The aim of this thesis was to
investigate the long-term effects
of increasing tropospheric ozone
concentration and supplemental
UV-B radiation on carbon dioxide
dynamics of boreal mire ecosystems.
Effects of these stressors were
studied separately in two multiyear experiments under open-field
conditions. The presented results
demonstrate the importance of
long-term experiments in natural
conditions in the effort to assess
the magnitude of ecosystem level
responses to these two stress factors.
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ABSTRACT
The background ozone concentration has more than doubled
since the beginning of the 20th century in the northern
hemisphere and this trend has been predicted to continue in the
near future. At the same time, depletion of the stratospheric
ozone layer has led to increased UV-B radiation levels in the
polar regions. Increased tropospheric ozone concentrations and
UV-B radiation are known to affect plant photosynthesis,
growth and the soil microbial community. However, little is
known about their long-term effects on ecosystem level carbon
dioxide (CO2) dynamics. This thesis assesses the long-term
effects of moderately elevated ozone concentration or
supplemental UV-B radiation on the photosynthetic capacity of
selected mire plant species and on ecosystem level CO2
exchange. The presented results were attained from two multiyear experiments; from a four-year free air ozone exposure
study with fen microcosms and from a three-year UV-B
exposure study on a natural fen.
In the ozone experiment, only high ozone levels occurring in
early summer affected the photosynthesis related parameters of
the studied sedge, Eriophorum vaginatum. Furthermore,
ecosystem level gross photosynthesis was decreased in the first
growing season under supplemental ozone. However, during
the following years, an opposite trend was detected due to the
slight increase in the sedge leaf density in the ozone treatment.
The effects of supplemental UV-B radiation on a natural fen
were negligible. No significant effect on the plant cell fine
structure or plant photosynthesis could be detected. At the
ecosystem level, the instantaneous ecosystem dark respiration
was slightly lower in the UV-B treatment. However, the change
was statistically significant only in the third year, when a rapid
drawdown of the water-table caused an anomalous respiration
peak in all treatments.
In conclusion, neither of the studied stressors had any drastic
effect on the net ecosystem CO2 exchange over the long-term.
Only the high springtime ozone concentrations transiently

decreased the plant photosynthetic capacity and caused shortterm ecosystem level changes. However, the long-term effects of
both stressors differed greatly from the initial effects detected in
the first study year and were very dependent on other
prevailing environmental conditions. On the basis of these
results it seems unlikely that the predicted increase in the
background ozone concentration or the future levels of UV-B
radiation would significantly decrease the net CO2 uptake of
northern fen ecosystems.
Universal Decimal Classification: 502.3, 504.3, 546.214, 546.26431, 551.521.17, 581.132
CAB Thesaurus: Arctic regions; carbon dioxide; chloroplasts;
Eriophorum vaginatum; net ecosystem exchange; ozone; ozone
depletion; peatlands; fens; photosynthesis; respiration; leaves;
Sphagnum; transmission electron microscopy; ultraviolet
radiation; vegetation; cell ultrastructure
Yleinen suomalainen asiasanasto: arktinen alue; suot; kasvit;
suokasvillisuus; hiilidioksidi; hiilitase; otsoni; otsonikato;
ultraviolettisäteily; yhteyttäminen; viherhiukkaset; solut;
mikrorakenteet; hengitys
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1 Introduction
1.1 CARBON CYCLE IN MIRE ECOSYSTEMS

Boreal mires are characterized by a high water table and mire
vegetation that is typically dominated by a continuous moss
layer, sedges (Cyperaceae Juss.) and dwarf shrubs (Gorham,
1991). The abundance of trees depends on the mire type, mainly
as a consequence of water and nutrient availability. Peat mosses
(Sphagnum sp.) dominate the ground-layer in ombrotrophic bogs
and minerotrophic poor fens, whereas true mosses (mostly of
the family Amblystegiaceae G. Roth) are more abundant in rich
fens (Vitt, 2006).
Although the net primary production in northern mires is
low compared to many other ecosystems (Ruimy et al,. 1996;
Frolking, 1998; Bubier et al,. 1999), the decomposition rates are
also low because of the high ground water level. When the rate
of net primary production exceeds the rate of decomposition,
the undecomposed plant material accumulates as peat (Clymo,
1983). However, the annual carbon balance of a mire typically
shows great variability between years and the mire ecosystem
can alternate between a net sink to a net source of atmospheric
carbon (Saarnio et al,. 2007). Furthermore, abiotic factors such as
leaching of dissolved carbon compounds and peat particles or
episodes of fire can reduce peat accumulation.
Atmospheric carbon dioxide (CO2) is fixed by plant
photosynthesis during the growing season. Some of the fixed
carbon is released back into the atmosphere through the plant’s
own maintenance and growth respiration (autotrophic
respiration). In vascular plants, a small proportion of
photosynthetic products are exuded into the soil through living
roots (Farrar et al,. 2003) and quickly utilised by the surrounding
microbes. The rest is incorporated into the plant biomass and
eventually deposited as litter on or into the soil. Decomposition
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processes can continue throughout the year and a significant
amount of the carbon fixed during the growing season is
released from the mire ecosystem during winter (Alm et al.,
1997, 1999; Saarnio et al,. 2003; Leppälä et al., 2011). In addition
to abiotic factors, such as temperature and oxygen availability
(water table), the rate of decomposition is dependent on the
nutrient availability and the amount and chemical quality of the
deposited plant litter (Chapin et al,. 2002). For example, high
lignin and/ or phenolic compound concentrations decrease the
decomposability of the plant litter (Moore & Basiliko, 2006).
In addition to their contribution to CO2 uptake and aboveground biomass production, living vascular plants have a
substantial effect on below-ground processes through their root
system. The root system can account for over half of the total
plant biomass (Saarinen, 1996; Wallén, 1986) and the living roots
transport oxygen and root exudates into the otherwise anoxic
peat layers, increasing the microbial activity (Bedford et al.,
1991). Although the root exudation accounts for only a few
percent of the fixed carbon (Farrar et al., 2003; Saarnio et al.,
2004) it provides an important source of fresh nutrients to the
soil microbial community (Vasander & Kettunen, 2006). In
addition, the aerenchyma tissue of the sedge roots and shoots
facilitate transport of methane from the deep peat layers into the
atmosphere (Shannon et al., 1996; Thomas et al., 1996). On the
other hand, the deep reaching roots deposit plant material
directly into the anoxic peat layers where decomposition is slow,
thus contributing to carbon accumulation (Saarinen, 1996).
Boreal and subarctic mires cover less than 3% of the global
land surface (Joosten 2009) but they have a major role in the
global carbon cycle as a long-term store of carbon. The carbon
pool in northern mires is estimated to be 270-370 Pg (Turunen et
al., 2002), which is equivalent to 35-50% of the present day
atmospheric carbon pool (Denman et al., 2007). However, net
primary production, biomass allocation and decomposition
processes are sensitive to changes in environmental conditions.
A plethora of studies have demonstrated that both UV-B
radiation and tropospheric ozone have the potential to affect
16

photosynthesis, growth rate, photosynthate allocation and the
secondary chemistry of plants and, consequently, alter the
decomposition processes (Andersen, 2003; Ashmore, 2005;
Newsham & Robinson, 2009). In the following sections, these
effects and their possible contribution to ecosystem level CO2
balance are discussed.

