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Abstract 

 
The atmospheric concentrations of O3 and CO2 have risen substantially during the last 250 years 
and are expected to increase in the course of this century. In the present study, effects of 
elevated CO2 and O3 alone and in combination on photosynthesis and stomatal conductance 
were investigated after long-term exposure in Betula papyrifera at the Aspen FACE (Free –air 
CO2-O3 enrichment) experiment, located near Rhinelander, USA. Gas exchange measurements 
were conducted in excised shoots from the upper canopy and N content of sampled leaves was 
determined. Leaf temperature in the upper canopy was recorded in situ. Photosynthetical 
parameters, as maximum carboxylation rate (VCmax), rate of electron transport (J) and their ratio 
(VCmax/J), were not significantly affected by the treatments. Predicted photosynthesis at   
intercellular [CO2] = 266 µmol mol-1 / 378 µmol mol-1 (A266 / A378) were not altered by elevated 
CO2, and/or O3 either. No significant effects were found on N variables. Elevate O3 was found 
to impaired the short-term stomatal response to elevated CO2, and short-term stomatal response 
to decreased CO2 was reduced by all treatments relative to control. Long-term on stomatal 
conductance could not be assessed due to low replication. Results on photosynthetic parameters 
suggest that photosynthesis is not currently downregulated in birch, indicating no acclimation of 
this process. Lack of significatn effects on N may account for photosynthesis results, given that 
N is an essential component of Rubisco and chlorophyll. The impairment of stomatal response 
to both elevated and decreased CO2 suggests that O3 may affect some physiological mechanism 
involved in the sensing of CO2 or in the actual response to CO2.These findings may be relevant 
for water use and carbon cycling in forest ecosystems as well as at the global level. 
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1. Introduction 
The atmospheric concentrations of O3 and CO2 have risen during the industrial period as a 
consequence of anthropogenic activities, and principally, as a result of fossil fuel combustion, 
being nowadays major contributors to the greenhouse effect (IPPC, 2007).Both gases affect 
plant physiology, modulating processes as important as photosynthesis or stomatal regulation. 
These processes play a determinant role in carbon cycles and water balance of plants, having 
important implications for the interactions between forest and atmosphere, and therefore, for 
future climate conditions. 

In the present study, effects of elevated CO2 and O3 alone and in combination on photosynthesis 
and stomatal conductance were investigated in Betula papyrifera in a long-term FACE (Free –
air CO2-O3 enrichment) experiment. Betula papyrifera Marshall, commonly known as paper 
birch, is a main component of the northern temperate and boreal forest, showing a wide 
distribution in the northern half of North America.  It is a fast-growing deciduous tree that 
appears early in the succession, forming either pure or mixed stands with different species. 
Among other uses, it is important for pulp and paper manufacture, and together with Aspen, 
represents the most important species for pulp industry in the Great Lakes region (Lindroth et 
al., 2001; Karnosky et al., 2003). 

 

1.1 CO2 and its effects on plants 

Carbon dioxide is naturally present in the atmosphere, but anthropogenic activities have raised 
its concentrations around 35-40 % during the last 250 years. Before the industrial revolution 
estimated concentrations were 280 µmol mol-1; currently they are around 385 µmol mol-1 . The 
major cause of this change is the emissions from fossil fuel combustion, despite there are other 
contributing factors as land-use change, and as these emissions are likely to continue, an 
increase in concentrations is  expected with predicted values  between 540 and 970 µmol mol-1  
by the year 2100 (IPPC, 2007; Nowak et al., 2003).  

CO2 enters in contact with plants trough stomata, which respond to different internal and 
environmental stimuli, as light, humidity or CO2 (Paoletti et al., 2005).Guard cells sense CO2 
concentrations and react by changing their turgor pressure. These changes mediate the closure 
of stomata. Stomata respond to intercellular rather than to leaf surface CO2 concentrations, but 
the biochemical and physiological mechanisms involved in this response are not well 
understood (Ainsworth et al., 2007; Assmann, 1999).The degree to which the stomata are open 
determines stomatal conductance, and therefore, the resistance that atmospheric CO2 or O3 
encounters to diffuse to substomatal cavities. From there, CO2 will diffuse to the active sites of 
Rubisco, and in this step, internal conductance plays a determinant role (Warren et al., 2007).  

At the active site of Rubisco, CO2 is bound to ribulose-1, 5-bisphosphate (RubP), producing two 
molecules of 3-phosphoglyceric acid (Ainsworth et al., 2007).This reaction, in which Rubisco 
fixates CO2, constitute the first step of the Calvin Cycle and is known as carboxylation. Rubisco 
is also able to bind O2, in the reaction known as oxygenation which means that both substrates 
compete for the active site of the enzyme; approximately every third RubP molecule binds O2 

(Ainsworth et al., 2007). Rubisco is not saturated at the current atmospheric CO2 concentrations, 
given its low affinity for CO2 (Warren, 2007).Hence, an increase in atmospheric CO2 would 
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result in higher photosynthetic efficiency derived from higher carboxylation rate and 
competitive inhibition of the oxygenation reaction (Long et al, 2004). 

Photosynthesis (An) enhancement is a well known effect of elevated carbon dioxide on plants, 
which leads to increased primary productivity and plant growth (IPPC, 2001; Long et al., 
2004).An enhancement results from a higher maximum carboxylation rate of Rubisco (VCmax) 
and lower photorespiration. The greater photosynthetic efficiency allows more growth and thus 
increased leaf area, which again potentiates greater productivity. Water use is also improved, 
supporting enhanced growth (Long et al., 2004).Nevertheless, acclimation of photosynthetic 
capacity (carboxylation capacity and electron transport capacity (J)) has been observed in FACE 
experiments, where An showed a lower stimulation than the potential stimulation predicted by 
the photosynthetic responses to intercellular [CO2] (A-Ci curve) model and both VCmax and J 
were decreased at elevated CO2 (Ainsworth & Rogers, 2007). 

Another general effect of a short-term increase in CO2 is the reduction of stomatal conductance 
(gs) in C3 plants (Paoletti et al., 2005), despite some exceptions have been found on trees 
(Ellsworth et al., 1999; Medlyn et al. 2001). Different studies have shown that the response 
varies between different species, and interacts with environmental factors like drought (Paoletti 
et al., 2005; Long et al., 2004). 

