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ABSTRACT

Kotilainen, Titta 
Solar UV radiation and plant responses: Assessing the methodological 
problems in research concerning stratospheric ozone depletion 
Jyväskylä: University of Jyväskylä, 2010, 45 p. 
(Jyväskylä Studies in Biological and Environmental Science, 
ISSN 1456-9701; 207) 
ISBN 978-951-39-3906-9 (PDF), 978-951-39-3819-2 (nid.)
Yhteenveto: Auringon UV-säteily ja kasvien vasteet: otsonikatoon liittyvien 
tutkimusten menetelmien arviontia 
Diss. 

My  objective  in  this  thesis  was  to  evaluate  the  effect  of  both  UV-B  and  UV-A  
radiation on different plant responses and, via plants, on decomposition. To 
achieve this, I compared the responses of three tree species in the family 
Betulaceae to solar UV-B and UV-A radiation in field and outdoor experiments, 
using plastic films excluding part of the radiation. Laboratory experiments were 
conducted to assess the effects of litter grown under different UV treatments on 
soil fauna and soil respiration and to measure the decomposition rate. The 
results showed that individual phenolic metabolites were variably affected by 
the UV treatments and in some cases the UV effect varied even during the 
growing season. Further changes were measured in the carbon content and cell 
wall chemistry of plant litter. Changes in the litter chemistry were transferred to 
soil respiration. As a whole, the results of this thesis emphasize the role of UV 
radiation as an informational signal spurring photomorphogenetic effects in 
terrestrial plants and show that those effects can be transferred to 
decomposition processes as well. My concomitant objective was to develop new 
methods and models for assessing the validity of previous experiments 
mimicking the increased levels of UV-B radiation due to stratospheric ozone 
depletion. To achieve this, published action spectra used as biological spectral 
weighting functions (BSWFs) were compared to measured plant responses in 
order to estimate the enhancement errors in past experiments with 
supplemental UV-B radiation. Based on my assessment, it is possible that in 
part of the previous experiments the under- or overestimation of the effect of 
ozone depletion is large enough to distort some conclusions. Findings in this 
thesis emphasize the importance of appropriate methodology, regarding 
sampling, measuring methods, and choosing a BSWF closely representing the 
measured response. 

Keywords: Action spectra; Betulaceae; litter decomposition; plant phenolics; 
soil respiration; UV radiation 
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1 INTRODUCTION 

1.1 Stratospheric ozone depletion, climate change and UV-B 
radiation 

The first reports of the ozone hole over Antarctica were published in the mid-
1980s (Farman et al. 1985), which were followed by reports of spring-time ozone 
depletion over the Arctic in the 1990s (von der Gathen et al. 1995). Only the 
shortest wavelengths of the solar spectrum at ground level are affected by the 
ozone layer, i.e. the UV-B band (280-315 nm), and it has very little effect on the 
amount of UV-A radiation reaching ground (315-400 nm) (Mazza et al. 2000). 
The potential harmfulness of increased UV-B radiation is due to the energy 
possessed by one photon, which is wavelength dependent; the shorter the 
wavelength, the more energy there is per mole of photons. Enhanced UV-B 
radiation is of concern because it can damage plant proteins, nucleic acids and 
other macromolecules (Ballaré et al. 1996, Jansen et al. 1998). Besides ozone, UV-
B radiation is influenced by factors such as clouds, air pollution, aerosols and 
surface reflection and there is normal seasonal and spatial variation in UV-B 
irradiance (Madronich et al. 1998, McKenzie et al. 2007).  

As a result of the Montreal Protocol and its amendments restricting the 
use of ozone depleting halogens, the recovery of the ozone layer to pre-1980 
levels is expected by the mid 21st century at mid-latitudes and a decade or two 
later in polar regions (McKenzie et al. 2007). However, there are complex 
interactions between ozone depletion and climate change. Heat retention by 
greenhouse gases in the troposphere may result in further stratospheric cooling 
and increased ozone depletion (Shindell et al. 1998, Taalas et al. 2000, McKenzie 
et al. 2007). Further, recent models predict that climate change will alter the 
tropospheric ozone budget and consequently the UV flux reaching the ground. 
The predicted increase in the stratospheric Brewer-Dobson circulation (e.g. 
McLandress & Shepherd 2009) acts to decrease ozone in the lower stratosphere 
in  the  tropics  but  to  increase  it  at  mid-latitudes  (Li  et  al.  2009).  In  their  study  
Hegglin & Shepherd (2009) predict that global stratosphere-to-troposphere 
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ozone flux will increase by 23% between 1965 and 2095. In concordance, the 
clear-sky UV index will decrease by 9% in northern high latitudes but increase 
by 4% in the tropics, and increase by up to 20% in southern high latitudes in 
late  spring  and  early  summer.  In  northern  high  latitudes  the  effect  would  be  
much larger than that of stratospheric ozone recovery, but the latter increase in 
the UV index is equivalent to nearly half of that generated by the Antarctic 
ozone hole created by anthropogenic halogens. 

1.2 UV radiation and plant responses 

Before  a  light-driven  physiological  process  occurs  in  plant,  that  light  must  be  
absorbed by a photoreceptor. An absorption spectrum describes the ability of a 
photoreceptor to absorb light. An action spectrum describes the relative 
effectiveness of energy at different wavelengths in producing a biological 
response. Action spectra are derived by action spectroscopy (McDonald 2003, 
Björn 2007). The response of the system is analysed quantitatively as a function 
of  wavelength  of  light  and  the  resulting  action  spectrum  is  a  measure  of  the  
relative efficiency of light of different wavelengths in inducing a defined effect 
on the examined system (Ghetti et al. 2006). One of the best known 
photobiological processes in plants is photosynthesis: similarity of the 
absorption spectrum of chlorophyll and the action spectrum of photosynthesis 
tells us that chlorophylls are the most important pigments in the process. The 
spectra are not identical though, because there are also other pigments, e.g. 
carotenoids, which play a role as well (McDonald 2003, Björn 2007). 

Plants adjust their developmental processes, e.g. seed germination, stem 
elongation and circadian rhythms, according to light signals perceived through 
different photoreceptors. Phytochromes sense red/far-red radiation and 
cryptochromes and phototropins sense blue/UV-A radiation (Batschauer 1998). 
The molecular and spectral characterisation of these light sensors and signal 
transduction are well established (e.g. Batschauer 1998, Chen et al. 2004, Jiao et 
al. 2007). Photoreceptors can receive both the energy and information contained 
in the absorbed light (Björn 2007). Multiple photoreceptors with interactive 
pathways are the source of flexibility for a versatile system plants need in order 
to efficiently respond to the light signals (Casal 2000). Signals perceived by a 
plant through photoreceptors can affect whole plant success, e.g. phytochromes 
(through perception of red to far-red ratio of sunlight, which changes due to the 
proximity of neighbouring plants) have been suggested to act as central 
organizers of the overall resource allocation strategy of plants (Ballaré 2009). 

There  are  numerous  studies  concerning  the  effects  of  increasing  UV-B  
radiation on different plant responses and with different plant species (for a 
review see Searles et al. 2001). Concerning plant growth, in general studies with 
UV-B supplementation or attenuation have demonstrated some small effects on 
e.g. plant height (Caldwell et al. 2007), root biomass and root:shoot ratio (de la 
Rosa et al. 2003, Rinnan et al. 2005) and leaf anatomical features (e.g. Kostina et 
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al. 2001). Besides being potentially harmful, plants also show 
photomorphogenic  responses  to  ambient  levels  of  UV-B  radiation  (Suesslin  &  
Frohnmeyer 2003, Ulm & Nagy 2005). However, the underlying mechanisms of 
UV-B perception are still very poorly understood. Interactions between the well 
defined photoreceptors as well as new ones are suggested to have a role in UV-
B perception. For example, low doses of UV-B, perceived by a receptor system 
different from phytochromes, cryptochromes, or DNA, enhance a de-etiolation 
response in Arabidopsis seedlings, which is induced by active phytochrome B 
(Boccalandro et al. 2001). Brown et al. (2005) have reported that UV-B may be 
perceived by a novel class of UV-B-specific signalling component, in a similar 
way as Arabidopsis protein  UVR8,  which  regulates  expression  of  a  range  of  
genes essential for UV-B protection. 

Plants protect themselves from UV-B radiation by modifying leaf 
anatomy, e.g. by thicker upper epidermis and spongy parenchyma (Kostina 
2001) and also by epidermal wax and leaf hairs, that scatter and reflect radiation 
(e.g. Vogelmann 1993, Kinnunen et al. 2001). Production of phenolic 
compounds, in particular flavonoids that accumulate in leaf epidermal cells and 
absorb UV-B radiation, protecting sensitive processes in mesophyll cells, is the 
most efficient mechanism to guard against UV-B radiation (e.g. Li et al. 1993, 
Landry et al. 1995, Lavola 1998a, Bornman 1999). Consequently, production of 
phenolic compounds is the most common response to enhanced UV-B radiation 
reported in field studies (Searles et al. 2001, Bassman 2004). However, the bulk 
production of phenolics is not the only measure of photoprotection, since UV-B 
induces the synthesis/accumulation of some, but not necessarily all phenolic 
compounds, as shown in studies with supplemental UV-B radiation with Betula 
pendula (Lavola et al. 1997, de la Rosa et al. 2001, Tegelberg et al. 2001). 
Moreover, exclusion studies using filters absorbing UV-A and UV-B radiation 
with Pinus sylvestris have demonstrated that the concentration of phenolic 
compounds responded mainly to UV-A in the field (Turunen et al. 1999, Martz 
et al. 2007). 

