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Abstract

This  thesis  focuses  on  how  elevated  CO2 and/or  O3 affect the below-ground processes in
semi-natural vegetation, with an emphasis on greenhouse gases, N cycling and microbial
communities. Meadow mesocosms mimicking lowland hay meadows in Jokioinen, SW
Finland, were enclosed in open-top chambers and exposed to ambient and elevated levels of
O3 (40-50 ppb) and/or CO2 (+100 ppm) for three consecutive growing season, while
chamberless plots were used as chamber controls. Chemical and microbiological analyses as
well as laboratory incubations of the mesocosm soils under different treatments were used to
study the effects of O3 and/or CO2. Artificially constructed mesocosms were also compared
with natural meadows with regards to GHG fluxes and soil characteristics. In addition to
research conducted at the ecosystem level (i.e. the mesocosm study), soil microbial
communities were also examined in a pot experiment with monocultures of individual
species. By comparing mesocosms with similar natural plant assemblage, it was possible to
demonstrate that artificial mesocosms simulated natural habitats, even though some
differences were found in the CH4 oxidation  rate,  soil  mineral  N,  and  total  C  and  N
concentrations in the soil. After three growing seasons of fumigations, the fluxes of N2O,
CH4,  and  CO2 were decreased in the NF+O3 treatment,  and  the  soil  NH4

+-N and mineral N
concentrations were lower in the NF+O3 treatment than in the NF control treatment. The
mesocosm soil microbial communities were affected negatively by the NF+O3 treatment, as
the total, bacterial, actinobacterial, and fungal PLFA biomasses as well as the fungal:bacterial
biomass ratio decreased under elevated O3. In the pot survey, O3 decreased the total, bacterial,
actinobacterial, and mycorrhizal PLFA biomasses in the bulk soil and affected the microbial
community structure in the rhizosphere of L. pratensis, whereas the bulk soil and rhizosphere
of the other monoculture, A. capillaris, remained unaffected by O3. Elevated CO2 caused only
minor and insignificant changes in the GHG fluxes, N cycling, and the microbial community
structure. In the present study, the below-ground processes were modified after three years of
moderate O3 enhancement. A tentative conclusion is that a decrease in N availability may
have feedback effects on plant growth and competition and affect the N cycling of the whole
meadow ecosystem. Ecosystem level changes occur slowly, and multiplication of the
responses might be expected in the long run.
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Abbreviations

C = carbon
CO2 = carbon dioxide
CH4 = methane
GHG = greenhouse gas (here only N2O, CH4, CO2)
N = nitrogen
N2O = nitrous oxide
O3 = ozone
OTC = open-top chamber
PLFA = phospholipid fatty acid
ppb = parts per billion
ppm = parts per million
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SUMMARY

Teri Kanerva
Department of Biological and Environmental Sciences
P.O. Box 27, 00014 University of Helsinki, Finland

1 Introduction

One of the prominent weaknesses in our understanding of how natural vegetation will respond
to increases in O3 and CO2 concentrations is our limited knowledge of the responses of
below-ground processes, for example GHG fluxes, N cycling and the microbial community
structure. These processes are, however, of vital importance to the soil ecosystem, as soil N
availability and microbial activity in the soil control the extent to which elevated O3 and CO2

affect plant growth (Andersen, 2003; Zak et al., 2000a). Disturbance of N cycling by elevated
O3 and CO2 may affect competition and interactions between plant species and thus modify
the structure and functioning of the whole ecosystem.

1.1 Rise in tropospheric O3 and CO2 concentrations

O3 is a phytotoxic secondary air pollutant produced in the troposphere, where sunlight reacts
with volatile organic compounds or oxides of nitrogen emitted by vehicles and industry. Since
the Industrial Revolution, anthropogenic activity has increased the tropospheric
concentrations  of  O3 (Vingarzan,  2004).  The  ambient  concentrations  of  O3 are today five
times higher than a hundred years ago (Marenco et al., 1994), resulting in O3 concentrations
typically between 20 and 60 ppb in the northern hemisphere. Since the generation of O3 is
based on solar energy, annual patterns may cause high concentrations during the growing
season,  especially  in  the  afternoon  hours  (Stockwell  et  al.,  1997).  O3 concentrations vary
across  regions,  and  they  are  known  to  be  a  regional  rather  than  a  local  problem,  since  the
primary air pollutants entailed in O3 accumulation can be carried by winds over long
distances. The concentrations of O3 are often higher in the rural areas of northern hemisphere
than in urban and remote background areas because anthropogenic emissions of O3 precursors
are carried from urban areas to rural areas (Prather and Enhalt, 2001).

Concurrent with the rise in O3, global CO2 concentrations have progressively increased to
today's level of 360 ppm and are predicted to increase to 550 ppm by the mid-21st century.
The reason for the increase of CO2 is anthropogenic, mainly resulting from the combustion of
fossil fuels and deforestation (IPCC, 2001).



10

1.2 Effects of O3 and CO2 on below-ground processes

The biological effects of O3 on plants have been studied for more than 50 years (Brennan et
al., 1969; Manning et al., 1972; Heagle et al., 1993; Volk et al., 2006), and O3 is  known to
cause visible foliar injuries and severe reductions in photosynthesis and growth. On the
contrary, the effects of CO2 are mainly beneficial, including stimulation of photosynthesis and
plant growth. However, our knowledge of the effects of both gases on below-ground
processes is still very limited. Direct effects of elevated O3 and CO2 on the components of soil
ecosystems are unlikely, since CO2 concentrations in soils are already 10–50 times higher
than those in the atmosphere (Lamborg et al., 1983), and O3 does not penetrate into soil (Blum
and Tingey, 1977; Turner et al., 1973). Therefore, the effects of elevated concentrations of O3

and CO2 on the below-ground system are likely to be mediated indirectly through altered plant
processes and C allocation (Andersen, 2003; Paterson et al., 1997; Zak et al., 2000a). Abiotic
factors, such as water status, nutrient availability, temperature and relative humidity may also
alter the magnitude of O3 and  CO2 effects  on  plants  (Davison  and  Barnes,  1998;  Hu  et  al,
1999).

What is more, the current knowledge of the below-ground processes has mainly been obtained
from experiments with crops and forest trees, and there is considerable uncertainty about
these processes in (semi)natural vegetation. This type of ecosystem with low N supply, which
includes species-rich meadows with high conservation value, is possibly at more risk under
elevated O3 and CO2 than managed agricultural ecosystems (Fuhrer, 2003). As the meadows
and other natural vegetation often grow under low human impact, below-ground changes
could have important feed-back effects on the composition of the plant community.

To describe simply the below-ground processes, I created a conceptual model that integrates
plant-soil  interactions,  with  an  emphasis  on  N  cycling  and  microbial  processes,  and  the
possible contributions of rising O3 and CO2 concentrations to these processes (Figs 1 and 2).
Each major compartment is discussed in the following sections.