According to some studies based on early effects, elevated CO2 could lead to tissues with lower 
nitrogen concentration [N], despite it is not clear if this is as a result of dilution (due to higher 
carbohydrates production) or reallocation (Nowak et al., 2003).Given that N forms part of 
Rubisco, a reduction on [N] may result in a reduction of carbon fixation. 

 

1.2 O3 and its effects on plants 

O3 is present in the stratosphere, where it has a protective role absorbing ultraviolet radiation. In 
the troposphere, however, it behaves as a very reactive compound, resulting phytotoxic at 
certain levels (Finlayson-Pitts and Pits, 2000).Currently, O3 is the most damaging air pollutant 
to vegetation (Karnosky et al., 2007). 

The formation of O3 occurs naturally, but anthropogenic activities enhance the concentrations 
by the emission of precursors as volatile organic compounds (VOC), carbon monoxide (CO) 
and nitrogen oxides (NOx) (Finlayson-Pitts and Pits, 2000). The main source of nitrogen oxides   
is the combustion of fossil fuels, which are mostly released in the form of NO (Jenkin and 
Clemitshaw, 2000).In the troposphere, nitric oxide reacts with O3 to produce nitrogen dioxide 
(NO2) and oxygen (O2).By photolysis, nitrogen dioxide (NO2) gives nitric oxide (NO) and O, 
able to bind to oxygen and thus yielding O3.  The O3 that is produced in this way could react 
with nitric oxide to close the cycle, but in the presence of volatile organic compounds, radicals 
produced by photo oxidation as the hydroperoxy and organic peroxy radicals (HO2/RO2) react 
with nitric oxide, impeding the consumption of O3 and thus leading to increased concentrations 
in the troposphere (Jenkin and Clemitshaw, 2000).  

Tropospheric O3 was present at approximately 10-15 ppb in preindustrial times (Finlayson-Pitts 
and Pitts, 2000) and current day-time levels indicate an average of 40 ppb, despite large day and 
seasonal variations exist (Finlayson-Pitts and Pitts, 2000; Fowler et al., 1999).If the present 
emission trend goes on, a further increase by 40-60% is expected by 2100 (IPPC,2007). 
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In terms of exposure, the global forest surface that experiences O3 concentrations over 60 ppb 
rose from 9 % in 1950 to around 25% in 1990 and is expected to reach about 50 % by 2100. A 
60 ppb concentration represents a level above the average background and can be considered 
damaging to vegetation (Fowler et al., 1999). 

O3 is responsible for different injury symptoms and detrimental responses in plants, but they 
vary according to species, leaf and tree age or growth conditions among other factors (Percy et 
al., 2003).In addition, environmental interactions modulate directly and indirectly these effects   
(Skärby et al., 1997).Therefore, the particular characteristics of the affected plant will determine 
the type and magnitude of the effects. 

O3 present at the ground level enters the leaf mainly through stomata .The uptake rate is 
determined by boundary–layer and stomatal resistances. Once it has entered the leaf and it 
contacts a surface, it reacts by oxidizing another chemical compounds and producing free 
radicals (Skärby et al., 1997; Percy et al., 2003). 

The principal consequences of O3 exposure are stomatal closure and declined An (Skärby et al., 
1997; Percy et al., 2003).The decline in An is attributed to reduced VCmax and Rubisco content, 
reduced J and stomatal closure (Skärby et al., 1997; Percy et al., 2003). Stomatal closure is 
thought to be an indirect effect of O3, caused by increased internal CO2 concentrations as 
photosynthesis is impaired (Reich et al., 1987).At the tree level, reduced growth and 
productivity has been documented by numerous studies (Skärby et al., 1997). Other effects of 
ozone include increased production of antioxidants and stress-induced ethylene, decreased 
chlorophyll content and premature senescence (Skärby et al., 1997; Percy et al., 2003;).  

Most of the mentioned effects of CO2 and O3 are observations from experiments conducted 
under unrealistic settings. The majority of the studies have been performed under artificial 
environmental conditions and in closed locations like greenhouses and different kinds of pots or 
chambers (Ainsworth et al., 2007; Long et al., 2004). These systems may alter plant responses, 
resulting in a different reaction in the plant to that generated under natural conditions .Equally, 
environment within the container may differ from the environment surrounding it, as in the case 
of the open-top chambers (Long et al., 2004).In addition, these type of settings necessarily 
imply spatial and temporal limitations, and for that reason, most results are based on short-term 
experiments with young plants (Long et al., 2004). The mentioned reasons make it complicated 
to evaluate long-term plant responses and to extrapolate the results to the ecosystem level 
(Dickson et al., 2000).FACE (Free Air Carbon dioxide Enrichment) systems have provide the 
possibility of studying simultaneously different processes on the large scale and over long time 
periods, coping with spatial and temporal limitations and providing realistic information at the 
ecosystem level (Dickson et al., 2000). The present study was conducted at the Aspen FACE 
site (described below), where previous investigations have made relevant findings on CO2 and 
O3 exposure effects. 

 

1.3 Effects of elevated CO2 and/or O3 in Aspen FACE experiment 

In early stages of the Aspen FACE experiment, an increase in An was reported for aspen, 
accompanied by reduced gs (Noormets et al., 2001; Takeuchi et al., 2001). However, later 
studies after 6-7 years of exposure had contrasting results, showing no effects of CO2 on sap 
flow per unit ground area (Uddling et al., 2008), a parameter which indicates how much water is 
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being transpired by trees and therefore closely related to gs. Also during the 2-3 first’s years of 
the experiment, downregulation of An at a common intercellular [CO2] (Ci) was described in 
both aspen and birch (Ellsworth et al., 2004). A at a common intercellular [CO2] was decreased 
by exposure to elevated CO2.This reduction was accompanied by significant declines in Vcmax 
and J at elevated CO2, and also by a lower nitrogen per unit leaf area (N / area). Vcmax and          
N / area responses showed a significant correlation, indicating a connection between these two 
variables (Ellsworth et al., 2004).  

