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Summary

SUMMARY

The aim of the field study was to quantify the below-ground competitiveness of 50 to 60-year-
old beech (Fagus sylvatica) and spruce (Picea abies) trees by means of space-related
cost/benefit relationships. The study was conducted at the experimental site “Kranzberger
Forst” within  the framework of the interdisciplinary  research  program
Sonderforschungsbereich 607 (SFB 607; Project B4) “Growth and Parasite Defence —
Competition for Resources in Economical Plants from Agronomy and Forestry”. It was
postulated that costs (resource investments) and returns (resource gains) as based on soil
volume have the potential to quantify the plant competitive ability below-ground. This idea
relates to the definition of Begon et al. (1996) that the competitive success of plants depends
on their ability to acquire efficiently resources shared with neighbours from external pools
located in a given space. The below-ground competitive ability (i.e. competitiveness) of
beech and spruce was quantified by using three types of space-related cost/benefit
relationships (i.e. “efficiencies”, cf. Grams et al., 2002): (1) Efficiency of below-ground space
occupation (occupied soil volume per unit C investment into standing fine-root biomass), (2)
Efficiency of below-ground space exploitation (resource uptake as related to the occupied
soil volume), and (3) Efficiency of below-ground “running costs” (occupied soil volume per
unit of C costs of root respiration to sustain occupation and exploitation of the occupied soil
volume). Here, tree response to free-air ozone fumigation at the crown level (the O; regime
was experimentally raised by a factor of 2 relative to the ambient O regime; i.e. 1xO3 and
2x03, respectively) was related to different water availability across the three experimental
years (including the extraordinary summer drought of 2003) to analyse the belowground
responsiveness of both competitors to disturbance under forest stand conditions.

‘The following hypotheses were to be evaluated: (i) Limited carbon gain by the foliage, as
caused by O3 stress or water limitation, results in stimulation of compensatory fine-root
production; (ii) Spruce being more conservative in resource turnover is less affected below-
ground by Oj stress than beech; conversely, relative to beech, the root system of spruce is
more affected by drought; (iii) O; exposure enhances the CO, efflux from the soil, whereas
drought reduces CO, efflux; (iv) “Autotrophic” soil respiration (i.e. CO, release from roots +
mycorrhizosphere) and “heterotrophic” soil respiration (i.e. respiration of free-living soil micro-
organisms) differ in their response to changing soil temperature and soil water content, with
higher sensitivity reflected in “autotrophic” soil respiration ; (v) The responses of beech and
spruce plants to O stress and water limitation depend on the type of competition (i.e. intra or
interspecific); (vi) Below-ground competitiveness of adult beech and spruce trees is
determined by similar efficiency ratios as above-ground competitiveness.
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Sampling and analysis were conducted within the uppermost 20 cm of the soil where most
intense below-ground competition between the neighbouring trees was expected. In addition,
within this soil depth two soil sub-samples were distinguished according to the existing
gradient in nutrient and water supply: organic sub-sample (consisting of the humus layer, and
the humic topsoil (A-horizon)); and mineral sub-sample (consisting of the loamy B-horizon).
At mono-specific subplots, the space occupied by roots was derived from the volume of the
organic or mineral soil sub-sample which was extracted with a soil coring cylinder. At mixed
subplots, a factor k. (i.e. defined at the monospecific sub-plots under control conditions as
the ratio between the soil volume and the volume of contained root biomass) was used to
split the soil volume into parts occupied by beech or spruce roots, respectively. Bio- and
necromass of the fine roots was monitored using soil coring and in-growth coring methods. In
addition, the natural variations of 6'°C signature were assessed in newly formed fine-roots as
obtained by in-growth technique. For assessment of the physiological, biochemical and
morphological parameters, the fine-root fraction was differentiated into three functional
categories according to root position and anatomy. Water uptake was studied in situ on intact
fine rootlets by using the non-destructive approach of Géttlein et al. (2001) adapted to field
conditions. Root respiration was measured with a portable, integrated infrared gas analyzer
(IRGA) and gas exchange assessment system throughout the annual course and in
response to temperature. Total soil respiration was assessed accordingly throughout the
annual courses of 2002 and 2003. In addition, the root exclusion method was employed to
differentiate between the components in total soil respiration, i.e. “autotrophic” and
“heterotrophic” respiration. Available soil water content (calculated by S. Raspe, LWF,
through LWF-BROOK90; Hammel & Kennel, 2001) and soil temperature data were used to
parameterize a modelling approach for estimation of the annual “autotrophic” and
“heterotrophic” soil respiration.

At monospecific sub-plots, beech responded to both disturbing factors (drought or ozone)
with enhanced fine-root production and turnover. Spruce, in contrast, showed inhibited root
growth under dry conditions, and had no response to enhanced Oj;. Hence, hypothesis (i)
was corroborated for beech and rejected for spruce in that resource limitation stimulated fine-
root growth. The reduced fine-root production in spruce shows that this species is more
affected below-ground by drought than beech, thus confirming hypothesis (ii). The
contrasting physiological root responses in these tree species to drought may relate with the
different extent of water limitation underneath mono-specific spruce and beech groups during
2003. In contrast to beech, spruce which has not responded below-ground to O; showed
aboveground decrease in stem diameter increment of fumigated trees (Wipfler et al., 2005).
Possibly, the capacity for ensuring sufficient nutrient supply for growth and/or repair
processes via enhanced fine-root turnover is the “strategy of success” in beech to cope with
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O; stress. In beech, the combination of factors “Os+drought” influenced fine-root dynamics in
a way similar to that by drought or Os; impact alone, whereas in spruce such scenario
induced responses similar as that caused by drought. At mixed sub-plots, only spruce
showed different response to the studied scenarios remaining non-affected by drought in any
of the studied root parameters (i.e. hypothesis (v) was confirmed only for spruce). Apparently
the shallow fine-root system of spruce has profited from a more effective re-charge and use
of soil water in beech/spruce mixed sub-plots relative to monospecific sub-plots.

In both species, beech and spruce, and independent of the type of competition, drought of
2003 reduced and O; exposure increased the total CO, efflux from the soil thus corroborating
hypothesis (iii) and rejecting hypothesis (v). In the context of “global change” scenarios with
increase of Oz levels, the risk of chronic O3 stress to promote CO, efflux from forests with
sufficient water supply cannot be ruled out. In both species, beech and spruce, “autotrophic”
rather than “heterotrophic” soil respiration was sensitive to changing soil temperature and soil
moisture (i.e. hypothesis (iv) was corroborated in both tree species). Drought limitation of
“autotrophic” soil respiration was accompanied, on an annual basis, in both tree species by
decrease in radial stem growth (according to P. Wipfler, pers. comm.), with spruce being
more sensitive than beech.