1.2.1 Possible O3-induced changes

Plant productivity and C allocation

Elevated O3 is known to decrease net photosynthesis via oxidative damage to cell membranes,
especially chloroplasts (Karberg et al., 2005), and, consequently, to reduce dry matter
production (Cooley and Manning, 1987; Spence et al., 1990). Many O3-induced reactions,
such as repair processes and production of secondary compounds in leaves, cause an increase
in C demand, and thus a reduction in C allocation below-ground (Andersen, 2003; Bortier et
al., 2000; Coleman et al., 1995). This C limitation decreases root biomass and growth as well
as root carbohydrate concentrations, effects that have been reported in several species
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(Andersen and Rygiewicz, 1991; Cooley and Manning, 1987; Edwards, 1991; Kasurinen et
al., 2005; King et al., 2001; Rennenberg et al., 1996; Spence et al., 1990). In addition to
reducing root growth, exposure to elevated O3 can also decrease the amount of root exudates
(Edwards et al., 1990; McCool and Menge, 1983).

There is still little knowledge of the effects of O3 on root metabolism, even though decreased
allocation will lead to diminishing metabolic processes (Andersen, 2003). What is more,
decomposition of biotic residues is a process by which much organic C is mineralized and
returned to the atmosphere as CO2 (Booker  et  al.,  2005).  Taken  together,  O3 affects plant
productivity and chemistry, which might change rates of organic C turnover and affect the
global C cycle (Andersen, 2003; Islam et al., 2000; Larson et al., 2002). Thus, it may be
assumed that soil CO2 and CH4 fluxes will also be altered. However, so far studies on GHG
fluxes have only been conducted with forests (Edwards, 1991; McGrady and Andersen, 2000;
Loya et al., 2003) or in peatland (Niemi et al., 2002; Rinnan et al., 2003), which are highly
different ecosystems than meadows.

N cycle

Plant productivity and C allocation

Microbial components

= flux

Decomposition

O3

Plant photosynthesis &
growth, C allocation

Root mass Root exudation
and turnover

Soil microbial biomass

Microbial
community
structure

N2O

N POOL
Total N, mineral N

Plant N uptake

Nitrification &
Denitrification

CO2 and CH4

Figure 1. Conceptual model of plant and soil interdependencies on responses to elevated O3.
Each of the regions outlined by dashed lines is discussed in detail in the text.
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N cycle

Along with changes in biomass production, allocation and rhizodeposition, elevated O3 may
lead to significant alterations in plant residue decomposition (both litter quality and quantity),
nutrient cycling and microbial activities. Leaf litter is a major nutrient supply, since plant
residues are degraded in the soil by microorganisms and nutrients once bound to the plant
material are hence mineralized (Paul and Clark, 1996). O3 is reported to reduce leaf N content
and thus affect quality of needle and leaf litter (Andersen et al., 2001; Boerner and Rebbeck,
1995; Scherzer et al., 1998; Reid et al., 1998). However, all knowledge of O3-related changes
in litter quality is related to either forest trees or crops; there is hardly any data on the litter
quality of semi-natural vegetation, such as grasslands or meadows and therefore the data
should be generalized with caution. Meadows provide an interesting view of N cycling, as
there grows legumes in the biotope, among other herbaceous species. Legumes are N-fixers,
and  thus  provide  much  of  their  own  N,  and  increase  the  soil’s  N  concentration  through
leaching and decomposition (Mallarino and Wedin, 1990; Rannells and Wagger, 1997). In
addition to changes in litter quality, elevated O3 may affect decomposition processes by
reducing residue mass input, i.e. litter quantity. This effect has been reported in several
species, such as soybean and blackberry (Booker et al., 2005; Kim et al., 1998). Such changes
in litter quantity may cause modifications in mineralization of organic N and other nutrients.
If, then, soil mineral nutrients such as N are reduced, the whole N cycling process is affected
(Booker et al., 2005; Holmes et al., 2003).

Soil microbial activities, i.e. nitrification and denitrification, are of vital importance to N
cycling, since nitrification converts ammonium to plant-available nitrate while denitrification
reduces nitrate through intermediates to gaseous NO, N2O and N2, which are the lost to the
atmosphere (Paul and Clark, 1996). O3-induced changes in N cycling and available C would
be expected to slow potential nitrification and denitrification, although there is considerable
uncertainty regarding how these changes in microbial activity are modified. A previous study
with forest trees only reports no changes (Holmes et al., 2003) in potential microbial activities
and the actual processes are yet unstudied. As soil nitrification and denitrification are related
to  N2O emissions (Maag and Vinther, 1996; Müller et al., 2004), decreases in substrate
availability (i.e. changes in quantity and quality of leaf litter, and root exudates) for nitrifying
and denitrifying bacteria may also decrease N2O emissions.

Microbial processes

Soil microbial biomass is linked to plant roots and decomposition of plant residue, as the
microbes feed on the roots, root exudates or litter as shown in Fig. 1 (Paul and Clark, 1996).
Microbial growth and activity are commonly constrained by the availability of organic C;
therefore a decline in C inputs combined with reduction in the soil N through altered
decomposition could lead to shifts in the size and composition of soil microbial biomass and
affect the metabolic activities of microbes (Andersen, 2003; Holmes et al., 2003; Islam et al.,
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2000; Mulchi et al., 1992). The assumed decrease in soil microbial population size may also
cause changes in the structure of microbial communities, and this, in turn, may have
significant effects on the functioning (including emissions of GHGs and nutrient cycling) of
the microbial community and its interaction with the plant community (Andersen, 2003;
Yoshida et al., 2001). In addition, alteration of the abundance of certain soil organisms, such
as mycorrhizal fungi, may have a greater impact on ecosystem productivity than others (van
der Heijden et al., 1998). However, predicting these ecosystem-level changes is extremely
difficult,  since  there  are  no  all-inclusive  studies  on  the  effects  of  O3 on the structural or
functional components of soil microbial communities. In previous studies, O3 has  led  to
changes (Phillips et al., 2002; Yoshida et al., 2001) or no changes (Dohrman and Tebbe,
2005; Kasurinen et al., 2005) in soil microbial community structure.

All in all, the impact of elevated O3 on the complicated interactions found in the N cycle and
its microbial activities are poorly understood (Andersen, 2003; Bender et al., 2002). These
processes are, however, probably significant in determining the magnitude of plant response
to O3.

1.2.2 Possible CO2-related changes

The primary productivity of most temperate terrestrial ecosystems is N limited (Vitousek and
Howarth, 1991). Plenty of uncertainty emerges from the impact of elevated CO2 on plant and
microbial N acquisition and thus, consequent N cycling, which may cause long-term effects
on ecosystem responses to CO2 enrichment (Fig. 2).

