes used should be considered as 

independent experimental variants. In these experiments, elevated CO2 and fertilization 

often had a positive effect on the leaf area (Bosac et al. 1995; Simon et al. 1995; Curtis 

et al. 1995; Taylor et al. 2001; Gielen et al. 2001; Liberloo et al. 2005) but also a 

negative effect or no effect at all on the leaf area (Radglou & Jarvis 1990). 

The height of poplar – a fast growing tree species – responded very intensely to 

fertilization, that is to say, fertilized poplar saplings were higher than unfertilized ones – 

independent from the CO2 level. No effect of elevated CO2 on the height of Populus 

tremuloides (Brown & Higginbotham 1986), Castanea sativa (EI Cohen et al. 1992) or 

Betula pendula (Petterson & McDonald 1992) was reported. But also a positive effect on 

the height of poplar due to elevated CO2 was observed (Radoglou & Jarvis 1990; 

Ceulemans et al. 1995, 1996). 

Other studies on poplar reported an increased biomass due to elevated CO2 (Radoglou 

& Jarvis 1990; Ceulemans et al. 1995, 1996; Curtis et al. 1995; Liberloo et al. 2005). In 

our study, elevated CO2 has presumably acted as a stress factor. The positive effect of 

fertilization on the biomass could, however, only be seen on the above-ground biomass 

but not for the roots. 

 

5.3 Biochemical responses to elevated CO2   

 

5.3.1 Beech 

 

A reduction of the nitrogen content in plants grown under elevated CO2 has been 

observed very often in the past (Cotrufo et al. 1998; Poorter et al. 1997; Yin 2002; 

Ainsworth & Long 2005). Also in the saplings of this study, the N content was lower 

when grown under elevated CO2. The reduction amounted to 10% in the leaves but 
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distinctly less in stems and roots. Similar observations were reported by Cotrufo et al. 

(1998). What is the reason for such reduction? The physiological mechanisms 

responsible for this phenomenon have not been definitely established, although a 

considerable number of hypotheses have been advanced to account for it (Taub & Wang 

2008). In their review, the authors discuss and critically evaluate these hypotheses. One 

contributing factor clearly is dilution of N by increased photosynthetic assimilation of C. 

In addition, studies show strong evidence for a general decrease in the uptake of N per 

unit mass or length of roots under elevated CO2. This decreased uptake appears to be 

the result both of a decreased N demand by shoots and of a decreased ability of the 

soil-root system to supply the plant with N. The best-supported mechanism for a 

decreased N supply is a decrease in the transpiration-driven flow of N in the soil due to a 

decreased stomatal conductance at elevated CO2, although some evidence suggests 

that altered root-system architecture may also play a role. There is also limited evidence 

suggesting that under elevated CO2 plants may exhibit increased rates of N loss through 

volatilization and/or root exudation, further contributing to lowering the N concentrations 

(Taub & Wang 2008).  

As we know, elevated CO2 causes an increase of the photosynthetic activity (Bazzaz 

1990; Saxe et al., 1998; Ceulemans et al., 1999) that is why an elevated C content was 

observed in all segments of the saplings grown under elevated CO2. In fertilized 

saplings, a higher N content was obvious in plant organs but the C content remained 

unaffected by fertilization. 

Due to an increase of N by fertilization, the resulting C/N ratio was lower in fertilized 

saplings grown under different CO2 concentration.  

 

5.3.2 Lignification of beech in response to elevated CO2 

 

A significant effect of different treatments on lignification in beech was detected only in the first 

study year. In 2010 the lignification of the walls of vessels and fibres was lowered by 

elevated CO2 whereas fertilization was negatively effective only in ambient air; both 

effects were significant only in the first study year. Up to now, the lignification under 

elevated CO2 was measured in leaves and roots by Blaschke et al. (2002) who observed 

that lignification became more intense under elevated CO2 only when the supply with N 
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was limited, that is to say, elevated CO2 has no influence on fertilized saplings. The 

authors argue that saplings are growing faster under elevated CO2 and therefore their 

total lignin content becomes higher. In contrast, we assume that the fertilized saplings 

under elevated CO2 have grown faster and in consequence had less time for 

lignification. 

   

5.3.3 Poplar 

 

The results for poplar were highly inconsistent and did not reveal any plausible trend, 

except that the fertilized saplings exhibited a lower C/N ratio. 

 

5.4 Anatomical responses to elevated CO2 

 

Numerous studies have dealt with the question of how plants respond to elevated CO2. 