Early investigations on nitrogen parameters showed that nitrogen concentration ([N]) were 
decreased by 21% in both aspen and birch exposed to elevated CO2, but not effects were found 
on nitrogen resorption efficiency (Lindroth et al., 2001).Later, Zak et al. (2007) found that 
nitrogen content of overstory tress increased by 45% in aspen and aspen-birch communities 
while [N] were not affected by the treatment, probably as a consequence of increase in overstory 
mass by 46%. A previous study had already described an increase in total biomass of aspen-
birch communities exposed to CO2 .Total biomass was 46 % greater than that at the control 
(King., 2005).  

In the Aspen FACE site, elevated O3 was found to decreased gs   and A in mature and old leaves 
of Aspen clone 259 after two years of exposure (Noormets et al., 2001) and a reduction of VCmax 
of aspen and birch was also observed (Sober et al., 2003).Later studies showed that elevated 
tropospheric O3 decreased net primary production. After six, aspen-birch communities had a 
reduction in standing biomass of 13%. (King et al., 2005). These findings support results from 
previous experiments and confirm elevated O3 effects on north-temperate forests at the 
ecosystem level.  

Regarding nitrogen measurements in trees grown under elevated O3, a strong decrease in 
nitrogen resorption efficiency was found by Lindroth et al. (2001) despite there was only a 
marginal decline in foliar [N] that disappeared late in the growing season. A later study (2007) 
achieved contrasting results with no significant effect on [N]. However, N /area of overstory 
trees was declined by 29%, probably as a result the 23% decrease of overstory biomass (Zak et 
al., 2007). 

In our site of study, VCmax of birch was reduced by exposure to CO2xO3 (Sober et al., 2003).The 
decreased caused by elevated O3 in VCmax counteracted the increase in An produced by the 
elevated CO2 resulting in no An enhancement under CO2+O3 exposure (Karnosky., 2003). 
Biomass results for birch and aspen-birch communities grown under elevated CO2+O3 , 
indicated that O3 effects  offset growth stimulation caused by elevated CO2 (Karnosky., 2003; 
King et al., 2005). 

The exposure to both gases at elevated concentrations, resulted in a decreased nitrogen use 
efficiency in birch, but the decrease was smaller than for O3 alone, which means that O3 effects 
were ameliorated by CO2   (Lindroth et al., 2001).However, no significant CO2xO3 interaction 
was observed on biomass, [N] or N/area, indicating in this case that CO2 did not ameliorate 
ozone effects (Zak et al.2007).  
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1.4 Aim of the study 

This study is aimed to answer the following questions: 

- Is photosynthetic capacity reduced by long-term exposure to elevated CO2 and/or O3? If 
so, is this downward acclimation associated with reduced leaf N concentration (N per 
area) under CO2 and/or O3? 

- Is the short-term stomatal response to altered CO2 affected by growth under elevated 
CO2 and/or O3? 

- How is the short-term stomatal response to altered CO2 compared to the long-term 
effect of exposure to elevated CO2 concentration on stomatal conductance? 
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2. Materials and Methods 

2.1 Site of study 

The research was performed at the Aspen FACE (free air CO2-O3 enrichment) site located at 
45°30´N, 89°30´W, close to Rhinelander, Wisconsin, USA. Mean annual precipitation at 
Rhinelander is 810 mm and mean annual temperature is 4.9 °C (Zak et al., 2007).The site counts 
with unique size, exposure and design characteristics. It occupies an approximately plane 
surface of 32-ha at 490 m on sandy-loam soil, hence, it is large (Dickson et al., 2000).  

The Aspen FACE is the only experiment were CO2 and O3 exposure are combined (Dickson et 
al., 2000), resulting in a full factorial experiment with four treatments: control (ambient CO2 
and O3 concentrations), elevated [CO2](560µmol mol –1 CO2), elevated [O 3] (1.5x ambient ppb) 
and elevated CO2 plus O3 (combination of elevated CO2 and O3).Each treatment has three 
replicates (Figure 1) that consist of 30 m diameter rings  with a 700 m2  exposure area. These 
rings are randomly arranged in three blocks and separated by at least 100 m.  

                                                                          

  

Figure 1. (a) Site map displaying the arrangement of the rings. Different colours represent different treatments as it is shown on the 
legend. (b) Aerial photography of the site.  

 

The rings were planted in midsummer 1997 with three characteristic forest species at the Great 
Lakes region : Populus tremuloides  Michx.( trembling Aspen), Betula papyrifera Marsh.( paper 
Birch) and Acer saccharum Marsh.( sugar Maple)( Dickson et al., 2001). At that time, the plants 
were 3-6 months old and 10-15 cm tall (Karnosky et al., 2003; Zak et al., 2007). 

The eastern half of the rings was planted with several clones of Aspen having different tolerance 
level to O3.The western half was divided into northwest and southwest quadrants. One of them 
was planted with Aspen-Birch communities containing alternating birch and aspen clone 216 

a b
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and the other with Aspen-Maple communities containing Maple and Aspen clone 216 (Figure 
1b).The spatial distribution in all sections was of one tree per square meter. This design allows 
the study of different species and genotypes as well as possible competitive interactions 
(Dickson et al., 2000). 

 

  

Figure 2. (a) Lateral view of one of the rings at the site, where the fumigation pipes surrounding the trees are visible. (b) Aerial view 
of one of the rings showing community distribution. Core and buffer area are separated by a red circle in the picture. 

 

Within each ring a core and a buffer area can be distinguished (Figure 2b). The buffer area 
consists of a belt five meters broad integrated by the five outer trees of each ring, which protects 
the core area from edge effects. All measurements were taken within the core area. The release 
of CO2 and O3 takes place trough a system of pipes that surround each ring (Figure 2a).The 
system consist of a circular pipe parallel to the ground and connected to 32 vertical pipes along 
the circumference that release the gases at different heights above the ground. Regulation of 
CO2 and O3 concentrations within the rings and data registration depends on wind gas 
concentration detectors, a central data acquisition and control system and a gas enrichment 
control program (Dickson et al., 2000). 

The fumigation of CO2 and O3 started in 1998 and has been applied during daylight hours from 
May to October (growing season), except in case of rain, fog or dew .Under those conditions O3 

fumigation was interrupted. This fact differentiates Aspen FACE from other FACE experiments 
in which fumigation started in later development stages of the plants (Dickson et al., 2000). 

 

2.2 Measurements 

All data was collected between the 7th and 25nd of August 2008. 