1.2 EVOLUTION

OF

THE

TROPOSPHERIC

OZONE

CONCENTRATION

Tropospheric ozone (O3) is an important air pollutant and
greenhouse gas. Although the concentration of stratospheric
ozone has been decreasing, the ozone levels in the lower layer of
atmosphere, the troposphere, are increasing (Royal Society,
2008). Tropospheric ozone is formed in photochemical reactions
involving nitrogen oxides (NOx), carbon monoxide (CO) and
volatile organic compounds (VOC). These precursors originate
from both natural biogenic processes and a wide variety of
anthropogenic sources, such as burning of fossil fuels, land use
change and chemical solvents.
Control of anthropogenic ozone precursor emissions has
effectively decreased the peak concentrations in Europe and
North America but the back-ground ozone concentration
continues to rise (Laurila et al., 2004a) and has more than
doubled since the beginning of the 20th century in the northern
hemisphere (currently 35-45 ppb). Possible reasons for this are
the rise of precursor emissions in the northern hemisphere,
international shipping and air traffic (Royal Society, 2008). The
rate of increase in annual mean concentrations during the last
three decades has been approximately 0.5–2% (Vingarzan, 2004).
It has been predicted that the tropospheric ozone concentration
in Finland will increase until 2050, although beyond that date
the trend in concentration change is less clear (Laurila et al.,
2004b).
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1.3 STRATOSPHERIC OZONE DEPLETION AND INCREASED UVB RADIATION

Release of human made halogen source gases has caused
increased rates of ozone destruction in the stratosphere since the
1980s. In the stratosphere, these gases can be converted during
photochemical reactions into reactive halogen species, which in
turn participate in ozone destroying reactions (WMO, 2007).
Ozone depletion occurs mainly in the polar regions, where the
very low stratospheric temperatures that occur during winter
and the relative isolation of the polar air masses provide suitable
conditions for the formation of chlorine oxide (ClO). Chlorine
oxide is a major component in light dependent reaction cycles
that are activated by the returning sun light in late winter and
early spring, causing the spring-time decline in the total ozone
values.
Ozone depletion has been most notable above the Antarctic,
where as much as 60-70% of total ozone was destroyed during
springtime in the late 1990s and early 2000s (WMO, 2007).
However, significant springtime ozone depletion (monthly
mean up to 30-35% compared to the pre-1980 values) has also
been observed in the Arctic (ACIA, 2005). After ratification of
the Montreal Protocol, the emissions of halogen source gases
have decreased. With full compliance with the Protocol and its
amendments, the full recovery of total ozone values in the Arctic
is expected to occur by the middle of the 21st century (WMO,
2007). However, the recovery of the ozone layer and, in
particular, future UV-B radiation levels at the Earth’s surface, are
affected by several factors other than halogen gas emissions. For
example, the potential cooling of the stratosphere as a result of
climate warming would cause significant ozone depletion in the
mid- and high latitudes (ACIA, 2005). On the other hand, the
rise of surface level temperatures would advance the melting of
snow cover and expose vegetation to high springtime UV-B
radiation levels. As such, it is very difficult to estimate future
UV-B radiation levels in the northern high latitudes, particularly
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given the naturally high temporal and spatial variability of the
arctic ozone values (WMO, 2007; Manney et al., 2011).

1.4 PATHWAYS OF OZONE AND UV-B IMPACTS IN PLANTS

Ozone is a highly reactive oxidant and, therefore, very toxic for
vegetation even at comparatively low concentrations. Diffusion
of ozone through the plant cuticle is negligible (Pleijel et al.,
2004). Therefore, the actual ozone dose received by
photosynthesizing plant cells is dependent not only on the
ambient ozone concentration but also on the stomatal
conductance and the thickness of the boundary layer on the
surface of the leaf (Laisk et al., 1989; Ashmore, 2005; Royal
Society, 2008). Drought stress usually decreases the internal
ozone exposure as the stomata are closed to minimize water
loss. In fen ecosystems, stomatal conductance is rarely limited
by water deficit even during warm periods during which the
highest ozone concentrations usually occur (Royal Society, 2008).
Thus, it has been suggested that fen plants would be especially
sensitive to ozone (Power & Ashmore, 2002).
Once ozone has reached the extracellular space of the plant
mesophyll, it readily reacts with the water and chemicals of the
sub-stomatal apoplast forming various reactive compounds,
such as hydrogen peroxide (H2O2), superoxide (O2-), hydroxyl
radicals (·OH) and singlet oxygen (Kanofsky & Sima, 1995; Long
& Naidu, 2002), collectively known as reactive oxygen species
(ROS). Ozone itself rarely reaches the cell plasmalemma or
cytoplasm (Laisk et al., 1989). However, high enough ozone
concentrations can overwhelm the antioxidative capacity of the
apoplast and induce endogenous production of ROS (oxidative
burst) in the cells surrounding the stoma (Kangasjärvi et al.,
2005). The endogenous ROS production can continue even after
the initial ozone exposure has ended and may eventually lead to
the formation of visible lesions (Overmyer et al., 2003;
Kangasjärvi et al., 2005). As plants also use ROS as messengers
in various development and defence related signal transduction
19

cascades, the responses to ozone often overlap responses to
other stresses such as pathogens, wounding, or even normal
senescence (Foyer & Noctor, 2005; Heath, 2008). Therefore,
under chronic, low-level ozone exposure, the ozone impact is
usually related to reduced photosynthesis and premature
senescence (Schraudner et al., 1997).
The effects of realistic UV-B supplementation are often
somewhat less dramatic than those of tropospheric ozone.
Primary targets of UV-B radiation in plant cells are the proteins
and amino acids with aromatic rings, nucleic acids (DNA),
lipids (especially those associated with membrane proteins),
quinones and, to some extent, photosynthetic pigments
(Hollósy, 2002). In addition to the direct damage to the
photosynthetic proteins, DNA and a variety of other molecules,
UV-B radiation can induce formation of ROS in the chloroplasts
as a result of over-excitation of PSII (photo-oxidation), thus
causing similar oxidative stress as ozone (Mackerness, 2000).
However, plants have a variety of protective and repair
processes that effectively alleviate the damage caused by high
UV-B radiation (Mackerness, 2000; Hollósy, 2002; Krizek, 2004).

1.5 ULTRASTRUCTURE OF THE PHOTOSYNTHETIC MACHINERY

1.5.1 Ultrastructure of the mesophyll chloroplasts in C3 plants
Ultrastructure analysis provides a sensitive tool for early
detection of plant damage (Kivimäenpää, 2003). Chloroplasts
are the sites of primary production of plant cells and their
proper functioning is crucial for plant growth and survival.
Chloroplasts seem to be susceptible to various stress factors and
environmental changes (Biswal, 2005b). The size and shape of
the chloroplasts differ between species, growth conditions and
developmental stage of the mesophyll cell (Kivimäenpää, 2003).
In vascular plants, mature, functioning chloroplasts are usually
a regular lens shape with a well-ordered thylakoid membrane
(Hudák et al., 2005). The thylakoid membrane is organised in
chloroplasts either in stacked grana (appressed) or unstacked
20