In addition to their role in UV protection, quercetin and its glycosides 
(flavonoids) and chlorogenic acids have been shown to be effective antioxidants 
(e.g. Appel 1993). In a UV-B supplementation study with silver birch seedlings 
strong negative correlations were found between concentrations of quercetin 
and apigenin and lipid peroxidation, indicating an antioxidant role of 
secondary metabolites in birch leaves (Kostina et al. 2001). Further affecting 
their ability to protect plant tissues from radiation is the chemical reactivity of 
phenolics, which can increase due to e.g. air pollutants and UV-B radiation 
(Appel 1993), as suggested in a study with willows and silver birch (Lavola 
1998b).
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1.3 Effects of UV radiation on terrestrial ecosystems 

It has been speculated that despite subtle changes in individual plants exposed 
to UV-B radiation, the most important effects of enhanced UV-B radiation 
would be apparent at the ecosystem level, through interactions over multiple 
trophic levels (Paul et al. 1997, Day & Neale 2002, Paul & Gwynn-Jones 2003). 
Secondary metabolites are ideal candidates for mediating multiple trophic 
responses to UV-B radiation, affecting interactions between plants and 
herbivores, nutrient cycling and other ecosystem-level processes (e.g. Rozema 
et al. 1999, Bassman 2004, Zepp et al. 2007). Secondary metabolites can be used 
to demonstrate cause and effect mechanisms, since their induction can be 
monitored from the molecular/photochemistry level through to effects on 
higher trophic levels (Bassman 2004). However, our knowledge about the 
ecological  roles  and  the  overall  impacts  of  both  UV-A  and  UV-B  radiation  on  
terrestrial ecosystems is still limited. 

Nutrient cycling, i.e. nutrient mineralization from dead organic matter by 
soil microbes, determines the availability of nutrients to plants in many 
ecosystems, including boreal forests (van der Heijden et al. 2008). Furthermore, 
nutrient release via physical and, to a lesser extent, chemical modification of the 
decomposing material and the soil environment is affected by litter consumers, 
microarthropods and some macrofauna (Bardgett 2005). Species-specific 
production  of  phenolic  compounds  could  have  a  bearing  on  soil  microbial  
activity and nutrient cycling at the ecosystem scale, further having an effect on 
competitive interactions of plants (Bardgett 2005). In particular, tannins in plant 
litter may have an important role in plant–litter–soil interactions. The primary 
influence of tannins on ecosystem functioning is suggested to be due to their 
impacts  on  nutrient  dynamics.  Tannins  may  alter  N  cycling  by  e.g.  hindering  
decomposition rates and inhibiting enzyme activities and, as a result, reduce 
nutrient losses in infertile ecosystems. Function and metabolism of soil 
organisms such as nematodes, arthropods, enchytraeids and earthworms may 
also be inhibited by tannins (Kraus et al. 2003). 

The effects of UV-B radiation through plants on soil organisms and 
decomposition processes have been well acknowledged (Caldwell et al. 2007). 
Convey et al. (2002) have also reported impacts of UV-A radiation on soil 
microbes and microinvertebrates in exclusion studies. Indirect effects on 
decomposition may stem from changes in plant chemistry induced by UV 
radiation during plant growth. Changes induced by UV radiation can affect the 
factors which are considered to have an important role in the decomposition of 
litter (e.g. concentrations of lignin, nitrogen and carbohydrates and e.g. the 
ratios of lignin:nitrogen and C:N) (Paul et al. 1999). Hence, benign effects of UV-
B radiation on plants can still magnify the effects of stratospheric ozone 
depletion through indirect effects on decomposers (Johnson et al. 2002, Pancotto 
et al. 2003). 
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1.4 Tackling the problem of varying spectra from the sun 
compared to UV lamps 

Action spectra available for plant responses to UV radiation predict different 
slopes for the relationship between ozone depletion and the increase in effective 
UV radiation at ground level. This slope is usually described by a single 
number, the radiation amplification factor (RAF) (Flint & Caldwell 2003a). The 
estimated  value  of  RAF  will  depend  on  the  action  spectrum  used,  and  this  
should be chosen according to the biological response under consideration. 

In experimental work problems inherent with calculation of  UV doses 
relate to differences between spectra of UV lamps and in solar spectra following 
the changes in the ozone column (Mazza et al. 2000, Flint & Caldwell 2003a, 
2003b). In order to overcome the problem of differing spectral output, 
supplemental UV doses are calculated using action spectra as biological spectral 
weighting functions (BSWFs) (Flint & Caldwell 2003a, 2003b). Characteristics of 
BSWF  will  play  a  large  role  in  the  amount  of  radiant  flux  that  should  be  
delivered by lamp systems in experiments. Certain UV-B flux from lamps can 
be demonstrated to specifically elicit plant effects, but it still does not 
necessarily mean that the response is significant concerning the ozone reduction 
problem. Based on spectral criteria, the supplied UV-B dose used in 
experiments may be over- or underestimated (Caldwell & Flint 1997). Other 
important factors possibly leading to misinterpretation of the results are 
excessive supplementation of UV-B radiation when weather conditions (clouds) 
decrease  solar  UV-B irradiance   or  when there  is  shading by the  lamp frames 
(Flint et al. 2003). 

A complication when using the BSWF is that the action spectra are 
different for different plant processes (Caldwell et al. 2007, Sullivan et al. 2007). 
The relationship between the required daily burning time of lamps and the 
level of ozone depletion targeted in experiments depends on the action 
spectrum assumed to rule the phenomenon studied. Consequently, because 
different processes in the plant follow different action spectra in their response 
to UV, these different processes will be subjected to different simulated levels of 
ozone depletion. 

Usually action spectra are derived using monochromatic light fluxes at 
different wavelengths and by demonstrating a direct photochemical effect on a 
specific target. In order to study the complex network of responses, plant 
experiments have to be carried out with the application of a polychromatic 
spectrum, in which UV-B, UV-A and PAR are present in the same proportions 
as in outdoor global radiation and in which additional UV-B radiation can be 
modified. As these demands are difficult to realise in experimental conditions, 
especially when dealing with intact plants, only a few action spectra based on 
polychromatic irradiations have been described (Ibdah et al. 2002, Ghetti et al. 
2006).
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The most commonly used BSWFs for experiments with terrestrial plants have 
been the generalized plant action spectrum and its formulations, which are  
composites of nine different UV-B responses (not including plant growth 
responses) (Caldwell 1971). Also other BSWFs have been used, with varying 
responsiveness from the UV-B region towards increasing wavelength in the 
UV-A region (Flint & Caldwell 2003a, Flint et al. 2004). I had eight different 
BSWF under focus in my studies. GEN(G) is the most commonly used 
formulation of the generalized plant action spectrum (Green et al. 1974) and 
GEN(T) is another formulation of the same generalized plant action spectrum 
(Thimijan  et  al.  1978).  CIE  is  an  action  spectrum  for  ultraviolet  induced  
erythema in human skin (standardized by the International Commission on 
Illumination)  (McKinlay  &  Diffey  1987).  DNA(P)  is  the  action  spectrum  by  
Quaite et al. (1992) as formulated by Musil (1995), for intact plant DNA damage 
in alfalfa (Medicago sativa)  seedlings.  DNA(N)  is  the  action  spectrum  for  
“naked” DNA damage by Setlow (1974). PHIN is a spectrum for photoinhibited 
reactions in isolated chloroplasts (Jones & Kok 1966). PG is a spectrum 
measured for  growth responses  in  oat  (Avena sativa) (Flint & Caldwell 2003a). 
FLAV is a polychromatic spectrum for the accumulation of a flavonol in 
Mesembryanthemum crystallinum (Ibdah et al. 2002). For details of these spectra, 
see IV and V. 

The use of different BSWFs can partly explain the varying results of 
different experiments. Assessing the appropriateness of action spectra used in 
field conditions is suggested to be a critical step in testing biological spectral 
weighting functions for plant responses (Caldwell & Flint 1997, Caldwell et al. 
2007). Difficulties related to the use of BSWFs count heavily in the conduct and 
evaluation of experiments designed to assess plant and ecosystem responses to 
changes in UV radiation. Thus careful testing of the BSWFs and further, 
simultaneous testing for multiple plant responses is required to fully assess the 
UV-B-dependent effects of stratospheric ozone depletion on plants and 
consequential implications at other trophic levels. 



 

2 OBJECTIVES 

Using an inappropriate action spectrum as a BSWF in experiments concerning 
stratospheric ozone depletion can lead to too low or too high doses of UV-B 
compared to the ozone depletion target, which in turn causes misinterpretation 
of the results of the experiments. Further, focusing on the possible detrimental 
effects of increased levels of UV-B radiation has detracted focus from the 
photoecological role of both UV-B and UV-A radiation. My objective in this 
thesis was to assess the validity of past experiments and to develop new 
methods and models for assessing the reliability of previous experiments 
studying  the  effects  of  supplemental  UV-B  radiation.  I  did  this  by  comparing  
the responses of three Betulaceae species to varying levels of solar UV-B and 
UV-A radiation with two field experiments and one outdoor experiment with a 
factorial setting. In addition, I assessed the effects of litter, grown under 
different UV regimes, to soil fauna and soil respiration and measured the 
decomposition rate. Further, I compared the published action spectra used as 
BSWFs and modelled the level of ozone depletion that the past experiments 
have actually simulated.  

The main hypotheses were: 
1. Chemical and physiological responses in plants, including 

accumulation of individual phenolic metabolites, respond variably to 
exclusion of solar UV radiation and the responses can be species 
specific (I-IV). 

