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Hørsholm, 21. March, 2002 

 

Dear reader: 

 

The present paper is the final report to EU on WP5 of the research project: Nature-

based Management of beech in Europe - a multi-functional approach to forestry. 

WP5 was called: GAP - Plant response, climate stress (controlled exposures). 

NATMAN was supported by EU 5th Framework programme: Quality of Life and 

Management of Living Resources, contract no. QLRT1-CT99-1349. 

 

The objective of this study is defined by the tittle of the final report: Interactive 

effects of light flux, temperature, atmospheric carbon dioxide concentration, and 

tree growth in simulated mixed beech-ash forest gaps. 

 

The study identified the role of micro-climatic conditions and climate change on 

the regenerative competence of beech and ash seedlings in inter- and intraspecific 

competition during simulated natural reproduction. 

 

This report (D8) is submitted timely (M23), and the requested data has been 

conferred to WP8 and WP9 (D14) for use in modelling. 

 

The research results are planned to be submitted to an international journal and 

must be treated as confidential information until publication. 

 
 

Henrik Saxe, Dr. Agro. 
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Abstract 
 
The present study is pioneering in terms of its complex approach to 

investigating intra- and interspecific competition in beech and ash seedling 

growth in response to climate change in simulated regenerating natural 

forest gaps. Simulations were performed by temperature-regulated closed-

top-chambers. Eight chambers were used in a factorial design with 

replicate treatments of [CO2] × temperature × light flux × competition 

design. [CO2] was ambient levels or + 360 �mol mol-1. Temperature was 

ambient levels or + 2.8oC. Light flux at the top of canopies was 25% or 8% 

of outdoor levels 1.75 m above the ground (i.e. at the outdoor plot). 

Relative to more realistic open-field measurements (8 m above the 

ground) the two chamber light flux levels were 16% and 5%. 

There were clearly visible effects by the light and carbon dioxide treatments, and 

an obvious interaction between temperature and carbon dioxide. The studied climate 

treatments and competition designs suggested that the predicted climate 

change during this century of 2-3oC warmer air and a doubling of 

atmospheric carbon dioxide concentration will improve the competitive 

capacity of ash seedlings relative to beech seedlings in the regeneration of 

natural mixed beech-ash forests in Europe. 

It was demonstrated that an increase in temperature was the most 

important component in helping ash compete better with beech with a 

concomitant rise of [CO2] and temperature. Beech on the other hand 

responded more to light flux than ash. Some climate change scenarios 

induced ash seedlings to grow taller than beech seedlings, and at the 

same time attain a larger leaf area, and a larger total biomass. The 

advantages for ash were found particularly in the darker regions.  

As judged from the present study, the most likely scenario for the 

future climate in Europe will improve ash regeneration below an old 

canopy relative to beech regeneration, where it will sometimes even 

surpass beech, so that when a gap is formed, and the time for definitive 

competition to dominate the mature mixed forest arrives, a shift from 
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beech towards ash is likely. Climate change will put ash in a better 

position to win the natural race against beech. 
Climate change studies of this complexity have not yet been 

performed in nature, but responses to climate change in nature involve 

exactly the kind of complexity included in the present study. The next step, 

however, would be to include soil water, nutrition and more than one year 

of exposure and competition in future studies. 
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Introduction 
 
When a tall, old tree is brought down by a storm, by lightening or by old 

age a gap is created in a dense forest (Photo plate 1 A, B). In natural 

forests the natural regeneration is already under way in this newly formed 

gap in the form of young seedlings and saplings (Photo plate 1 C). More 

seeds will now germinate and competition will be fierce. The outcome of 

this competition between individual plants and between the different 

species present in the gap is a matter of competence for competition, 

which depends on the individual, the species, the soil conditions, light flux 

and climate. 

 
We have a pretty good idea about which species will win this competition 

in a given forest with the present climate. But the global climate is 

changing, which opens the possibility that the present balance between 

species in natural forests will also change. 
 
A range of credible scenarios of greenhouse gas emissions promise to 

amplify radiative forcing to cause a 3-6 oC increase in mean land surface 

temperature at high and temperate latitudes during this century (Houghton 

et al., 1996; Kattenberg et al., 1996). There have been times in the past 

when vegetation responded to warming, and times when both the 

atmospheric [CO2] and temperatures were higher than now. Consequently, 

trees are capable of adjusting to a warmer climate (Jacobson & 

Dieffenbacher-Krall, 1995). The novelty of the expected changes in the 

21st century is the rate of increase in temperature (Flenley, 1998) and 

[CO2]. Inspired by such predictions the research literature published in 

recent years on the responses of trees and forests to climate change has 

increased exponentially (see e.g. Oechel et al., 1997; Mohren, Kramer & 

Sabaté, 1997; Mickler & Fox, 1998; Kellomäki et al., 2000; Bruhn et al., 

2001, Larsen & Saxe, 2001).  
 