2.2.1 Photosynthesis and nitrogen 

2.2.1.1 A-Ci curves: measurements and data analyses 

Gas exchange measurements were conducted between the 7th and 25nd of August 2008. A-Ci 
curves and primary stomatal responses to altered [CO2] were studied on excised shoots, 
avoiding possible treatment effects on the water status or hydraulic properties of soil and tree. 

a b
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A tree within the core area was chosen from each ring ,which was randomly selected within a 
block .All rings within the selected block were sampled before a new block was chosen .A  
single shoot from the upper part of the canopy was excised .Access to the upper part of the 
canopy was possible thanks to a scaffold .The excised shoots were well exposed to radiation 
during the day ,healthy looking and recently mature (produced in the spring of 2008).They were 
cut under water early in the morning  and afterwards the shoot was transported to the laboratory 
and a leaf with insertion number 4-6 from the tip of the shoot  was enclosed in a leaf chamber 
with CO2 and climate control  LI6400 (LI-CORinc., Lincoln, NE, USA) while the cut end of the 
stem was kept under water.   

Chamber conditions were set to ambient temperature (25 °C), saturating photosynthetic photon 
flux density (PPDF= 1800 µmol m-2 s-1), relatively low vapor pressure deficit (-1kPa) and CO2  
concentration of air entering the leaf chamber of 400 µmol mol-1. Prior to the measurements, 
leaves acclimated for a period of at least twenty minutes .A minimum stomatal conductance of 
0.05 mol m-2 s-1  was required to begin performing the A-Ci curves. 

A-Ci curves were conducted at CO2 concentrations of air entering the leaf chamber of 
400,60,150,225,300,400,600,800 and 1200 µmol mol-1.An extra measurement at 1500was made 
in the case that stomatal conductance was under 0,1 µmol mol-1 . Additional A-Ci curves were 
carried out for some of the rings. 

The Sharkey et al. (2007) model was applied to these data. This model uses a non-linear curve 
fitting utility available in Excel and its outcome includes five parameters that are relevant for 
the description of photosynthesis (Figure 3). The parameters are: Vcmax, J, use of triose 
phosphates or other carbon product generated in the Calvin cycle (TPU), day respiration (Rd) 
and mesophyll conductance (gm). 

 

 

Figure 3.A-Ci curve obtained with the Sharkey et al.(2007) model for a control ring.  

 

Using the model requires at least five pairs of data for An and Ci, as well as the estimation of the 
limiting factor by the user. The possible limiting factors indicate what is limiting An at certain Ci 
and were originally described in the Farquhar et al.(1980) model. According to it, three different 
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situations can occur. At low [CO2] (< 200 µmol mol-1), the carboxylation rate of Rubisco is the 
limiting factor. In this stage, photosynthesis is limited by the capacity of Rubisco to fix 
CO2.When CO2 are higher (> 300 µmol mol-1) the ratio carboxylation: oxygenation increases, 
and the regeneration of RuBP, which depends on electron transport, becomes limiting. It is also 
possible an intermediate situation that may represent different limitations occurring in different 
parts of the leaf. In the third and last situation the leaf cannot use all the products originated in 
the chloroplast; then, photosynthesis is TPU limited. In the current study, photosynthesis was 
considered Rubisco-limited when [CO2] < 200 µmol mol-1 and RuBP-limited when [CO2] >  
400 µmol mol-1.Values laying in between were excluded. 

These different states have a particular and characteristic photosynthetic response to the 
intercellular CO2 concentrations, which gives important information about the involved 
biochemical mechanisms (Sharkey et al., 2007).  

Assuming that  the Ci/Ca ration has a constant value of about  0,7 , An was predicted with the 
Sharkey et al. estimator utility for Ci=266 µmol mol-1 and Ci= 378 µmol mol-1. These Ci values 
correspond to a Ca =380 µmol mol-1, present at control and elevated O3 treatments and a          
atmospheric [CO2]  or Ca= 540 µmol mol-1 , present at elevated CO2 and elevated CO2xO3 
respectively. Therefore, it is possible to predict the photosynthetic rate at certain Ci for every 
treatment, although theses Ci values are not actually present in all of them, allowing to check 
treatments effects on predicted An at a common Ci. 

 

2.2.1.2 Nitrogen: measurements and calculations 

The leaves used for A-Ci curves and gas exchange measurements were also determined for 
nitrogen percentage of the dry weight of the leaf (%N), leaf mass per area (LMA) and nitrogen 
concentration on a leaf area basis (gN/m2). Three discs of 12 mm diameter were removed from 
each leaf and kept separately from the bulk material. Samples were immediately killed in the 
microwave, frozen and later dried until constant weight. Prior to the analyses, they were dried 
once again during 24 hours in the oven. Discs were weighted. Bulk material was ground with a 
Mixer Mill MM 301, and then analyzed using a CHNS-O analyser (model EA 1108, Fison 
Instruments, Italy) in order to determine %N. Using the diameter and weight of the rings, LMA 
(g/m2) was calculated. Area based N concentration (gN/m2) was determined by multiplying 
nitrogen percentage of the dry weight (%N) by LMA. 

 

2.2.2 Stomatal responses to altered [CO2]: measurements and data 
analyses 

After recording A-Ci-curves, stomatal responses to altered [CO2] were measured with a LI-6400 
following a similar methodology to that used by Lodge et al. (2001).Leaf chamber CO2 
concentration was set to 380 µmol mol-1 ≈ ambient [CO2], and readings of gas exchange were 
taken each minute. When gs reached a steady state of 1% or less variation within 5 minutes, six 
readings were taken within a minute and the CO2 concentration was changed to the next value. 
A minimum interval of 30 minutes was established to change from one to the next level of CO2 
concentrations of air entering the leaf chamber. The following levels were applied: 380, 540, 
380,280,380,760 and 380 µmol mol-1.  
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The drift of relative gs at [CO2] = 380 µmol mol-1 was calculated using raw LI-COR data for gs 
at [CO2] sample = 380 µmol mol-1. Outlayers  were removed by excluding data points which 
differed more than 5% from the previous one. Then, the gs values for each ring were normalized 
by dividing them by the maximum value registered at that ring. This maximum value 
represented the average of the five highest consecutive values showing stability. The drifts in 
relative An and Ci over the time were calculated in the same way, but only data from control 
rings were used. 