2. Accumulation of individual phenolic metabolites changes during a 
growing season and the response to exclusion of solar UV radiation 
varies (III). 

3. Changes  in  the  chemistry  of  litter,  grown  under  different  UV  
treatments have effects on the responses of soil fauna and soil 
respiration (II). 

4. The appropriateness of a BSWF to predict the accumulation of 
phenolics varies between individual phenolic metabolites and also 
during a growing season (III, IV). 
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5. Differences in the emphasis the BSWFs give to the UV-A band 
determine the possible differences in their appropriateness for 
predicting a given response (V). 

6. Experimental location and other factors during the experiment, e.g. 
cloudiness, are important in defining the choice of an appropriate 
BSWF (V). 



 

3 MATERIALS AND METHODS 

3.1 Field experiments (I, III) 

3.1.1 General design of the field experiments 

Field experiments with trees in an abandoned agricultural field in years 2004 
and 2005 were based on the use of plastic films excluding or attenuating 
different parts of the UV spectrum. For the spectral transmittance properties of 
the filters, see Fig. 2 in article I. I had two tree species: grey alder (Alnus incana)
and white birch (Betula pubescens), with all treatments on different branches of 
each tree. The filters were installed before budbreak, during the first week of 
May in both years and remained on the branches until  the end of the growing 
season. All branches used were on the south facing side of the crown (Fig. 1). 
Leaf samples for phenolic analyses were collected so that one fully expanded 
leaf was taken from each branch near the centre of the filter (in field experiment 
year 2004 in the case of four alder trees with fewer treated branches, two leaves 
per branch were taken). Variability in phenolic composition among leaves on 
similar branches of the same tree is typically less than that occuring between 
trees (Suomela et al. 1995), allowing adjacent samples to be considered 
equivalent. To avoid taking subsequent samples from the same small branch, 
the sampling location was marked with a piece of string. This was done to 
avoid possible changes induced by the sampling, i.e. taking a leaf sample might 
in plants perspective imitate herbivory, which could consequently contribute to 
enhanced production of phenolic compounds in adjacent leaves.  



16

FIGURE 1 Field experiment, one grey alder tree. 

3.1.2 Field experiment year 2004 (I) 

In year 2004 I had three treatments: polythene for near ambient control (UV-A+, 
UV-B+), polyester for exclusion of UV-B radiation (UV-A+, UV-B�) and surface 
dyed polyester (Rosco) for exclusion of both UV-A and UV-B radiation (UV-A�,
UV-B�). Leaf samples for phenolic analyses were collected three times during 
the season. 

3.1.3 Field experiment year 2005 (III) 

The setup used in 2005 was physically similar to the experiment in 2004, but 
with more treatments. Intermediate UV treatments were created by combining 
strips  of  the  different  films.  For  exclusion  of  half  of  UV-B  I  used  stripes  of  
polyester over polythene (UV-B 50%, UV-A 100%), exclusion of half of UV-B 
and half of UV-A treatment (UV-B 50%, UV-A 50%) was created with stripes of 
surface dyed polyester over polythene and finally all UV-B exclusion combined 
with exclusion of half of UV-A (UV-B 0%, UV-A 50%) was created with surface 
dyed polyester over polyester. Film stripes were 15 mm wide and 15 mm apart. 
Leaf samples for phenolic analyses were collected four times during the season. 
In addition, leaf samples for chlorophyll analyses were collected in late 
summer.
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3.2 Decomposition experiments (II) 

3.2.1 General design of the decomposition experiments 

The two decomposition experiments, with soil and litter and with litter and 
woodlice (Porcellio scaber), were conducted under laboratory conditions. I used 
leaves grown under different UV treatments in the field experiment of year 
2004. Leaves (hereafter litter) were collected from the trees when they were near 
abscission. Litter from each treatment and tree was placed in separate 
microcosms. 

3.2.2 Microcosms with soil and litter 

Plastic jars were used as microcosms. The microcosms, with soil (collected from 
the field experimental site) and litter placed on the surface of the soil, were 
incubated in a climate chamber (+17 °C) for 18 weeks. We measured litter mass 
loss during the experiments as well as soil pH from the soil samples at the end 
of the experiments. Soil animals (nematodes and enchytraeid worms) were 
extracted from the soil samples and CO2 production (soil respiration) was 
measured using appropriate standard methods. To study the long term effects 
of different UV treatments on litter decomposition, we had another similar 
experiment that continued for 13 months. 

3.2.3 Microcosms with woodlice and litter 

Glass jars with casting made of plaster of Paris containing charcoal at the 
bottom were used as microcosms. The microcosms, with three woodlice and 
litter were incubated in a climate chamber (+17 °C) for 13 weeks. We measured 
litter mass loss, CO2 production  and  woodlice  growth  during  the  experiment.  
At the end of the experiment, faeces of woodlice were weighed, dried and 
phenolics were analysed. 

3.3 Outdoor experiment (IV) 

Treatments in outdoor experiment year 2006 were similar to those of the field 
experiment in year 2005, described above. Silver birch (Betula pendula) seedlings 
planted in pots were used in the experiment. The experiment had five blocks, 
with all six treatments included in each block. Under each frame (30 in all) there 
were 43 seedlings growing individually in pots, arranged in two trays under 
the center of each filter frame (Fig. 2). The treatment started on 26 of June 2006. 
The height of eight seedlings per frame (same every time) was measured twice 
a week during the experiment. Leaf samples for phenolic and chlorophyll 
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analyses and for anatomical cross sections were collected at the end of the 
experiment (11 August 2006). 

FIGURE 2 Outdoor experiment, silver birch seedlings under a frame. 

3.4 Modelling experiment (V) 

For the modelling experiment (V) solar radiation spectra at Jokioinen (60°49’N, 
23°30’E) and Sodankylä (67°22’N, 26°38’E) were simulated according to a 
method presented in Lindfors et al. (2009), for 21 May and 21 June 2000. 
Calculations were done at hourly time intervals and 1 nm wavelength intervals 
from 293 to 800 nm, assuming three different cases of cloudiness. Each 
simulated  daily  solar  spectrum  was  convoluted  by  each  of  the  eight  action  
spectra with contrasting effectiveness in the UV region. 

The required daily burning time of the lamps was calculated from the 
lamp emission spectrum from a pair of UV-B lamps (Q-Panel UVB-313, Q-Lab, 
Cleveland, Ohio, USA) with a cellulose acetate filter (0.115 mm thick)  mounted 
horizontally 25 cm below the lamps. Based on the absolute increase in effective 
UV due to ozone depletion and the effective UV emission of the lamps, the 
required daily burning time of the lamps needed to achieve an increase in 
effective UV irradiance equivalent to that under 10% and 20% ozone depletion 
was calculated for each of the eight action spectra. 

To assess the effectiveness of radiation from lamps compared to that 
arising from ozone depletion in the modelling experiment (V), solar radiation 
spectra were estimated for two days at Jokioinen and Sodankylä. The 
calculations were done at hourly intervals and 1 nm intervals from 293 to 800 
nm, according to the method presented in Lindfors et al. (2009). Further, the 
radiation spectra were simulated assuming three different cases of cloudiness 
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(heavy clouds throughout the day or light clouds in the morning & moderately 
thick clouds during the rest of the day or clear sky) and three different values 
for ozone; the normal climatological value and values simulating 10 and 20 % 
ozone depletion. This gives the effect of ozone depletion on solar radiation. To 
compare this to the emission spectrum of the UV-B lamps, both the difference 
spectrum  for  the  effect  of  10  or  20%  ozone  depletion  on  solar  UV  and  the  
filtered UV-B lamp emission spectrum were standardized to total energy in the 
UV range. These standardized spectra were multiplied by each of the action 
spectra in turn and the result was integrated over the wavelength range from 
293 nm to 400 nm. Finally an effectiveness ratio comparing the solar radiation to 
the radiation resulting from UV-B lamps was calculated. 

3.5 Analyses 

3.5.1 Chemical analyses and plant growth measurements 

Tannins and individual phenolics were measured from the leaf and litter 
samples collected from both field experiments (I-III) and from the leaf samples 
collected from the outdoor experiment (IV). After collecting the leaf samples, 
they were dried in a ventilated oven (+30ºC, five days) and then stored at 
�20ºC. Tannins were analysed with a butanol-HCl test (Hagerman 1995) and 
recording the absorbance with a spectrophotometer at 550 nm. Tannin tests 
were standardized with purified tannin either from leaves and litter of A. incana
or B. pubescens collected from the trees in the field experiment (I, II, III) or leaves 
of B. pendula collected from the seedlings in the outdoor experiment (IV). 
Individual phenolics were analysed with HPLC. The HPLC-DAD analyses were 
performed with an Agilent 1100 Series (Waldbroon, Germany) as described in 
Keinänen & Julkunen-Tiitto (1998). Retention times and UV spectra were used 
to identify the compounds monitored at 220, 270, 320 and 360 nm. Compound 
identification is described in Keinänen & Julkunen-Tiitto (1998) and Keski-Saari 
et al. (2005). The accuracy of the measurement of individual phenolics was 
confirmed with replicate samples analysed from leaves collected from the field 
experiment 2005. The variation between the replicate samples of summed 
phenolics was on average 5,4 % in alder leaves and 7,1 % in birch leaves (data 
not shown). 