stroma lamellae (non-appressed). These two regions of the
thylakoid membrane are functionally distinct (Andersson &
Andersson, 1980; Albertsson, 1995). The lateral heterogeneity
and functional sub-compartmentalization of the thylakoid
membranes helps to fine tune the photosynthesis processes
(Anderson et al., 2008). Therefore, integrity of the chloroplast
membranes is crucial for the efficiency of photosynthesis.
The amount of starch in chloroplasts responds quickly to the
rate of photosynthesis, being highest in the afternoon and lowest
in early morning (Kivimäenpää et al., 2001). Large starch grains
are common in chloroplasts during vigorous growth and
indicate the effectiveness of photosynthesis (Kivimäenpää et al.,
2003). However, during leaf senescence, the amount of starch in
chloroplasts decreases (Keskitalo et al., 2005) and the abundance
of starch grains in the chloroplasts in autumn could indicate
disturbance of photosynthate transport (Wulff et al., 1996).
During senescence, the chloroplasts start to lose their regular
shape and integrity of the thylakoid membranes (Biswal, 2005a;
Evans et al., 2010). Disarrangement of the thylakoid membrane is
accompanied by formation of plastoglobuli in the chloroplast
stroma. Plastoglobuli are small (45–60 nm) vesicles filled with
various lipid and lipophilic compounds and play a role in lipid
biosynthesis and storage (Austin et al., 2006). During chloroplast
senescence and oxidative stress the number and/or size of the
plastoglobuli is increased and they tend to form clusters (Tevini
& Steinmüller, 1985; Biswal, 2005a; Austin et al., 2006). In
addition, the amount of cytoplasmic lipid bodies tends to
increase during leaf senescence (Wulff et al., 1996).
1.5.2 Effects of ozone on plant cell ultrastructure
The effects of ozone on the ultrastructure of coniferous and
deciduous trees have been studied extensively (Kivimäenpää,
2003 and references therein) but other plant groups have
received much less attention. The ozone damage typically starts
from the outer cell layers and in the vicinity of stomata, then
gradually advances to the inner cell layers (Kivimäenpää, 2003).
Although the direct effects of ozone or its breakdown products
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are confined to the cell apoplast (Long & Naidu, 2002), the
effects of chronic (i.e. long-term elevated background
concentrations) ozone exposure are seen first in the chloroplasts
(Sutinen et al., 1990; Holopainen et al., 1996). The most
commonly reported effects on cell ultrastructure in ozone
exposure studies include increased number of chloroplasts with
electron dense (dark) and/or granulated stroma, increased
number of irregular and spherical shaped chloroplasts
(Pääkkönen et al., 1995; Anttonen & Kärenlampi, 1996; Oksanen
et al., 2001), and decreased cross-section area or length of
chloroplasts (Sutinen et al., 1990; Kainulainen et al., 2000; Rinnan
& Holopainen, 2004). Dilation (swelling and curling) of
thylakoids has been reported in some studies (Oksanen et al.,
2001) while in others the thylakoid retained its integrity
(Holopainen et al., 1996; Utriainen et al., 2000). The amount of
starch can be either decreased (Sutinen et al., 1990; Oksanen et
al., 2001; Rinnan & Holopainen, 2004) or increased (Ranieri et al.,
2001). Moreover, various changes in the number and size of
plastoglobuli have been reported (Miyake et al., 1989; Pääkkönen
et al., 1995; Mikkelsen & Heide-Jørgensen, 1996; Rinnan &
Holopainen, 2004).
In the cytoplasm, ozone has been reported to increase the
amount of cytoplasmic lipid bodies (Pääkkönen et al., 1995) and
the number of peroxisomes (Morré et al., 1990; Oksanen et al.,
2003). Furthermore, changes in the shape of mitochondria have
also been reported (Kivimäenpää, 2003).
1.5.3 Effects of UV-B radiation on the plant cell ultrastructure
The effects of supplemental UV-B radiation on the cell structure
have been discussed in relatively few articles and most of these
studies have been conducted on algae or trees. However, it
seems that chloroplasts are the primary site of UV-B induced
changes in the plant cells (Hollósy, 2002). The UV-B induced
changes in chloroplasts are very similar to those detected under
ozone exposure. Supplemental UV-B is reported to reduce the
chloroplast (Fagerberg & Bornman, 1997, 2005; Santos et al.,
2004) and starch (Valkama et al., 2003; Santos et al., 2004;
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Fagerberg & Bornman, 1997, 2005) volume density, decrease the
number and size of the plastoglobuli (Zu et al., 2010) and
increase the number of chloroplasts with electron dense stroma
(Wulff et al., 1999). Dilation of thylakoid membranes has been
reported in several vascular plant species (Brandle et al., 1977;
He et al., 1994; Bornman et al., 1983; Hollósy, 2002; Kostina et al.,
2001). In addition, the amount of the thylakoid membranes and
the ratio between appressed and non-appressed thylakoids can
be altered (Yu & Björn, 1999; Fagerberg & Bornman, 1997).
In the cytoplasm, supplemental UV-B is reported to induce
formation of abnormal membrane whorls (Kostina et al., 2001;
Valkama et al., 2003), and increase the number of cytoplasmic
lipid bodies (Kostina et al., 2001; Wulff et al., 1999). The volume
density of mitochondria is either increased (Heijari et al., 2006)
or decreased (Fagerberg & Bornman, 2005).