Previous experiments with pot-grown plants using growth chambers, OTCs and FACE (free
air carbon dioxide enrichment) have shown that elevated CO2 increases plant photosynthesis,
biomass and thus growth. The extra C is allocated to roots and C input to soil is increased by
alterations in the quantity and quality of the organic substrates that plants add to soil through
litter fall, root turnover and root exudation (e.g. Berntson and Bazzaz, 1996; Diaz et al., 1993;
Zak et al., 1993; Hartwig et al., 2000; Hu et al., 1999; van Kessel et al., 2000).

N pool and GHGs

As a whole, the amount of N (mineral N) available to plants depends on N cycling (the rate of
N  uptake  by  plants  and  soil  organisms,  as  well  as  the  rate  of  release  of  inorganic  N  in
mineralisation, and the activities of denitrification and nitrification). Increased C input could
increase N availability by enhancing N mineralization (Hungate et al., 1996; Zak et al., 1993).
However, the results of previous studies are quite contradictory (Zak et al., 2000a), as the
rates of soil  N availability have been observed to increase (Holmes et  al.,  2003; Hungate et
al., 1997a, 1997b; Zak et al., 1993), decrease (Berntson and Bazzaz, 1997, 1998; Diaz et al.,
1993) or remain stable (Barnand et al., 2004; Gloser et al., 2000; Ross et al., 1996; Zak et al.,
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2000b) under elevated CO2. As said, nitrification and denitrification play a key role in N
cycling, and an increase in soil C feeding the bacteria responsible for these actions can result
in higher rates of denitrification and nitrification (Carnol et al., 2002), if certain soil
conditions are satisfactory (aerobic or anaerobic). In addition, elevated CO2 is known to affect
soil  water  availability  (Hu  et  al.,  1999),  a  factor  that  also  contributes  to  denitrification  and
nitrification processes. Increased soil water availability under elevated CO2 is  a  result  of
decreased stomatal conductance, and thus increased water use efficiency by plants (Jackson et
al., 1994).

= flux

Figure 2. Feedback mechanisms of soil microbes under elevated CO2. Positive feedback
(solid lines) is produced from enhanced C allocation and nutrient acquisition and negative
feedback (broken line) is caused by nutrient immobilization.

It has been suggested that a greater root biomass and C allocation to the soil (van Kessel et al.,
2000; Jackson and Reynolds, 1996) would provide increasing energy for denitrification under
suitable conditions (Baggs et al., 2003a), thus resulting in increased N2O emissions (Baggs et
al., 2003a, 2003b; Baggs and Blum, 2004; Ineson et al., 1998). As well as N2O fluxes, the
fluxes of  other trace gases such as CH4 and CO2 can be modified by elevated CO2. Several
studies of different ecosystems have indicated that CH4 consumption is reduced at elevated
levels of CO2 (Ambus and Robertson, 1999; Ineson et al., 1998; Phillips et al., 2001a; 2001b),
but the causative mechanisms are not well known. It is possible that CO2 enrichment affects

CO2

Plant growth

C allocation
root biomass
root exudation

Microbial biomass
Community structure

Litter quality

and quantity

SOIL N POOL
Total and mineral N

Denitrification
Nitrification

CH4 & CO2 N2O,
NO, N2
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the size or activity of the CH4-oxidizing community or causes a higher soil C concentration
and competition for O2, and therefore suppression in the CH4-oxidizing community (Phillips
et al., 2001a). Soil CO2 flux (including plant root and soil organism respirations) has been
reported to increase under elevated CO2 (Karberg et al., 2005; King et al., 2001; Zak et al.,
2000a), and a high correlation between soil respiration and root biomass has also been found
under elevated CO2 (Luo et al., 1996).

Microbial biomass and community structure

Equally important as understanding the effects of elevated CO2 on potential microbial
activities is to comprehend these effects on microbial biomass N, since alterations in N
sequestered into the microbial biomass could have feedback effects on plant productivity in
N-limited ecosystems (Diaz et al., 1993; Islam et al., 2000; Zak et al., 1993). Since soil
microorganisms are mainly C-limited, increased C availability usually enhances microbial
growth and activity (Curtis et al., 2000; Hu et al., 1999; Islam et al., 1999, 2000), and thus,
the demand for N between soil microorganisms and plant roots (Zak et al., 2000b). Elevated
CO2 has been reported to cause an increase (Diaz et al., 1993; Hungate et al., 1996; Niklaus et
al., 1998; Sowerby et al., 2000) or no change in microbial biomass (Holmes et al., 2003; Hu et
al., 2005; Hungate et al., 1996; 1999; Niklaus et al., 2003). There still remains a great deal of
uncertainty about how elevated CO2 will ultimately affect the microbial biomass, considering
the wide array of experimental settings, species and nutrient levels in which the above
mentioned studies have been carried out.

Changes in the structure of the microbial population induced by elevated CO2 may  also  be
related to changes in other soil processes that affect N cycling, for instance denitrification and
production of trace gases (Ineson et al., 1998; Baggs et al., 2003a, b). Changes in microbial
communities induced by elevated CO2 can cause alterations in the whole soil ecosystem. For
instance, fungi might begin to dominate over bacteria (Klironomos et al., 1996), or changes
may occur in bacterial nutritional groups (Elhottova et al., 1997) and mycorrhizal fungi
(Hodge, 1996). The effects of elevated CO2 on the soil microbial community structure have
received attention only in recent years, and the studies are somewhat inconsistent, reporting
no significant responses (Billing and Ziegler, 2005; Bruce et al., 2000; Ebersberger et al.,
2004; Insam et al., 1999; Kandeler et al., 1998 Rønn et al., 2002; Wiemken et al., 2001; Zak
et al., 2000b) and responses to elevated CO2 (Montealegre et al., 2002; Ringelberg et al.,
1997; Phillips et al., 2002) in the community structure.

Microbial feedbacks

Although the above-mentioned alterations in N cycling, GHG fluxes and microbial biomass
and community structure induced by elevated CO2 might occur in the soil, the consequences
of such actions are not clear (Berntson and Bazzaz, 1996; Hu et al., 1999; Hungate et al.,
1999). It has been suggested that as large amounts of labile C from C allocation can have a
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positive effect on microbial activity, this might lead to increasing immobilization of N by the
increasing microbial biomass, thus restricting the amount of N available to plants (Díaz et al.,
1993), and therefore elevated CO2 could have a negative feedback to plant growth (Fig. 2,
broken line). Hence, understanding how changes in microbial activity will modify the long-
term availability of N, which will have an impact on plant growth responses to atmospheric
CO2, is still a challenge.