From the litter samples collected from the field experiment 2004 (II) 
carbon and nitrogen was also measured. Part of the litter collected, remaining 
after initial sampling for phenolics analyses, was ground to a fine powder using 
a mill. Carbon and nitrogen were analysed from the powder with an element 
analyzer (EA 1110 CHNS-O, CE Instruments, Milan, Italy). The same milled 
litter was analysed to determine litter cell wall composition for lignin, total 
hydrolyzable sugars, �-cellulose and uronic acid concentrations using standard 
extraction methods. Different phenolics and carbon and nitrogen content were 
also analysed from the woodlice faeces (II). 
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Chlorophyll concentrations were measured from fresh leaf samples collected 
from both field experiment 2005 and the outdoor experiment (III, IV).  The 
concentrations were estimated by measuring absorbance with a 
spectrophotometer at 750, 663.8 and 646.8 nm and using the extinction 
coefficients from Porra et al. (1989). 

CO2 production (soil respiration) was measured in the decomposition 
experiments (II) with an infrared carbon analyzer (EQ 92 Universal Carbon 
Analyzer, PPM Systems, Espoo, Finland). In the decomposition experiment 
with soil and litter, CO2 production was measured 13 times. The litter was 
weighed (f.m.) every other week, nine times in all. At the end of the experiment, 
the leaf litter was dried and weighed (d.m.). Soil pH was measured and 
nematodes and enchytraeids were extracted using wet funnel methods 
(O'Connor 1962, Sohlenius 1979). At the end of the long-term decomposition 
experiment, the same procedures were applied. In the decomposition 
experiment with woodlice and litter, CO2 production was measured 12 times 
during the experiment. The litter (f.m.) and the woodlice were weighed twice a 
month,  six  times  in  all.  At  the  end  of  the  experiment  litter  was  dried  and  
weighed (d.m.) and woodlice were weighed. In addition, faeces of woodlice 
were dried and weighed (d.m.). 

From the leaf samples collected from the outdoor experiment (III) growth 
of the seedlings and number of leaves were measured. In addition, samples for 
anatomical cross sections were taken. Fixation, staining and preparation were 
done as in Kivimäenpää et al. (2004). The light microscopy samples were 
measured for e.g. total leaf thickness, palisade and spongy layer thickness and 
number of hairs and vascular bundles. 

3.5.2 Data analyses 

The data of individual phenolic metabolites from the field experiments (I, III), 
decomposition experiment (II) and outdoor experiment (IV) were analysed by 
fitting a linear mixed effects model. The data of soil respiration and responses 
of the soil fauna from the decomposition experiment (II) were analysed 
similarly. Analysis was performed with R software (R Development Core Team 
2006), using package NLME (Pinheiro & Bates 2000). Transformations of the 
data were not used, but a power of variance function covariate was included in 
the model in cases when variances were not homogeneous, as revealed by a 
likelihood ratio test between models. Normality was checked with quantile-
quantile plots of residuals. For discussion of results � =  0.05  was  used  as  the  
limit for significance of main effects and interaction. A more stringent condition 
was used for testing whether there was an effect of the UV treatments. Once an 
effect had been demonstrated, a weaker test was used to try to identify whether 
this effect could be attributed to UV-A, UV-B or both, therefore for the effects of 
UV-A or UV-B radiation � = 0.10 was used. With the outdoor experiment (IV), 
data were first subjected to multivariate analysis of variance (MANOVA), 
separately for 1) all primary growth measurements, 2) individual phenolic 
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metabolites, 3) chlorophylls and 4) primary anatomical measurements. Fittings 
of linear mixed effects models were done only if an overall significant effect of 
treatments was detected by MANOVA. 

To assess the suitability of the action spectra in field experiment 2005 (III) 
and in the outdoor experiment (IV) we estimated the mean effective UV doses 
(kJ  m-2 d-1)  for  the  duration  of  the  experiment,  according  to  the  method  
presented in Lindfors et al. (2009). Estimates were then convoluted with 
measured filter transmittance and six different action spectra. The difference in 
plant response between the two most extreme treatments, near ambient control 
(maximum UV-B and UV-A) versus attenuated UV (minimum UV-B and UV-A) 
was calculated. This difference was then partitioned among the remaining 
intermediate treatments as a proportion of the total response. Standard errors 
and 95 % confidence intervals were calculated using a parametric bootstrap. For 
computing the predicted effect for each BSWF under each radiation regime, the 
estimated effective doses calculated using the different BSWFs were treated in a 
similar manner as the plant responses. Plant response for each intermediate 
treatment was then compared with the response predicted by the different 
BSWFs. The confidence intervals were used to test for the significance of 
differences between observed relative responses and expected responses. The 
expected responses were compared to the observed ones only if the test of 
significance for overall treatment effect on phenolic concentrations yielded 
p<0.05. The method used in the current experiment allows us to reject action 
spectra at a 5 % significance level. However, in an absolute sense it can not be 
stated that the spectra not rejected are equally good as predictors, since the 
experimental evidence is not strong enough to allow distinguishing the best 
action spectrum at predicting the studied response. 



 

4 RESULTS AND DISCUSSION 

4.1 Effects of solar UV radiation on plant responses 

4.1.1 Phenolic metabolites 

All phenolic groups, except for phenolic acids and presumed stilbenes 
measured only from grey alder leaves, were variably affected by the UV 
treatments (Table 1). In my studies, there was variation in the direction of the 
UV-A or UV-B effect. Sometimes these two UV bands had an effect in the same 
direction,  e.g.  flavonoids  in  silver  birch  (IV),  and  in  other  cases  there  was  
variation in the linearity of the response to UV-B or UV-A, e.g. for chlorogenic 
acids in grey alder there was a linear UV-B effect and both linear and quadratic 
UV-A effect (III, Table 1). This means that in addition to the linear effect and the 
concentration increasing from ambient UV-A to all UV-A exclusion there was 
also a quadratic component in the response: the concentration of chlorogenic 
acids increased more after half UV-A exclusion to all UV-A exclusion than it did 
after ambient UV-A to half UV-A exclusion. 

Flavonoids have been shown to respond effectively to UV radiation 
(Lavola et al. 1997, Lavola 1998a, de la Rosa et al. 2001, Tegelberg et al. 2001) 
and their role as plant “sunscreens” is further confirmed in my studies (I-IV). 
However, even within the group flavonoids the individual metabolites 
responded differently to the UV treatments (I, III, IV). Moreover, the 
accumulation of chlorogenic acids changed in response to UV exclusion, but 
unlike most flavonoids, which mainly decreased in concentration along with 
UV exclusion, the concentration of chlorogenic acids had a tendency to increase. 
This suggests some other role, besides UV protection, for chlorogenic acids. 

Interestingly, it seems that differences in leaf senescence, (alder leaves 
drop while still green, whereas birch leaves first become yellow), is reflected in 
the litter phenolic profiles. In general, the effects of UV radiation were similar in 
both  green  leaves  and  litter  in  alder  (I,  II).  In  contrast,  in  birch  the  
concentrations of chlorogenic acids and flavonoids were affected by the UV  
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TABLE  1  Responses  of  phenolic  metabolites  by  compound  group  in  different  
experiments. uvA = statistically significant UV-A effect, uvB = statistically 
significant  UV-B  effect,  x  =  no  statistically  significant  UV  effect,  –  =  
metabolites belonging to the group not detected. Additionally, in the field 
experiment  in  year  2005  and in  the  outdoor  experiment  (III,  IV)  superscript  
letter “l” denotes a linear effect and “q” denotes a quadratic effect. Summed 
phenolics 1 = summed phenolics without condensed tannins, summed 
phenolics  2  =  summed  phenolics  with  condensed  tannins.  *  In  alder,  in  
phenolic glycosides and summed phenolics with condensed tannins in the 
field experiment in year 2004 (I) there was an interaction between treatment 
and sampling time and the UV effect was observed in the second sampling. In 
summed phenolics without tannins there was also interaction between 
treatment and sampling time, but no statistically significant UV effect could 
be detected in any of the three samplings. In birch in summed phenolics 
without condensed tannins in the field experiment in year 2004 (I) there was 
interaction  between  treatment  and  sampling  time  and  the  UV  effect  was  
observed in the first sampling. well. 

Group A. incana B. pubescens B. pendula
I III I III IV

Phenolic acids x x – – –
Cinnamic acids uvA uvBq, uvAl,q – x x
Phenolic glycosides uvB* x – – x
Chlorogenic acids uvB, uvA uvBq, uvAl,q uvB, uvA uvAl uvBl

Flavonoids uvB, uvA uvBl,q uvB uvBl, uvAq uvBl, uvAl

Hydrolyzable tannins – – – uvAq –
Presumed stilbenes x x – – –
Summed phenolics 1 x* x uvB, uvA* x uvBl

Condensed tannins x uvBl, uvAl,q x x uvBl

Summed phenolics 2 uvB* x x x uvBl, uvAl

treatments, when measured from green leaves (I), but not when measured from 
litter (II). 

When considering this variability, it has to be kept in mind that these 
groups are composed of different metabolites in the two tree species and to 
some extent even within one species between experiments. There are of course 
differences in the experimental setup between years, and the differences in the 
concentrations of condensed tannins and consequently in summed phenolics 
between the two field experiments result from the differences in analyses. 
Condensed tannins in year 2004 were measured from both extract and the 
residue left at the stage when the supernatant was collected. In year 2005 this 
residue was not tested for tannins simply because of the overwhelming amount 
of samples. 