There is, however, little information on anatomical changes of the wood formed under 

elevated CO2. Therefore, we observed and measured some anatomical features of 

beech and poplar under elevated CO2. 

 

5.4.1 Beech 

 

The tree-ring widths in beech increased significantly under elevated CO2. Such a 

positive effect on the volume of the stem was reported also by Overdieck et al. (2007) 

for broad-leave trees and by Telewski et al. (1999) and Ziche & Overdieck (2004) for 

conifers.  

Between tree-ring width and the three vessel parameters, there was no significant 

correlation. But there was a negative association between AVLA (average vessel lumen 

area) and the other vessel parameters (vessel density (VD) and total vessel lumen area 

(TVLA)) and a positive association between TVLA and VD. 

AVLA did not experience any significant changes by the various experimental growing 

conditions, although the smallest vessels in both study years occurred in unfertilized 

saplings grown under elevated CO2 – even if not significant. Conversely, Overdieck et 

al. (2007) found reduced AVLA values under elevated CO2. 
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Elevated CO2 resulted in an increase of VD and TVLA; an increase of VD was also 

observed for oak by Atkinson and Taylor (1996). On the assumption of a constant AVLA 

and a positive correlation between VD and TVLA, the increase of TVLA – resulting from 

elevated CO2 – together with an increasing number of vessels is explainable. 

In both study years, VD and TVLA were reduced as a consequence of fertilization. The 

reduction of TVLA resulted from the reduction of VD.  

 

5.4.2 Poplar 

 

Elevated CO2 did not at all influence the tree-ring width of poplar; the same result was 

observed for Norway spruce (Kostiainen et al. 2009). On the other hand, the vegetation 

period was shorter under elevated CO2 (Ceulemans & Mousseau 1994). In contrast, 

fertilization resulted in wider tree rings and longer vegetation periods. That is why the 

widest and narrowest tree rings were observed in fertilized saplings grown in ambient air 

and in unfertilized saplings grown under elevated CO2, respectively. 

Between tree-ring width and the three vessel parameters a significantly negative 

association was observed. Thus, vessel density (VD) did not respond to differing 

growing conditions. The vessel lumen area has increased under elevated CO2 just as 

Luo (2005) has described for Populus nigra and P. euramericana. Due to the positive 

association between AVLA and TVLA, TVLA increased with increasing AVLA. 

Why did fertilization reduce AVLA and TVLA?  TVLA and AVLA decreased with 

increasing tree-ring width caused by fertilization. In this way, it can be explained that 

with increasing tree-ring width the proportion of latewood increases as well and in 

consequence the number of small vessels increases. 
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 6. Conclusion 

 

The most relevant results in short are as follows: 

 

6.1 Beech and elevated CO2 

No effect on 

 Height growth  

 Number of leaves 

 Root dry weight 

 Average vessel lumen area (AVLA) 

but evoked 

 Higher photosynthesis  

 Lower in transpiration and stomatal conductance 

 Lower in chlorophyll concentration index (CCI) 

 Higher stem dry weight 

 larger leaves 

 Lower N content and higher C content of tissues 

 Increase in ring width (RW) and vessel density (VD) 

 Decrease in total vessel lumen area (TVLA) 

 

6.2 Poplar and elevated CO2: 

No effect on 

 Transpiration and stomatal conductance 

 Chlorophyll concentration index (CCI) 

 Number of leaves 

 Height growth 

 Ring width (RW) and vessel density (VD) 

But evoked 

 Less total biomass 

 Larger leaves 

 Increase in total vessel lumen area (TVLA) and average vessel lumen area (AVLA) 

 



 

108 

 

7. References 

Ainsworth EA, Long SP. 2005. What have we learned from15 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): 351-71. 

Ainsworth EA, Rogers A. 2007. The response of photosynthesis and stomatal 

conductance to rising [CO2]: Mechanisms and environmental interactions. Plant Cell & 

Environment 30: 258-270. 

Allen LH Jr, Drake BG, Rogers HH, Shinn JH. 1992. Field techniques for exposure of 

plants and ecosystems to elevated CO2 and other trace gases. Critical Reviews. Plant 

Sciences 11: 85-119. 

Arp WJ. 1991. Effects of source-sink relations on photosynthetic acclimation to elevated 

CO2. Plant, Cell and Environment 14: 869-875. 

Arp WJ, Van Mierlo JEM, Berendse F, Snijders W. 1998.  Interactions between 

elevated CO2 concentration, nitrogen and water: effects on growth and water use of six 

perennial plant species.  Plant, Cell and Environment 21: 1-11. 