1.2.3 O3 and CO2 combined

While  O3 is  widely  recognized  as  a  toxic  air  pollutant  and  the  effects  of  CO2 are mainly
beneficial to plants (Davison and Barnes, 1998; Bazzaz, 1990; Jablonski et al., 2002), the
combined effects of these gases on plant and soil ecosystems are so far poorly documented
(e.g. Karberg et al., 2005; King et al., 2001), and evidence of O3- and CO2-induced changes in
the soil of natural plant communities is lacking. It has been suggested that CO2 could
ameliorate the negative effects of O3 in above-ground processes (Volin et al., 1998) by
lowering the O3 flux into leaves (Allen, 1990; McKee et al., 1997, 2000), and increasing the
photosynthate availability that can be used for detoxification and repair processes (Allen,
1990; McKee et al., 1997). However, previous studies on below-ground processes have
shown both amelioration (Booker et al., 2005; King et al., 2001; Loya et al., 2003) and no
amelioration (Holmes et al., 2003; Karberg et al., 2005; Kasurinen et al., 2005). In addition to
this, Phillips et al. (2002) reported alterations in the composition of microbial communities
following CO2 enrichment, but these effects were partly canceled out by elevated O3, and
Kasurinen et al. (1999) reported that the interaction of elevated O3 and CO2 was antagonistic,
since elevated CO2 inhibited the slightly positive effects of O3 in a mycorrhiza formation on
Scots pine. It is difficult to actually state anything definitive on the interaction of O3 and CO2

on the below-ground processes of semi-natural ecosystems at this stage, as the previous
studies have mainly concentrated on the effects of these gases on N transformations (Holmes
et al., 2003), microbial biomass C and soil organic C quantity (Islam et al., 1999; 2000,
respectively), C allocation (Kytöviita et al., 1999), soil C formation (Karberg et al., 2005;
King et al., 2001; Loya et al., 2003), decomposition (Booker et al., 2005), microbial
community composition (Kasurinen et al., 2005; Phillips et al., 2002), mycorrhiza (Kasurinen
et al., 1999; 2005; Kytöviita et al., 2001; Pérez-Soba et al., 1995) and soil fauna (Loranger et
al., 2004) of forests or agricultural crops. More work is needed to resolve the interaction of O3

and CO2 on below-ground processes, particularly in the case of wild species in natural
ecosystems, such as grasslands, where multiple factors may be important (Watkinson, 1998).
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2 Aims of the thesis

The primary  aim of  this  Ph.D thesis  was  to  investigate  the  long-term effects  of  elevated  O3

and CO2 on the soil of meadow mesocosms, with emphasis on N cycling, GHG fluxes and the
microbial community. OTCs were used for O3 and CO2 fumigations of artificial ground-
planted mesocosms, which simulated lowland hay meadows. Chemical and microbiological
analyses as well as laboratory incubations of the mesocosm soils under different treatments
were used to study the effects of O3 and CO2 (II-IV). Artificially constructed mesocosms
were also compared with natural meadows with regards to GHG fluxes and soil characteristics
(I). In addition to the ecosystem-level study, soil microbial communities were also examined
in a pot experiment with monocultures of individual species (V).

Due to the complexity and variety of variables in the soil,  I  decided to approach the below-
ground processes in this ecosystem from the air downwards (Fig. 3). In the view of this,
GHGs contribute significantly to global warming and are therefore of great interest. In
addition, production of N2O is part of N cycling and an outcome of microbial activities, thus
linking the emissions in the air back to the soil (II).

ATMOSPHERE

SOIL

RHIZOSPHERE

Figure 3. Approach for the study.

Ecosystem microbial
community structure

Ecosystem
N mass

Individual plant species
microbial community

structure

N2O, CH4, CO2

Internal
ecosystem
N cycling

PAPER II

PAPER III

PAPER IV

PAPER V
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Internal cycling of N includes concentration of mineral N (NH4
+-N and NO3

--N), nitrification
and denitrification, processes that control N availability in the soil, while total ecosystem N
mass consists of total N and microbial biomass N. Elevated O3 and CO2 can influence the
rates of transfer between organic and inorganic N pools in the soil, thus linking total N and
mineral N together (III). The turnover of microbial biomass N has significant importance in
N cycling, since the amounts of substrates that pass through the microbial biomass are a major
factor influencing soil N availability. Consequently, changes in the microbial structure of soil
ecosystem induced by elevated O3 and  CO2 will be mediated through changes in plant
production, C allocation, decomposition and nutrient availability (IV).  Changes  in  the
microbial structure at the ecosystem level indicate changes in the whole plant community, not
just individual plant species. However, there are differences in the responses of individual
plant species to elevated O3, so it was considered important to examine whether such a
response could be detected in the microbial community structure as well (V).

Specific aims of the study:

1) To study whether GHG emissions from mesocosms are altered by elevated
O3 and/or CO2 (II).

2) To observe if N cycling is modified in response to elevated O3 and/or CO2

(III).

3) To examine the changes in the microbial biomass and structure of a soil
microbial community in response to elevated O3 and CO2 alone as well as
in combination (IV).

4) To study whether the effect of elevated O3 on the soil microbial
community depends on plant species and whether the effect is seen in the
rhizosphere and/or in the bulk soil (V).

5) To study whether below-ground responses to elevated O3 and/or CO2 are
modified by the chamber effect (I-IV).

6) To investigate how well artificially planted mesocosms mimic natural
meadows in terms of soil characteristics, GHG fluxes and potential
activities of nitrifying and denitrifying bacteria (I).
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3 Material and methods

3.1 Experimental design and fumigations

The three-year (2002-2004) OTC experiment was carried out in Jokioinen (60°49’N,
23°28’E), in southwestern Finland. The experiment consisted of 12 OTCs (3 m in diameter,
2.8 m high) and three open-field plots (unchambered controls, AA) which were placed in the
experimental field in a completely randomised design.

The mesocosm survey (I-IV) was based on ground-planted mesocosms (2.25m2) consisting
of the major functional types of plants that occur in lowland hay meadows; grasses: Agrostis
capillaris (L.)  and Anthoxanthum odoratum (L.), herbs: Fragaria vesca (L.), Campanula
rotundifolia (L.) and Ranunculus acris (L.),  and  legumes: Trifolium medium (L.) and Vicia
cracca (L.). Twenty-five seedlings of each grass and herb species as well as five seedlings of
T. medium and  eight  seedlings  of V. cracca were planted randomly in each mesocosm. A
lowland hay meadow is a biotope listed in EU council directive 92, and it has high
conservation value.

The pot experiment (V) consisted of monocultures of leguminous Lathyrus pratensis (L.)
and grass A. capillaris. One pot per species monoculture was placed in the OTCs.