Under control conditions, the below-ground competitive advantage of beech within the
uppermost 20 cm of the soil was indicated by higher efficiency of space occupation and
space exploitation, whereas the efficiency of “running costs” remained similar in both tree
species. The competitive success of beech was associated with the capacity to exploit
available resources rapidly from soil (i.e. via constructing fine-roots with high specific fine-
root length). This finding supports the theory of Grime (1977), that the competitive success is
a reflection of the individual capacity to exploit resources rapidly. Additionally, the present
study shows that beech which was the superior competitor for light (Reiter et al., 2005) was
the superior competitor also for soil resources (i.e. soil water). These results are in
agreement with the other hypothesis of Grime (1977), that superior competitors for light
would be equally successful in competing for soil resources (cf. section 1.1.2).

When focusing on space occupation within both soil sub-samples, beech was more efficient
than spruce within the organic soil sub-sample, whereas spruce was more efficient within the
lower mineral soil. Such “habitat partitioning” between both competitors resulted in
decreased competition for water: Beech was more efficient in space exploitation within the
mineral, whereas spruce was more efficient in space exploitation within the organic soil sub-
sample. Such “habitat partitioning” may represent the mechanism allowing beech and spruce
to coexist in a short-term scale. On the other hand, such kind of partitioning may result in a
shift towards a more superficially distributed fine-root system of spruce in mixture with beech,
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which suppose spruce to be at higher risk than beech at prolonged drought or regarding
hazards like wind-throw.

The competitive below-ground advantage of beech over spruce vanished under chronically
enhanced O3z exposure independent of the type of competition: The disturbance through
elevated O; lowered the efficiency of beech in below-ground space occupation and the
efficiency of “running costs” relative to the corresponding efficiencies in control sub-plots.
Spruce, in contrast, showed similar below-ground space occupation under both O3 regimes
and types of competition.

The novel approach of a quantitative, space-related assessment of cost/benefit relationships
proved suitable to analyse the below-ground competitive ability of forest trees. Within the
studied soil depth of 20 cm and under control conditions, the higher below-ground
competitive ability of beech over spruce was reflected by higher efficiency in space
occupation and space exploitation. Both “efficiencies” can be explained with higher
morphological plasticity (i.e. specific fine-root length, turnover) of the beech fine-root system
relative to spruce. In contrast, spruce fine-roots, which appear to be more expensive than
beech fine-roots in terms of their structural costs per root length, were less efficient in space
occupation and exploitation within the studied soil depth. Independent of the type of
disturbance (i.e. drought or Os-fumigation) beech maintained an enhanced fine-root
production. Although the enhanced fine-root production is related with additional structural
costs (i.e. lower efficiency in space occupation), on a whole-tree level beech was less
imperilled to such disturbances than spruce.
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Proportion of soil volume occupied by roots of a given
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Change in root respiration rate in response to a 10°C
change in temperature;

Root biomass;
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Root respiration rate;
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Root respiration rate at a standard temperature of 10°C;
Root respiration rate at a sample temperature T;
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Species-specific root respiration rate in beech;
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Introduction

1 INTRODUCTION

1.1 Theories of plant competition

A series of influential works, ever since Darwin, suggest that species interactions such as
competition are the major impediment to species coexistence and community diversity, and
that competition plays a major role in shaping the structure of communities (Grace & Tilman,
1990). Competition is an interaction between individuals, brought about by shared
requirement for a resource in limited supply, and leading to a reduction in the survivorship,
growth and/or reproduction of at least some of the competing individuals concerned (Begon
et al., 1996). According to this definition, the competitive success of the individual plant
depends on the ability to efficiently acquire resources shared with neighbours. The
competitive interactions between neighbours can be intraspecific (between individuals of the
same species) or interspecific (between individuals of different species).

Burkholder (1952; after Grace & Tilman, 1990), in classifying the possible ways by which two
species may interact, used the term competition for a reciprocal negative interaction (-, -)
and the term amensialism for one-way negative interaction (0, -). The term amensialism was
replaced later, according to Connell (1983), by the term “asymmetrical” competition.
“Asymmetrical” competitive plant interactions were found by Connell (1983) in about 65% of
the studied cases. Further, Keddy & Shipley (1989) distinctly defined plant-plant interactions
as asymmetric and symmetric competition. Asymmetric competition takes place when the
intraspecific competition is stronger for one species (the dominant one) than the interspecific
competition, while for the other species (the subordinate one) the interspecific competition is
stronger than the intraspecific competition. Consistently, symmetric competition in a two-
species system occurs when the interspecific competition is stronger for both species than
the intraspecific competition.

1.1.1 Mechanisms of competition

Goldberg (1990) developed a mechanistic framework for studying interactions between
plants. The framework is based on the observation that most interactions between individual
plants actually occur indirectly through some intermediary (e.g. resources) and consist of two
distinct processes: one or both plants have an effect on the abundance of the intermediary
and a response to changes in abundance of the intermediary (Fig. 1).
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Plant Plant

Response  Response
Effect Effect
Figure 1: The effect and

Intermedlary response components of
indirect interactions between
plants. The intermediary could
be resources, mutualists,
E t natural enemies or even
nvironmen toxins, (from Goldberg, 1990).

Effect on a particular resource is defined as the per-individual or per-unit size rate of change
in the resource availability at a given abiotic supply rate. The most obvious mechanism
through which the plant can affect resource availability is depletion due to uptake. Although
depletion of light by plants has often been measured, less is reported about the magnitude of
effects on nutrients or water in the field. The magnitude of uptake effects is determined by
physiological activity rates and allocation to and spatial arrangement (architecture) of
resource-acquiring organs. Caldwell & Richards (1986) have argued that allocation and
architecture are of greater importance than physiological activity rates in determining relative

effects on resources among similar-sized plants.

Response to resources is defined as the relationship of some components of fitness (growth,
reserve storage, fructification and defence; Bazzaz & Grace, 1997) to resource availability,
where availability is determined by one or both of the neighbouring plants along with the
abiotic environment. When the resource is limiting, response will be determined by the
excess of uptake over loss of the resource and the new biomass (or seeds) that can be
produced per unit of internal stores. Assuming that growth is positively correlated with
fitness, there are three possible ways in which a plant may increase its fitness at low
resource levels: (1) increased resource uptake, (2) decreased resource loss, and/or (3)
increased efficiency of conversion of internal stores into new growth (Chapin et al., 1987).