Presumably the main cause of variation is the plasticity inherent in the 
phenolic accumulation and the multiple factors affecting the accumulation of 
phenolic metabolites. The qualitative composition of foliar phenolics is 
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controlled mainly by genotype. However, the quantitative chemical variation is 
controlled by seasonal changes in the environment, e.g. water and nutrient 
availability, shading, herbivory and UV radiation (e.g. Waterman & Mole 1994, 
Jones & Hartley 1999, Sullivan et al. 2007). Moreover, the differences between 
responses in this thesis and previous experiments can relate in part to the fact 
that  several  photoreceptors  and  the  absorption  of  radiation  by  a  multitude  of  
biomolecules trigger the changes mediating a number of light responses (Casal 
2000, Brosche & Strid 2003). In concordance, there are results indicating that 
longer wavelength UV-B responses appear to be photoregulatory rather than 
resulting from damage or stress and that there are multiple signalling 
components, including integrated UV-A/blue and UV-B signalling pathways 
acting together in a photoregulatory pathway (Jenkins et al. 2001, Brown et al. 
2005, Brown & Jenkins 2008). In light of the findings of my studies, summed 
concentration of phenolics, i.e. measuring phenolics only as crude extracts, can 
be misleading. While the concentrations of individual metabolites may change, 
summed concentration does not necessarily change, which does not indicate 
that there are no changes in UV protection. In birch, condensed tannins have 
been shown to have low efficiency in absorbing UV-B radiation and hence they 
are not sensitive to UV-B radiation (Tegelberg et al. 2001). Similarly, it has been 
reported that the use of phenolic absorbance to estimate true epidermal 
screening is restricted by optical heterogeneity and variable distribution of 
phenolics (Kolb & Pfündel 2005). 

Despite the fact that not all phenolics measured responded to UV 
treatments, all the phenolic groups in both tree species used in the field 
experiments, (with the exception of presumed stilbenes in alder and condensed 
tannins in birch in field experiment 2004), showed clear variation during the 
season (Fig. 3 & Fig. 4) (I, III). Flavonoids, chlorogenic acids and cinnamic acids 
in both tree species showed similar patterns during the season in both field 
experiments: concentrations were highest in early summer, decreasing at the 
second sampling and remaining at that level or decreasing slightly later in the 
season. Also hydrolyzable tannins and summed phenolics without condensed 
tannins measured in birch in field experiment year 2005 showed a similar 
pattern. These results are in agreement with earlier findings from experiments 
with different birch species (Ossipov et al. 1997, Salminen et al. 2001, Laitinen et 
al. 2002, Riipi et al. 2002, Haukioja 2005). However, the concentration of 
phenolic acids, phenolic glycosides, presumed stilbenes and summed phenolics 
without condensed tannins in alder varied between the two years. 

Possible factors responsible for seasonal variation in the concentrations of 
phenolic metabolites vary from the dilution effect, the increase in dry mass 
during leaf expansion is supposed to result in dilution of phenolics synthesized 
at the bud stage (Jones & Hartley 1999), to changes in abiotic factors like 
temperature (Bilger et al. 2007, Olsen et al. 2009) and also could be related to 
developmental processes (Liakoura et al. 2001). The estimated total irradiance 
(UV+PAR) during the second field experiment (III) shows a pattern that does 
not inclusively match the responses of the phenolic groups. However, Sullivan 
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et al. (2007) found a correlation between changes in UV-screening compounds 
and short-term changes in ambient UV levels. Nevertheless, the sensitivity of 
the responses of the two species studied (Hordeum vulgare and Glycine max)
varied (Sullivan et al. 2007). 

FIGURE 3 Responses of phenolic groups in grey alder during the experiments, averages 
over all treatments. Both experiments started in the first week of May. Open 
circles = field experiment 2004 (I),  filled circles = field experiment 2005 (III).  
Sampling dates for field experiment 2004 were 7th of July, 25th of August and 
when the leaves were ready for abscission, between 6th of September and 10th

of October. For field experiment 2005 the dates were 7th of June, 11th of July, 
22nd of  August  and  finally  between  5th and  30th of September. Summed 
phenolics is the concentration of all phenolics except condensed tannins that 
were measured differently in year 2004 and 2005 (see above). 
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FIGURE 4 Responses of phenolic groups in white birch during the experiments, 
averages over all treatments. Open circles = field experiment 2004 (I), filled 
circles = field experiment 2005 (III). See legend to Fig. 3 for details. 

Taken together, my results show that different phenolic metabolites responded 
differently to UV radiation and additionally showed different seasonal 
dynamics. In addition, there were cases where there was interaction between 
treatment and sample time (I, III). The temporal responses of the phenolic 
groups were in many cases similar between the two years in the field 
experiments (I, III), e.g. in flavonoids and chlorogenic acids in both tree species. 
However, in grey alder many of the phenolic groups showed variation in their 
seasonal dynamics between the two years, and in white birch cinnamic acids 
and hydrolyzable tannins were detected only in year 2005. This provides 
further evidence that production of phenolic metabolites in the leaves of 
deciduous trees is mainly controlled by the genotype, but that there is also 
considerable phenotypic plasticity involved (Lavola 1998b, Tegelberg 2002). 

4.1.2 Chlorophyll 

Leaf samples for chlorophyll analyses were collected from grey alder and white 
birch in  the  second field  experiment  (III)  and from silver  birch in  the  outdoor  
experiment (IV). Concentrations of chlorophyll consistently were not affected 
by UV exclusion in both of the experiments and in all of the three tree species. 
Our results are supported by previous experiments with supplemental UV-B 
with silver birch seedlings (Tegelberg et al. 2001, Aphalo et al. 2009) and with 
five other deciduous tree species (Fraxinus excelsior, B. pendula, Tilia cordata, 
Quercus robur and Acer pseudoplatanus) (Keiller & Holmes 2001), suggesting a 
neglible effect of UV radiation on chlorophyll concentrations. 
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4.1.3 Carbon, nitrogen and cell wall chemistry in litter 

Litter collected from the first field experiment was used for the decomposition 
experiments and litter analyses (II). Exclusion of UV-A affected negatively the 
percentage of acid soluble lignin, and exclusion of UV-B radiation affected total 
lignin:�-cellulose ratio in alder litter. In both tree species, exclusion of UV-B 
affected negatively the total lignin:total hydrolyzable sugars ratio. Opposite 
effects of UV-B and UV-A were demonstrated with the carbon concentration. In 
contrast, a experiment with Gunnera magellanica showed that UV-B attenuation 
during growth did not have any significant effects on litter quality (Pancotto et 
al. 2003). However, an experiment with Hordeum vulgare showed variable 
responses  to  UV-B  exclusion;  e.g.  the  concentrations  of  cellulose  and  lignin:N  
ratio decreased, but the concentrations of N and soluble carbohydrates 
increased  and  finally  lignin  content  and  C:N  ratio  were  not  affected  by  UV-B  
exclusion (Pancotto et al. 2005). Species-specific responses to UV radiation and 
differences in experimental methods likely explain the discrepancy in these 
results. 

4.1.4 Plant growth, allometric ratios and leaf anatomy 

In the outdoor experiment (IV) the results on growth parameters, allometric 
ratios or leaf anatomical features measured from silver birch seedlings did not 
show any significant response to UV exclusion. In contrast, in a UV-B 
supplementation study increased levels of UV-B were reported to cause 
changes in leaf anatomy. Changes varied from increased thickness of palisade 
parenchyma in leaves of Populus trichocarpa and Quercus rubra to inreased cross-
sectional area, thickness and width in needles of Pseudotsuga menziesii and 
finally to increased thickness of the first hypodermis of Pinus ponderosa (Nagel 
et al. 1998). Another study with three-year-old silver birch seedlings showed 
increased leaf thickness and spongy intercellular spaces in leaves under 
elevated UV-B radiation, but enhanced UV-B radiation had no significant 
effects on height growth, and shoot and root biomass of birch seedlings
(Kostina et al. 2001). However, in an outdoor experiment with supplemental 
UV-B radiation, changes in silver birch growth appeared during the third 
growing season (Tegelberg et al. 2001). Further, growth as measured by height 
in Avena sativa and Brassica rapa has been shown to respond to solar UV-A 
radiation (Flint & Caldwell 2003b). UV induced effects related to growth and 
leaf anatomy are suggested to be species-specific (Julkunen-Tiitto et al. 2005) 
and there also seems to be differences in responses to UV radiation between 
fast-growing herbaceous plants and slow-growing trees. In their review, 
Rozema et al. (2005) concluded that enhanced UV-B radiation appears to deliver 
photomorphogenic responses that affect carbon partitioning and allocation, 
rather than causing significant reductions in growth or biomass accumulation. 
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4.2 Effects  of  solar  UV  radiation  on  soil  fauna,  soil  respiration  
and decomposition 

Woodlice growth, the amount of litter consumed by woodlice and CO2

production of the microcosms with litter and woodlice were not affected by the 
UV treatments (II). However, woodlice grew better when fed with alder litter, 
likely due to the fact that P. scaber grow  better  when  feeding  on  litter  with  a  
lower C:N ratio (Zimmer & Topp 2000). In addition, abundances of nematodes 
and enchytraeids were not affected by the UV treatments or the tree species. 
Rotifers, nematodes and mites have been shown to be less abundant under 
near-ambient UV-B, whereas testate amoebae are more abundant under near-
ambient UV-B than under reduced UV-B (Robson et al. 2005). Exposure to near-
ambient levels of UV radiation, with separate significant effects for both UV-A 
and UV-B, decreased numbers of Collembola (Convey et al. 2002). Again, the 
variable results may stem from the differences in both experimental set-ups and 
duration. 