The most frequently studied aspects of climate change effects on trees 

are those of growth and physiological responses to elevated atmospheric 



 
 ΝΑΤ−ΜΑΝ ΩΠ5 φιναλ ρεπορτ − παγε 4 

carbon dioxide concentrations (e.g. Saxe, Ellsworth & Heath, 1998). 

Elevated [CO2] has two main roles in tree and forest functioning, (1) it 

stimulates photosynthesis and thereby growth, and (2) it closes stomata, 

counteracting the increased water loss from the larger (CO2-induced) 

canopy leaf area (Jarvis, Mansfield & Davies, 1999). 

Though data from small scale chamber studies on CO2-responses 

in trees are mostly thought to be qualitatively correct (Nordby et al., 1999), 

more FACE studies (Ellsworth, 1999; Myers, Thomas & Delucia, 1999) are 

encouraged, particularly if they succeed in also controlling field 

temperature (which is a real possibility, G. Hendrey, 2001,  pers. comm.). 

Results on e.g. leaf area from chamber experiments are not always in 

agreement with results from free air carbon dioxide enrichment (FACE) 

experiments (Taylor et al., 2001).  
 
A far smaller proportion of the many recent climate change studies on 

trees attempt to single out the effects of temperature which are arguably 

the most important of ecosystem responses to climate change (see e.g. 

Kozlowski & Pallardy, 1997; Saxe et al., 2001). At the cellular level 

temperature has two main roles in tree and forest functioning, (1) it can 

damage by freezing or by protein denaturation, and (2) it can speed up 

reactions, if these are not substrate limited.  
 
Some recent studies have clearly demonstrated that the responses of 

trees to simultaneously elevated [CO2] and temperature cannot be 

predicted from responses to elevated [CO2] and elevated temperature 

experienced separately (Tjoelker, Oleksyn & Reich, 1998; Leverenz, 

Bruhn & Saxe, 1999; Bruhn, leverenz & Saxe, 2000). Tree seedlings 

responded positively far more to the combined elevated [CO2] + elevated 

temperature exposure than to the sum of individual exposures. CO2 × 

temperature interactions in trees were also studied by Nagy, Ogawa & 

Hagihara (2000), Kuokkanen et al. (2001), and Usami, Lee & Oikawa 

(2001), and reviewed for plants in general by Morison & Lawlor, 1999. 

Interactive effects varied by species, season and climate conditions. 



 
 ΝΑΤ−ΜΑΝ ΩΠ5 φιναλ ρεπορτ − παγε 5 

 
The balance between species in the natural regeneration in newly formed 

gaps may change in the future depending on how individual species 

respond to the combined climate change. The point is, that the scenarios 

for future climate change involve simultaneous rises in both atmospheric 

[CO2] and temperature, and even changed patterns of precipitation, and 

storm frequency and severity. 
 
In several European countries forestry is turning from managed to natural, 

semi-natural or close-to-nature strategies. The implied increased 

dependence on natural regeneration makes studies of tree responses to 

complex climate change scenarios rather than to isolated CO2 or 

temperature changes necessary if forest managers are to predict the 

composition of future natural forests. These studies must include light 

regimes frequently found in natural gaps. In future studies soil conditions 

(water and nutrients) should also be included. 
 
The present study analyse seedling responses in simulated natural forest 
gaps to climate change interacting with competition between two important 
European deciduous species, beech and ash. It is a factorial study of 
competition × elevated temperature × elevated [CO2] × light flux at realistic 
forest gap levels. Competition is exemplified by 12 different realistic 
competition designs. 
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Materials and methods 
 
 
Soil and pots 
 
All seedlings were sown and grown in a standard soil blended in a cement 

mixer on 3 - 4 April in 60 l batches. Each batch was composed of 38 l fine 

sphagnum (pH 2.6 - 4.4, 45-65 g/l decomposed, Pindstrup Mosebrug Ltd., 

Ryomgård, Denmark), 12 l leca pearls (2-4 mm, Dansk Leca Ltd., 

Copenhagen, Denmark), 6 l beech forest soil and 4 l ash forest soil. The 

forest top soils were dug out in 1.5 m perimeters around mature trees in 

the same beech and ash plantations where the seeds had been harvested 

(see below). They were added after being filtered through a course grate 

mainly to supply clay and natural soil microorganisms. Since most roots 

did not pass this grate, equal volumes of beech and ash roots were cut 

into small pieces by scissors and 25 g of mixed roots were added to each 

60 l soil batch. This procedure introduced natural mycorrhiza fungi to the 

standard soil mixture. 
 