Mechanisms such as directly harming a neighbouring plant, e.g. release of toxic substances,
mechanical abrasion or direct overgrowth are involved in the direct interactions between
competing plants. The result of such interactions can also affect the abundance of the
intermediary resource (Goldberg, 1990; Gersani et al., 2001; Reiter, 2004).
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1.1.2 Determining the competitive success in plants

When competition is between individuals of similar size, effect on resources and response to
resources of both species must be taken into account to determine their net interaction. The
competitive success of each individual can be ranked in view of such effects and responses,
depending on the extent of suppressing or tolerating the neighbour. Two classical theories
exist on the determinants of competitive ability: The one was posed by Grime and the other
by Tilman (both reviewed by Grace, 1990). Grime (1977) associates competitive ability with
traits that maximize resource capture by individuals, ie. the competitive success is a
reflection of the individual capacity to exploit resources rapidly. In his scheme, those plants
that during their live history are adapted to low levels of stress (defined as “the external
constraints which limit the rate of dry-matter production of all or part of the vegetation”) and
disturbance (defined as “mechanisms which limit the plant biomass by causing its
destruction”) are referred to as “competitive”. Additionally, Grime supports the idea that
superior competitors for light would be equally successful in competing for soil resources. In
contrast, Tilman (1982) defines a superior competitor for a resource as one whose
population can deplete the resource to a lower level at equilibrium. The species with the
lowest resource requirement will then competitively displace all other species at equilibrium.
However, when the community is not at equilibrium, traits other than the ability of individuals
to tolerate low resource levels become important. Moreover, Tilman supposed that plants
face a trade-off between their efficiency to compete for above- and below-ground resources,
and hence good competitors for light would have a low ability to exploit soil nutrients.

As shown above, the differences in concepts of expressing competitive ability between
Grime and Tilman are consistent also with their different assumptions about trade-offs for
different resources. These discussions so far have assumed that resource supplies are
constant. However, in nature, soil resources are often supplied by pulses due to sporadic
rainfall and the effects of temperature, moisture or organic deposition on microbial activity.
When resources occur by pulses, species with rapid uptake are more likely to be able to take
advantage of the pulse than are slower-growing species with low uptake rates but tolerance
of low resource levels (Grace, 1990).

In addition to the allocation in primary metabolism (growth), plants have other resource
demands related to the defence (secondary) metabolism (Herms & Mattson, 1992; Matyssek
et al., 2002). Hence, the competitive success depends on the efficiency of plant “allocation
strategies”, i.e., the internal conflict (or trade-off) in the allocation of the internal resources
(carbon, water, nutrients) to the different sinks (growth and/or defence; Fig. 2).

10
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The conceptual model proposed by Herms & Mattson (1992) claims that increasing (external)
resource availability from the level of limitation towards saturation does reduce the proportion
of secondary metabolites along with an increase in primary production. This reduction is
believed to occur at the expense of defence but in favour of a stimulated primary metabolism
and, as a consequence, fostered plant competitiveness (www.sfb607.de). This view supports
Grime’s theory according to which the abiotic stress (defined as disturbance reflected, e.g. by
increased allocation to secondary metabolism) is related to competition, whereas the
importance of competition (concerning growth as an outcome of competition and indicator of
individual fitness) decreases with increasing stress (Donovan & Richards, 2000). However,
the long-lived woody plants may reflect a “defence strategy” that differs along gradients of
natural productivity in quantitative and qualitative ways in relation to the primary and
secondary metabolism (Ladd & Facelli, 2005).

Limitation Saturation
Frimary
A& Production
L .
2 Primary
g Metabolism
oy Figure 2: The conceptual
g model of resource
= allocation (adapted from
L Herms & Mattson, 1992;
" Secondary from Matyssek et al.,
Metabolism 2002) along increasing
famaaat el resource availability, and
> the trade off between
Increasing resource availability primary and secondary
after Herms & Mattson [1993) metabolism.

1.1.3 Quantifying the competitive success in plants: investments vs. returns

The competitive success in plants depends on the efficient allocation of nutrients and
assimilates to the different resource sinks (Bazzaz & Grace, 1997). Plants must balance their
functionality between (1) resource costs (investments), i.e., investment of internal resources
in structures for space sequestration (i.e. of the above- or belowground space that harbours
the external resources) and maintenance of such structures (resource-capturing organs)
within the occupied space, and (2) resource benefits (returns), i.e., acquisition of resources
from external pools which are shared with the neighbours. To understand competitiveness of
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plants, quantitative assessments of the resource cost/benefit relationships are necessary

(Matyssek et al., 2002; Reiter et al., 2005; Kozovits et al., 2005a, b). To this end, three types

of space-related investment-return ratios (called “efficiencies”) were defined (Grams et al.,

2002):

(1) space occupation (occupied above or below-ground space per unit of resource
investment, e.g. of biomass);

(2) resource gain (resource acquisition per unit of resource investment, or of occupied
above and below-ground space);

(3) “running costs” by respiration and transpiration (i.e. per unit of sequestered volume) for
sustaining the occupied space and the functionality of organs involved in competition.
Such efficiencies allow, in an economic context, the mechanistic and quantitative analysis of
competitive success of hedgerow and woody species (Klppers, 1984; Klppers, 1985; Reiter
et al., 2005; Kozovits et al., 2005a). However, such “efficiencies” have been assessed mainly
for the aboveground plant organs (Klppers, 1984; Kippers, 1985; Reiter el al., 2005;
Kozovits et al., 2005a). The definition of these efficiencies is based on the consideration that
plants must to balance their resources between development and maintenance of structures
responsible for occupation of space (above- and below-ground) and, through this, ensuring

the effective acquisition of new resources within this space (Matyssek & Schulze, 1987).

1.2 Below-ground competition

Belowground competition occurs when plants decrease the growth, survival, or fecundity of
neighbours by reducing available soil resources (Casper & Jackson, 1997). In contrast to the
aboveground competition amongst plants which primarily involves a single resource, namely
light, plants compete for a broad range of soil resources, including water and several mineral
nutrients that differ in molecular size, valence, oxidation state, and mobility within the soil.
According to Begon’s definition of competition (cf. section 1.1) and Goldberg’s mechanistic
framework for resource-mediated competition (Fig. 1), the limited level of the intermediary
(here, soil resources) has a negative impact on the performance of the competing plants
measured per individual plant, or per unit plant size. Unlike competition for light, in which
larger plants have a disproportionate advantage by shading smaller ones, competition for soil
resources is apparently more symmetric (Casper & Jackson, 1997). However, below-ground,
the ability to take up soil resources and the competitive ability are not necessarily correlated,
e.g. as in the case of habitat partitioning by growth into deep soil horizons and tapping of
water reserves which are unavailable to shallow-rooted neighbours (Casper & Jackson,
1997). This kind of partitioning may decrease competition for water. Plants also differ in their

ability to convert soil resources to biomass, referred to as water-use efficiency or nutrient-use
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efficiency (Nobel, 1991; after Casper & Jackson, 1997), which can affect relative plant growth
rates across a soil resource gradient even in the absence of below-ground interactions. In
addition, direct interference in plant competition through allelopathy (Olofsdotter et al., 2002),
competition between plants and soil micro-organisms (Kaye & Hart, 1997), or mycorrhizae do
alter interactions between root systems in complex ways (Bauhus & Messier, 1999).