1.6 PLANT PHOTOSYNTHESIS AND ABOVE-GROUND BIOMASS

1.6.1 Effects of tropospheric ozone on plant photosynthesis
and biomass production
Ozone has been reported to decrease net photosynthesis in a
variety of plant groups. The effects of ozone on trees and crop
plants are particularly well documented (e. g. Novak et al., 2005;
Felzer et al., 2007; Wittig et al., 2007; Biswas, 2008). In natural
vegetation, the negative effect on photosynthesis processes has
been reported on both vascular plants (Reiling & Davison, 1994;
Francini et al., 2007; Hayes et al., 2009) and bryophytes (Potter et
al., 1996). The primary cause of the decreased CO2 assimilation
under ozone exposure seems to be decreased concentration
and/or activity of Rubisco (Pell et al., 1997; Goumenaki et al.,
2010), although decreased photochemical efficiency of PSII has
also been reported (Nussbaum et al., 2001). The decrease of
chlorophyll concentration, however, is considered to be a
secondary response induced by the decreased carboxylation
capacity rather than a direct effect of ozone exposure (Anderson
et al., 2003). The reduction in photosynthesis and the consequent
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increase in plant internal CO2 concentrations induces stomatal
closure (Long & Naidu, 2002; Paoletti & Grulke, 2005) but
prolonged ozone exposure can also directly damage the guard
cells causing the stomata to become sluggish in their response to
changes in environmental conditions (McAinsh et al., 2002;
Paoletti & Grulke, 2010). In both cases, the efficiency of the
carbon binding processes can be decreased (Guidi et al., 2002;
Paoletti & Grulke, 2005).
Ozone often causes premature senescence (Bergman et al.,
1999; Franzaring et al., 2000; Hayes et al., 2006, 2010; Williamson
et al., 2010) and decreases biomass (above-ground or total)
production (Morgan et al., 2003; Rämö et al., 2006; Hayes et al.,
2006, 2010). However, no effect (Nikula et al., 2009) or even
increased biomass (Pleijel & Danielson, 1997; Franzaring et al.,
2000) have also been reported. In their review of field layer
vascular plant species, Timonen et al., (2004) reported ozone
induced growth reductions in 31% of the 55 studied species.
However, four of these species showed initial growth
stimulation under low ozone supplementation (40-45 ppb
compared to the control concentration of 12-15 ppb). Ozone also
causes a specific visible injury in plant leaves which has
sometimes been used as an indicator of ozone sensitivity of
plant species. However, the appearance of visible injuries
correlates poorly with a decrease in biomass or reproductive
success (Davison & Barnes, 1998).
1.6.2 Effects of UV-B on plant photosynthesis and biomass
production
The effects of UV-B on various vascular plant species and the
mechanisms behind these effects have been studied extensively
under laboratory, growth chamber, green house and field
conditions (Searles et al., 2001a; Hollósy, 2002). Growth chamber
studies have shown that UV-B has the potential to reduce
photosynthesis and biomass accumulation of plants, stimulate
the production of UV-B absorbing compounds, cause significant
DNA damage, induce various morphological changes and affect
the allocation of the photosynthesis products (Hollósy, 2002).
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The experimental design can greatly affect the occurrence of
UV-B effects. The ratios between the UV-B radiation,
photosynthetically active radiation (PAR) and UV-A radiation is
one of the most important factors in the experimental design
because DNA repair processes require sufficient amounts of
blue light and UV-A to function properly (Krizek, 2004).
Therefore, the UV-B effects tend to be more pronounced in
indoor experiments, in which the irradiation spectrum is often
over-represented by UV-B, than in outdoor experiments with
more intense UV-A and PAR (Krizek, 2004). While the
experiments in strictly controlled growth chamber conditions
are needed when the exact mechanisms of the UV-B induced
effects are to be studied, outdoor experiments give a more
realistic image of the extent of plant responses to increased UVB radiation under natural conditions.
In outdoor experiments, plant photosynthesis is seldom
affected and the direct effects of UV-B radiation are often
limited to stimulation of UV-B absorbing compound synthesis
and DNA damage repair processes (Searles et al., 2001a; Rozema
et al., 2005; Newsham & Robinson, 2009). However, stimulation
of the protection and repair processes can affect gas exchange
and growth indirectly. Synthesis of the UV-B absorbing
pigments and repair of the DNA damage can increase the
maintenance respiration of the plants (Gwynn-Jones, 2001).
Furthermore, allocation of the plant’s resources to the pigment
biosynthesis and the repair processes reduce the resources
available to growth and reproduction (Newsham & Robinson,
2009). Thus, UV-B radiation may decrease the plant growth rate
or above-ground biomass even if the photosynthesis process
itself is not impaired (Xiong & Day, 2001; Newsham & Robinson,
2009).
Fewer UV-B studies have been conducted on bryophytes than
on vascular plants (Boelen et al., 2006). Despite their
comparatively simple leaf structure, and lack of protective
cuticle, bryophytes are surprisingly well adapted to UV-B
radiation and respond to it mostly in the same way as vascular
plants (Gehrke, 1998, 1999; Newshan & Robinson, 2009).
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However, the production of methanol-extractable UV-B
absorbing compounds seems to be less responsive in bryophytes
than in vascular plants (Boelen et al., 2006; Martínez-Abaigar et
al., 2009). Gehrke (1999) even reported a decrease in UV-B
absorbing compounds under supplemental UV-B in Polytrichum
commune. The UV-B effects on growth and morphology of
mosses have been variable (Johanson et al., 1995; Boelen et al.,
2006; Lappalainen et al., 2008). In Sphagnum fuscum,
supplemental UV-B radiation increased net photosynthesis and
decreased dark respiration (Gehrke, 1998). Branching, length
growth, leaf density and biomass of individual shoots can be
altered even if the biomass per area remains unaffected (Gehrke,
1998, 1999; Searles et al., 2002; Lud et al., 2002).

1.7 BELOW-GROUND ALLOCATION AND SOIL RESPIRATION

1.7.1 Effect of ozone on below-ground processes and soil
respiration
Although ozone is highly hazardous to soil microbes and could
also affect the soil quality by reacting with the carbon
compounds in soil particles (Jones et al., 2009), its direct effects
are most likely limited to the topmost soil layer (Blum & Tingey,
1977). However, ozone can directly affect the microbes on the
litter and soil surfaces and have a substantial indirect effect on
soil processes through changes in litter quality and
photosynthate allocation (Kim et al., 1998; Andersen, 2003;
Williamson et al., 2010).
Several studies have reported decreased biomass allocation
below-ground in ozone exposed plants (e.g. Franzaring et al.,
2000; Power & Ashmore, 2002; Andersen, 2003) although
opposite effects (Franzaring et al., 2000; Yamaji et al., 2003) or no
effects (Yoshida et al., 2001; Andersen et al., 2010) have also been
reported. Plant mediated effects of ozone on soil microbial
community and soil respiration are dependent on the used
ozone concentration (Scagel & Andersen, 1997), plant species
(Manninen et al., 2010; Phillips et al., 2002) and other stress
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factors, such as drought (Nikolova et al., 2010). Decreased bulk
soil microbial biomass has been reported in Lathyrus pratensis
monoculture (Manninen et al., 2010) and in meadow mesocosms
(Kanerva et al., 2008) but not in Agrostis capillaris monoculture
(Manninen et al., 2010). In a study with pot-grown Pinus
ponderosa seedlings, the active soil fungi biomass increased
under low supplemental ozone, but decreased under high ozone
concentration (Scagel & Andersen, 1997). In addition, the belowground responses are not necessarily consistent with the ozone
effects on photosynthesis or biomass production. For example,
in a three year experiment with silver birch (Betula pendula),
ozone exposure had a cumulative stimulating effect on soil
respiration (Kasurinen et al., 2004) but no significant effect on
the CO2 assimilation of the leaves (Riikonen et al., 2005). In
cotton (Gossypium barbadense) and melon (Cucumis melo), ozone
decreased the CO2 assimilation rate but increased the root
respiration rate (Grantz et al., 2003) and Matyssek et al., (2010)
reported similar effects in beech (Fagus sylvatica).
1.7.2 Effects of UV-B on below-ground processes and soil
respiration
As UV-B radiation penetrates only a few millimetres into the
peat layer (Searles et al., 2001b), its direct effect on soil
respiration and the microbial community is limited. In xeric
ecosystems, where the microbial activity on the soil surface is
restricted by lack of water, UV-B radiation can directly increase
the litter decomposition rate in the topmost soil layers by
accelerating the photodegradation of lignin (Rozema et al., 1997;
Smith et al., 2010). However, under more moist conditions, the
negative effect of UV-B radiation on the decomposer community
is greater than the effect of photodegradation leading to a
decreased decomposition rate (Gehrke et al., 1995; Moody et al.,
2001; Pancotto et al., 2003). In addition, UV-B radiation can have
substantial and diverse indirect effects on soil processes through
altered plant growth and chemistry. The UV-B induced changes
in the chemical composition and physical properties during
plant growth (Rozema et al., 1997; Cybulski et al., 2000) can
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decrease the decomposability of plant litter (Gehrke et al., 1995;
Pancotto et al., 2005), thus affecting the ecosystem respiration
rate and causing changes in soil microbial community.
UV-B radiation can affect the allocation of photosynthesis
products and thus cause changes in root biomass, turnover
(Zaller et al., 2002; Rinnan et al., 2005, 2006) and root exudation
(Avery et al., 2003; Rinnan et al., 2006). Changes in the
availability of decomposable root material and in root exudation
can in turn affect the activity, biomass and/ or composition of
the soil microbial community (Johnson et al., 2002, 2003; Rinnan
et al., 2005, 2008). UV attenuation studies demonstrate that the
ambient solar UV-B radiation both in the Arctic and Antarctic
can decrease the root growth (Zaller et al., 2002, root length;
Rinnan et al., 2005 biomass) and root exudation thus causing
changes in the microbial community in the rhizosphere (Avery
et al., 2003). Decreased root exudation has also been reported in
an UV-B supplementation study with mire microcosms (Rinnan
et al., 2006). However, the effects of UV-B radiation on belowground processes are even more variable than those on aboveground and are easily affected by other stress factors (Avery et
al., 2004; Andersen, 2003).