The  target  O3 and  CO2 concentrations were chosen to simulate the predicted ambient
concentrations in the year 2050 with a yearly increase of 0.5–2 % in O3 (Vingarzan, 2004) and
a moderate 0.5% increase in CO2 (IPCC, 2001). Blowers that exchanged three air volumes per
minute fed O3 and  CO2 into the OTCs. The treatments included unchambered, open-field
plots (AA) and the following OTC treatments: (i) non-filtered ambient air (NF) (control), (ii)
non-filtered  air  +  elevated  O3 (NF+O3), (iii) non-filtered air + elevated CO2 (NF+CO2) and
(iv) non-filtered air + elevated O3+CO2 combined (NF+O3+CO2). Each treatment was
repeated three times. The treatments used in the surveys are presented in Table 1. The average
O3 concentration  was  1.5  x  ambient  in  the  elevated  O3 treatments  and  the  average  CO2

concentration was approximately ambient +100 ppm in the elevated CO2 treatments. The
daily exposure time was 9 h, from 10.00 till 19.00 hours, during the three summers. Daily
precipitation, air and soil temperatures, relative air humidity and soil water content were also
measured from the experimental field.

3.2 Soil characteristics and sampling

The soil in the mesocosms was a mixture of sand and low-fertility peat (1:1), resulting soil
type of coarse sand (sand 86.5 % /  silt  11.9 % /  clay 1.6 %). The soil  characteristics of the
mesocosms are summarized in Table 2.



Table 1
Exposure and treatment details and studied variables
Year Facility Variable (paper) Treatments [NFO3]a [O3]b [NFCO2]c [CO2]d
2002I OTC GHG (II) Alle 31 47 351 455
2002 OTC N cycling (III) All 31 47 351 455
2002 OTC Microbial communities (IV) All 31 47 351 455

2003II Nmf GHG (I) Ambient air - -      - -
2003 OTC GHG (I) NF & AA 25 - - -
2003 OTC GHG (II) All 25 40 352 455
2003 OTC N cycling (III) All 25 40 352 455

2004III OTC GHG (II) All 28 50 409 530
2004 OTC N cycling (III) All 28 50 409 530
2004 OTC Microbial communities (IV) All 28 50 409 530
2004 OTC Microbial communities (V) NF & NF+O3 28 50 - -

a [NFO3], 9-h average O3 concentration (ppb) in the NF treatment
b [O3], 9-h average O3 concentration (ppb) (NF+O3 and NF+O3+CO2)
c [NFCO2], 9-h average CO2 concentration (ppm) in the NF treatment
d [CO2], 9-h average CO2 concentration (ppm) (NF+CO2 and NF+O3+CO2)
e All treatments included (NF, AA, NF+O3, NF+CO2, NF+O3+CO2)
f Nm, natural meadows
I July 1- August 28, II June 3 - August 31, III May 18 - August 22

Table 2
Soil properties of the mesocosms before establishing the experiment in the spring 2002 mean ±SD (n=3)

Electrical Extractable
pH conductivity N C Ca K Mg P

Treatments (H2O 1:2.5) (10-4 S cm-1) % mg l-1

AA 6.86 (0.03) 0.55 (0.09) 0.08 (0.010) 3.64 (0.23) 1402 (56) 65.33 (2.1) 349 (27) 8.59 (1.58)

NF 6.86 (0.04) 0.58 (0.12) 0.07 (0.023) 3.27 (0.62) 1249 (39) 70.00 (3.6) 331 (7.2) 9.56 (1.26)

NF+O3 6.83 (0.09) 0.52 (0.07) 0.07 (0.006) 3.12 (0.30) 1315 (144) 59.67 (5.7) 343 (29) 7.93 (1.17)

NF+CO2 6.90 (0.02) 0.45 (0.02) 0.08 (0.010) 3.43 (0.47) 1331 (56) 70.33 (3.2) 346 (13) 8.63 (1.66)

NF+O3+CO2 6.93 (0.03) 0.48 (0.09) 0.07 (0.006) 3.41 (0.49) 1384 (52) 68.67 (6.7) 348 (6.7) 9.29 (0.38)



Soil samples were taken from the mesocosms (I - IV)  at  the beginning of the experiment in
May 2002 and after each exposure period in mid-September 2002, 2003 and 2004. Soil
samples  for  mineral  N  were  taken  before  and  after  each  growing  season  (May  and
September).  The  soils  were  sampled  using  a  2.0-cm  diameter  auger,  and  on  each  sampling
occasion 20 cores/mesocosms were taken from a depth of 0-20 cm. All of the cores from each
plot were bulked and stored in polyethylene bags at -18ºC.

Soil and rhizosphere samples from the pots (V) were taken in late August 2004. Soil
loosely adhering to the roots was sifted with a double layer sieve and the sifted soil was
collected into 100 ml polyethylene jars and used as a bulk sample. Rhizosphere samples were
taken as proposed by Schmalenberger and Tebbe (2003), with several modifications. Rough
soil particles were removed by dipping the roots in tap water for 20 s. Approximately 20 g of
root material was washed in a 120 ml sterile saline solution for 0.5 h in an orbital shaker. The
root material was removed and the cell suspensions were centrifuged. The supernatants were
discarded and the pellets, which were composed of rhizosphere soil, were stored at -80 °C for
a minimum of 2 h. The pellets and bulk soil samples were freeze-dried and then stored at -18
°C.

3.3 Selection of the natural meadows

To determine whether the mesocosms resembled natural meadow conditions in terms of GHG
fluxes and microbial activities, three natural meadows were selected for comparison. The
following criteria were applied when choosing the natural meadows: nearby location of the
experimental field, comparable species composition and coverage, and soil characteristics
similar to those of the mesocosms.

3.4 GHG fluxes

N2O, CH4 and CO2 fluxes were measured using closed flux chambers on permanent steel
collars (60 x 60 cm) (I, II). During the flux measurements, the base frames were covered by
an opaque aluminum chamber (60 x 60 x 40 cm, 0.144 m3). Before closing the chamber, a
gutter on the upper edge of the base frame was filled with water to make an airtight seal
between  ambient  air  and  the  chamber  air.  Gas  samples  were  taken  with  disposable
polypropylene syringes (20 ml) through a rubber septum at 0 and 40 minutes after the closure
of the chambers. The gas samples were transferred into 12 ml evacuated sample vials and
analysed with a gas chromatograph (Syväsalo et al., 2004).

3.5 N variables

The soil’s total N and C concentrations were determined by combustion of dried (60 °C)
samples (I, II, III). For mineral N (Nmin = NH4

+-N + NO3
--N) analysis, soil samples (100 g)

were shaken for 2 h with 250 ml of 2 M KCl to extract exchangeable inorganic N.
Concentrations of NH4

+-N and NO3
--N in the KCl extracts were determined (I - III).
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The microbial biomass N (III)  and C (IV) were measured using the chloroform fumigation-
extraction technique (Brookes et al., 1985; Vance et al., 1987) with a 24 h fumigation time
(III), where fumigated and respective control samples were extracted with 0.5 M K2SO4 by
shaking. Oxidation of N compounds into nitrate-nitrogen was carried out using the
peroxodisulfate (K2S2O8) oxidation method according to the Finnish standard SFS 3031
(1990), and the resulting inorganic N was analysed with a Lachat Autoanalyzer. For microbial
biomass C calculations, total organic C was determined from the extracts using a Total
organic C analyzer.