1.2.1 Mechanism of below-ground competition

Since the mechanism through which plants can affect soil resource availability is depletion
due to resource uptake (e.g. indirect root interactions, see Fig. 1), three general processes
by which soil resources can pass the root surface are involved in below-ground competition
(Casper & Jackson, 1997):

1. root interception: the capturing of water and nutrients as the root grows through the soil,
physically displacing soil particles and clay surfaces;

2. mass flow of water and dissolved mineral nutrients: is driven by plant transpiration, and is
a function of the rate of water movement to the root and the concentration of dissolved
nutrients in the soil solution; is more important for uptake of nitrogen, especially nitrate;

3. diffusion: occurs when nutrient uptake exceeds the supply by mass flow, creating a local
concentration gradient; is especially important for nutrients with large fractions bound to the
solid matrix, such as potassium and phosphate.

Besides root interception (accounts for less than 10% of the resource uptake by roots and is
the least important of the three processes), resource uptake (e.g. competition) via diffusion
has received the most attention, since the neighbouring roots reduce nutrient uptake when
nutrient depletion zones (i.e. the radius of the concentration gradient around roots; Walker et
al., 2003) overlap. Soil moisture and soil type were predicted to be the major determinants of
diffusive nutrients supply in the soil, and therefore the primary factors determining the
mechanisms of below-ground competition (Volder et al.,, 2005; Raynaud & Leadley, 2004).
This concept is less applicable to water and dissolved nutrients that are primary supplied by
mass flow. Regarding such nutrients, aboveground characteristics, such as maximum
transpiration rate or stomatal conductance, will both affect water uptake and will be affected
by the rate of water uptake (Schulze et al., 1994). Therewith, the most efficient way for a
plant to compete whit its neighbour is to take the resource before its neighbour does and
such indirect root interactions may favour speed over efficiency of nutrient uptake (Nobel
1991).
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In addition to competition through resource depletion, contest competition may occur where
the roots of different individuals may interact directly by releasing organic compounds, such
as: toxic exudates that inhibit the growth of the neighbouring plants (Bais et al., 2003) as well
as releasing of non-toxic signals that indicate an individual’s presence (Bruin et al., 1995).
Such direct interactions may allow assessment of the origin of neighbouring roots (as self or
non-self, Gersani et al., 2001). Schenk et al. (1999) expect such responses to ensure that
root systems of different plants achieve a high degree of segregation (as shown for beech
and spruce roots in Schmid & Kazda, 2005). Such “ownership” of space allows a plant to
favour efficiency rather than speed of uptake when developing its root mass, architecture,
and uptake kinetics (Gersani et al., 2001). Understanding the mechanisms that control plant
competition for soil nutrients is an essential step in predicting the outcome of interspecific
competition, the role of niche differentiation in plant competition, and the interactions
between plant diversity and ecosystem functioning (Tilman, 1988).

1.2.2 Quantifying the competitive ability in plants below-ground
To understand the complex mechanisms of competition for soil resources, Casper & Jackson

(1997) consider morphological and physiological root attributes which correlate with the
below-ground competitiveness of plants (Fig. 3).

Belowground Competition In Plants
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The occupation of soil space is of primary importance in below-ground competition and is
predicted to play a predominant role for uptake of nutrient ions that have a low diffusive
supply in the soil (Raynaud & Leadley, 2004). The ability to occupy space is found to depend
on several root characteristics related to root abundance, such as: relative growth rate,
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standing biomass and fine root longevity (Leuschner et al., 2001); or to morphological root
characteristics such as specific fine-root length (Grams et al., 2002; Kozovits et al., 2005a)
and root surface area (Raghothama & Karthikeyan, 2005). However, root abundance alone is
insufficient to explain the relative uptake rates among different tree species. In two grasses,
Caldwell et al. (1991) found the same acquisition of phosphate from nutrient patches despite
the difference in the root biomass. Other factors, such as mycorrhizae and their spatial and
temporal partitioning may explain the lack of close relationships between root density and the
outcome of competition. The ability to quickly adjust in morphological (demographic and
architectural) or physiological terms (enzymatic alterations, osmoregulation) to changes in
the local environment is defined as plasticity and is crucial for the competitive ability of plants
(Bliss et al., 2002; Hodge, 2004). This feature allows plant roots to proliferate into nutrient-
rich patches (Huang & Eissenstat, 2000); however, the costs of morphological plasticity,
uptake kinetics and mycorrhizal activity should by taken into account (Gersani et al., 2001).
For instance, Huang & Eissenstat (2000) report numerous evidences about considerable
energy investments related to patch space exploitation below-ground.

Traditionally, below-ground competition is quantified by the extent of reduced resource
uptake, vegetative growth or proliferation due to root interactions (Gersani et al., 1998;
O’Brien et al., 2005). The methods which are used for estimating below-ground competition
often affect soil environment, and hence, constrain sharing of resources. Another approach
which involves less manipulation is based on the estimation of changes in shared resources,
but problems of scaling may result. Casper & Jackson (1997) recommend combined
approaches to document both the resource intermediary and the significance of root
interactions on below-ground competition.

There is ongoing debate on the determinants by which species may be successful in
competition under changing environmental conditions, and on the relative importance of
competition per se in determining species composition of plant communities (Chesson,
2000). This question can be elucidated through productivity gradients as resulting from such
in resource availability. Such a gradient was experimentally employed within the framework
of the interdisciplinary research program Sonderforschungsbereich 607 (SFB 607) “Growth
and Parasite Defence — Competition for Resources in Economics of Plants from Agronomy
and Forestry”. A twice-ambient Oz regime (maximum level restricted to 150 nl I'") was
employed to curtail carbon availability in plants upon Oz-induced reduction of photosynthesis.
In this context, ozone was not regarded as an air pollutant, but as an analytical tool to
experimentally invoke disturbance in the carbon allocation of trees — i.e., to derive regulatory
mechanisms in allocation from the response to this kind of disturbance (Matyssek et al.,
2002).
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1.3 Competitiveness under the influence of ozone

The tropospheric O3 concentration has been increasing for several decades (Fabian, 2002),
and may nowadays reach peak concentrations of 100-200 nl I in urban areas (Musselman
et al.,, 1994). It is widely recognised that this increase in ozone results from anthropogenic
pollution (e.g., car traffic, industry) at the local or trans-regional scale, and that ozone can
affect vegetation when exceeding natural, pre-industrial levels (Matyssek et al., 1995). One
important sink is the degradation and uptake of tropospheric ozone by plants.