1.8 ECOSYSTEM CO2 EXCHANGE

The effects of supplemental UV-B or ozone on CO2 exchange of
natural ecosystems has only been measured in a few studies.
However, as reviewed in sections 1.6 and 1.7, both of these
stressors can affect several plant and soil processes that
contribute to the ecosystem carbon balance. Decreased aboveground biomass and the possible decrease in photosynthesis
would lead to decreased ecosystem CO2 uptake. The altered
allocation below-ground could cause changes in soil respiration
but could also affect the sequestration of plant material into the
deeper soil layers. However, the effects of both UV-B radiation
and tropospheric ozone seem to be very species-specific and
dependent on other environmental factors. Therefore,
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extrapolating long-term ecosystem level effects on the basis of
single species responses is susceptible to errors.
In studies with peatland microcosms, 30% UV-BCIE
supplementation (weighted with the erythemal action spectrum)
decreased gross photosynthesis and net CO2 exchange (Niemi et
al., 2002a) or increased the dark respiration rate (Rinnan et al.,
2003). Elevated ozone concentrations increased dark respiration
rates both in peatland (Niemi et al., 2002b; Rinnan et al., 2003)
and meadow microcosms (Kanerva et al., 2007). However, in
peatland ecosystems the effect was only transient (Niemi et al.,
2002b; Rinnan et al., 2003) whereas in the meadow ecosystem the
effect was not detected until the second and third exposure year
(Kanerva et al., 2007). In addition, several studies have predicted
significant decreases in the ecosystem carbon sink due to
increased tropospheric ozone (Feltzer et al., 2005; Sitch et al.,
2007; Royal Society, 2008).

1.9 OBJECTIVES

OF

THE

RESEARCH

AND

OUTLINE

OF

EXPERIMENTS

The main purpose of this thesis was to assess the future effects
of a) increasing tropospheric ozone concentration b) increasing
UV-B radiation level (stratospheric ozone depletion) on the CO2
exchange of boreal mire ecosystems. In addition, responses of
plant photosynthesis related factors to these stressors were
studied in order to define the mechanisms behind possible
ecosystem level changes. As the aim was to assess the
probability and magnitude of the effects in natural ecosystems,
the experiments were conducted under as natural conditions as
was practically possible. The ozone exposure was conducted in a
free-air exposure facility with fen microcosms (articles I and II).
The UV-B supplementation study was conducted on a natural
flark fen with a modulated UV-B exposure facility (articles III
and IV). Since both of these stressors have a wide variety of
indirect effects on decomposition and soil respiration that can
take several years to become detectable at the ecosystem scale,
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the exposures were continued for four (O3) or three (UV-B)
years. The study hypotheses and the methods used are
summarized in Table 1.
Table 1. Summary of the tested hypotheses and methods used.
Hypotheses tested

Method

Ozone induces changes in the fine

Chapter

Analysis of transmission electron

I

structure and volume density of microscopy (TEM) sections
plant cell organelles, especially in
the chloroplasts
Ozone

exposure

photosynthetic

decreases

efficiency

of

the

Measurement of light saturated

II

mire CO2 assimilation rate and the dark

plants

respiration rate using the dynamic
chamber method
Measurement
photochemical

of

efficiency

the
of

PSII

(Fv/Fm) with chlorophyll fluorescence
measurements
Ozone exposure has a cumulative

Measurement of CO2 exchange

II

negative effect on the ecosystem with the closed chamber method
CO2 sink

by

decreasing PG and over four growing seasons using

increasing RTOT

transparent and opaque chambers.

UV-B induces moderate changes in
the

fine

density

of

structure
plant

and

cell

Analysis of TEM sections

III

Measurement of light saturated

III

volume

organelles,

especially in the chloroplasts
Supplemental UV-B decreases the
photosynthetic

efficiency

of CO2 assimilation rate and the dark

Eriophorum russeolum.

respiration rate using the dynamic
chamber method
Measurement
photochemical

of

efficiency

the
of

PSII

(Fv/Fm) with chlorophyll fluorescence
measurements
Supplemental

UV-B

radiation

decreases the plant growth rate
Supplemental

UV-B

has

Growth

measurements in

the

III

Measurement of CO2 exchange

IV

field
a

cumulative negative effect on the over three years with the closed
ecosystem CO2 sink by decreasing chamber method using transparent
PG and increasing RTOT

and opaque chambers and snow
gradient method.
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2 Discussion
2.1 OPEN FIELD OZONE EXPOSURE