Potential nitrification was assayed with the chlorate inhibition method (Pell et al., 1998) using
a 14 h shaken soil–slurry technique, and the samples were analysed for NO2

-- N (I - III). The
soil potential denitrification was determined as in Klemedtsson et al. (1988) and Henault et al.
(1998), with several modifications. The 10 g soil (d.w.) samples (moisture at 80% of WHC)
were treated with KNO3 and  glucose  solutions  and  analysed  with  a  gas  chromatograph  (I  -
III).

3.6 PLFA analysis

PLFAs were analysed with the method proposed by Palojärvi et al. (2006), with slight
modifications (IV,  V).  A  3  g  fresh  soil  sample  was  extracted  with  a
chloroform/methanol/citrate buffer mixture (1:2:0.8; “Bligh&Dyer mixture"). Lipids were
separated into neutral lipids, glycolipids, and phospholipids in a silicic acid column.
Phospholipids were subjected to mild alkaline methanolysis to recover fatty-acid methyl
esters. The samples were analysed with a gas chromatograph equipped with a mass selective
detector. The identification and response factors of the different PLFA compounds were based
on the FAME standards. The nomenclature described in Palojärvi (2006) was used to describe
the fatty acids. The PLFAs of the bacterial biomass were selected as in Frostegård and Bååth
(1996), the fatty acid 18:2 6 was used as an indicator of fungal biomass (Bååth and
Anderson, 2003; Miller et al., 1998), the PLFAs 10Me16:0 and 10Me18:0 were used as
measures of actinobacteria (as in Frostegård et al., 1993) and the fatty acid 16:1 5 was used
as a biomarker for arbuscular mycorrhizal (AM) fungi (Olsson, 1999).

3.7 Above-ground measurements and root biomass

Visible  O3 injuries were recorded according to the ICP-CROPS protocol (UNECE, 2003)
throughout the three-year-study and the results are published elsewhere (Rämö et al., 2006).
The aboveground biomass of each species in each mesocosm (2003 and 2004) was harvested
at the height of 3 cm and root biomass was determined at  the end of the growing season of
2004 by taking 5 soil cores from each mesocosm. The results of these variables are discussed
in Rämö et al. (2006).
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3.8 Statistical analyses

All the data were analysed using the Statistical Program for Social Science (SPSS) (SPSS
Inc., Chicago, IL USA). Time-repeated observations of the GHG fluxes were analysed using
repeated-measure ANOVA, with two factorial treatments (I, II) and when necessary, the data
were log-transformed to meet the assumption of normal distribution of the data. The
differences in total cumulative GHG emissions were analysed with TYPE I ANOVA (I, II).
When a particular F-test was significant, we compared the means using Tukey’s HSD (I)
multiple comparison procedure. Factor analysis of variance (ANOVA) was used to analyse the
effects of treatment (O3 and/or  CO2) and sampling time (i.e. growing season or spring/fall)
(III). PLFA concentrations and the ratios of different microbial groups were analysed with
analysis of variance (ANOVA) with two factorial treatments. The mole percentage distribution
of PLFAs was analysed using principal components analysis (PCA) (IV, V). An independent
sample t-test  was  used  to  compare  AA  and  NF  treatments  (i.e.  chamber  effect)  (I - IV),
cumulative GHG fluxes between the growing seasons 2003 and 2004 (II)  and  the  O3

treatment’s effect and difference between plant species and differences between the plant
species (V). Whenever there was a problem due to unequal variances that could not be
resolved with simple transformations, a Mann-Whitney non-parametric test was used. A
paired t-test was used to measure the difference between bulk and rhizosphere soil.
Spearman's correlation coefficients were used to investigate the correlation between measured
variables (I  -  V). Stepwise multiple regression analysis was performed to test the possible
dependency of the GHG fluxes on environmental and soil factors (I, II). The results were
accepted as significant at p < 0.05, and p <  0.10  was  considered  as  a  trend  (I  -  V) or
significant (II).
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4 Results and discussion

4.1 O3 decreased GHG fluxes

O3 reduced the above-ground biomass of the meadow community (up to -40%) and caused
visible injuries (Rämö et al., 2006), thus probably causing a decrease in litter quantity. In
addition, the average root biomass was decreased (-34%) in the NF+O3 treatment compared to
the NF treatment suggesting decreased C allocation to the roots under elevated O3 (Manninen
et al., 2005). In relation to this, the fluxes of CH4 and  CO2 were decreased in the NF+O3

treatment (Table 3, II). It can be speculated that O3, being a strong oxidant, had affected plant
growth and as result, microbial oxidation and aerobic respiration were severely affected due
to reductions in the production and metabolic activities of the plant roots.

Table 3
Main results of the mesocosm and monoculture surveys on the effects of O3 and/or CO2 on measured
variables in papers II-V. The results are from the last growing season 2004

 1 p value given when p < 0.10
2 results from the L. pratensis monoculture
3 nm = not measured

Survey Measured variables Exposure effect p value1 Paper
O3 CO2 O3 x CO2

Mesocosms Greenhouse gases
N2O emission 0 0 0.076 II
CH4 oxidation 0 0 0.081 II
CO2 emission 0 0 0.016 II

N cycling
Total N 0 0 0 III
NO3

--N 0 0 0 III
NH4

+-N 0 0 0.049 III
Mineral N 0 0 0.075 III
Microbial N 0 0 0 III
Potential nitrification 0 0 0 III
Potential denitrification 0 0 0 III

Microbial communities
Total PLFA 0 0 0.007 IV
Bacterial PLFA 0 0 0.034 IV
Actinobacteria PLFA 0 0 0.023 IV
Mycorrhizal PLFA 0 0 0 IV
Fungal PLFA 0 0 0.006 IV
Fungal-bacterial ratio 0 0 0.033 IV

Monocultures Microbial communities2

Total PLFA  nm3 nm 0.024 V
Bacterial PLFA nm nm 0.017 V
Actinobacteria PLFA nm nm 0.027 V
Mycorrhizal PLFA nm nm 0.009 V
Fungal PLFA 0 nm nm V
Fungal-bacterial ratio 0 nm nm V
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This is in contrast with the few experiments established with CO2 fluxes and elevated O3

(King et al., 2001; Karberg et al., 2005; Kasurinen et al., 2004). However, all these results are
from forest and agricultural soils, and before this study, little if any research on O3 effects on
soil CO2 or  CH4 fluxes in grasslands has been published. These moderate changes,
nevertheless, may be of vital importance, since grasslands, including meadows, function as
CH4 sinks, and the reduction in CH4 consumption induced by elevated O3 could  alter  the
soil’s CH4 sink globally and thus contribute to the global climate change.