1.3.1 Ozone impact on forest trees

Ozone enters plants by diffusion through stomata into the mesophyll. Injury to plant leaf
tissue results from oxidation of biological compounds by Oz and derivates like free radicals
(Mittler, 2002; Edreva, 2004), adversely affecting biochemical and physiological processes
(Polle, 1998). Ozone-induced alterations in plant growth and biomass allocation are
documented in crops (McCrady & Andersen, 2000), seedlings (Andersen & Rygiewicz,
1995), and juvenile trees (Utriainen & Holopainen, 2001; Uddling et al., 2004). The O; effects
on above-ground plant parts may incite growth and crop reduction (Matyssek & Innes, 1999;
Giles, 2005), stimulation of carbonyl emissions from leaves (Cojocariu et al, 2005),
enhanced low-molecular antioxidant concentrations in leaves (Grulke et al., 2003), increased
phenolics in leaves (Saleem et al.,, 2001), enhanced 1-aminocyclopropane-1-carboxylate
(ACC) level, reduction of gas exchange and accelerated foliar senescence in fall (Matyssek
et al., 1992; Grulke et al., 2002; Nunn et al., 2005a). O; injury is a consequence of the O3
uptake exceeding the detoxification capacity of the leaf mesophyll (Matyssek et al., 2004).
However, ozone impact on mature forest trees has rarely been examined experimentally; in

particular, (indirect) O; effects on below-ground processes are hardly understood.

Several studies in juvenile and adult forest trees suggest a reduction in C allocation to roots
under both short-term and long-term ozone exposures (Scagel & Andersen 1997; Grulke et
al., 1998; Matyssek & Sandermann, 2003). The higher C demand in leaves under O; stress
is reflected by C limitations within the root system which can disrupt their prominent function
to store the carbohydrate reserves (Andersen, 2003). In controlled experiments, ozone
fumigation of Ponderosa pine seedlings reduced the available starch reserves within fine and
coarse roots during the following spring (Andersen et al., 1991). Additionally, changes in the
translocation of photosynthate to sinks in roots lead to altered interactions with rhizospheric
micro-organisms (Andersen & Rygiewicz, 1995; Scagel & Andersen, 1997; McCrady &
Andersen, 2000; Andersen, 2003). Often the observed stimulation in bacterial and fungal
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biomass disappeared after two years of O; fumigation (Kasurinen et al., 1999), or decreased
at higher O3 levels compared to the control (Scagel & Andersen, 1997).

Although below-ground Oj effects have been frequently observed in controlled conditions,
ozone effects on roots of mature forest trees have rarely been documented. Most of the
reports are from forest sites in the San Bernardino Mountains, California, where the specific
climatic conditions combine with the air pollutants from Los Angeles, resulting in elevated
chronic O3 exposure at the local forest sites (Grulke et al., 1998). Ponderosa pine and Jeffery
pine being most sensitive to O; showed depressed monosaccharide concentrations in fine
and coarse roots (Grulke et al., 2001) and a strong reduction in root biomass at the most
polluted relative to the least polluted site (Grulke et al., 1998). Simulated root dynamics of
individual adult sugar maple trees using the TREEGRO model (Retzlaff et al., 1996) confirm
the decline of fine and coarse root production as a response to ozone exposure. The
reductions in above- and below-ground biomass, and decreases in root exudation, root and
hyphal turnover due to elevated ozone levels can also significantly lower the C sink strength
and C input into the soil (Loya et al., 2003). Oz can alter C flux to soils also by changing leaf
litter quality (Saleem et al., 2001). Since belowground C allocation drives soil respiration
(Hogberg et al., 2001), O3 may induce changes in soil CO; efflux. Experimental studies on
Ponderosa pine seedlings (Scagel & Andersen, 1997) show increasing soil CO, efflux in
response to Oas. In forests, the response of soil respiration to ozone fumigation has not been
documented so far. A detailed review that emphasises O3 impact on physiological processes
within the complex plant-soil continuum is presented by Andersen (2003). The conceptual
diagram of this review (Fig. 4) shows the positions at which O3 disrupts the carbon flow in a
tree-soil system. Included is the transfer between below-ground biotic and abiotic
components that influence soil physical and chemical properties. Andersen (2003) points out
that future effort should be directed to quantifying changes that occur below-ground in
response to Oz, and to their potential impact on the long-term stability of ecosystems.
However, the simultaneous influence of a multitude of interacting factors (e.g., N deposition,
drought events) makes it difficult to ascertain ozone specific reactions of forests (Grulke et
al., 2002; Grulke et al., 2003).

17



Introduction

Carbon movement in plant and soil

co, ‘ co,
=

Allocation of © Litter inpuits
Ratanriian
CO, release:
Figure 4: Ozone effects
on the C flow in a tree-
TR soil system: arrows
—— denote carbon flux
& Payd il N pathways that are
exiddtion it affected by Oz;. Dashed
‘ \ *?ﬁ' lines indicate where
ﬂ-’gnﬂﬁ; -nnth‘-' e L 2 impact of 03 is
&y py S0l foodweh  gg expected but unknown
b W Bt (from Andersen, 2003).

Soil physical & Micro &
Chemical propedies * e macr Inveriebrales

1.3.2 Ozone fumigation experiment at “Kranzberger Forst”

Investigations of the impact of ozone on young woody plants have typically been carried out
in fumigation chambers (Saurer et al., 1995; Kozovits et al., 2005; Nunn et al., 2005b), where
even minor ozone effects could be identified as a result of the well defined, controlled
conditions. Even open-top chamber experiments (Blaschke, 1990; Isebrands et al., 2001;
King et al., 2001) were limited to young trees. A novel free-air system for the O3 fumigation of
entire canopies was developed recently by Werner & Fabian (2002). This system is installed
in a mixed stand “Kranzberger Forst” near Freising (Germany) consisting of about 25-30 m
high spruce and beech trees which are 50 to 60 years old (Pretzsch et al., 1998). The system
has been operated since May 2000 in the framework of the interdisciplinary research
program Sonderforschungsbereich 607 (SFB 607) “Growth and Parasite Defence —
Competition for Resources in Economics of Plants from Agronomy and Forestry”. During the
first phase of this program, the main aim of the research was to clarify the efficiencies by
which space is being sequestered, exploited and sustained under contrasting environmental
conditions (Reiter, 2004, Reiter et al., 2005). Nunn et al. (2005a) summarize responses of
structural, phenological, physiological and biochemical parameters to high O3 doses in beech
and spruce at that site across three growing seasons (from 2000 to 2002). Responses of
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some parameters (e.g. length of growing season, leaf injury) tended to decrease from 2000
to 2002 and showed large variations at the different scaling levels and between foliage types

and growing seasons.

