The importance of hardening and winter temperature for growth in mountain birch populations.
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Summary

Seedlings of five mountain birch populations (Betula pubescens Ehrh. ssp. czerepanovii) from Fennoscandia and Iceland were raised and grown at natural daylengths at Tromsø, Norway (69oN) and different temperatures during late summer and fall season, followed by winter temperature treatment at ambient and +4 oC above ambient temperatures at Bergen, Norway (60oN) . The experiment was performed during two seasons (2000/01 and 2001/02). Shoot and biomass growth the following season was increased by elevated winter temperatures in the southern birch population and decreased in the northern relatives, while the birch populations from Iceland (64oN) and Melbu, northern Norway (68oN) showed no significant winter temperature responses. Biomass was higher in plants grown at low hardening temperature than at high temperatures. The growth reduction was attributed to premature dehardening in early provenances and treatments. As a conclusion, increased winter temperatures would tend to increase the risk of spring frost damage and reduce growth in birch seedlings. The results are discussed in relation to simultaneous experiments with frost hardiness in the same populations and treatments.
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Introduction

Recent meteororological models (e.g. Everett and Fitzharris 1998) indicate a rise in annual mean temperature of between 1.5 and 4.5oC during the next century due to the expected rise in CO2 concentrations and related global warming. The temperature increase at higher latitudes due to the greenhouse effect is expected to be strongest during the winter season winter (Pedersen 1993). Earlier research (Weih and Karlsson 2001) on birch indicate that different ecotypes have evolved with different strategy for growth and survival. This will affect  winter dormancy and frost resistance (e.g. Heide 1993, Murray et al. 1989). The changes in winter dormancy will in turn affect the growth pattern during the following summer (see Myking and Heide 1995). Mountain birch (Betula pubescens ssp. czerepanovii) is a major constituent of northern forests in the North Atlantic and Fennoscandian region, and because it is an old inhabitant of Scandinavia and as such may have evolved climatically adapted ecotypes. It is therefore of major interest to see how different birch ecotypes respond on winter temperature changes. Mountain birch is important also because it is the most important tree-line species in the area (Skre 1993).

The winter dormancy in fall is induced mainly by short days and is only slightly influenced by temperature (Håbjørg 1972). When the low temperature requirements for dormancy breaking are fulfilled, however, usually in January, high temperatures would lead to earlier budbreak and induce higher metabolic activity in buds (Ritchie 1982, Heide 1993). In some species higher winter temperatures may lead to delayed budbreak because they will not have their low temperature requirement fulfilled (Murray et al. 1989). In birch, however, chilling requirements are relatively low, and the overall effect of increased winter temperature is earlier budbreak and a longer growth period (Myking and Heide 1995). Earlier budbreak may in turn make trees more susceptible to spring frost damage (e.g. Jalkanen and Nikula 1992, Hänninen 1995).

The present study consisted of experimental warming of mountain birch ecotypes from different latitudes and altitudes in Scandinavia and along coast-inland gradients (Table 1). According to e.g. Myking and Heide (1995) the chilling requirements for dormancy breaking are decreasing witn increasing latitude of seed origin. Further, high altitude (e.g. Murray et al. 1989) and a more continental climate (Leinonen 1996) are thought to decrease chilling requirements. Accordingly a milder climate with linger transition from winter to spring perio would tend to increase chilling requirements and presumably also the frost hardiness, since both processes follow the ontogenetic cycle (e.g. Fuchigami et al. 1982).

In an earlier study Taulavuori et al. (2004) examined the hardiness in the investigated birch populations. They found that frost hardiness varied more or less according to the above mentioned variations in requirements for dormancy breaking. In the present study the impact of hardening and winter temperatures on dormancy induction and breaking, and the implications for seedling growth during the following season is further studied. Because of lightly different experimental procedures during the two subsequent years the study is also expected to tell something about the effect of physiological age, or plant size on the dehardening and growth in birch seedlings.

The aim of the present study is therefore:

· To test the hypothesis that the different populations have developed genetically based ecotypes as adaptations to different climate regarding the induction and breaking of winter dormancy and frost hardiness.

· To see how winter temperatures and the temperatures during the previous season influence growth in birch provenances during the following season through premature spring frost dehardening (after-effects).

· To obtain information about how physiological plant age influence on dehardening and growth..

Material and methods

Seeds from 6-8 trees per population of five different mountain birch (Betula pubescens ssp. czerepanovii) stands were stratified 20 days at 5oC and sown in the climatically controlled greenhouse of University of Tromsø (69oN) June 10, 2000 (Experiment 1). The seedlings were placed at 18oC and ambient light conditions. After Aug 21 they were given supplementary light (Osram 58W/30 200 µmol m-2s-1) and 24 hours photoperiod until Sep 7, when they were potted in 10 cm containers with fertilized peat (Skre 1993), watered regularly once a week with SUPERBA nutrient solution equivalent to 10 g N m-2yr-1 and placed at two constant autumnal temperatures, 9 and 15oC for hardening in ambient daylengths. The supplementary light was given in order to prevent premature growth cessation in the northernmost birch populations. Temperatures were recorded by dataloggers and thermocluples. The relatively high hardening temperatures 9 and 15oC were chosen for two reasons, i.e. (1) to extend the growth season in the potted seedlings, and (2) to estimate the effects of different hardening temperstures on growth parameters. The two temperatures reflect the mean maximum fall  temperatures (Sep-Nov) in the oceanic and continental areas of northern Fennoscandia (68oN) according to Bruun (1967). 