The effects of increased ozone concentration on the
photosynthetic properties of two fen plants, tussock cottongrass
(Eriophorum vaginatum L.) and a moss Sphagnum papillosum
Lindb., and on the CO2 exchange of the fen microcosms were
studied during four consecutive growing seasons, 2003-2006.
The fen microcosms with intact vegetation and peat layers were
cored at the end of May 2003 and installed into the ground of
the experimental fields soon after the coring in order to maintain
natural peat temperatures. The microcosms were exposed to
either ambient ozone concentrations or to elevated ozone
concentrations from mid-May to early October. The realized
ozone elevation during the growing seasons (2003-2006) was 1.71.9 times the ambient ozone concentrations at the ground
surface level. The ambient ozone concentrations on the site
tended to be highest in early summer, especially in 2003 and
2005 (Häikiö et al., 2009; article I). A detailed description of the
original fen can be found in Saarnio et al., (1997) and the
description of the ozone exposure facility is given in article I and
in Mörsky et al. (2008).
2.1.1 Effects of elevated ozone concentration on photosynthetic
machinery
The ultrastructure of the mesophyll cells of the Eriophorum
vaginatum leaves and chlorophyllose cells of Sphagnum
papillosum leaves was studied with transmission electron
microscopy (TEM) in 2003-2005 (article I). The photochemical
efficiency of PSII in a dark adapted state (Fv/Fm) of fully
expanded E. vaginatum leaves was studied with chlorophyll
fluorescence measurements during four growing seasons (20032006) and the light saturated net CO2 assimilation was measured
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with the dynamic-chamber method in August 2004 and in July
2005 (article II).
In an earlier growth chamber study with microcosms
collected from the same fen, ozone caused a variety of changes
in the ultrastructure of both E. vaginatum and S. papillosum
(Rinnan & Holopainen, 2004). Although the effects were clearest
in plants exposed to 100ppb ozone concentration (accumulated
ozone exposure over a threshold of 40 ppb, AOT40 = 12.4 ppm h),
some changes were already detected at 50ppb concentration
(AOT40 = 7.1 ppm h). In our study, the AOT40 values in the ozone
treatment were substantially higher (20.8-35.8 ppm h in 20032006) than in the growth chamber study due to longer exposure
periods, although the average of the daily mean ozone
concentrations was quite low (approximately 35 ppb in the
ozone treatment). Nonetheless, the elevated ozone concentration
had no significant effect on the ultrastructure of either of the
studied species in the free air exposure (article I, tables 2 and 4)
and only some seasonal changes were detected. The chloroplast
area and the amount of starch in the E. vaginatum leaves
decreased towards autumn. The slight decrease in grana stack
thickness and increased number of plastoglobuli in late
summer/autumn may indicate senescence related disintegration
of the thylakoid membrane (Biswal, 2005a). Furthermore, the
ultrastructure of S. papillosum was unaffected despite its
apparent ozone sensitivity in the earlier microcosm studies
(Rinnan & Holopainen, 2004) and the transient growth
reductions in our study in 2005 (article I).
Supplemental ozone had variable effects on the Fv/Fm of the E.
vaginatum leaves, indicating changes in the photochemical
efficiency of PSII (article II). The Fv/Fm initially increased in the
ozone treatment in August 2003 (week 31) but decreased in midJuly 2005 (week 28). The decrease in the Fv/Fm under elevated
ozone concentrations in summer 2005 was mainly due to
increased minimal fluorescence in the dark adapted state (F0)
indicating either impaired transfer of excitation energy to the
reaction centres or damaged PSII reaction centre. The decrease
in Fv/Fm was accompanied by changes in the growth rate and in
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photosynthetical pigments (article I). The growth rate of E.
vaginatum leaves was temporarily decreased in early June and
the Chl-a/Chl-b ratio was increased in late June under the ozone
treatment. Unlike the annual variation of the Fv/Fm response, the
transient reduction of the relative growth rate of E. vaginatum
recurred each spring, although the decrease was significant only
in 2005 (article I). No effect on the rate of CO2 assimilation of E.
vaginatum was found during either of the measurement periods
in August 2004 and July 2005 (article II). However, the timing of
the CO2 assimilation measurements was not best suited for
detection of possible ozone responses since the ozone responses
seemed to concentrate in early summer. Ozone uptake by plants
is highest during vigorous growth when the stomata are open,
which could explain the timing of the detected ozone responses.
In addition, sunny weather (high PAR levels) during the spring
and early summer in 2005 (article I, figure 1) could have
amplified the effects of ozone (Guidi et al., 2000; Kivimäenpää et
al., 2004).
2.1.2 Responses of ecosystem CO2 exchange to elevated O3
concentration
The instantaneous CO2 exchange of the peatland microcosms
was measured fortnightly (2003-2005) or once every three weeks
(2006) with the closed chamber method during four growing
seasons (article IV). At the beginning of the experiment (2003),
the sedge leaf density (leaves/ m2) was slightly lower in the
ozone treatment than in the ambient control (Mörsky et al.,
2008). Therefore, the leaf density was used as a covariate in the
statistical analysis. However, the leaf density increased more in
the ozone exposed microcosms than in the control microcosms
and ended up being 18.5% higher in the ozone treatment in
2006.
Despite the increased Fv/Fm, the light saturated instantaneous
gross photosynthesis (PG) was decreased under elevated ozone
concentrations during the first year (2003). However, unlike the
recurrent but short-term growth rate reduction detected only in
early summers, the negative effect on PG amplified towards
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autumn and disappeared during the second growing season
(2004). The additional stress from coring of the microcosms
could have caused the ecosystem to be more susceptible to
ozone stress at the beginning of the experiment. However, in
earlier microcosm studies, no such effect was found (Niemi et
al., 2002b; Rinnan et al., 2003). High peak ozone concentrations
in early summer 2003 (Häikiö et al., 2009) could also have been
the reason for the decreased PG.
In 2004 and 2005, no treatment effect on the ecosystem level
gas exchange could be seen. However, in 2006, the rates of both
PG and total dark respiration (RTOT) tended to be higher in the
ozone treatment (article II). Despite the springtime reduction in
the length growth of E. vaginatum, the biomass of individual
leaves was probably not affected due to an increased crosssection area of the leaves (article I). Since the sedge leaf density
also increased under ozone exposure, long-term ozone exposure
did not affect the ecosystem gas exchange per unit of plant
biomass but increased the amount of photosynthesizing
biomass. The peat microbial biomass and organic acid
concentrations in the peat pore water were higher under the
ozone treatment at the end of the third growing season (2005)
(Mörsky et al., 2008). Therefore, the increasing trend of RTOT
could be a result of increased microbial respiration, enhanced by
the increased root exudation. An increase in the plant growth
rate or biomass under moderately increased ozone
concentrations (40 ppb) has been reported in some species
(Timonen et al., 2004; Hayes et al., 2006). However, even in these
cases, higher ozone concentrations (80 ppb) tend to decrease the
growth rate (Timonen et al., 2004). In our study, the daily mean
ozone concentrations averaged 35 ppb in the ozone treatment,
but occasionally reached as high as 95.4 ppb. Since the AOT40
values were also considerably high, increased PG was
unexpected and demonstrates the importance of long-term
studies on ecosystem level responses. In this case, the
experiment could not be continued because the moss column
started to grow out of the microcosms.
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In other studies, the effects of ozone on ecosystem CO2
exchange have been variable. In a growth chamber study with
similar fen microcosms, elevated ozone concentrations increased
ecosystem RTOT and decreased the net ecosystem CO2 exchange
(NEE) (Rinnan et al., 2003). However, in our study, NEE also
increased due to increased PG. In an open-top chamber study
with S. papillosum and E. vaginatum dominated mire microcosms
in the U.K, ozone did not affect RTOT but decreased methane
emissions (Toet et al., 2011), which is in accordance with results
from our experiment (Mörsky et al., 2008). In contrast, long-term
free air ozone exposure of sub-alpine grassland mesocosms
decreased both RTOT and PG (Volk et al., 2011). It has been
suggested that among mire types, fens with a variety of vascular
plant species may be more susceptible to changes in belowground processes than Sphagnum-dominated acidic bogs
because the above-ground changes are mediated into the deeper
peat layers through the plant root system (Jones et al., 2009).