Ashton PMS, Berlyn GP. 1994. A comparison of leaf physiology and anatomy of 

Quercus (Section Erythrobalanus-Fagaceae) species in different light environments. 

American Journal of Botany 81: 589-597. 

Atkinson CJ, Taylor JM. 1996. Effects of elevated CO2 on stem growth, vessel area 

and hydraulic conductivity of oak and cherry seedlings. New Phytologist 133: 617-626. 

Atwell BJ, Henery ML, Whitehead D. 2003. Sapwood development in Pinus radiata 

trees grown for three years at ambient and elevated carbon dioxide partial pressures. 

Tree Physiology 21: 13-21. 

Bazzaz FA. 1990. The response of natural ecosystems to the rising global CO2 levels. 

Annual Review of Ecology and Systematics 21: 167-196. 

 



 

109 

 

Bazzaz FA, Miao SL. 1993. Successional status, seed size, and responses of tree 

seedlings to CO2, light, and nutrients. Ecology: 74: 104-112. 

Bazzaz FA, Garbutt K. 1998. The response of annuals in competitive neighborhoods: 

Effects of elevated CO2. Ecology 69: 937-946. 

Beismann H, Schweingruber F, Speck T, Körner C.  2002.  Mechanical properties of 

spruce and beech wood grown in elevated CO2.  Trees 16: 511-518. 

Bettarini S, Vaccari FP, Miglietta F. 1998. Elevated CO2 concentrations and stomatal 

density: Observations from 17 plant species growing in a CO2 spring in central Italy. 

Global Change Biology 4: 17-22.      

Blaschke L, Forstreuter M, Sheppard LJ, Leith IK, Murray MB, Polle A. 2002. 

Lignification in beech (Fagus sylvatica) grown at elevated CO2 concentrations: 

interaction with nutrient availability and leaf maturation. Tree Physiology 22: 469-77. 

Bloom AJ. 2009. As carbon dioxide rises, food quality will decline without careful 

nitrogen management. California Agriculture 63 (2): 67-72. 

Bosac C, Gardner SDL, Taylor G, Wilkins D. 1995. Elevated CO2 and hybrid poplar: a 

detailed investigation of root and shoot growth and physiology of Populus 

euramericana,’ Primo’. Forest Ecology and Management 74: 103–116. 

Brown K, Higginbotham KO. 1986. Effects of carbon dioxide enrichment and nitrogen 

supply on growth of boreal tree seedlings. Tree Physiology 2: 223-232. 

Burgert I, Eckstein D, Bernasconi A. 2000. Elasto-mechanical properties of young 

beech trees grown at elevated and ambient CO2 content. Holz als Roh- u. Werkstoff 58: 

342-343. 

Burschel P, Weber M. 1988.  Der Treibhauseffekt – Bedrohung und Aufgabe für die 

Forstwirtschaft. Allgemeine Forstzeitschrift 43: 1010-1016. 

 

 



 

110 

 

Ceulemans R, Mousseau M. 1994. Tansley Review No. 71. Effects of elevated 

atmospheric CO2 on woody plants. New Phytologist 127: 425-446. 

Ceulemans R, Jiang XN, Shao BY. 1995. Effects of elevated atmospheric CO2 on 

growth, biomass production and nitrogen allocation of two Populus clones. Journal of 

Biogeography 22: 261-268. 

Ceulemans R, Janssens IA, Jach ME. 1999. Effects of CO2 enrichment on trees and 

forests: Lessons to be learned in view of future ecosystem studies. Annals of Botany 84: 

577-590. 

Ceulemans R, Taylor G, Bosac C, Wilkins D, Besford RT. 1997. Photosynthetic 

acclimation to elevated CO2 in poplar grown in glasshouse cabinets or in open top 

chambers depends on duration of exposure. Journal of Experimental Botany 314: 1687-

1689. 

Ceulemans R, Jach ME, Velde RVD, Lin JX, Stevens M. 2002. Elevated atmospheric 

CO2 alters wood production, wood quality and wood strength of Scots pine (Pinus 

sylvestris L.) after three years of enrichment. Global Change Biology 8: 153-162. 

Ceulemans R, Shao BY, Jiang XN, Kalina J. 1996. First and second-year 

aboveground growth and productivity of two Populus hybrids grown at ambient and 

elevated CO2. Tree Physiology 16: 61-68. 

Conroy JP, Milham PJ, Mazur M, Barlow EWR. 1990. Growth, dry matter partitioning 

and wood properties of (Pinus radiata D.Don.) after 2 years of CO2 enrichment. Plant, 

Cell Environment 13: 329-337. 