Stomatal conductance was recorded in response to different leaf chamber CO2 concentration 
levels.For each level, mean values were calculated for the six readings taken under stable 
conductance. Then, the percentage of opening or closure between one stomatal conductance 
value at 380 µmol mol-1 and the next was checked , and all values showing a change larger than 
25 % were excluded. The remaining values were used to estimate the calculated stomatal 
conductance, accounting for the drift in conductance that may occur over the time. Despite 
averaged relative conductance was found stable over the measurements period, a physiological 
drift typically occurs in gs throughout the day, and it is important to take this factor into account.  

The following formula was used for the calculations, where t1 (m) is the time passed between  
g(1)380 µmol mol-1 and  g 54o µmol mol-1 measurements, and t T (m) is the time passed between the first 
and the second g 380 measurements (g(1)380 µmol mol-1 and g (2)380 µmol mol-1 ): 

 

gs 380calc(2-1) = gs(1)380 µmol mol-1 +(( gs(2) 380 µmol mol-1 –gs(1)380 µmol mol-1)*t1/tT) 

gs 380calc(3-2) = gs(2)380 µmol mol-1 +(( gs(3) 380 µmol mol-1 –gs(2)380 µmol mol-1)*t1/tT) 

 

The results were used to compare how much stomata had opened or closed in response to 
elevated or decreased [CO2] realtive to its conductance at 380 µmol mol-1.This was done by 
dividing the value for stomatal conductance at[CO2] = 540 µmol mol-1or at [CO2]= 280 µmol 
mol-1 by the corresponding  calculated gs at 380 µmol mol-1 (gscalc (2-1)380 µmol mol-1 and gscalc (3-2)380 

µmol mol-1 respectively).In this way, relative gs for elevated and decreased [CO2] were obtained. 

 

2.2.2.1 Sap flow response to a gap in CO2 fumigation 

Raw data for sap flow per unit basal sapwood area (JS-L) was obtained from Uddling et al. 
(Accepted for publication in Tree Phisiology, 2009). The gap in fumigation took place the day 
172 in 2004 between 11:00 and 12:00, except for ring 1.2 and 3.2, where fumigation failed at 11 
and 12 respectively. In each ring, the sap flow value at 11:00, 11:30 or 12:00 was calculated as 
the mean of at least three trees in that ring. The sap flow values obtained for 11:00, 11:30 and 
12:00 were then used to calculate mean values for sap flow in each ring, except for rings 1.2 and 
3.2. These data was available for day 172, in which gap fumigation occurred and for seven days 
with similar climatic conditions: 167,168,169,177,178,179 and 182.However, sap flow data 
were not available for every ring and every day.  

The averaged sap flow values for each ring in day 172 were then divided by those at a different 
day in that ring (compared sap flow values for each ring in different days correspond to the 
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same trees).This ratio indicated if sap flow had increased or decreased as a result of the gap 
fumigation. The obtained values were normalized and then the mean was calculated for each 
ring with available information and finally for each treatment.  

 

2.2.3 Energy balance 

In order to calculate evapotranspiration and stomatal conductance for trees grown under the 
different treatments, equations based on leaf energy balance principles were applied. These 
equations were described by Campbell and Norman (1998) in the context of biophysical 
ecology, regarding energy exchange as its main interaction. Data collected in the leaf 
temperature campaign (described below) were included in the calculations, as well as wind 
speed and relative humidity values registered by meteorological sensors at the site.  

Leaves behave as an open system in which leaf and air temperatures as well as humidity play an 
important role. There is a continuous energy exchange between leaf and atmosphere and this 
exchange determine how much heat in the form of water is transferred to the atmosphere            
(evapotranspirated) and therefore to what extent are stomata opened (stomatal conductance) to 
allow the loss of water. In the present study, calculations of evapotranspiration (E), also known 
as latent heat loss, were based on absorbed radiation by the leaf (Rabs), sensible hat loss (H) and 
emitted thermal radiation (Loe), according to an equation which relates leaf thermodynamic 
temperature to leaf and environmental parameters.  The applied equation is shown below, where 
Rabs comprises short wave and long wave radiation received from above and below the leaf, H is 
based on difference between leaf and air temperature, wind speed and leaf dimensions and Loe is 
base on leaf temperature and leaf emissivity: 

R abs = H + Loe + E 

Stomatal conductance was then derived from evapotranspiration and vapor pressure deficit 
(VPDL) values according to the following equation, where VPDL = ((es-ea)/Pa), being es-ea the 
pressure difference between air and leaf, and Pa the atmospheric pressure: 

gs = E / ((es-ea)/Pa) 
 

 

2.2.3.1 Leaf temperature campaign: measurements and data analyses 

Radiometric temperature leaf was measured the 20th of August in a sunny day and under high 
wind conditions and using intercalibrated infrared (IR) thermometers. From each ring, the 
temperature of 15 leaves of aspen and 15 leaves of birch was recorded in the aspen-birch 
community. Thus, a total number of 45 birch leaves for each treatment were sampled. Selected 
leaves were well exposed to sun and located at the upper part of the canopy. Air temperature 
was also recorded by measuring with a thermometer placed over the scaffold. 

The measurements were carried out simultaneously in the four treatments within a block, 
avoiding in that way differences between treatments caused by temporal differences in climate 
conditions. The obtained data were used in the energy balance calculations mentioned above. 
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2.3 Statistical analyses 

Data with full resplication were statistically tested for treatment effects by a two- way analysis 
of variance (ANOVA) with replication. Effects were considered statistically significant when 
p< 0, 1. A regression analyses was also performed to check the possible correlation between N 
per area and the photosynthetical parameters estimated by the Sharkey. et al. model (2007). All 
pairs of data showed low correlation (r2< 0, 3).  
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3.Results 

3.1 Photosynthesis and nitrogen 

The different  treatments did not significantly alter any of the photosynthetical paramerts  
estimated with the Sharkey et al. utility.  Vcmax , J and their ratio (Vcmax /J) were not changed by 
the treatments (Figures 4 and 5, Table 1). Day respiration (Rd) and mesophyll conductance (gm) 
were not modified either (data not shown); respective mean values for the twelve plots were 
2,733 and 1,608. 