4.2 O3 - induced changes in N cycling

Soil NH4
+-N and mineral N concentrations were markedly lower in the NF+O3 treatment than

in the NF control treatment (Table 3, III). A decrease in N availability suggests that chronic
O3 stress creates a deficiency of available N for the soil microbes and plants. In contrast to the
negative effect on N availability, there were only negligible O3 effects on the other parts of N
cycling (III). Interestingly, N2O emissions from the soil were decreased in the NF+O3

treatment (II), even though processes closely related to the production of N2O were
unaffected (i.e. denitrification and nitrification). However, denitrification and nitrification
were measured as potential activities; subsequently the soil microbial ability to practice these
processes was not affected by O3. Moreover, processes uncoupled from denitrification may
have  been  important  for  N2O production under the prevailing field conditions, such as soil
moisture and temperature as observed in this study (II) or fungal denitrification (Arnone and
Bohlen, 1998; Baggs et al., 2003b; Laughlin and Stevens, 2002; Skiba and Smith, 2000). It is
also possible that N2O fluxes in the NF+O3 treatment may have been limited by available N. I
suggest that the decrease in soil N availability and N2O  emissions  are  the  first  signs  of  a
disturbance in the N cycle, followed by reductions in microbial biomass N, which in turn lead
to limitations in nitrification and denitrification. Therefore, to understand the overall effect of
these changes in N cycling, different time scales need to be considered, as these and further
changes can become more pronounced over the years and decades.

4.3 Microbial biomass and community structure were affected by O3

The mesocosm soil microbial communities were affected negatively by the NF+O3 treatment
(Table 3, IV). The total, bacterial, actinobacterial, and fungal PLFA biomasses as well as the
fungal:bacterial biomass ratio decreased under elevated O3. As stated previously, the above-
ground biomass was also decreased in the NF+O3 treatment. Consistent with the mesocosm
study, elevated O3 also showed an effect on soil microbial community in the pot experiment.
O3 decreased the total, bacterial, actinobacterial, and mycorrhizal PLFA biomasses in the bulk
soil (Table 3) and changed the microbial community structure in the rhizosphere of L.
pratensis, whereas the bulk soil and rhizosphere of the other monoculture, A. capillaris,
remained unaffected by O3 (V).  It  is  possible  that  elevated  O3 can alter the mass and
availability of organic substrates in soil, and such changes could alter the proportion of
bacteria, actinobacteria, and fungi in soil and thereby alter the microbial community structure.
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Another possible reason for such changes is that O3 induced alterations in plant and root litter
quantity. At any rate, the detected changes may affect nutrient cycling, since actinobacteria
are generally considered specialized decomposers of less labile compounds, such as chitin,
cellulose, and hemicellulose (Paul and Clark, 1996), and fungi are known to have a major role
in organic matter decomposition – they often dominate the microbial biomass in grasslands
(Ruzicka et al., 2000), and they are also capable of nitrification and denitrification in the soil
(Laughlin and Stevens, 2002). However, it is still unknown whether the magnitude of these
shifts in the microbial community structure is extensive enough to affect ecosystem processes
such as N cycling and GHG fluxes.

The  PLFA profiles  (mol  %)  in  the  monocultures  of L. pratensis and A. capillaris were
different from those in the NF mesocosms (p < 0.05) (Fig. 3); only 7 fatty acids out of 42 had
a similar PLFA profile in the mesocosms and monocultures (data not shown). As said before,
the monoculture rhizosphere and bulk soils were clearly differentiated, and the plant species
were more separated in the rhizosphere soils. This was also seen in the comparison between
the  mesocosms  and  monocultures,  since  the  rhizosphere  PLFAs  differed  the  most  from  the
mesocosms. This comparison shows that plant community soils and individual species
monoculture soils had developed into different directions, and this development was related to
species and prevailing conditions (i.e. species competition/interactions, growth limitations,
nutrient  status).  Moreover,  the  detected  PLFA  profiles  depended  on  the  sample  scale  (bulk
soil from the meadow community vs. bulk soil or rhizosphere from the monocultures); both of
these factors affect the structure of the PLFA profile detected in the soil and thus the way in
which O3 affects single fatty acids.

Figure 3. Plot of the first two principal components (PC) from the principal component analysis of the
PLFA profiles for the mesocosms and monocultures. L. pratensis bulk  soil;  L. pratensis
rhizosphere; A. capillaris bulk soil; A. capillaris rhizosphere;  mesocosm.
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Overall, the results have shown that O3 can affect the soil microbial community structure and
biomass. The observed effects appear to warrant three conclusions: (1) in the mesocosms the
PLFA biomass (total and subgroups) was decreased in the NF+O3 treatment,  (2)  the  PLFA
biomass was decreased in the bulk soil of L. pratensis in the NF+O3 treatment, and (3) the
microbial community structure was altered in the NF+O3 treatment  in  the  rhizosphere  of L.
pratensis. Even though the detected changes were subtle, the alterations suggest that these
changes may still accumulate into significant effects in the long term. When interpreting these
O3-related changes in the soil, it is possible that the observed changes in the microbial
community structure may cause changes in plant nutrition, competition, and species
composition (Yoshida et al., 2001; Phillips et al., 2002). What is more, changes in N-fixing
species such as L. pratensis may also have consequences for symbiotic N fixation and thus N
cycling. Since the effects of O3 on the soil microbial community structure are so poorly
studied, it is essential to conduct further studies, but as shown by this experiment, both spatial
analyses (rhizosphere and bulk soil) based on individual plant species and analyses at the
ecosystem level are needed.

4.4 CO2 caused only minor changes

Elevated CO2 caused only minor and insignificant changes in the GHG fluxes, N cycling and
the microbial community structure (II - IV and Table 3). If soil N cycling is altered by
elevated CO2, then increases in plant production or changes in litter chemistry must be large
enough to change the quantity and quality of labile C (Zak et al., 2000b). Above-ground plant
biomass was unaffected in the NF+CO2 treatment in this experiment (Rämö et al., 2006), and
this may, in part, help explain why elevated CO2 had no below-ground responses, either. The
below-ground growth response to elevated CO2 depends  on  several  factors,  such  as  plant
species, soil nutrient status and soil characteristics, and is still under debate (Hungate et al.,
1999; Lüscher et al., 2004; Zak et al., 2000b). The lack of response has also been noticed in
previous CO2 studies (Barnard et al., 2004); for example Zak et al. (2000) reported that only 2
out of 19 review studies showed statistically significant responses and showed an increase in
net nitrification under elevated CO2. The availability of growth resources other than CO2 (e.g.
N) can strongly affect the response to CO2, and numerous studies have shown that insufficient
N nutrition inhibits the response to CO2 (e.g. Daepp et al., 2000; Fischer et al., 1997; Gloser
et al., 2000; Jackson and Reynolds, 1996; Zanetti et al., 1997). Therefore, the lack of a CO2

effect could be explained by the low N status in our soil. The concentration of mineral N in
the mesocosm soil was significantly lower (1.55-4.11 µg N g-1 d.w.) than that in similar
natural meadows (5.05-18.53 µg N g-1 d.w.) (I). In addition, the increase in CO2 concentration
was only by 100 ppm, while other studies with similar systems have increased the levels
considerably higher, a few even doubled the CO2 concentrations (e.g. Islam et al., 2000;
Holmes et al., 2003; Kasurinen et al., 1999). Nevertheless, the concentrations used are in
agreement with those projected for 2050 (IPCC, 2001).
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4.5 Annual variations