Further, CO2 production (assumed to be mainly the result of soil microbial 
respiration) of the microcosms with soil and litter was lower in soil with litter 
produced under exclusion of both UV-A and UV-B radiation when compared to 
soil with control litter for both tree species. In addition to microbes, soil 
respiration is produced by other heterotrophic organisms and by respiration of 
living roots and is affected by temperature, moisture and substrate properties. 
There is evidence that even subtle changes in vegetation induced by UV-B 
radiation can affect microbial community composition (Rinnan et al. 2005)  and 
microbial biomass C:N ratio (Johnson et al. 2002). Soil-to-atmosphere CO2 flux 
is  the  dominant  terrestrial  source  of  CO2, approximated to be ~10% of the 
atmosphere’s CO2, which cycles through soils each year (Raich & Tufekcioglu 
2000, Raich et al. 2002). Therefore, despite the fact that the UV induced effect on 
soil respiration in our studies was moderate, it could have a bearing in the 
planetary carbon cycle as a whole. 

The decomposition rates of the litter in the decomposition experiment 
with woodlice and litter were similar between the two tree species (II). 
Accordingly, changes in litter chemistry had no influence on the litter mass loss 
either in the short- or in the long-term decomposition experiment with soil and 
litter. This is interesting, since beyond the UV effects, there were many 
differences in the litter chemistry between the tree species (e.g. percentages of 
nitrogen, carbon and acid soluble lignin were higher in alder compared with 
birch and vice versa with e.g. percentages of �-cellulose, gravimetric lignin and 
the C:N ratio. Relative importance of factors affecting decomposition rate, e.g. 
proportion of lignin, phenolic compounds and the ratio of nutrients to carbon, 
are not fully understood (Bardgett 2005). Further, full decomposition of plant 
leaves and nutrient recycling is a slow process, taking approximately three 
years in the tropics, and up to 100 years in the Arctic (Bardgett 2005). Hence, the 
relatively short duration of the decomposition experiments can explain why the 
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many differences between species in litter chemistry did not affect the 
decomposition rate. 

4.3 Assessment of action spectra 

Comparison of the six action spectra (out of eight published action spectra 
presented in the Introduction) to the experimental results showed variation 
between the tree species and phenolic groups and through the growing season 
in field experiment year 2005. In grey alder, for the experimental responses of 
flavonoids  as  a  group  GEN(G),  GEN(T),  and  PG  were  rejected  at  the  5%  risk  
level. The results were further variable for the individual flavonoids and there 
was variation even between samplings. Results from the field experiment 
suggest that DNA(P), CIE and FLA(V) were better at predicting the responses 
in alder than GEN(G), GEN(T) and PG, which were rejected more often (Table 
2). 

The situation is slightly different in white birch, where there were not so 
clear differences between the spectra among different flavonoids (Table 2). 
Interestingly, in white birch all of the six action spectra could be rejected for 
flavonoids as a group. However, similarly to grey alder, there was variation 
even between samplings. In the outdoor experiment with silver birch seedlings, 
with  the  exception  of  chlorogenic  acid,  of  the  six  spectra  tested,  DNA(P),  CIE  
and FLAV, seemed to give the best match to the observed responses in 
accumulation of phenolics (IV, Table 2). These findings are supported by 
findings in an experiment that combined UV-B supplementation with filtering 
of solar UV-A, accompanied by another experiment selectively filtering solar 
UV. Measured accumulation of UV-absorbing compounds (measured as crude 
extracts) in leaf tissue of Avena sativa, Kochia scoparia, Capsicum annuum and 
Sorghum bicolor showed that BSWF that extend into the UV-A region with 
moderate effectiveness, such as DNA(P) and FLAV, best represented the 
observed results (Flint et al. 2004). Sullivan et al. (2007) suggested that response 
differences to UV radiation between plant species were due to the unique 
composition of phenolic compounds and following this, response estimates or 
action spectra may vary between species. 

In particular, many of the flavonoids measured in my studies showed in 
the majority of the cases linear responsiveness to UV exclusion and could thus 
be predicted with the spectra tested. In contrast, chlorogenic acids showed 
strong non-linearity  in  their  response  to  UV radiation in  all  experiments.  This  
non-linearity of the dose responses offers an explanation why many of the 
concentrations of compounds and compound groups could not be predicted 
with the method used in my studies. 
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TABLE 2 Fit of expected relative responses for six different action spectra compared to 
relative responses of phenolic compounds in grey alder, white birch and 
silver birch. x = rejected at 5% risk level, • = not rejected. In the field experiment 
(III)  there  were  four  samplings  during  the  growing  season,  in  the  outdoor  
experiment  (IV)  only  one  sampling  at  the  end  of  the  experiment.  Summed  
phenolics in the outdoor experiment is with condensed tannins. 

Phenolics Sampling GEN(G) GEN(T) CIE FLAV DNA(P) PG 

Grey alder (III) 
flavonoids (group) all x x • • • x
quercetin 3-galactoside all x x x x • •
kaempferol 3-glucoside all x x x x x x
quercetin 3-glucoside 1 • • • • • x
quercetin 3-arabinoside 1 • • • • • •

� 2 • • • • • x
White birch (III) 
flavonoids (group) all x x x x x x
quercetin 3-galactoside all x • • • • x
quercetin glycoside  all x • • • • •
kaempferol glucoside all • • • • • •
quercetin 3-glucoside  1 x x x x x •

� 2 • • • • • •
� 3 • • • • x x
� 4 • • • • • •

Silver birch (IV) 
chlorogenic acid  x x x x x x
flavonoids (group) x • • • • x
myricetin 3-galactoside  • • • • • •
myricetin 3-rhamnoside • • • • • •
quercetin 3-galactoside x • • • • x
quercetin 3-rhamnoside  x • • • • x
kaempferol 3-rhamnoside   x • • • • x
condensed tannins (group)  • • • • • •
summed phenolics x x • • • x

Taken together, of the three tree species and their varying composition of 
phenolic compounds and observed responses, GEN(G) and PG were the two 
spectra most consistently failing to predict the responses, GEN(T) matched with 
the  observed  responses  slightly  better  and  CIE,  DNA(P)  and  FLAV  were  
capable of predicting the observed responses well (Table 2). In other words, 
spectra with moderate effectiveness in both the UV-B and UV-A band were the 
ones best predicting the responses. 
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4.4 Enhancement errors in UV-B supplementation experiments 

It has been thought that the differences in the UV-A region play a major role in 
determining the appropriateness of a BSWF when calculating the supplemental 
UV-flux from lamps used to simulate enhanced UV-B radiation in relation to 
stratospheric ozone depletion. As presented in my modeling study (V), this 
conclusion  is  derived  from  a  situation  where  shading  from  lamp  frames  is  
compensated with radiation flux from the UV-lamps. This approach is not 
recommendable and can lead to large errors. Even if possibly resulting in lower 
absolute UV-B doses, having realistic irradiation schemes and importantly, a 
realistic treatment and control situation, favors the approach used in my 
assessment.

Past experiments simulating enhaced UV-B radiation in relation to 
stratospheric ozone depletion and measuring plant growth responses have 
most often used either CIE, GEN(G), GEN(T) or PG as a weighting function. My 
results suggest that most conclusions in such studies have simulated the target 
ozone depletion level well, no matter which one of the spectra has been used. In 
contrast,  when  shifting  from  growth  responses  to  DNA  damage,  there  is  a  
possibility of a large distortion in the conclusions. This is because there is 
evidence that most of the variation in DNA damage density is caused by 
variations in the UV-B band. For such experiments DNA(N) has been 
demonstrated to be an appropriate spectrum (Rousseaux et al. 1999). According 
to  the  results  of  my study,  if  GEN(G) or  CIE are  used for  calculating the  UV-
doses in such studies measuring DNA damage, the enhancement would be 
about two times more than the intended enhancement! Considering my results 
with phenolic metabolites and flavonoids in particular, CIE, DNA(P) and FLAV 
were capable of predicting the observed responses well. Consequently, if lamp 
burning  times  are  set  according  to  GEN(G)  as  a  weighting  function,  the  
experiments would deliver from 0.6 to 1.1 times the intended enhancement. 

Spectra with different effectiveness in the UV-A can yield very similar 
values of relative effectiveness for lamp radiation when compared to the 
effectiveness of increased solar UV radiation due to ozone depletion because it 
is  the  UV-B  band  where  the  effect  is  strongest.  Following  this,  the  action  
spectrum of the measured response in an experiment must be carefully 
determined, and when determining an appropriate BSWF, differences in the 
shape of action spectra in the whole UV-range from 290 to 400 nm have to be 
taken into consideration. 



 

5 CONCLUSIONS 

Both UV-A and UV-B radiation were found to affect leaf phenolic 
concentrations and other chemical properties of the three Betulaceae species, 
thus validating my first hypothesis. Additionally, changes in the concentration 
of all phenolic groups and changes in plant responses to UV radiation during a 
growing season in the two field experiments confirm my second hypothesis. 
Variation in the responses of phenolic metabolites to UV radiation emphasizes 
their multiple roles in plants. Consequently, future experiments concerning the 
effects of UV radiation on plant phenolics should examine individual phenolic 
compounds, rather than bulk concentrations. The effect of sampling time is also 
crucial. Furthermore, UV-induced changes in plant litter can affect 
decomposition processes by altering microbial communities and/or their 
activity in the soil, as illustrated by my third hypothesis. 