1.4 Competitiveness under the influence of drought

Drought represents the major constraint on plant growth and productivity in most terrestrial
plant communities (Chaves et al., 2002). Periods of soil and/or atmospheric water deficit
often occur during a plant’s life cycle even outside the arid/semi-arid regions, as reported for
temperate forests (Law et al., 2000). Water limitation can prove to be a critical constraint to
primary production under future climate scenarios of global change (Kalvova & Nemesova,
1997; Ciais et al, 2005). The plant’s competitive ability strongly relies on the water
availability during growth. In this way, the sequestration of the resource water is the pre-
requisite for growing structures, occupying space, exploiting that space for resources and, as
a consequence, out-competing neighbouring plants (Matyssek, 1999). In order to occupy and
exploit space, the rapidity in space occupation (e.g. the growth rate) is crucial for the
competitive success relative to neighbours. The implications of water shortage for the
metabolism and growth of trees have been studied intensively with emphasis mainly on
above-ground processes, and prognoses at the whole-tree level are greatly limited by the
lack of below-ground investigations (Joslin et al., 2000; Leuschner et al., 2001). Furthermore,
the root-growth strategies were found to differ distinctly between conifers and angiosperm
tree species (Bauhus & Messier, 1999; Schmid & Kazda, 2005). Consequently, a multi-level
whole-tree approach has to be adopted for quantifying drought responses of adult trees in
context of plant competition (Bréda & Granier, 1996).

Plant strategies to cope with drought normally involve a mixture of stress avoidance (e.g.
deep rooted perennials or winter/spring annuals) and tolerance “strategies” (e.g. drought-
tolerant sclerophyls) that vary with genotype. Plants can also endure drought conditions by
avoiding tissue dehydration, while maintaining tissue water potential as high is possible, or
by tolerating low tissue water potential. Dehydration avoidance is associated with a variety of
adaptive traits: (1) minimising water loss (e.g. by closing stomata, shedding of older leaves)
and (2) maximising water uptake (e.g. by adjusting the allocation pattern, namely increasing
investment in the roots; Jackson et al., 2000). Plant adjustments to the low resources include
altered leaf and/or root structure: whereas short-lived organs can be discarded in response
to stress, long-lived organs must optimise their resource gain. This response results in lower
turnover rates and therefore higher nutrient-use efficiency, which means that plants can

partially compensate for lower rate of carbon gain by investing less in new constructions
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(Casper et al., 2001). However, long-lived structures have to tolerate and survive periods of
hostile environment, which require various protective mechanisms ranging from anatomical
and morphological characteristics to the biochemical mechanisms as osmotic adjustment
(Smirnoff, 1995). Another tolerance strategy to survive the dry season is the partial plant
dormancy (Mittler et al., 2001). Acclimatory changes in the root/shoot ratio or the temporary
accumulation of reserves in the stem under water deficit are accompanied by alterations in
carbon and nitrogen metabolism, the fine regulation of which is still largely unknown
(Pinheiro et al., 2001).

Under severe drought, it has been documented for soybean seedling experimental system
(Matyssek et al., 1991) that the water capacitance of roots does not support the above
ground growth, rather the roots exploit their own water storage and that of the shoot for
assuring their own growth. This behaviour appears to be the reason for the typically
enhanced root/shoot ratio of plants which grow under edaphically dry site conditions
(Matyssek, 1999). For forest trees it has been reported that species with deeper root systems
and higher root/shoot ratios are generally better adapted to dry climatic regimes than
shallow-rooted species (Caldwell & Richards, 1986; Kozlowski et al., 1991). Additionally,
several experimental studies indicate that, when trees experience moisture stress in one part
of the rooting zone, root growth increases in areas where water is still available, usually at
grater depths (Hendrick & Pregitzer, 1996). However, Osunubi & Davies (1981) found this to
be the case for seedlings of a deep-rooted tree species, but not for a shallow-rooted species.
Typically in dry habitats was found that taproots reaching deep and moist soil horizons or the
groundwater table provide water to the horizontally growing, shallow fine-root zone
underneath the soil surface, where root turn-over can be high (so called “hydraulic lift”,
Caldwell & Richards, 1989). By this, the environment (rhizosphere) within the shallow root
zone becomes favourable and stimulates for further root growth. The water released from
roots has implications for biotic interactions with rhizospheric organisms and other plants
attracted by the upper-most soil horizons.

In the southern part of Central Europe (where the experimental site is being situated) the
summer of 2003 was characterised by above-average insolation, distinctly enhanced daily
mean temperatures and exceptional drought conditions (Raspe, 2003). Such extremes
regarding Central-European summer conditions set the stage for evaluating the below-
ground responsiveness of both competitors to drought in a mixed beech-spruce stand
“Kranzberg Forst” near Freising/Germany.
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1.5 Aim of the study

The focal point was on the tree root activities at the experimental site “Kranzberger Forst”. In
consistency with previous aboveground studies (from 1999 to 2002; Reiter et al., 2005), the
main aim was to quantify the physiological basis of belowground competitiveness between
deciduous broad-leaved Fagus sylvatica and evergreen coniferous Picea abies trees which
grew in a mixed forest during the experimental period of 2002 through 2004. Both species
are strong competitors according to comparable ecological power (Otto, 1994), and are of
major economic interest in Central-European forestry. In the present work, the below-ground
competitive ability of the experimental plants was investigated through combining
conventional with novel approaches of a quantitative, space-related assessment of
cost/benefit relationships. These latter approaches had successfully been used in previous
studies of aboveground competitiveness (Grams et al., 2002; Reiter et al., 2005; Kozovits et
al., 2005a, b). From main interests is to assert the explanatory power of the space-related
“cost/benefit relationship” approach for competition-related below-ground studies. In the
present work, tree response to free-air ozone fumigation at the crown level was related to
different water availability across the three experimental years (including the extraordinary
summer drought of 2003) to analyse the belowground responsiveness of both competitors to
disturbance under forest stand conditions.