Cotrufo MF, Ineson P, Scott A .1998. Elevated CO2 reduces the nitrogen concentration 

of plant tissues. Global Change Biology 4: 43-54. 

Cure JD, Acock B. 1986. Crop responses to CO2 doubling: a literature survey. 

Agricultural and Forest Meteorology 38: 127-145. 

Curtis PS. 1996. A meta-analysis of leaf gas exchange and nitrogen in trees grown 

under elevated carbon dioxide. Plant, Cell and Environment 19: 127-137. 



 

111 

 

Curtis PS, Wang X. 1998. A meta-analysis of elevated CO2 effects on woody plant 

mass, form, and physiology. Oecologia 113: 299-313.  

Curtis PS, Vogel CS, Pregitzer KS, Zak DR, Teeri JA. 1995. Interacting effects of soil 

fertility and atmospheric CO2 on leaf area growth and carbon gain physiology in Populus 

x euramericana (Dode) Guinier. New Phytologist 129: 253-263. 

De Graaff MA, Van Groenigen KJ, Six J, Hungate B, and Van Kessel C. 2006. 

Interactions between plant growth and soil nutrient cycling under elevated CO2: a meta-

analysis. Global Change Biology 12: 2077-2091. 

Donaldson LA, Hollinger D, Middleton TM, Souter ED. 1987. Effect of CO2 

enrichment on wood structure in Pinus Radiata D.Don. IAWA Journal 8: 285-289. 

Donovan L A, Ehleringer JR. 1991. Ecophysiological differences among juvenile and 

reproductive classes of several woody species. Oecologia 86: 594-597. 

Eamus D, Jarvis PG. 1989. The direct effects of increase in the global atmospheric CO2 

concentration on natural and commercial temperate trees and forests. Advances in 

Ecological Research 19: 1-55. 

EL Kohen A, Rouhier H, Mousseau M. 1992. Changes in dry weight and nitrogen 

partitioning induced by elevated CO2 depend on soil nutrient availability in sweet 

chestnut (Castanea sativa Mill).  Annals of Forest Science 49: 83-90. 

EL Kohen A, Venet L, Mousseau M. 1993. Growth and photosynthesis of two 

deciduous forest species at elevated carbon dioxide. Functional Ecology 7: 480-488. 

Epron D, Liozon R, Mousseau M. 1995. Effects of elevated CO2 concentration on leaf 

characteristics and photosynthetic capacity of beech (Fagus sylvatica) during the 

growing season. Tree Physiology 16: 425-432. 

Esau K. 1977. Anatomy of Seed Plants, 2nd edn. John Wiley & Sons. 



 

112 

 

Estiarte M, Peñuelas J, Kimball BA, Idso SB, LaMorte RL, Pinter Jr, Wall GW, 

Garcia RL. 1994. Elevated CO2 effects on stomatal density of wheat and sour orange 

trees. Journal of Experimental Botany 45: 1665-1668. 

Fangmeier A, Jäger HJ. 2001. Wirkungen erhöhter CO2-Konzentrationen. In: Guderian, 

R. (Hrsg.), Handbuch der Umweltveränderungen und Ökotoxikologie. Bd.2a, 

Terrestrische Ökosysteme, 1-35. Berlin: Springer-Verlag. 

Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical model of 

photosynthetic CO2 assimilation in leaves of C3 species. Planta 149: 78-90. 

Field CB, Jackson RB and Mooney HA. 1995. Stomatal responses to increased CO2: 

implication from the plant to the global scale. Plant, Cell and Environment 18: 1214-

1225. 

Freudenberger H. 1940. Die Reaktion der Schliesszellen auf Kohlensäure und 

Sauerstoffentzug. Protoplasma 35: 15-54. 

Garbutt K, Williams WE, Bazzaz FA.  1990. Analysis of the differential response of five 

annuals to elevated CO2 during growth. Ecology 71: 1185-1194. 

Gaudillére JP, Mousseau M. 1989. Short term effect of CO2 enrichment on leaf 

development and gas exchange of young poplars (Populus euramericana): Acta 

Oecologia: Oecologia Plantarum 10: 95-105. 

Gielen B, Calfapietra C, Sabatti M, Ceulemans R. 2001. Leaf area dynamics in a 

closed poplar plantation under free-air carbon dioxide enrichment. Tree Physiology 21: 

1245-1255. 