The soil mixture was immediately filled into a total of 18,000 280 ml tube 

pots which were kept well watered until sowing of seeds. Each cylindrical 

pot measured 49 mm in diameter at the top, 44 mm at the bottom, and 

were 180 mm tall (Pöbelman GmbH & Co, Lohne, Germany). All pots were 

stored in pot-frames each measuring 276 mm × 276 mm and containing 

25 (5 × 5) pots. 

 

Plant material 
 
Ash (Fraxinus excelsior) seeds were harvested in Tisvilde Hegn (12o 05' E 

56o 02' N, batch H81-97), and beech (Fagus sylvatica) seeds were 

harvested in Alsted forest (11o 38' E, 55o 24' N, batch H86-98). Both of the 

Danish seed lots were obtained from Hedeselskabet pre-treated to 

facilitate germination in the spring 2000. 
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Seeds were sown in early April with either one or two seeds per pot. Both 

species began germinating around 22 April, and by 4 May most seeds had 

germinated. A large number of pots were selected to contain uniform 

seedlings, re-mounted in frames with nine or 25 pots per frame (Figure 2), 

and the frames were positioned in chambers and outdoors on 16 May. 

They were exposed in a factorial design (Figure 1) at different types and 

intensities of competition to different levels of temperature, light and 

atmospheric CO2 concentration ([CO2]) for 123 days from 17 May to 17 

September, 2000. 

 

Fertigation 
 
The plants were watered daily by raising the water level around the pots 

for 20 min beginning at 2 a.m. at night. The water was rain water gathered 

from the roof of a nearby greenhouse. PH and EC was controlled during 

each fertigation by an AMI 5000 system (DGT-Volmatic A/S, Vallensbæk 

Strand, Danmark). PH was always kept at 6.5, while EC was kept as low 

as possible to simulate natural forest conditions. An EC value of 0.7 �S 

originated from the natural contents in rain water. Initially, EC in the 

fertigation water was 0.7 �S, but after a week it was increased to 1.0 �S by 

adding fertilizer. On 20 June it was increased to 1.2 �S, on 15. July to 1.5 

�S, and finally on 5 August to 3.2 �S in all treatments. The aim of 

increasing EC was keeping the plants healthy green in all treatments 

without symptoms of overdosing nutrients in plants of the slowest growing 

treatments.  
 
The fertilizer was Pioner Macro Green (19-2-15 NPK+Mg) and Pioner 

Micro Solution (B, Cu, chelated Fe, Mn, Mo, Zn) made up as prescribed 

and mixed 1:1 (Brøste Ltd., Lyngby, Denmark). 
 
Outdoor plants were always less green than the plants inside CTCs. This 

was probably partly due to dilution of the common nutrient treatment by 

rain, and partly due to the high light flux and wind in the outdoor 

environment. 
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Pest control 
 
All plants were sprayed with the microbiological insecticide DiPel (Bacillus 

thuringiensis, Cillus Inc., Herlev, Denmark) at the beginning of the 

experiment to control caterpillars. To counter aphid attacks we initially 

applied Adalia bipunctata (Biological Systems, Westerlo, Belgium), and 

after that we applied Chrysoperla cranea (Borggård Bioplant, Århus, 

Denmark) every two weeks. We believe that these treatments were the 

reason that problems with pests were negligible throughout the experiment 

(Photo plate 3 G). 

 

Chambers and treatments 
 
The experiment involved the use of eight 15 m2 closed-top-chambers 

(CTCs; Photo plate 2 A; Saxe, 1998; Leverenz, 1999) and two outdoor 

reference plots (Photo plate 2 B; Figure 1). The cylindrical, temperature 

regulated (Photo plate 3 F) glass houses with domed roofs were covered 

with a light absorbing black/green plastic net (Mononet 70 AR, Rolloos 

Sørensen B.V., Raamsdonksveer, Holland). The glass and aluminum 

structure of the CTCs absorbed 25% of the incoming light, and the net 

absorbed 70% of the remaining light. The resulting light flux inside the 

CTCs was 25% of the light flux 1.75 m above the ground at the outdoor 

sites, but only 16% of the open field light flux 8 m above the ground. 
 