2.2 NATURAL FEN ECOSYSTEM AND UV-B EXPOSURE

2.2.1 UV-B exposure
The effects of supplemental UV-B radiation on two mire plants
species; red cottongrass Eriophorum russeolum Fr. ex Hartm. and
a moss Warnstorfia exannulata (Schimp.) Loeske, and on the
ecosystem level gas exchange was studied over a three year
period (2003-2005). The UV-B exposure field was established on
a mesotrophic flark fen in Sodankylä, northern Finland. The
experimental facility consisted of 30 plots that were divided into
three treatments: ambient control, UV-A control and UV-B
treatment. Each treatment contained ten plots and the UV-B
exposure commenced in June 2003. A detailed description of the
experimental site and the exposure facility is given in article IV.
The target UV-BCIE supplementation was +46% (simulating
20% stratospheric ozone depletion) compared to the
continuously measured ambient UV-BCIE level. However, due to
technical problems, the actual UV-BCIE supplementation level
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was much higher than intended during the first growing season
(+63%) and considerably lower in 2005 (+21%) (articles III and
IV). In 2004, when the overall ambient UV-BCIE dose was lowest,
the supplementation was +37%.
2.2.2 The effects of supplemental UV-B on the ultrastructure of
peatland plants
The dominant plants species on the fen, E. russeolum and W.
exannulata, were sampled for ultrastructure analysis (article III).
Only a few studies have discussed the effects of moderately
increased UV-B radiation on the ultrastructure of vascular
plants or bryophytes (chapter 1.5.3). In an earlier microcosm
study, the leaf anatomy of a sedge species, Eriophorum
vaginatum, from the same genus, was affected by supplemental
UV-B (Niemi et al., 2002a). However, in our study, the long-term
UV-B exposure had no effect on the ultrastructure of either of
the studied species, and only seasonal and annual changes were
detected. In E. russeolum, the number of mitochondria stayed
quite stable during the growing seasons and between years.
However, the chloroplasts and starch volume densities varied
greatly during the growing seasons. The chloroplast volume
density decreased towards autumn as the vacuolar space
increased. In addition, the starch volume density was lowest in
late autumn and senescence related changes (Biswal, 2005a;
Evans et al., 2010) in chloroplast structure, such as dilated
thylakoids and spherical chloroplasts became more common in
autumn. Similar seasonal changes have been reported in several
species (see chapter 1.5.3).
The studied moss, W. exannulata, was similarly unresponsive
to supplemental UV-B (article III). The structure of the leaf cells
was characterized by one or two chloroplasts with a couple of
electron-dense (dark) plastoglobuli, and only a few other cell
organelles visible in a cross section. Although the cell crosssection area of W. exannulata was only a fraction of that of E.
russeolum, the cell walls were approximately the same thickness
(average 0.53µm in W. exannulata, 0.61µm in E. russeolum) which
might have protected the moss from the effects of UV-B
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radiation. Overall, the cell structure was similar to that of the
chlorophyllose cells of Sphagnum species (Rinnan & Holopainen,
2004). The chloroplasts contained very little or no starch, which
could indicate a low photosynthetic efficiency. This was
supported by the CO2 exchange measurements conducted under
laboratory conditions with moss layer cuttings (article III). It
would seem that despite its simple leaf structure, W. exannulata
was fairly well protected against UV-B radiation.
2.2.3 Responses of plant photosynthesis, growth and related
properties to supplemental UV-B
The effects of supplemental UV-B radiation on plant specific gas
exchange, chlorophyll fluorescence and the relative growth rate
of E. russeolum was measured in 2004 and 2005 (article III). The
maximum efficiency of PSII (Fv/Fm) was temporarily increased in
June 2005 under supplemental UV-B radiation. This is
surprising because excess light energy should have a negative
effect on the efficiency of the photosystem and decreased Fv/Fm
has been reported in some species (Heijari et al., 2006; Albert et
al., 2010). However, no further UV-B effects on the Fv/Fm were
detected.
The lack of UV-B response in the chloroplast structure of E.
russeolum was accompanied with no changes in the plant
specific CO2 exchange. No effect on the light saturated net CO2
assimilation rate or the dark respiration rate (Rd) of E. russeolum
leaves were detected during either of the measurement years
(2004 and 2005). Moreover, UV-B radiation had no effect on the
light response of the CO2 assimilation rate of E. russeolum but
there were some seasonal changes in the shape of the light
response curves (article III, figure 3). The CO2 assimilation rate
at low PAR levels ( 50 µmol m-2 s-1) tended to increase towards
autumn due to decreased dark respiration. Dark respiration
decreased from -1.7 µmol CO2 m-2 s-1 in July to -0.5 at the end of
August in 2005 but the light saturated net CO2 exchange stayed
stable, indicating that the gross CO2 assimilation rate decreased
towards autumn approximately at the same rate as the dark
respiration rate. Most of this decline could be explained by
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decreasing energy demand for plant growth and reduced
enzymatic activity due to the decreasing air temperature (article
III, Fig. 1). Although the rate of light-saturated net
photosynthesis decreased only slightly during the two months,
the daily CO2 uptake was significantly reduced by the
decreasing daylight hours and solar angle. The CO2 exchange of
the moss layer was not affected by the supplemental UV-B.
However, the light saturated net CO2 uptake of the moss layer
was very low (0.12±0.03 mmol CO2 m-2 h-1 = 1.44±0.36 mg C m-2
h-1) and thus the detection of possible UV-B effects would be
very difficult under these conditions.
The overall lack of a UV-B effect on CO2 assimilation was
supported by the photosynthetical pigment analysis by Mörsky
et al. (unpublished). The supplemental UV-B radiation did not
have any significant effect on the concentrations of the
carotenoids or chlorophylls in E. russeolum leaves (Mörsky et al.,
unpublished). However, the concentration of cell wall bound
UV-B absorbing compounds was transiently increased at the
end of the first growing season (2003). This is in line with the
current meta-analysis by Newsham and Robinson (2009), which
suggests that in outdoor conditions, UV-B radiation rarely
affects plant photosynthesis and the overall effects are likely to
be limited to increased concentrations of UV-B absorbing
compounds and possible indirect effects on plant growth.
However, in our experiment, there were no significant UV-B
effects on the relative growth rate (article III) or the rate of
senescence (Mörsky et al., unpublished) of E. russeolum leaves.
2.2.4 Seasonal evolution of the CO2 exchange and the
regulating factors
The instantaneous CO2 exchange rates (NEE and RTOT) of the fen
ecosystem were measured with the closed chamber method
during three growing seasons, 2003-2005 (article IV). The
growing season CO2 balance of the fen ecosystem was then
estimated with nonlinear regression models and cumulative
winter-time CO2 efflux was extrapolated from snow-gradient
measurements.
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The water table level on the site and, subsequently, the CO2
balance of the fen ecosystem were clearly affected by both the
total amount of rainfall and by the timing of the rain. The range
of water table level changes on the site during the snow free
period (1 June-30 September) was ±10cm from the moss surface,
so the soil respiration was usually strongly limited by lack of
oxygen. If the water table level decreased below the peat
surface, the respiration rate increased rapidly (article IV). The
first year, 2003, was the driest of the three experimental years,
with total precipitation between 1 May and 30 September close
to its long-term average (273 mm vs. 263 mm) and the water
table level decreased to approximately 8cm below the moss
surface. During that growing season, even the wet flark surface
of the fen was a net source of CO2.
During the second and third year the total amount of
precipitation was almost 100 mm higher than the long-term
average (361 and 367 mm in 2004 and 2005, respectively).
However, the CO2 balance of the two growing seasons differed
greatly. In 2004, the amount of precipitation was distributed
quite evenly and the water table stayed high throughout the
growing season. This led to low respiration rates and net CO2
uptake of 28.5 ± 5.0 g CO2-C m-2 during the snow free period,
which is comparable to the values measured on a mesotrophic
flark fen in northern Finland (Aurela et al., 2001) and Eriophorum
vaginatum fen in southern Finland (Riutta et al., 2007).
In 2005, the early summer was dry and the water table level
soon decreased below the peat surface. In conjunction with high
temperatures this caused a high respiration peak in late July.
The drawdown of the water table possibly caused the floating
surface peat carpet to depress and to press out the gas bubbles
stored in the lower peat column. This caused a short period of
remarkably high CO2 and methane release rates, the CO2 efflux
reaching as high as 396 mg CO2-C m-2 h-1 in some plots. The
emission peak lasted for only a few days but its effect on the
seasonal CO2 balance was profound. The modelled cumulative
NEE in July 2005 was 0.15 ± 0.02 g CO2 m-2 compared to 16.4 g
CO2-C m-2 in July 2004. However, the regression models used
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give poor estimates for the gas exchange rates during these
kinds of episodic peaks because the pressure changes in the peat
layer were not measured or included into the models.
The cumulative wintertime CO2 effluxes were only 1–3% of
the respiration during the snow free period (1 June-30
September) in all treatments. A high water table and the
consequent formation of an ice layer on the peat surface before
snowfall are probably the main reasons for the relatively low
wintertime CO2 effluxes in the study site (cf. Alm et al., 1999;
Saarnio et al., 2003, Leppälä et al., 2011).
2.2.5 Effects of UV-B radiation on ecosystem level CO2
exchange
The effects of supplemental UV-B radiation on CO2 exchange of
a mire ecosystem have only been studied two microcosm studies
(Niemi et al., 2002a; Rinnan et al., 2003). These studies
demonstrated that supplemental UV-B radiation can cause
changes in the carbon gas exchange of northern mires. However,
development of ecosystem level responses can take several years
and therefore, a longer term study was needed. This study is the
first multi-year study on the effects of supplemental UV-B
radiation on the CO2 exchange of a natural mire ecosystem.
Although the experimental plots were randomly placed on
the flark surface where the vegetation was most homogeneous,
the photosynthesizing leaf area (leaf area index, LAI) was
slightly higher in the UV-B treatment plots from the start of the
experiment (article IV). Because of this, both instantaneous PG
and RTOT were higher in the UV-B plots. LAI also varied greatly
between the years, but was not affected by supplemental UV-B
or UV-A. Most of the photosynthesizing vascular plant area
consisted of E. russeolum leaves and, therefore, the shoot density
of E. russeolum was used as a covariate in the statistical analysis.
During the first two growing seasons (2003-2004), there was
no significant UV-B effect on the instantaneous CO2 exchange
(article IV). In the third growing season (2005), the RTOT rate was
significantly lower in the UV-B treatment during the CO2
emission peak, resulting in the higher light saturated NEE in
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UV-B treatment. However, these changes were only significant if
compared to the ambient control. Cloudy weather in autumn
limited the measurement times of the light saturated CO2
exchange and no comprehensive data on the evolution of the
light saturated NEE and PG in late August or September is
available. However, the detected difference in instantaneous
RTOT disappeared by the end of August (Fig. 1) and no treatment
effect could be seen in the winter CO2 effluxes. Therefore, the
role of the actual UV-B supplementation in decreased RTOT is
unclear. However, both UV-B and UV-A control treatments
decreased bacterial growth rates in the surface (0-10cm) peat
and altered the composition of the peat microbial community in
2005 (Rinnan et al., 2008). In the deeper peat layers, bacterial
growth was increased in the UV-A control treatment. In
addition, UV-B exposure has repeatedly been shown to militate
against soil microbes and decomposition of plant material
(Johnson et al., 2002; Duguay & Klironomos, 2000). During an
abnormally dry summer in the fourth exposure year (2006),
instantaneous NEE was transiently increased in both the UV-A
control and UV-B treatments in comparison to the ambient
control (Tiiva et al., 2007). However, in 2008, the difference in the
NEE between the treatments had disappeared once more
(Faubert et al., 2010).
When the modelled seasonal CO2 balances (1 June–30
September) were compared, the cumulative NEE was higher in
the UV-B treatment than that in the ambient control in 2005. The
difference between the treatments in the CO2 balance was
greatest after the CO2 emission peak in July (article IV figure 5).
Although the instantaneous RTOT (measured concurrently with
the light-saturated NEE) was decreased under elevated UV-B
during that period, the effect did not carry over to the seasonal
CO2 balance. However, it must be noted that the fit of the RTOT
models were poor during the CO2 peak in mid-summer 2005
because most of the CO2 emissions during that period were
probably a result of bubbling-out of the CO2 stored in the peat
layer instead of direct soil respiration.
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Figure 1. The weekly mean (±SE) of ecosystem dark respiration (RTOT)
rates in 2005.