Gifford RM, Barrett DJ, Lutze JL. 2000. The effects of elevated [CO2] on the C:N and 

C:P mass ratios of plant tissues. Plant Soil 224: 1–14. 

Gunderson CA, Wullschleger SD. 1994. Photosynthetic acclimation in trees to rising 

atmospheric CO2: a broader perspective. Photosynthesis Research 39: 369-388. 



 

113 

 

Hättenschwiler S, Miglietta F, Raschi A, Körner C. 1997. Thirty years of in situ growth 

under elevated CO2: a model for future forest responses? Global Change Biology 3: 

463-471. 

Heath J, Kerstiens G. 1997. Effects of elevated CO2 on leaf gas exchange in beech 

and oak at two levels of nutrient supply: consequences for sensitivity to drought in 

beech. Plant, Cell and Environment 20: 57-67. 

Heath OVS. 1948. Control of stomatal movement by a reduction in the normal carbon 

dioxide content of the air. Nature 161: 179-181. 

Heath OVS, Meidner H. 1957. Effects of carbon dioxide and temperature on stomata of 

Allium cepa L. Nature 180: 181-2. 

Heath OVS, Russell J. 1954. Studies in stomatal behaviour. VI. An investigation of the 

light responses of wheat stomata with the attempted elimination of control by the 

mesophyll. Part II. Interactions with external carbon dioxide and general discussion. 

Journal of Experimental Botany 5: 269-292. 

Hendrey GR, Lewin KF. Nagy J. 1993. Free air carbon dioxide enrichment: 

development, progress, results. Vegetatio 104/105: 17-31. 

Hendrey GR. 1992. Free air CO2 enrichment for plant research in the field. Critical 

Review in Plant Sciences. Boca Raton, FL, USA: CRC Press. 

Jarvis PG, McNaughton KG. 1986. Stomatal control of transpiration: scaling up from 

leaf to region. Advances in Ecological Research 15: 1-49. 

Kilpeläinen A, Gerendiain AZ, Luostarinen K, Peltola H, Kellomäki S. 2007. 

Elevated temperature and CO2 concentration effects on xylem anatomy of Scots pine. 

Tree Physiology 27(9): 1329-1338. 

Kilpeläinen A, Peltola H, Ryyppo A, Sauvala K, Laitinen K, Kellomaki S.  2003. 

Wood properties of Scots pines (Pinus sylvestris) grown at elevated temperature and 

carbon dioxide concentration.  Tree Physiology 23: 889-897. 



 

114 

 

Koch G, Kleist G. 2001. Application of scanning UV microspectrophotometry to localise 

lignins and phenolic extractives in plant cell walls. Holzforschung 55: 563–567. 

Körner C. 2006. Plant CO2 responses: an issue of definition, time and resource supply. 

New Phytologist 172: 393-411. 

Kostiainen K, Kaakinen S, Saranpää P, Sigurdsson BD, Linder S, Vapaavuori E. 

2004. Effect of elevated CO2 on stem wood properties of mature Norway spruce grown 

at different soil nutrient availability. Global Change Biology 10: 1526-1538. 

Kostiainen K, Kaakinen S, Saranpää P, Sigurdsson BD, Lundqvist SO, Linder S, 

Vapaavuori E. 2009. Stem wood properties of mature Norway spruce after three years 

of continuous exposure to elevated carbon dioxide and temperature. Global Change 

Biology 15: 368-379. 

Kriebitzsch U, Liesebach M, Scholz F.1999. Einfluss eines erhöhten CO2-Gehaltes in 

der Luft auf Wachtsumsparameter verschiedener Rotbuchen-Provenienzen (Fagus 

sylvatica L.) bei unterschiedlichem Lichtgenuss. Forstwissenschaftliches Centralblatt 

118: 51-65. 

Kubiske ME, Pregitzer KS. 1996. Effects of elevated CO2 and light availability on the 

photosynthetic light response of trees of contrasting shade tolerance. Tree Physiology 

16: 351-358. 

Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP, Ort DR. 2009. 

Elevated CO2 effects on plant carbon, nitrogen, and water relations: six important 

lessons from FACE.  Journal of Experimental Botany 60: 2859-2879. 

Leverenz JW, D Bruhn, H Saxe. 1999. Responses of two provenances of Fagus 

sylvatica seedlings to a combination of four temperature and two CO2 treatments during 

their first growing season: gas exchange of leaves and roots. New Phytologist 144: 437–

454. 

Lewis MC. 1972. The physiological significance of variation in leaf structure. Science 

Progress 60: 25-51. 