Predicted photosynthesis at Ci= 266 µmol mol-1 (A266) and Ci= 378 µmol mol-1 (A378) did not 
change significantly under treatments exposure (Figure 4, Table 3). However, predicted 
photosynthesis at approximate growth Ci (A at growth) was significantly increased by elevated CO2 
(P = 0.067) (Figure 6, Table 2). 

%N, LMA and N/area were not significantly altered by any of the treatments (Figure 8a-b, 
Table 4).The regression analyses performed for N / area and Vcmax, J, Rd, gm did not show any 
significant correlation between these pairs of parameters (data not shown).The correlation 
coefficient was low in all the cases (r2< 0,3). 

 

   

 Figure 4 Maximum carboxylation rate (VCmax) and Rate of electron transport (J) for control, elevated [CO2], elevated [O3] and 
elevated [CO2]+[O3] treatments.  Values were obtained with the Sharkey et al. estimator utility and are the mean of at least three 
replicates within a treatment. Error bars indicate 90% confidence intervals. P values showing no significant effect (p>0, 1) of the 
treatments are displayed in table 1. 

 

 

Figure 5 Maximum carboxylation rate: electron transport rate ratio (Vcmax /J) for control, for control, elevated [CO2], elevated [O3] 
and elevated [CO2] + [O3] treatments. Error bars indicate 90% confidence intervals. P values showing no significant effect (p>0, 1) 
of the treatments are displayed in table 1. 

Table 1     
Parameter    Effect   

  CO2 O3 CO2xO3 
VCmax  0,356 0,5 0,872 
J  0,681 0,205 0,762 
VCmax/ J  0,271 0,458 0,809 
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Figure 6 Predicted photosynthesis at approximate growth Ci (ambient [CO2] x 0.7) for control, for control, elevated [CO2], elevated 
[O3] and elevated [CO2] x [O3] treatments. Values were obtained with the Sharkey et al. estimator utility and are the mean of three 
replicates within a treatment. Error bars indicate 90% confidence intervals. P values showing a significant effect (p < 0, 1) of 
elevated CO2 treatment and no significant effect (p >0, 1) of elevated O3 or CO2xO3 treatments are displayed in table 2.   

 

 

Figure 7 Predicted photosynthesis at Ci= 266 (A266) and Ci= 378(A378) for control, elevated [CO2], elevated [O3] and elevated 
[CO2]x[O3] treatments. Values were obtained with the Sharkey et al. estimator utility and are the mean of three replicates within a 
treatment. Error bars indicate 90% confidence intervals. P values showing no significant effect (p>0, 1) of the treatments are 
displayed in table 3.   

 

  

Figure 8a Nitrogen percentage of dry weight (%N) and N per area (N/area) for control, elevated [CO2], elevated [O3 ] and elevated 
[CO2]x[O3] treatments. Values are the mean of at least three replicates within a treatment and were determine by gas spectrometry. 
Confidence intervals (90%) are displayed in table 4.  

 

 

 

Table 2     
Parameter    Effect   
  CO2 O3 CO2xO3 
 A at growth   0,067   0,604 0,763 

Table 3     
Parameter    Effect   

  CO2 O3 CO2xO3 
A378   0,395    0,608 0,788 
A266  0,406 0,76    0,942 
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Figure 8b Leaf mass per area (LMA) for control, elevated [CO2], elevated [O3 ] and elevated [CO2]x[O3] treatments. Values are the 
mean of at least three replicates within a treatment and were determine by gas spectrometry. Confidence intervals (90%) are 
displayed over the columns. P values showing no significant effect (p>0, 1) of the treatments on %N, LMA and N per area are 
displayed in table 4. 

                                                                                                                                                                          

3.2 Stomatal responses to altered [CO2] 

Relative gs at [CO2] = 380 µmol mol-1 was approximately stable over the time period in which 
gas exchange responses were measured (Figure 9). This period lasted a maximum of about 6 
hours, and initial and final values coincided. This implies that stomatal responses to [CO2] =280 
µmol mol-1 or [CO2] =540 µmol mol-1 could be reliably studied under that period showing true 
responses and not just the consequence of an opening or closing trend over time. 

Ci at [CO2] = 380 µmol mol-1at control experienced no important  changes over a 4 hours time 
period, showing more stability than relative stomatal conductance (Figure 10 ). The same stable 
trend over 4 hours was observed in relative An at [CO2] = 380 µmol mol-1 for the control rings 
(Figure 10). Ci and An evolved in parallel while short-term stomatal responses were measured. 

The relative gs conductance for elevated CO2 was significantly  increased (p =0,033) under 
elevated O3 ,showing that stomatal closure response to elevated CO2 was absent under elevated 
O3(Figure 11, Table 5).Exposure to elevated O3 affected also the relative gs conductance for 
decreased CO2 ratio by reducing significantly (p =0,062) the opening response of stomata to 
decreased CO2.A similar reduction caused by exposure to elevated CO2 was observed, and this 
effect was nearly significant (p = 0,103). There was also a significant (p=0,078) CO2xO3 

interaction (Figure 12, Table 6). Therefore, all treatments reduced the opening stomatal 
response to decreased CO2. 

The ratio between sap flow per unit base area at gap fumigation and sap flow per unit base area 
under normal fumigation was significantly increased by exposure to elevated CO2 (Figure 13, 
Table 7), indicating that sap flow was significantly increased by transient exposure of elevated 
CO2-grown trees to ambient CO2. 

 
 

Table 4     
Parameter    Effect   

  CO2 O3 CO2xO3 
%N of d.w.  0,628 0,63 0,851 
N per area  0,622 0,399 0,916 
LMA  0,529 0,377 0,785 
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Figure 9 Drift in relative stomatal conductance (gs) at [CO2] = 380 µmol mol-1 over the time. Points represent mean values for the 
twelve rings. Stomatal conductance of each ring is relative to its maximum value recorded for the ring. The maximum value 
corresponds to the average of the five highest values showing stability. 

 

 

Figure 10 Drift in relative net photosynthesis (An) at [CO2] = 380 µmol mol-1 and drift in intercellular CO2 concentration ( Ci) at 
[CO2] = 380 µmol mol-1over the time. Points are the mean values of the three control replicates. An and Ci of each ring are relative to 
their maximum value in the ring. The maximum value corresponds to the average of the five highest values showing stability. 