The hypotheses to be examined were:

(i) Limited carbon gain by the foliage, as caused by Oj stress or water limitation, results
in stimulation of compensatory fine-root production;

(i) Spruce being more conservative in resource turnover is less affected below-ground
by ozone stress than beech; conversely, relative to beech, the root system of spruce
is more affected by drought;

(iii) Ozone exposure enhances the CO, efflux from the soil, whereas drought reduces this
efflux;

(iv) “Autotrophic” soil respiration (SR.: by roots and mycorrhizosphere) and
“heterotrophic” soil respiration (SRy: by free-living soil micro-organisms) differ in their
response to changing soil temperature and soil water content, with higher sensitivity
reflected in SR;;

(V) The responses of beech and spruce plants to O; stress and water limitation depend
on type of competition (i.e. intra- or interspecific);

(vi) Below-ground competitiveness of adult beech and spruce trees is determined by

similar efficiency ratios as above-ground competitiveness.
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2 MATERIAL AND METHODS

2.1  Site description

Measurements were made in a mixed forest of adult European beech (Fagus sylvatica L.)
and Norway spruce (Picea abies [L.] KARST) at “Kranzberger Forst” (48°25°08”"N,
11°39’41”E, 490 m a.s.l.; Pretzsch et al. 1998, http://www.sfb607.de) near Freising/Germany.
Two groups of approximately 60-year-old beeches (60 to 100 individuals each) were
surrounded by spruce trees which were seven years younger but overtopped beech in
height. An understorey of Rubus fruticosa agg., Oxalis acetosella and the moss Hylocomium
splendens (Hedw.) B.S.G. (ground coverage of 5 to15 %) was present only under spruce.
Rooting depth was about 1m in a luvisol (FAO classification) which had developed from loess
over tertiary sediments and provided ample water and nutrient supply. Local climate
classified as temperate (sub-atlantic to sub-continental) was characterized by a mean daily
air temperature and annual precipitation of 7.8°C and 785 mm, respectively (30-year record
each, 1970 through 2000), with periods of snow cover between December and February.
Climatic data during the 3-year study period (2002, 2003 and 2004) are shown in Tab. 1.

Table 1: Climatic data summarized for 2002, 2003, and 2004 and for the 30-year record 1970 through
2000. Air temperature (T,;) and precipitation (P) were measured at neighbouring Level Il monitoring
site “Freising”, LWF. Soil temperature (T;) was recorded at the border of the humus layer and mineral

soil at the site “Kranzberger Forst”. Growing season is defined as May 1 through September 30
(accordina to Otto. 1994).

Year Mean Mean T, Mean T Mean T, Annual P P during
annual Ty, of growing (°C) of growing (mm) growing
(°C) season season season
(°C) (°C) (mm)
2002 8.88 15.74 8.13 13.44 1015 539
2003 8.81 18.01 7.93 14.28 558 279
2004 8.07 15.13 8.09 13.04 779 373
1970-2000° 7.82 14.81 n.d. n.d. 786 442

" Data from DWD station ,Weihenstephan®; n.d. = not determined

The summer of 2003 was characterised by above-average T, of the growing season and
exceptional drought conditions. The climatic extremes across the study years regarding
Central-European summer conditions set the stage for evaluating the responsiveness of both
competitors to drought in the mixed beech-spruce stand of “Kranzberger Forst”.
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2.2 Species description

2.2.1 European Beech (Fagus sylvatica L.)

2.2.1.1 Area of distribution

Fagus sylvatica is assumed to be the widest-spread tree species in Central Europe if
undisturbed by anthropogenic influences (Fig. 5, Schitt et al., 2002). It is a tree species of
temperate and warm-temperate climate (sub-mediterranean), reaching the optimum in
occurrence in Central Europe. After the last glacial period, European beech re-immigrated
into Central Europe from the southern Balkan Peninsula and southern Apennines
(Felbermeier & Mosandl, 2002). European beech predominates within sub-mountainous
altitudes, extending to mountainous and colline elevations. Preferable is humid and mild
climate during winter (minimum annual precipitation from 500 to 600 mm and mean annual
air temperature from 4 to 15 °C). Beech can endure dry periods of up to 3 months,
depending on topography and soil conditions, and can even tolerate high temperatures in the
absence of prolonged drought.

Figure 5: Natural distribution area
(hatched) of Fagus sylvatica L. in
Europe, (from Schitt et al., 2002).

2.2.1.2 Species characteristics

Above-ground: F. sylvatica is a deciduous tree reaching heights of up to 30 (40) m in forest
stands of edaphically non-limiting site conditions. Beech can regenerate vegetatively by
forming root and stool sprouts. At the timberline in the southern parts of the distribution area,
beech can develop a shrub-like habit. The crown of young trees is pyramidal, and in adult
trees it is oval to ball-shaped. When growing solitary in the open landscape beech trees
develop a wide, spreading crown with live branches along the entire stem length (Kutschera
& Lichtenegger, 2002).
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Below-ground: Beech develops a typical “heart-root system”, occupying moderately deep
soil layers as depending on topography and soil conditions. The majority of coarse roots (>2
mm in diameter) proliferate vertically in the proximity of the stem basis, reaching deeper soil
layers. In beech stands, the numerous and densely packed root ramifications often show
symphyses within or between root systems of individual trees. In adult beech trees, roots
contribute little to the total plant biomass (13 to 17%, according to Mdller et al., 1954), which
is explained by the low fraction of large roots (diameter >20 mm). The widely reported high
root density in beech is due to the high fraction of fine roots (diameter < 2 mm) which are
located together with small roots (2-5 mm in diameter) within soil layers rich in organic
matter. Coarse roots of the mineral soil rather than topsoil are characterised by low
branching into fine roots (Kutschera & Lichtenegger, 2002). The fine roots of beech are
highly colonised by ectomycorrhizal fungi (Leuschner et al., 2004).

Deep-rooting is not strongly pronounced in beech: The mean rooting depth is 120-140 cm
(Kostler et al., 1968). In compacted loamy soils, as luvisoils, beech is rooting at a maximum
depth of 80 to 90 cm. On poorly aerated and waterlogged soils, rooting depth can be
restricted to 50-70 cm. At favourable site conditions (soil temperature > 0°C), root growth in
beech can be maintained during the whole year with 2 periods of intense increment: in spring
(April/May) and in fall, after a short break in summer (Géttsche, 1972). Beech fine roots are
protected against pathogenic infection and drought due to cell-wall cutinisation in the
rhizodermis (Kutschera & Lichtenegger 2002). Leuschner et al. (2001) reported increasing
mortality of finest roots (diameter < 1mm) in beech during summer drought but compensatory
production upon re-wetting of the soil.