 

115 

 

Liberloo M, Dillen SY, Calfapietra C, Marinari S, Luo ZB, De Angelis P, Ceulemans 

R. 2005. Elevated CO2 concentration, fertilization and their interaction: growth 

stimulation in a short-rotation poplar coppice (EUROFACE).  Tree Physiology 25: 179-

189. 

Lin j, Jach ME, Ceulemans R. 2001. Stomatal density and needle anatomy of Scots 

pine (Pinus sylvestris) are affected by elevated CO2. New Phytologist 150: 665-674. 

Liozon R, Badeck FW, Genty B, Meyer S, Saugier B. 2000. Leaf photosynthetic 

characteristics of beech (Fagus sylvatica) saplings during three years of exposure to 

elevated CO2 concentration. Tree Physiology 20: 239-247. 

Long SP, Drake BG .1992.  Photosynthetic CO2 assimilation and rising atmospheric 

CO2 concentrations. In: Crop Photosynthesis: Spatial and Temporal Determinants (eds 

Baker NR, ThomasH), pp. 69-107. Elsevier, New York. 

Luo ZB, Langenfeld-Heyser R, Calfapietra C, Polle A. 2005. Influence of free air CO2 

enrichment (EUROFACE) and nitrogen fertilization on the anatomy of juvenile wood of 

three poplar species after coppicing. Trees 19: 109-118. 

Lütz C, Anegg S, Gerant D, Slaoui-Sosse B, Gerard J, Dizengremel P. 2000. Beech 

trees exposed to high CO2 and to simulated summer ozone levels: effects on 

photosynthesis, chloroplast components and leaf enzyme activity. Physiologia 

Plantarum 109: 252-259. 

Marfo J, QL Dang. 2008. Interactive effects of carbon dioxide concentration and light on 

the morphological and biomass characteristics of black spruce and white spruce 

seedlings. Botany 87: 67-77. 

Matyssek R, Fromm J, Rennenberg H, Roloff A. 2010. Biologie der Bäume. Ulmer-

Verlag, Stuttgart. 

Medlyn BE, Badeck FW, DePury DGG, Barton CVM, Broadmeadow M, Ceulemans 

R, et al. 1999. Effects of elevated CO2 on photosynthesis in European forest species: a 

meta-analysis of model parameters. Plant, Cell & Environment 22: 1475-1495. 



 

116 

 

Medlyn BE, Barton CVM, Broadmeadow MSJ, Ceulemans R, De Angelis P, et al. 

2001. Stomatal conductance of forest species after long-term exposure to elevated CO2 

concentration: a synthesis. New Phytologist 149: 247–264. (dar matn peyda nashod) 

Morison JIL. 1998. Stomatal response to increased CO2 concentration. Journal of 

Experimental Botany 49: 443-452. 

Mousseau M. 1993. Effects of elevated CO2 on growth, photosynthesis and respiration 

of sweet chestnut (Castanea sativa Mill.) Vegetatio 104/105: 413-419. 

Mousseau M, Enoch HZ. 1989. Carbon dioxide enrichment reduces shoot growth in 

sweet chestnut seedlings (Castanea sativa Mill.) Plant, Cell and Environment 12: 927-

934. 

Murthy R, Dougherty PM. 1997. Effect of carbon dioxide, fertilization and irrigation on 

loblolly pine branch morphology. Trees 11: 485-493. 

Norby RJ, Gunderson CA, Wullschleger SD, O'Neill EG, Mc Cracken MK. 1992. 

Productivity and compensatory response of yellow poplar trees in elevated CO2. Nature 

357: 322- 324. 

Nowak RS, Ellsworth DS, Smith SD.  2004. Tansley Review: Functional responses of 

plants to elevated atmospheric CO2 – Do photosynthetic and productivity data from 

FACE experiments support early predictions?  New Phytologist 162: 253-280. 

Overdieck D. 1993. Effects of atmospheric CO2 enrichment on CO2 exchange rates of 

beech stands in small model ecosystems. Water Air Soil Pollution 70: 259-277. 

Overdieck D, Ziche D, Böttcher-Jungclaus K. 2007. Temperature responses of 

growth and wood anatomy in European beech saplings grown in different carbon dioxide 

concentrations. Tree Physiology 27: 261-268. 

Peñuelas J, Matamala R. 1990. Changes in N and S leaf content, stomatal density and 

specific leaf area of 14 Plant Species during the last three centuries of CO2 Increase. 

Journal of Experimental Botany 41: 1119-1124. 