2.3 CONCLUSIONS AND IMPLICATIONS

The effects of long-term ozone exposure on the studied mire
plants and on the ecosystem level CO2 exchange were minor
(Table 2). Photosynthesis and growth related responses were
transient and occurred mostly during or after high springtime
ozone concentrations. No evidence of cumulative ozone effects
or changes that could be related to acclimation to higher ozone
concentrations was seen in the studied plant species. The
ecosystem level CO2 exchange was significantly affected only
during the first growing season in the presence of additional
physical stress (coring of the microcosms in 2003). As a more
long-term effect, the elevated ozone concentrations slightly
increased the sedge leaf density, thus causing an increase in both
PG and RTOT. Although the increase was not statistically
significant, it demonstrates the importance of long-term
experiments. Since the negative effect of ozone on plant
photosynthesis and growth have been demonstrated in a wide
variety of species, it is unlikely that the now detected positive
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effect on ecosystem PG would be constant over the long term.
Moreover, further studies are needed to determine the actual
cause behind the increased plant biomass. On the basis of our
results, it seems unlikely that the predicted increase in the
background concentration of ozone would significantly decrease
the net CO2 uptake of northern fen ecosystem. Nevertheless,
episodes of high ozone concentrations can cause transient
reductions in photosynthetic efficiency and growth of the mire
plants.
The results from the UV-B supplementation experiment show
that the effects of long-term UV-B exposure on the mire
ecosystem are very subtle. Supplemental UV-B had no
significant effect on the ultrastructure, photosynthetic
performance or growth of the studied fen plants; Eriophorum
russeolum and Warnstorfia exannulata (Table 2). Even the highest
UV-BCIE supplementation in 2003 (+63%) did not have any
detectable effect on CO2 exchange. Instead, a much lower
supplementation level (+21%) in 2005 seemed to decrease the
ecosystem level soil respiration rate during a sudden decrease in
the water table. However, the overall high variability of the CO2
exchange rates during such events causes additional uncertainty
as to the actual causes of the detected difference between the
treatments. On a fen with a high water table, even small
differences in the water level can cause significant changes in
the soil respiration. Therefore, the natural variations in the other
environmental conditions easily mask the potential effects of the
UV-B supplementation. Since the comparatively high UV-B
radiation levels used in this study failed to induce any
permanent changes in the plant growth or ecosystem level CO2
exchange it is unlikely that the future levels of UV-B radiation
would significantly affect the CO2 balance of northern fens.
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Table 2. Summary of the tested hypotheses and the obtained results.
Hypothesis tested

Acquired results

Ozone induces changes in the fine

Ozone

did

Chapter

not

affect

the

structure and volume density of

ultrastructure of photosynthesizing

plant cell organelles, especially in

cells E. vaginatum or S. papillosum

I

the chloroplasts
Ozone

exposure

decreases

the

Ozone caused various transient

photosynthetic efficiency of mire

effects

on

the

Fv/Fm

of

plants

vaginatum but had no permanent

II

E.

effect on the CO2 assimilation.
Ozone exposure has a cumulative

Elevated ozone concentrations

negative effect on the ecosystem

increased the sedge leaf density

CO2 sink by decreasing PG and

and tended to increase both RTOT

increasing RTOT

and NEE.

Supplemental
moderate

UV-B

changes

induces
in

the

Supplemental
significant

UV-B

effect

had
on

no

ultrastructure of E. russeolum or

of plant cell organelles, especially

W.

in the chloroplasts

natural fen ecosystem.

Supplemental
the

UV-B

photosynthetic

decreases

efficiency

of

Eriophorum russeolum.

growing

III

the

ultrastructure and volume density

exannulata

II

on

a

No significant effect on light

III

saturated CO2 assimilation or the
dark

respiration

rate

of

E.

russeolum.
Supplemental

UV-B

caused

only a transient increase in the
quantum efficiency of PSII (Fv/Fm)
on the third exposure year.
Supplemental

UV-B

radiation

decreases the plant growth rate
Supplemental

UV-B

has

a

cumulative negative effect on the
ecosystem CO2 sink by decreasing
PG and increasing RTOT
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No effect on the growth of E.

III

russeolum.
No significant negative effect
on ecosystem CO2 uptake.

IV
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The aim of this thesis was to
investigate the long-term effects
of increasing tropospheric ozone
concentration and supplemental
UV-B radiation on carbon dioxide
dynamics of boreal mire ecosystems.
Effects of these stressors were
studied separately in two multiyear experiments under open-field
conditions. The presented results
demonstrate the importance of
long-term experiments in natural
conditions in the effort to assess
the magnitude of ecosystem level
responses to these two stress factors.
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