The atmospheric [CO2] was enriched day and night in four chambers to an 

average of 773 �mol mol-1 CO2 (Hydrogas, Fredericia, Denmark) 

measured as 24-h mean values averaged over the complete exposure 

period 17 May - 17 September. The other four chambers contained an 

average of 413 �mol mol-1 CO2, which was comparable to the mean 

outdoor concentration of 423 �mol mol-1 (Figure 1). 
 
In four chambers, two of which had elevated [CO2], the air temperature 

tracked outdoor air temperatures, while the air temperature in the other 
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four chambers, two with elevated and two with outdoor [CO2], was 

elevated by 2.8oC relative to outdoors (Figure 1). Air temperature and 

relative humidity was measured every 5 min in each chamber and 

outdoors using ventilated sensors (RTF-5C, DGT-Volmatic A/S, 

Vallensbæk Strand, Denmark) placed well above the canopies to the north 

east. For presentation purposes all 5-min values were converted to 1-h 

average values. All temperature sensors were calibrated to give the same 

values as certified liquid thermometers (Labortherm 0.1 oC Normal 

Thermometer, Germany) inserted in water filled 1 l flasks placed adjacent 

to the canopies during calibration. Calibrated in this way the RTF-5C 

sensors indicated the correct canopy air temperature without shading the 

plants. 

In each of the eight chambers there were two container tables and at the 

two outdoor reference plots one table at each, all measuring 2.05 m × 1.20 

m. Inside each chamber the north tables were covered with a second layer 

of the same Mononet 70 (Photo plate 2 D). The light flux above the plant 

canopies on the south tables (Photo plate 2C ; Photo plate 3 H) averaged 

25 % of light flux at the outdoor sites (16% relative to an open field), 

simulating the light conditions inside an open forest, open part of a forest 

gap or a forest edge. The light flux above the plant canopies on the north 

tables averaged 8% of outdoor reference plot light flux (only 5% relative to 

an open field) simulating conditions inside a relatively closed forest (Figure 

1). 
 
Pot frames with either nine or 25 pots in each were placed in three rows 

on each table in a repeated design (Figure 2). Cooling air was released 

along and in between the rows by four 72 mm diameter PVC tubes 

perforated with 7 mm diameter holes pointing right and left every 50 mm 

(Photo plate 2 C-E). Cooling air was also released below tables through 

three 150 mm diameter tubes. Thus, no part of the air cooling system 

shaded the plant canopies. The air exchange rate in each 60 m3 chamber 

totalled two per minute. Because the cooling system recycled 95% of the 
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air the added CO2 consumption was kept at a reasonable level (40 kg 

liquid CO2 chamber-1 week-1).  
 
Soil temperature probes (PF-5, DGT-Volmatic A/S) were inserted into one 

pot per chamber and values were registered every 5 min. In chamber 1, 2, 

5 and 6 the probes measured soil temperature in the ‘A6 pot’ of the ‘ash 

close’ frame on the north table, while in house 3, 4, 7 and 8 the probes 

measured soil temperature in likewise positioned pots on the south tables 

(Figure 1 and 2). 
 
Photosynthetically active ratiation (PAR) was measured continuously in 

each chamber by four PAR sensors, two above each plant table (Photo 

plate 2 C-E). An outdoor PAR sensor was placed between the two outdoor 

reference plots at canopy level. The PAR sensors, which were calibrated 

before and after the experiment, were spherical sensors made from 

Hamamatsu G1126-02 gallium arsenide photodiodes (Hamamatsu 

Photonics, Herrsching Deutchland, Germany) mounted inside celluloid 

table tennis balls (Stiga, Sweden).This sensor responded similar to the 

more commonly used LiCor type PAR sensor (Aaslyng & 

Rosenqvist,1999), but was significantly cheaper. The light flux values of all 

33 spherical PAR sensors were registered every 5 min. The values for 

each chamber and outdoors given in Figure 1 are day time (sun-up to sun-

down) mean values averaged over the complete exposure period 17 May - 

17 September. During this period the natural day length varied 

considerably (Figure 11). 

 

Competition design 
 
To investigate how climate change (elevated [CO2] and increased 

temperature) and light flux affect beech and ash regenerative growth, a 

large number of seedlings were placed in 12 different competition designs 

of four intensities and three types (Table 1, Figure 2). These 12 types are 

henceforth referred to as the 12 competitions or competition treatments 
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when analysed individually, or when seen together as the compiled 

competitions (i.e. the growth totalled over all competition treatments). 
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1 seed / pot 

 
2 seeds / pot 
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