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1 Introduction
Stress is a significant deviation from the conditions optimal for life, and elicits changes and responses at all 
functional levels of organisms and, although first reversible, it may become permanent (Larcher 1995). 
Winter is usually the most stressful season for plants in northern hemisphere. Many species are subjected 
to very low temperatures and variations between temperature extremes. By definition, plant frost hardi-
ness refers to an ability to withstand temperatures below 0°C (e.g. Sakai and Larcher 1987; Taulavuori 
et al. 2003). The major environmental factors controlling frost hardiness are temperature and daylength. 
Geographic origin of the plant and thus the genetic background provide limits for the range and timing of 
plant frost hardiness. In northern high latitudes, the development of adequate frost hardiness is an essential 
factor to survive over winter-time. All the environmental changes that could affect plant frost hardiness 
determine thus the survival over a seasonal cycle. According to the results of ultrastructural needle studies, 
acid rain delays the development of winter hardening process of conifer trees (Reinikainen and Huttunen 
1989, Bäck and Huttunen 1992). In addition to structural information, quantitative methods were needed 
to assess the level of frost hardiness under experimental manipulations. For this purpose, the available 
methodology was carefully reviewed (Taulavuori 1996a), and equipment for rate-controlled freezer was 
developed (Taulavuori et al. 1996b). In this article we review the results mainly from the plant frost hardi-
ness – atmospheric changes point of view, but also some other responses (e.g. growth, biochemistry) are 
included.

2 Studies on elevated O3 and CO2 gases and warming winter
At the beginning of 1990’s, the Department of Botany (later fused with the Department of Biology) estab-
lished experimental fields for testing plant stress responses under controlled environment mimicking many 
atmospheric changes, including gas fumigations and temperature elevations. Our group focused especially 
on responses in plant cold hardiness and defence against oxidative stress. Elevated levels of either O3 or 
CO2 did not markedly affect these processes (E. Taulavuori et al. 1997; K. Taulavuori et al. 2001). Elevated 
winter temperatures, however, indicated that warming climate could reduce the frost hardiness of dwarf 
shrub bilberry (K. Taulavuori et al. 1997). The same result was obtained later in experiment with mountain 
birch performed in cooperation with Norwegian colleagues (Taulavuori et al. 2004; Skre et al. 2008). 

3 Studies on other pollutants
Impacts of other contaminants from anthropogenic origin were also studied. During the 1990’s, the effects 
of nitrogen overload were assessed in the context of gas (i.e. O3 and CO2) fumigations (E. Taulavuori et al. 
1997; K. Taulavuori 2001). Until then, the anecdotal evidence was that nitrogen supply always reduces plant 
frost hardiness. However, our studies indicated that nitrogen supply may also improve the development of 
plant frost hardiness, especially in species adapted to nutrient deficits in soils (Taulavuori et al. 2001). 

Only few articles had reported that trace or heavy metals could cause forest injuries through reduced 
frost hardiness (Sutinen et al. 1996; Kukkola et al. 1997). The literature was reviewed and a hypothesis was 
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constructed to test the effect of trace metals on plant frost hardiness (Taulavuori et al. 2005a). However, 
the uptake and translocation occurred only in below-ground stems of bilberry (Vaccinium myrtillus), and 
no translocation to aerial parts occurred (Tahkokorpi et al. 2010). Therefore it is understandable that no 
differences in frost hardiness of bilberry stems appeared, as indicated by Figure 1. Based on the above, 
the experimental  manipulation of plants with heavy (or trace) metals was not continued for the following 
reasons: (1) the manipulation of plants may require several growing seasons due to slow mobilization and 
further accumulation in studied tissue. (2) The use of toxic contaminants is always a risk for environment 
and health. Therefore, experimental studies testing the presented hypothesis were decided to be substi-
tuted rather with testing material from contaminated environments (vicinity of smelters etc.).

Figure 1 Frost hardiness of Vaccinium myrtillus stems at the beginning of October 2006 after one growing season 
manipulation with Ni exposure by doses in a range from 0 to 500 mg m-2 (Turunen et al. 1995, Figure 1). 

4 Studies on UV-radiation
During the 2000’s, responses to UV-radiation were studied in FUVIRC experiment in Sodankylä, Northern 
Finland. The preliminary results indicated that plant frost hardiness could be reduced under elevated UV-B 
radiation, and a hypothesis according to which there is a trade-off between UV-defence mechanism and de-
velopment of frost hardiness was published (Taulavuori et al. 2005b). Data was collected yearly and there 
are currently 3-4 (unpublished) manuscripts under preparation. The results are partly consistent with the 
presented hypothesis, although the responses were not as significant as expected. The major finding is that 
the plant frost hardiness response varies between plant species. The results suggest that the evergreen 
species are more vulnerable to UV-radiation.

5 Studies on drought
While precipitation may be increased in northern areas as a consequence of changing climate, the prob-
ability of local and temporal summer droughts will increase (ACIA 2005). For example, in 2006 in northern 
Finland, the late summer was very hot and dry and water deficit resulted to premature leaf dropping or 
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browning in August. A comparison of evergreen and deciduous life strategies under severe drought stress 
was documented elsewhere (E. Taulavuori et al. 2010). We propose that although evergreen strategy is 
more common in dry habitats, the deciduous strategy may serve better the whole plant in under extreme 
drought. It was also indicated that juvenile leaves of deciduous species may be more drought-tolerant than 
mature leaves (E. Taulavuori et al. 2010). 

6 Studies on light quality effects
Effects of changed light quality may be discussed in the context of atmospheric changes in broad sense. 
Global change obviously does not affect the light conditions of a given site (with the exception of UV-
radiation). However, as the climate warms the southern vegetation may shift their ranges even 1000 KM 
northward to the boundary of Arctic Ocean (ACIA 2005).  As the sun elevation is lower in the Arctic, 
the shorter wavelengths are scattered effectively from the solar beam. Thus the vegetation from southern 
origin that have migrated northward experience different light quality compared to that they have adapted 
to.  Because of the scattering of short wavelengths in the Arctic, the diffuse blue light exists at relatively 
high proportions during polar summer nights (K. Taulavuori et al. 2010). The ecological significance is that 
blue light decreases the elongation (i.e. height growth) of some trees (Taulavuori et al. 2005c; Sarala et al. 
2007; Sarala et al. 2009).

7 Future prospects
The previous chapter remains open in respect to which species respond and which species do not respond 
to the changes in light quality? As well, it is highly probable that there are differences in magnitudes of the 
responses between species and between geographic origins of a single species. Thus the main question 
concerns the plant communities and populations: Which are the dominating species and ecotypes in the 
future of the Arctic?
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