       

 

 Figure 11  Relative stomatal conductance for elevated [CO2].Values at 540 :380 µmol mol-1 [CO2] for control, elevated [CO2], 
elevated [O3] and elevated [CO2] x [O3] treatments. Values are based in data from 11 rings out of 12 and are the mean of at least two 
replicates within a treatment. P-values showing a significant effect (p >0, 1) of elevated ozone on the ratio are displayed in table 5.  

  

 

 

 

 

Table 5     
Parameter    Effect   
  CO2 O3 CO2xO3 
 gs 540/gs380 c    0,616   0,033     0,65 
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Figure 12  Relative stomatal conductance for decreased [CO2].Values at 280 :380 µmol mol-1 [CO2] for control, elevated [CO2], 
elevated [O3] and elevated [CO2]x[O3] treatments. Values are based in data from 7 rings out of 12 and are the mean of at least two 
replicates within a treatment except for control, with a single value.  Error bars indicate 90% confidence intervals. P values showing 
a significant effect (p >0, 1) of elevated [O3] and [CO2] x [O3] on the ratio are displayed in Table 6.   

 

 
Figure 13 Sap flow at gap fumigation: sap flow at elevated CO2 ratio for control, for control, elevated [CO2], elevated [O3] and 
elevated [CO2]+[O3] treatments. Values are the mean of at least two replicates within a treatment except for control with one 
available ring. Error bars indicate 90% confidence intervals. P values indicating significant effect (p >0, 1) of elevated CO2 are 
displayed in table7.   

 

3.3 Long-term effecs on gs 

The results based on the leaf temperature campaign showed that none of the treatments had a 
significant effect on the difference between leaf and air  temperature at the rings (Figure 
11,table 8).Leaf and air temperature difference between control and treatments showed a large 
variation ( data not shown ) due to unsufficient replication.   

As error bars indicate, evapotranspiration and vapour conductance derived from the energy 
balance equations also had a large variation (Figure 15, Table 9). Therefore, the lack of 
significant effects of treatments observed for these parameters is not reliable and higher 
replication would be needed to obtain robust results. 

 

 

 

 

Table 6     
Parameter    Effect   
  CO2 O3 CO2xO3 
 gs 280/gs380 c   0,103   0,062     0,078 

Table 7     
Parameter    Effect   

  CO2 O3 CO2xO3 
Sap flow   0,041    0,835 0,958 
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Figure 14 Leaf temperature – air temperature difference (Tl-Ta) for control, for control, elevated [CO2], elevated [O3 ] and elevated 
[CO2]x[O3] treatments. Values are the mean of the three differences between Tl and Ta within a treatment. Error bars indicate 90% 
confidence intervals. P values indicting no significant effect (p >0, 1) of treatments are displayed in table 8.   

 

      
Figure 15 Stomatal conductance (gs) and evapotranspiration (E) for control, for control, elevated [CO2], elevated [O3] and elevated 
[CO2]+[O3] treatments. Values were calculated according to the energy budget equations presented by Campbell and Norman (1998) 
and are the mean of at least three replicates within a treatment. Error bars indicate 90% confidence intervals .P values indicting no 
significant effect (p >0, 1) of treatments are displayed in table 9.   

 

 

 

 

 

 

 

 

 

 

 

 

Table 8     
Parameter    Effect   
  CO2 O3 CO2xO3 
 Tl-ta   0,202   0,484    0,636 

Table 9     
Parameter    Effect   

  CO2 O3 CO2xO3 
gs   0,184    0,383 0,747 
E  0,361 0,383   0,793 
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4. Discussion   

4.1 Photosynthesis and N 

A at growth was significantly increased by elevated CO2 , indicating  that there is still stimulation 
after 10 years of exposure .This result was expected, since higher concentrations of substrate are 
available for Rubisco at that treatment.  

Biochemical parameters, as VCmax, J and their ratio (VCmax/J), which underlie photosynthetical 
responses, were not significantly affected by the treatments (Figure 4- 5, Table 1).A266 and A378 
were not altered by elevated CO2,and/or O3 either (Figure 7, Table 3). The lack of significant 
treatment effects on these parameters suggests that An was not downregulated in  trees grown 
under exposure to the gases and thus, that acclimation has not occurred.If An was downregulated 
under certain treatment, the response to a common Ci would result in a significantly lower value 
of A266/A378, and that has not been observed. Equally , a reduction in  J or VCmax would be 
expected in case of downregulation , and in our study, no significant changes in J or VCmax were 
found, reinforcing the idea of no acclimation.  

These results are contrasting with early findings at the site. In the beginning of the experiment 
CO2 treatment reduced on Vcmax, J and predicted An at a common Ci by elevated CO2 were 
reported (Ellsworth et al., 2004), revealing that An was downregulated. These effects have not 
been found today, what demonstrates that An downregulation does not persist after long term 
exposure. 

The close coupling between VCmax and An, A266 or A378 is reflected in the diagrams (Figures 4,6 
and 7). These parameters show parallel trends in response to the treatments, which may indicate 
that An, A266 and A378 are being limited by VCmax. This observation agrees with the fact that An is 
Rubisco limited under current atmospheric [CO2] (Warren, 2007), given that the enzyme is not 
saturated by its substrate, and therefore under lower [CO2] (280 µmol mol-1) as well. 
Theoretically, photosynthesis limitation should shift to RubP when CO2 > 300 µmol mol-1 
(Sharkey et al., 2007), but in the present study, this threshold seems to be higher, since predicted 
photosynthesis at elevated CO2 reflect the trend shown by VCmax in all treatments. Results from 
a FACE experiments review also showed that An was Rubisco limited under both current and 
elevated CO2 (Ainsworth and Rogers, 2007). 

Photosynthesis and N are closely related and changes in photosynthetic capacity (VCmax and J) 
have been associated with changes in nitrogen variables, (Ellsworth et al., 2004). In this study, 
no significantly effects on nitrogen were found. LMA, N/area and %N  were not significantly 
affected by treatments and showed little variance among rings, especially for %N (Figure 8a-b, 
Table 4). As it has been mentioned above, no significant effects of treatments were found on 
photosynthetic capacity either, contrasting with the initial reduction of both parameters 
described in an early stage of the experiment (Ellsworth et al.,2004). The lack of significatn 
effects on N may explain the lack of significant effects on photosynthetic capacity, since N is an 
imporatant component of essential molecules involved in photosynthesis, as are Rubisco and 
chlorophyll .  