 

117 

 

Pettersson R, McDonald AJS. 1992. Effects of elevated carbon dioxide concentration 

on photosynthesis and growth of small birch plants (Betula pendula Roth.) at optimal 

nutrition. Plant, Cell and Environment 15: 911-919. 

Poethig RS. 1997. Leaf morphogenesis in flowering plants. The Plant Cell 9: 1077-

1087. 

Polle A, Pfirrmann T, Chakrabarti S, Rennenberg H. 1993. The effects of enhanced 

ozone and enhanced carbon dioxide concentrations on biomass, pigments and 

antioxidative enzymes in spruce needles (Picea abies L.). Plant, Cell and Environment 

16: 311-316. 

Pontailler JY, Dufrêne E, Saugier B, Samain E. 1994. Long term CO2 enrichment and 

gas exchange measurement on branches of mature beeches (Fagus sylvatica L.). In: 

Responses of Trees and Forests to Global Change. ECOCRAFT/ICAT International 

Symposium, Abstracts, 41. 

Poorter H, Navas ML. 2003. Plant growth and competition at elevated CO2: on winners, 

losers and functional groups. New Phytologist 157: 175-198. 

Poorter H, van Berkel Y, Baxter R, den Hertog J, Dijkstra P, Gifford RM et al. 1997. 

The effect of elevated CO2 on the chemical composition and construction costs of leaves 

of 27 C3 species. Plant Cell Environment 20: 472-482. 

Pritchard S, Rogers H, Prior S, Peterson C. 1999. Elevated CO2 and Plant structure: a 

review. Global change Biology 5: 807-837. 

Radoglou KM, Jarvis PG. 1990. Effects of CO2 enrichment on four poplar clones I. 

Growth and Leaf Anatomy. Annals of Botany 65: 617-626. 

Reddy AR, Rasineni GK, Raghavendra AS. 2010. Concentration on photosynthesis 

and plant productivity. Current Science 99: 46-57. 

Reekie EG, Bazzaz FA. 1989. Competition patterns of resource use among seedlings of 

five tropical trees grown at ambient and elevated CO2. Oecologio 79: 212-222. 



 

118 

 

Roberntz P, Stockfors J. 1998. Effects of elevated CO2 and nitrogen on net 

photosynthesis, stomatal conductance and needle respiration of field-grown Norway 

spruce trees. Tree Physiology 18: 233-241. 

Sage RF. 1994. Acclimation of photosynthesis to increasing atmospheric CO2: the gas-

exchange perspective. Photosynthesis Research 39: 351-368. 

Sallas L, Kainulainen P, Utriainen J, Holopainen T, Holopainen JK. 2001. The 

influence of elevated O3 and CO2 concentrations on secondary metabolites of Scots 

pine (Pinus sylvestris L.) seedlings. Global Change Biology 7: 303-311. 

Saxe H, Ellsworth DS, Heath DS .1998. Tansley Review no. 98. Tree and forest 

functioning in an enriched CO2 atmosphere. New Phytologist 139: 395-436. 

Simon DL, Gardner L, Taylor G, Bosac C. 1995. Leaf growth of hybrid poplar following 

exposure to elevated CO2. New Phytologist 131: 81-90. 

Sionit N, Kramer P J. 1986. Woody plants reactions to CO2 enrichment. In: CO2 

Enrichment and Greenhouse Crops (Ed. By H.Z. Enoch and Timball), Vol. II, pp. 69-85. 

CRC Press, Boca Raton.  

Sionit N, Hellmers H, Strain BR.  1982.  Interaction of atmospheric CO2 enrichment 

and irradiance on plant growth.  Agronomy Journal 74: 721-725. 

Sionit N, Strain BR, Hellmers H, Riechers GH, Jaeger CH. 1985. Long-term 

atmospheric CO2 enrichment effects and the growth and development of (Liquidambar 

styraciflua) and (Pinus taeda) seedlings. Canadian Journal of Forest Research 15: 468-

471. 

Spinnler D, Egli P, Körner C . 2003. Provenance effects and allometry in beech and 

spruce under elevated CO2 and nitrogen on two different forest soils. Basic and Applied 

Ecology 4: 467-478. 

Spurr AR. 1969. A low viscosity embedding medium for electron microscopy. Journal of 

Ultrastructure Research 26: 31-43. 



 

119 

 

Stitt M. 1991. Rising CO2 levels and their potential significance for carbon flow in 

photosynthetic cells. Plant, Cell and Environment 14: 741-762. 

Strain BR. 1987. Direct effects of increasing atmospheric CO2 on plants and 

ecosystems. Trends in Ecology and Evolution 2: 18-21. 