Confirmation of my fourth hypothesis presents a challenge to 
experimental planning, as different BSWFs might be needed for individual 
phenolic metabolites and these may also be required to vary during a growing 
season.  Careful  choice  of  the  BSWF  best  describing  the  responses  of  the  
organism or system under focus is very important, since it affects the 
interpretations of the results in relation to ozone depletion. The determination 
of an appropriate BSWF for an experiment supersedes my fifth hypothesis, 
since it requires careful assessment of the weight given by a weighting function 
not only to UV-A but to both the UV-A and UV-B bands. However, neither the 
experimental location nor cloudiness were important factors in defining the 
choice of an appropriate BSWF, so allowing me to reject my sixth hypothesis. 

Conclusions drawn from past research with supplemental UV-B radiation 
concerning the effects of ozone depletion on DNA damage in plants and 
possibly also phenolics, call for retrospective analysis. The changes reported in 
this thesis in the chemistry of plant leaves and litter, and subsequent changes in 
soil respiration, make a strong case for the continuation of research into UV 
action spectra for different organisms. Consistency of approaches and 
development of new methodologies is essential to assess the effects of UV 
radiation on plants and other organisms with confidence. In addition, new 
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research should extend beyond ozone depletion, to focus on the role of UV 
radiation in terrestrial ecosystems as a source of information for plants and 
regulator of plant processes, and via plants to other trophic levels. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Auringon UV-säteily ja kasvien vasteet: otsonikatoon liittyvien tutkimusten 
menetelmien arviontia 

Ultraviolettisäteilyn (UV, 280-400 nm) ja erityisesti otsonikadon seurauksena 
lisääntyvän UV-B-säteilyn (280-320 nm) vaikutuksia kasveihin on tutkittu 
paljon parin viimeisen vuosikymmenen aikana. Säteilyltä suojaavan 
otsonikerroksen odotetaan palautuvan 1980-lukua edeltävälle tasolle arviolta 
vuoteen 2050 mennessä. Ilmastonmuutokseen liittyvän hiilidioksidipitoisuuden 
nousun aiheuttaman yläilmakehän jäähtymisen vuoksi otsonikato arktisilla 
alueilla saattaa kuitenkin edelleen jatkua, vaikka otsonikatoa aiheuttavan 
kloorin ja bromin pitoisuus ilmakehässä laskisi. Ilmakehän 
hiilidioksidipitoisuuden kasvaessa alailmakehä lämpenee ja yläilmakehä 
jäähtyy, minkä seurauksena vapautuneet kloori- ja bromiatomit voivat toimia 
otsonia tuhoavien kemiallisten reaktioiden katalyytteinä. 

UV-B-säteilyn mahdolliset haittavaikutukset liittyvät säteilyn 
nukleiinihapoille, proteiineille ja muille molekyyleille aikaansaamiin 
vaurioihin. Osassa tutkimuksista on tämän seurauksena havaittu joitakin mm. 
kasvien kasvuun ja lehtien anatomiaan liittyviä vaikutuksia. Kasvit tuottavat 
fenolisia yhdisteitä, mm. flavonoideja, jotka suojaavat kasvisoluja säteilyltä. 
Fenoliset yhdisteet voivat vaikuttaa ekosysteemeihin laajemminkin, esimerkiksi 
orgaanisen aineksen hajotusprosessien kautta, ja on esitetty, että vaikka 
otsonikadon seurauksena lisääntyneen UV-B-säteilyn suorat vaikutukset 
olisivatkin vähäisiä, välilliset vaikutukset muiden trofiatasojen kautta voivat 
olla merkittäviä. Toistaiseksi näistä UV-säteilyn kokonaisvaikutuksista 
ekosysteemeihin tiedetään vielä vähän. 

Otsonikadon seurauksena lisääntyvän UV-B-säteilyn vaikutuksia on 
tutkittu pääasiassa käyttämällä lamppuja lisäämään säteilyn määrää. 
Lamppujen tuottaman säteilyn ja otsonikadon seurauksena lisääntyvän säteilyn 
aallonpituudet ovat kuitenkin erilaiset. Kasvien vasteet puolestaan muuttuvat 
riippuen säteilyn aallonpituudesta (n.s. vaikutusspektri). Näitä 
vaikutusspektrejä käytetään painotuskertoimina laskettaessa vaadittavaa 
lamppujen päälläoloaikaa, joka puolestaan vastaa tavoitellun suuruisen 
otsonikadon aiheuttaman UV-B-säteilymäärän lisäystä. 

Tämän työn tavoitteena oli tutkia UV-säteilyn vaikutuksia kolmen eri 
puulajin fenoliyhdisteiden tuotantoon käyttämällä kokeissa kalvoja, jotka 
poistavat säteilyn eri aallonpituusalueita. Tutkimuspuina käytettiin 
harmaaleppää (Alnus incana) ja hieskoivua (Betula pubescens) sekä rauduskoivun 
taimia (Betula pendula). Laboratoriossa tehdyissä hajotuskokeissa selvitettiin, 
välittyvätkö eri säteilyolosuhteiden aikaansaamat muutokset lehtien 
(karikkeen) kemiallisissa ominaisuuksissa kasvin kasvun aikana niiden 
hajoamisnopeuteen, maaperäeläimiin tai mikrobien hiilidioksidintuotantoon. 
Lisäksi tavoitteena oli kehittää uusia menetelmiä ja malleja otsonikatoon 
liittyvien tutkimusten tulosten arviointiin. Kokeissa verrattiin aikaisemmissa 
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tutkimuksissa käytettyjä painotuskertoimia, yhdistettynä mallinnettuun 
säteilymäärään ja käytettyjen kalvojen luomiin säteilyolosuhteisiin, mitattuihin 
kasvivasteisiin. Lisäksi mallinnettiin aikaisempien kokeiden todellisesti 
simuloimaa otsonikadon määrää ja mahdollisia virheitä säteilymäärien 
lisäyksissä. 

Tulokset osoittavat, että UV-säteilyn vaikutukset fenolisiin yhdisteisiin 
ovat vaihtelevia. Lisäksi muut tekijät vaikuttavat fenolisten yhdisteiden 
akkumulaation, sillä lähes kaikkien yhdisteiden pitoisuudet vaihtelivat 
kenttäkokeissa kasvukauden aikana, vaikka UV-säteilyllä ei kaikkiin vaikutusta 
ollutkaan. UV-säteily aiheutti muutoksia myös hajotuskokeissa käytetyn 
karikkeen muihin kemiallisiin ominaisuuksiin, mm. hiilen ja ligniinin määriin. 
UV-säteilyn poistamisen aiheuttamien karikkeen kemiallisten muutosten 
seurauksena myös mikrobien hiilidioksidintuotanto muuttui. Karikkeen 
hajoamisnopeuteen ei käsittelyillä ollut vaikutusta. Tässä työssä saadut tulokset 
korostavat UV-säteilyn roolia ekosysteemeissä, ei pelkästään vaurioiden 
aiheuttajana, vaan kasvien informaatiolähteenä ja kasvun säätelijänä. Kasvien 
välityksellä UV-säteilyllä on merkittävät rooli myös hajotustoiminnassa ja 
ravinteiden kierrossa. 

Otsonikatoon liittyvien tutkimusten ongelma on usein ollut se, että 
kasvien tuottamien fenolisten yhdisteiden määrää on tutkittu pääasiassa 
mittaamalla vain ns. kokonaisvastetta, eikä yksittäisten yhdisteiden 
akkumulaatiota. Yksittäisillä yhdisteillä on kuitenkin erilaisia tehtäviä kasveissa 
ja niiden vaikutukset esimerkiksi kasvinsyöjiin ja hajottajiin vaihtelevat, joten 
kokonaisvasteen mittaaminen ei riitä selvittämään lisääntyneen säteilyn kaikkia 
vaikutuksia. Myös näytteenottoajankohta voi vaikuttaa tutkimusten 
johtopäätöksiin. 

Painotuskertoimien vertailu osoitti, että eri painotuskertoimia tarvitaan 
kasvien eri vasteita varten, eri kertoimia jopa yksittäisille fenolisille yhdisteille. 
Painotuskertoimen valintaan vaikuttavat sekä UV-B- että UV-A-alueen 
painotus. Mallinnustulosten perusteella voidaan sanoa, että otsonikadon 
vaikutusten ali- tai yliarviointi on suurempaa liittyen UV-säteilyn aiheuttamiin 
DNA-vaurioihin ja muutoksiin fenolisten yhdisteiden pitoisuuksissa kuin 
verrattuna kasvien kasvuvasteisiin, ja siksi DNA-vaurioita ja muutoksia 
ennustavien tutkimusten johtopäätöksiä tulisi tarkastella uudestaan. 
Kokonaisuudessaan kokeisiin, joissa lisätään UV-B-säteilyä lamppujen avulla 
liittyy paljon metodologisia ongelmia, joita olisi syytä tarkastella kriittisesti ja 
kehittää kokonaan uusia tutkimusmenetelmiä UV-säteilyn vaikutusten 
selvittämiseksi. 
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decomposition. 28 p. Yhteenveto 2 p. 1996.

55 KOTIAHO, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

56 KOSKELA, JUHA, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

57 NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p. 1997.

58 AHO, TEIJA, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

59 HAAPARANTA, AHTI, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.
(112 p.). Yhteenveto 3 p. 1997.

60 SOIMASUO, MARKUS, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.

61 MIKOLA, JUHA, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p. 1997.

62 RAHKONEN, RIITTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.
(69 p.). Yhteenveto 3 p. 1998.

63 KOSKELA, ESA, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.

64 HORNE, TAINA, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.

65 PIRHONEN, JUHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

66 LAAKSO, JOUNI, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.

67 NIKULA, TUOMO, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.
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68 AIRENNE, KARI, Production of recombinant
avidins in Escherichia coli and insect cells.
96 p. (136 p.). Yhteenveto 2 p. 1998.