2.2.2 Norway Spruce (Picea abies (L.) Karsten)

2.2.2.1 Area of distribution

Norway spruce is a tree of cool-temperate climate and has a natural area of distribution
extending from Central Europe to the continental and eastern regions of Asia (Fig. 6). After
the last glacial period, spruce re-immigrated into Central Europe from Central Asia (Otto,
1994), the Balkan Peninsula, the Apennines and the southern Carpathian Mountains
(Schmidt-Vogt, 1989). Mountainous sites rich in precipitation (Alps, Carpathian Mountains)
are optimal for the occurrence of spruce in Central Europe. During the growing season,
spruce requires at least 40 mm precipitation per month and a mean annual air temperature
that ranges between -10 and 10 °C. Picea abies is frost-resistant, but sensitive to late-frosts
in spring. Since Norway spruce is a productive tree species of low site demands, it has been
cultivated since two centuries outside its natural distribution area. The main limiting factor in
Central European is low soil water supply during summer (Schitt et al., 2002).
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Figure 6: Natural distribution area
(hatched) of Picea abies in Europe
(from Schdtt et al., 2002).

2.2.2.2 Species characteristics

Above-ground: P. abies is an evergreen tree that reaches heights of up to 40 (50) m on
edaphically non-limiting sites. It grows in a monopodial way, forming a straight and cylindrical
stem. The crown is pyramidal and its length and form depends on the stand structure and
climate. Wide crowns are typical in trees growing at lower altitudes, and more tapered
crowns are characteristic in northern Europe and in mountainous regions (Schmidt-Vogt,
1989). Three different branching patterns exist: the prevailing “brush” type, a “comb” type,
and a “plate” type. All these types of branching are genetically fixed and can occur on
different individuals within the same stand. Vegetative regeneration in spruce is rarely

observed, but can occur at cold and N-exposed sites (Kutschera & Lichtenegger, 2002).

Below-ground: Spruce forms shallow root systems, characterized by a flat root plate with
numerous vertical ramifications. In adult trees, this plate forms robust sinker roots. On poorly
aerated, loamy or wet soils, the sinker roots are poorly developed and reach low depth only.
Flat root plates are also formed in cold or warm but dry forest soils. However, on well
aerated, nutrient-rich and moist soils, the sinker roots of spruce can reach a depth of 150 to
170 cm. Horizontally spruce roots can spread across 18 m (Kdstler et al., 1968). Symphyses
are often observed in spruce stands and may be present in 35% of the trees. Since 60 to
80% of the root system is located within the upper soil horizons, spruce is susceptible to
wind-throw. Fine-root production depends on soil temperature, moisture and aeration. Fine-
root density decreases rapidly with soil depth. In adult trees, roots amount to 15 and 25% in
the total plant biomass depending on site conditions. Fine roots of Norway spruce are highly
ectomycorrhizal (Géttsche, 1972).
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The mean rooting depth of spruce is 80 to 100 cm, whereas the maximal fine root density is
located at the transition between organic (Oh) and humic (Ah) topsoil layers (Géttsche, 1972;
Ammer & Wagner, 2002). A remarkably low fine-root density was observed within the organic
topsoil as a result of drought (Kutschera & Lichtenegger, 2002). Distorted vertical
ramifications of coarse roots were present in loamy, poorly aerated mineral soil. Fine-root
growth of Norway spruce is restricted in strongly compacted soil horizons (e.g. at soil density
>1.3 kg I'; Kostler et al., 1968) or in waterlogged soils. Root growth of spruce initiates in
spring before bud burst and reaches a maximum by early summer. In the absence of drought
and at soil temperatures above 6°C (Ladefoged, 1939; from Puhe, 2003), intense root growth
can occur in autumn and continue through early winter. Summer drought may disrupt root
growth so that root tips become suberized and stay brownish as during winter, thus the
discolouration rapidly extends to the root tip (Puhe, 2003). Fine roots of P. abies reduce
growth when exposed to increased N input and increased soil acidity, being accompanied by
reduced mycorrhizal frequency (Kutschera & Lichtenegger 2002).

2.2.3 Central European mixed forests with Fagus sylvatica and Picea abies

Central European forests tend to display homogeneous structure during the final stage of
development (Schiitz, 1990). Natural mixed forests prevail in the transition zone between
different climate regions (Fig. 7). One example is the natural beech-fir-spruce forest, which is
one of the most productive forests in Europe (Otto, 1994). However, mixed forests with only
beech and spruce exist rarely in nature (e.g. predominantly in mountainous regions). The
higher physiological power of beech may be one reason (Otto, 1994). The physiological
power is defined by Otto (1994) as the interaction of three factors. One factor is related to the
species-specific requirement for climate and soil properties. Beech typically grows on warmer
sites with less annual precipitation in comparison with spruce (Fig. 8). The second factor is
the species-specific competitive ability. At comparable shade tolerance, biomass production
and regeneration capacity, beech shows higher stand stability than spruce. However, the
below-ground competitive ability of both tree species, when growing under same stand
conditions, has rarely been studied (Schmid & Kazda, 2002). This latter issue was, however,
the aim of this present study. The third factor is related to the external hazards of the
species. Spruce is more endangered from forest fire and biotic enemies than beech. As an
example, a study in Switzerland showed that heartwood decay in spruce accelerated in
mixed culture with beech, but decreased when spruce grew in mixture with fir (Schitz, 1990).
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Figure 7: Natural forests in
Central Europe (without Alps)
with beech (Bu), spruce (Fi), fir
(Ta), oak (Ei) and pine (Kie),
(from Otto, 1994).
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Figure 8: Dominating tree species within the natural vegetation of the Alps as placed in the co-ordinate
system according to ecological characteristics: annual precipitation (P,,), and mean annual air
temperature (T4;) (from Ellenberg, 1996). Red ellipse defines the range of pure beech forests, and the
green ellipse denotes pure spruce forests. The blue dotted line shows the climate characteristics of
“Kranzberger Forst” site as based on long-term averages (1970-2000; from Tab. 1).
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Since spruce shows very high productivity in natural stands, spruce was planted on former
beech stands across Central and Eastern Europe, as the need for timber increased during
the 18™ century. Nowadays, cultivation of pure spruce and mixed beech-spruce forests has
become a major economic interest in Central-European forestry. Mixed beech-spruce forests
are preferable because of their stabilising effect on biodiversity (Schitz, 1990). According to
common silvicultural practice, beech trees are usually planted as small (500 to 1000 m?) or
big (1000 to 5000 m?) groups in view of effective management (Ammer, pers. comm.).

2.3 The Kranzberg Ozone Fumigation Experiment (KROFEX)

KROFEX was installed at the experimental plot of the research site “Kranzberger Forst”
(Fig. 9 and Fig. 10), and has been operating continuously throughout the growing seasons
(from May to the end of October) since early 2000 (Nunn et al., 200