Taub DR.  2010. Effects of rising atmospheric concentrations of carbon dioxide on 

plants. Nature Education Knowledge 1(8): 21. 

Taub DR, Wang X. 2008. Why are nitrogen concentrations in plant tissues lower under 

elevated CO2? A critical examination of the hypotheses. Journal of Integrative Plant 

Biology 50 (11): 1365-1374. 

Tausz M, De Kok LJ, Stulen I, Grill D. 1996. Physiological responses of Norway 

spruce trees to elevated CO2 and SO2. Journal of Plant Physiology 148: 362-367. 

Taylor G, Ranasinghe S, Bosac C, Gardner SDL, Ferris R. 1994. Elevated CO2 and 

plant growth: cellular mechanisms and responses of whole plants. Journal of 

Experimental Botany 45: 1761-1774. 

Taylor G, Ceulemans R, Ferris R, Gardner SDL, Shao BY. 2001. Increased leaf area 

expansion of hybrid poplar in elevated CO2. From controlled environment to open top 

chambers and to FACE. Environmental Pollution 115: 463-472. 

Telewski FW, Swanson RT, Strain BR, Burns JM. 1999. Wood properties and ring 

width response to long-term atmospheric CO2 enrichment in field-grown loblolly pine 

(Pinus taeda L.). Plant Cell Environment 22: 213-223. 

Thomas JF, Harvey CH. 1983. Leaf anatomy of four species grown under continuous 

CO2 enrichment. Botanical Gazette 144: 303-309. 

Thomas RB, Strain BR. 1991. Root restriction as a factor in photosynthetic acclimation 

of cotton seedlings grown in elevated carbon dioxide. Plant Physiology 96: 629-634. 

 



 

120 

 

Tognetti R, Johnson JD, Michelozzi M, Raschi A. 1998.  Response of foliar 

metabolism in mature trees of Quercus pubescens and Quercus ilex to long-term 

elevated CO2.  Environmental and Experimental Botany 39: 233-245. 

Volin JC, Reich PB. 1996. Interaction of elevated CO2 and O3 on growth, 

photosynthesis and respiration of three perennial species grown in low and high 

nitrogen. Physiologia Plantarum 97: 674-684. 

Ward JK, Strain BR. 1999. Elevated CO2 studies: past, present and future. Tree 

Physiology 19: 211-220.   

Watanabe Y, Tobita H,  Kitao M,  Maruyama Y,  Choi D,  Sasa K,  Funada R, Koike 

T. 2008. Effects of elevated CO2 and nitrogen on wood structure related to water 

transport in seedlings of two deciduous broad-leaved tree species. Trees 22: 403-411. 

Wiemann MC, Kretschmann D, Rudie  A, Kimball  BA, Idso  SB. 2008. Long-term 

effects of elevated carbon dioxide on sour orange tree specific gravity and anatomy. 

Research paper FPL-RP-648. Madison, WI: U.S. Department of Agriculture, Forest 

Service, Forest Products Laboratory. 5 pages. 

Woodward FI. 2002. Potential impacts of global elevated CO2 concentrations on plants. 

Current Opinion in Plant Biology 5: 207-211. 

Woodward, Bazzaz FA. 1988. The responses of stomatal density to CO2 partial 

pressure. Journal of Experimental Botany 39: 1771-1781. 

Wullschleger SD, Gunderson CA, Hanson PJ, Wilson KB, Norby RJ. 2002. 

Sensitivity of stomatal and canopy conductance to elevated CO2 concentration 

Interacting variables and perspectives of scale. New Phytologist 153: 485-496. 

Yazaki K, Funada R, Mori S, Maruyama Y, Abaimov A, Kayama M, Koike T. 2001. 

Growth and annual ring structure of Larix sibirica grown at different carbon dioxide 

concentrations and nutrient supply rates. Tree Physiology 21: 1223-1229. 



 

121 

 

Yin X. 2002. Responses of leaf nitrogen concentration and specific leaf area to 

atmospheric CO2 enrichment: a retrospective synthesis across 62 species. Global 

Change Biology 8: 631-642. 

Ziche D, Overdieck D. 2004. CO2 and temperature effects on growth, biomass 

production and stem wood anatomy of juvenile Scots pine (Pinus sylvestris L.). Journal 

of Applied Botany 78: 120-132. 

 


	Wood formation in Fagus sylvatica 1.pdf
	Genehmigung
	Neda
	Dissertation Neda Lotfiomran -2013