A reduction in [N] was also found in an early phase of the experiment (Lindroth et al., 2001), 
but later studies conducted in 2004, showed no effect of elevated CO2 on [N] (Zak et al., 2007), 
consistent with the results in the present study. A possible explanation for the differences is the 
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development of a greater root system that allows a better exploration of soil and the uptake of 
more N in older trees, given that nitrogen use efficiency did not increase under elevated CO2 
(Zak 2007).In young trees, the shortly developed root system probably could not take enough N 
to maintain stable the [N] for the fast-developing canopy, resulting in the observed reduction in 
[N]. Results at FACE site from 1998-2003 showed that fine root biomass production was 
appreciably more stimulated than coarse roots, foliage or wood under elevated CO2 (King et al., 
2005).After one year of exposure, fine-root biomass ( roots < 0,5-1 mm diameter), had already 
experienced a 96% increase in trees grown under elevated CO2 (King et al., 2001) and six years 
later, in 2005, elevated CO2 was found to increase root biomass across all root sizes, including 
fine-root biomass (Pregitzer et al., 2008),which supports the greater root system hypothesis. 

   

4.2 Stomatal responses to altered [CO2] 

It is well known that stomata react to increased or decreased [CO2] by closing or opening 
respectively. Thus, at a [CO2] of 540 µmol mol-1 , stomata should close .Such response was 
observed under ambient O3.However, in trees grown under elevated O3 , stomata did not close , 
but remained approximately insensitive. The lack of response caused by growth under elevated 
O3 had statistical significance (p = 0,033) (Figure 11, Table 5), demonstrating that O3 impaired 
the stomatal response to elevated CO2.No significant interaction for CO2xO3 was found.  

On the other hand, a [CO2] of 280 µmol mol-1  , lower than ambient CO2  , should produce the 
opposite response, with an opening of stomata in response to a decrease in CO2 .Control trees 
responded as expected, by opening stomata, and so did trees grown under the rest of treatments. 
Nevertheless, this response was significantly reduced by all treatments relative to control 
(Figure 12, Table 5). 

The impairment of stomatal response to both elevated and decreased CO2 suggests that O3 may 
affect some physiological mechanism involved in the sensing of CO2 or in the actual response to 
CO2. Not much information is available from previous studies about O3 effects on short-term 
responses to altered CO2 concentrations, as previous literature is mainly focused on stomatal 
closure caused by O3 exposure. In addition, according to Robinson et al. review (1998), ozone 
effects vary widely between species and it is highly dependent on the physiological status of the 
plant, making difficult to generalize. Nevertheless, some explanation s for sluggish stomatal 
response have been described that could account for the observed effects, as disturbed calcium-
signaling involved in stomatal movement’s regulation as a consequence of oxidative stress 
(McAinsh et al., 1996), or changed cell wall structure with partial delignification leading to 
reduced water control (Maier-Maercker and Koch, 1991).The findings at the present study may 
have important implications for water use at the tree level and carbon cycling, as plants with an 
absent or reduced capacity of response to changes in atmospheric CO2 are likely to experience a 
greater water loss, and to have a reduced ability to optimize CO2 uptake.  

 

The results also illustrate that interaction effects are complex and vary among different 
parameters. In the case of increased CO2, no interaction effect between elevated CO2 and O3 
treatments on the stomatal CO2 response was found, implying that the impairment of the 
stomatal response caused by elevated O3 is not offset by elevated CO2.However, in decreased 
CO2, an interaction was found between both gases. 
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The gap in CO2 fumigation should result in a similar effect on sap flow to that caused by 
reduced CO2 on the leaf-level stomatalCO2 response. The trees are expected to raise their sap 
flow per unit base area as more water is lost by the stomata when they open in response to a 
reduction in CO2 in the atmosphere. The augment in sap flow was significantly (p= 0,041) 
higher in trees grown under elevated CO2, demonstrating that sap flow is normally being 
reduced by the treatment in those trees (Figure 13, Table 7).In case that this reduction was 
coupled to reduced gs, the result could mean that CO2 uptake capacity is being reduced by 
exposure to elevated CO2.   

 

4.3 Long-term effects on stomatal conductance  

The results derived from the energy balance equations had a large variation, making their 
interpretation not reliable. Thus, long-term effects of the treatments on E and gs can not be 
assessed at the present study. The lack of significant effects here observed does not exclude the 
possibility of a treatment effect, given that higher replication is needed in order to get robust 
results. 

A reliable comparison between elevated CO2 exposure effects on short-term stomatal response 
and gs can not be based in the obtained results. Therefore, in the current study, this question can 
not be addressed. 
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5. Conclusions 
Carboxylation capacity and electron transport capacity were not affected by elevated CO2 and/or 
O3, demonstrating that photosynthetic capacity is not downregulated and has not acclimated 
under long-term exposure to these trace gases. These results may be explained by the lack of 
significant results found on N, which is an important component of Rubisco and chlorophyll. 

Short-term stomatal response to elevated CO2 was impaired by exposure to elevated O3, 
demonstrating that O3 interfere with the direct stomatal CO2 response. This effect could be a 
consequence of disturbed CO2 sensing or CO2 sensing mechanisms.  In response to decreased 
CO2 , interacting effects of elevated CO2 and O3 were observed, with reduced opening responses 
of stomata under all fumigation treatments .These findings could have important consequences 
for water use at the tree level and carbon cycling, and therefore for plant-atmosphere 
interactions in a larger scale. The short-term response of sap flow was increased by exposure to 
elevated CO2, showing that sap flow is being reduced by the treatment. 

Replication was not sufficient to assess long-term effects of elevated CO2 and O3 exposure on 
stomatal conductance, and consequently, these effects could not be reliably compared to effects 
on short term stomatal response to altered CO2.Further research would be needed in order to 
address this question, and to improve the understanding of how photosynthesis and short-term 
stomatal response are affected by CO2 and O3, in a changing climate scenario. 
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