In addition to overall changes in below-ground variables, annual changes were detected
between the growing seasons in the variables that were measured consistently throughout the
study. The cumulative fluxes of N2O and CO2 varied significantly between the growing
seasons of 2003 and 2004 (II), resulting in lower N2O emissions and higher CO2 emissions in
2004 than in 2003. The decreased N2O  emissions  were  probably  related  to  decreasing  N
availability and thus increased competition to N (III),  and  the  greater  CO2 emissions could
link back to increased root material and organic C in the soil, resulting from enhanced plant
productivity in the mesocosms from 2003 to 2004 (Rämö et al., 2006). There was a significant
growing season (i.e. sampling time) effect on all of the studied N variables (total N, mineral N
and its fractions, microbial biomass N, potential nitrification and denitrification), but this
effect was consistent in all the treatments and the variation between the growing seasons
showed no consistency (III). The total PLFA concentration was significantly lower in 2002
than at the end of the experiment in 2004 in all the treatments apart from the NF+O3+CO2

treatment, where the PLFA concentration was higher in 2002 than in 2004 (IV). The
mesocosms were formed artificially, and they continued to develop and grow throughout the
study (I), thus causing annual changes in the measured variables. The mesocosms can be
considered as a "young ecosystem", with continuous growth after the experiment has ended.
Another reason for the variation between the growing seasons can be the differences in the
weather during the growing seasons. The growing season (May-August) of 2002 was the
warmest  and  dryest  of  the  three  seasons,  and  the  growing  season  of  2003  was  warmer  and
dryer than that of 2004 (II). The soil water content was markedly (all treatments included)
higher in 2003 than in 2004 (no comparison with 2002). These differences in the abiotic
conditions between the growing seasons affected the annual variations in GHG fluxes (II),
since these conditions are coupled to the formation of GHG fluxes (Skiba et al., 2000).

4.6 Methodological considerations

Chamber effect

OTCs have been used in various experiments to study plant and soil responses to air
pollutants, such as O3 and CO2. OTC studies have often been criticized for an obvious
chamber effect (Kimball et al., 1997; van Oijen et al., 1999; Sindhøj et al., 2000), i.e. for
modifying the plant microclimate (increase in air temperature, a reduction in incident solar
radiation and a decrease in air humidity). The constant ventilation from the blowers alters
boundary  layer  resistance  and  possibly  affects  O3 uptake (Nussbaum and Fuhrer, 2000).
Previous studies show that the walls exclude rainfall from the chamber (De Temmermann et
al., 2002), but this was balanced in this study by irrigating the mesocosms when needed. The
O3 concentration can be lower in NF OTCs than in ambient air, since surfaces (such as walls)
can  absorb  some  of  the  O3.  The  differences  between  OTCs  (NF)  and  ambient  air  (AA)  are
presented in Table 4. On the whole, the chamber effect was quite moderate in this study,
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resulting in only lower concentrations of air humidity and soil water content in the chambers.
The below-ground variables were mainly unaffected by the chamber effect, since the CO2 flux
was altered by the chamber only in the growing season of 2002 (II), thus justifying the use of
the OTC technique. OTC facilities are less costly than FACE facilities, and the use of these
facilities enables complex, ecosystem-level studies without a need to create simplifications to
the experimental system that might increase statistical power and facilitate interpretation.

Table 4
Comparison between ambient air, open-field plots (AA) and NF OTCs

a nd = no difference

Meadow mesocosms vs. natural meadows

By comparing mesocosms with similar natural plant assemblages, it was possible to
demonstrate that artificial mesocosms simulated natural habitats (I), even though some
differences were found in the CH4 oxidation  rate,  soil  mineral  N,  and  total  C  and  N
concentrations in the soil. It seems that old, well-established habitats, such as the natural
meadows used in this study, have build up more C and have more potential C and N to
mineralize, probably due to their more abundant plant biomass. In addition, microbial
biomass (measured as PLFAs) was significantly higher (p <  0.05)  in  all  of  the  natural
meadows compared with the NF OTCs, resulting in 1.5, 4 and 6 times higher total PLFA
concentrations  in  each  of  the  three  meadows,  respectively  (data  not  shown).  All  things
considered, it can be concluded that a constructed meadow mesocosm can be used to study
microbial responses to environmental variables, and in spite of the experimental artifacts
considering this study, I believe the suite of interactions that occur in a natural field, regarding
N cycling and microbial processes, was also captured in this experiment.

OTC (NF) Ambient (AA)
Air temperature nda nd
Precipitation nd nd
Air humidity 2002 higher
O3 concentration nd nd
CO2 concentration nd nd
Soil water content 2003 and 2004 higher
GHGs 2002 CO2 fluxes higher
N cycling nd nd
Microbial communities nd nd
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5 Conclusions and future considerations

The results obtained from these surveys show that elevated O3 concentrations alone can have
significant effects on the below-ground processes of meadows. The following answers to the
initially formulated aims were found:

§ O3 decreased the GHG fluxes and N availability in the mesocosms, but in many
measured variables the reductions were not drastic.

§ The effect of O3 on soil microbial biomass and community structure was dependent on
the plant species and sample scale as O3 decreased the PLFA biomass in the
mesocosm soil as well in the bulk soil of monocultured L. pratensis and altered the
microbial community structure in the rhizosphere of L. pratensis.

§ No positive below-ground effects of CO2 were detected, probably due to the low soil
N concentration and moderately enhanced CO2.

§ An OTC experiment enables estimation of below-ground variables in unfertilized
Finnish meadows.

§ Mesocosms compared rather well with natural meadows – the main differences were
related to soil N and C concentrations – given that the mesocosms are considered as a
developing ecosystem.

In the present study, the below-ground processes were modified after three years of moderate
O3-enhancement. The results may be ecologically very important. A decrease in N availability
may have feedback effects on plant growth and competition, and affect N cycling of the
whole meadow ecosystem. Ecosystem level changes occur slowly, and multiplication of the
responses might be expected in the long run.

Indeed, this study shows the potential for O3 to alter below-ground processes, and it
therefore illustrates the need for comprehensive approaches to extend the knowledge of the
possible O3 effects. For example, as decomposition is related to O3-induced changes in below-
ground processes through litter quality and quantity, additional long-term research on the rates
of litter decomposition is needed. In addition, this study suggests that O3 plays an important
role in altering the soil  microbial  community structure.  To obtain a broader view of the O3-
induced changes in the microbial community structure, a molecular approach with DGGE/ T-
RFLP would be needed.
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