69 LYYTIKÄINEN, TAPANI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).
Yhteenveto 1 p. 1998.

70 VIHINEN-RANTA, MAIJA, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.
(96 p.). Yhteenveto 1 p. 1998.

71 MARTIKAINEN, ESKO, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p. (137 p.). Yhteenveto 1 p. 1998.

72 AHLROTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).
Yhteenveto 1 p. 1999.

73 SIPPONEN, MATTI, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.

74 LAMMI, ANTTI, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.

75 NIVA, TEUVO, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.

76 PULKKINEN, KATJA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

77 PARRI, SILJA, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).
Yhteenveto 2 p. 1999.

78 VIROLAINEN, KAIJA, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

79 SELIN, PIRKKO, Turvevarojen teollinen käyttö ja
suopohjan hyödyntäminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p. Executive summary 9 p. 1999.

80 LEPPÄNEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
räisten yhdisteiden ympäristökohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistöissä. 45 p. (149 p.).
Yhteenveto 2 p.1999.

81 LINDSTRÖM, LEENA, Evolution of conspicuous
warning signals. - Näkyvien varoitussignaa-
lien evoluutio. 44 p. ( 96 p.). Yhteenveto 3 p.
2000.

82 MATTILA, ELISA, Factors limiting reproductive
success in terrestrial orchids. - Kämmeköiden
lisääntymismenestystä rajoittavat tekijät. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

83 KARELS, AARNO, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at  biochemical,
individual, population and  community levels.
- Sellu- ja  paperiteollisuuden jätevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista sekä
populaatio- ja  yhteisövasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.

84 AALTONEN, TUULA, Effects of pulp and paper
mill effluents on fish immune defence. -  Met-
säteollisuuden jätevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.). 2000.

85 HELENIUS, MERJA, Aging-associated changes in
NF-kappa B signaling. - Ikääntymisen vaiku-
tus NF-kappa B:n signalointiin.  75 p. (143 p.).
Yhteenveto 2 p.  2000.
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86 HUOVINEN, PIRJO, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisäteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eläinplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

87 PÄÄKKÖNEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
käytön erityispiirteet: sopeumia pohja-
elämään? 33 p. (79 p.). Yhteenveto 2 p. 2000.

88 LAASONEN, PEKKA, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeläimistöön. 32 p. (101
p.). Yhteenveto 2 p. 2000.

89 PASONEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepölykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

90 SALMINEN, ESA, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den ja jätteiden anaerobinen käsittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

91 SALO, HARRI, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
säteilyn vaikutus kalan immunologiseen
puolustusjärjestelmään. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

92 MUSTAJÄRVI, KAISA, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijöiden vaikutus pienten mäkitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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93 TIKKA, PÄIVI, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden säilyttäminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

94 SIITARI, HELI, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettinäön ekologinen mer-
kitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

95 VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden väliset erot rummuttavan
hämähäkin Hygrolycosa rubrofasciata) kasvus-
sa ja käyttäytymisessä. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

96 HAAPALA, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsäjokien pohja-
eläinyhteisöille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p. 2001.

97 NISSINEN, LIISA, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava säätely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.

98 AHLROTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tiheä
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

99 HYÖTYLÄINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation.  - Kreosootilla saastuneen
järvisedimentin ekotoksikologisen riskin
ja kunnostuksen arviointi. 59 p.  (132 p.)
Yhteenveto 2 p. 2001.

100 SULKAVA, PEKKA, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperän eliöyhteisön ja
hajotusprosessien väliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

101 LAITINEN, OLLI,  Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaternäärirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus sekä avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.)  Yhteenveto 2 p. 2001.

102 LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting

predators. - Hyönteisten väritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

103 NIKKILÄ, ANNA, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesieliöillä. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

104 LIIRI, MIRA, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperän
hajottajaeliöstön monimuotoisuuden merkitys
metsäekosysteemin toiminnassa ja häiriön-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.

105 KOSKELA, TANJA, Potential for coevolution in a
host plant – holoparasitic plant interaction. -
Isäntäkasvin ja täysloiskasvin välinen vuoro-
vaikutus: edellytyksiä koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

106 LAPPIVAARA, JARMO,  Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

107 ECCARD, JANA, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsämyyrän elinkiertopiirteisiin.
29 p. (115 p.) Yhteenveto 2 p. 2002.

108 NIEMINEN, JOUNI, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperäravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto
2 p. 2002.

109 NYKÄNEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissä. Sellobiohydrolaasi I:n, ohran
kysteiiniproteinaasin sekä vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa.   107
p. (173 p.) Yhteenveto 2 p. 2002.

110 TIIROLA, MARJA, Phylogenetic analysis of
bacterial diversity using ribosomal RNA
gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien käyttö bakteeridiver-
siteetin fylogeneettisessä analyysissä. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

111 HONKAVAARA, JOHANNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettinäön
ekologinen merkitys hedelmiä syövien eläin-
ten ja hedelmäkasvien välisissä vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto
2 p. 2002.
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112 MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen sekä
oligomerisaation muokkaus: uusia työkaluja
avidiini–biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

113 JOKELA, JARI, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jätteen esikäsittelyn
vaikutus yhdyskuntajätteen biohajoamiseen ja
typpipäästöjen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

114 RANTALA, MARKUS J., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyönteisillä. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

115 OKSANEN, TUULA, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisääntymisen kustan-
nukset ja poikasten laatu lisääntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

116 HEINO, JANI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeläinyh-
teisöjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissä - eliömaan-
tieteellinen yhteys sekä merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.

117 SIIRA-PIETIKÄINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsämaan
hajottajayhteisö hakkuiden jälkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

118 KORTET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L.  -
Loisten ja taudinaiheuttajien merkitys kalan
lisääntymisessä ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

119 SUVILAMPI, JUHANI, Aerobic wastewater
treatment under high and varying
temperatures – thermophilic process
performance and effluent quality. - Jätevesien
käsittely korkeissa ja vaihtelevissa lämpöti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.

120 PÄIVINEN, JUSSI, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissä elävien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus  44 p. (155 p.) Yhteenveto 2 p.
2003.

121 PAAVOLA, RIKU, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkärangattomien, vesisammalten ja kalojen

yhteisörakenne pohjoisissa virtavesissä –
säännönmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.

122 SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

123 AHTIAINEN, JARI JUHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata.  -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihämähäkillä
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

124 KAPARAJU, PRASAD, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
järjestelmässä. 84 p. (224 p.) Yhteenveto 2 p.
2003.

125 HÄKKINEN, JANI, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B säteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

126 NORDLUND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestävyyden ja
rakennetopologian muokkaaminen. 64 p.
(104 p.)  Yhteenveto 2 p. 2003.

127 MARJOMÄKI, TIMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.

128 KILPIMAA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

129 PÖNNIÖ, TIIA, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

130 WANG, HONG, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.
(90 p.) 2004.

131 YLÖNEN, OLLI, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisääntyvän
UV-B säteilyn vaikutukset siikakalojen
poikasten käyttäytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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132 KUMPULAINEN, TOMI, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).
- Lisääntymisstrategioiden evoluutio ja säily-
minen pussikehrääjillä (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

133 OJALA, KIRSI, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittäminen ja
sovellukset.  90 p. (141 p.) Yhteenveto 3 p.
2004.

134 RANTALAINEN, MINNA-LIISA, Sensitivity of soil
decomposer communities to habitat
fragmentation – an experimental approach. -
Metsämaaperän hajottajayhteisön vasteet
elinympäristön pirstaloitumiseen. 38 p.
(130 p.) Yhteenveto 2 p. 2004.

135 SAARINEN, MARI, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisäyriäisen esiintymi-
seen ja runsauteen vaikuttavat tekijät
Anodonta piscinalis -pikkujärvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

136 LILJA, JUHA, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.
- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyviä ongel-
mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.

142 PYLKKÖ, PÄIVI, Atypical Aeromonas salmonicida
 -infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epätyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieriälle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkäisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.

143 PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisääntymisstrategioiden evoluu-
tio eläimillä. 28 p. (110 p.) Yhteenveto 3 p.
2004.

144 TOLVANEN, OUTI, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jätteen-
käsittelytekniikan ja jätelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jätteen-
käsittelylaitoksilla. 78 p. (174 p.) Yhteenveto
4 p. 2004.

145 BOADI, KWASI OWUSU, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympä-
ristö ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

146 LUKKARI, TUOMAS, Earthworm responses to
metal contamination: Tools for soil quality
assessment.  - Lierojen vasteet
metallialtistukseen: käyttömahdollisuudet
maaperän tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

147 MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jätevesistä
yhdyskuntajätevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

148 KARISOLA, PIIA, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pääallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

149 BAGGE, ANNA MARIA, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteisöjen rakenteeseen ja kehitykseen
vaikuttavat tekijät sisävesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

150 JÄNTTI, ARI, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
välisten suhteiden vaikutus puukiipijän
pesintämenestykseen metsäympäristössä.
39 p. (104 p.) Yhteenveto 2 p. 2005.

151 TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienväliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.

137 NYKVIST, PETRI, Integrins as cellular receptors
for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.

138 KOIVULA, NIINA, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.

139 KARVONEN, ANSSI, Transmission of Diplostomum
spathaceum between intermediate hosts.
- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisännän välillä. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

140 NYKÄNEN, MARI, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta
virtavesissä. 40 p. (102 p.) Yhteenveto 3 p. 2004.
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