The seedlings were kept in Tromsø for three months, but around 1. November they were transferred to Norwegian Forest Research Institute, Bergen (60oN), and subdivided between two greenhouse compartments, ambient and 4oC above ambient temperatures. The daylight in the greenhouse was about 20% lower than outside. Light and temperature was recorded continuously. The plants were transferred from Tromsø after budset and moved to Bergen for two reasons, i.e. (1) in Bergen a greenhouse with differential temperature regulation was available, where it was possible to keep temperatures in the heated compartment 4oC above the non-heated compartment. On the other hand, greenhouse compartments with summer temperature control were only available in Tromsø, (2) the birch seedlings originated from different populations with varying daylength conditions. Two populations (NB and IC) originated from southern latitudes (60-63oN) while the three others originated from northern latitudes (67-69oN). It was therefore appropriate to do the experiment with raised winter temperatures and premature dehardening at a southern latitude with relatively high temperatures during the winter season.

Five plants per population and treatment were selected for dormancy breaking experiment, by transferring the plants December 27, 2000 and January 25, 2001 to a heated greenhouse 

(20 oC) in 18 hrs photoperiod (100 (M m-2 s-1). Days to budbreak (first visible leaf) were recorded. The dormancy breaking experiment was initiated in late December because earlier studies (e.g. Murray et al. 1989) have shown that birch has relative low chilling requirements that usually are met already in January. Six plants per population and treatment were kept in the greenhouse until April 15, 2001 and then placed outside in ambient temperature and light. The heating in the greenhouse was turned off March 15, 2001 in order to see the different effects of eventual late spring frosts on the birch populations. The time to budbreak and the growth after budbreak was recorded to study possible after-effects of the winter treatment. The following non-destructive growth parameters were recorded: total number of leaves and annual shoots, total accumulated shoot length, total height and stem base diameter. On July 10, 2001 the plants were harvested for biomass determinations. The plant tissue was separated into green leaves, stem and root tissue, and dried 24 hours at 80 oC.

The experiment was repeated in 2001 with a slightly different procedure in order to study the effect of different seedling age on winter temperature responses (Experiment 2). The The seeds were sown one month later than in Experiment 1, i.e. Aug 6, 2001 after being stratified four weeks at 5oC and transferred to 18oC in ambient and supplementary light (see Experiment 1) with 24 hrs. photoperiod after germination. At Sep 18, 2001 the plants were transferred to natural daylengths in 9oC and 15oC for hardening. At Nov 22, 2001 the plants were transferred to Norwegian Forest Research Institute Bergen and subdivided between the same two greenhouse compartments as the first year. Twelve plants per population and treatment were placed outside at ambient temperature and light at April 15, 2002. The heating was turned off at March 15, 2002 and the time to budbreak and the growth parameters after budbreak were recorded, similar to the first year. About July 5, 2002 the plants were harvested for biomass determinations, and dried 24 hours at 80oC similar to the first year.

The growth and biomass variables were tested with the GLM Linear Model (SAS) to 

detect significant main and interaction effects. The variance due to different variables and their interactions were tested against the residual variance (F-values). Main effects were tested on (1) seed populations, (2) winter temperature and (3) hardening temperatures. Means testing using the least square method were performed subsequent to the variance analysis on all significant variables, and in addition the standard errors are shown on all mean values on the diagrams. Since the experimental procedure and winter temperatures differed markedly between the years, the data from Experiments 1 and 2 were kept separate.
Results 

The daily mean temperatures in the two greenhouse compartments in Bergen are shown in Fig. 1. The figure shows that the last winter was approximately 3 oC warmer during January and February than the first year. 

During the spring of 2001 there were three episodes with temperatures close to –10oC in the cold room and to –5oC in the warm room of the greenhouse (Fig. 1), i.e. at Feb 8 (Day 100), March 6 (Day 125) And March 27 (Day 147), During the spring of 2002 there was only one such episode, i.e. at Feb 24 (Day 116).

(a) Experiment 1

After the supplementary light had been turned off Sep 7, 2000 and the plants subjected to ambient daylength conditions in Tromsø (69oN) the plants gradually decreased their shoot growth. Growth cessation and budset took place earliest (Sep 15, 2000) in the northernmost NHa population (see Table 1), grown at 9oC hardening temperatures, and latest in the IC population grown at 15oC (Oct 10, 2000). The photoperiod in Tromsø during this time varied very rapidly, from 12 hrs to 9 hrs. The size of the plants at the time of budset varied from 3 internodes/plant corresponding to 5 cm shoot length to 5.5 internodes/plant and 11 cm shoot length in the same populations and temperatures respectively. 

The time from the first dormancy breaking experiment started (Dec 27, 2000) to the first visible leaf  was seen, varied from 12 days in the northern NHa and FJ populations to 28 days in the IC population, while NMe and NB were intermediate. In the second experiment starting January 25, 2001 the time was much shorter and varied from 5 days in NHa and FJ to 14 days in IC.

The Julian date of budbreak in different populations and treatments are shown in Fig. 2a. Means testing (Table 2b) shows that there was a general strong and significant effect of winter temperature on dormancy breaking. In accordance with the frost hardiness data, the figure shows that budbreak in the northernmost high winter temperature treated plants occurred much earlier than those from Iceland (IC), i.e. already around March 10, 2001 (Day 70), while the budbreak in the IC plants occurred at April 15, 2001 (Day 110). The budbreak in all populations except NB occurred earlier in plants treated with high (+4oC) winter temperatures than in ambient (low) temperatures, and slightly earlier in plants hardened at 9oC than in those hardened at 15oC. In the low winter temperature treated plants no differences were found between the hardening temperature treatments, but there was a slight effect of population (latitude). In plants from the southernmost Blefjell population (NB), budbreak occurred later than in the other populations. Significant effects were found from all independent variables (provenance, growth temperature and winter temperature) as well as from provenance x temperature interactions (Table 3a).

There was a strong and significant effect of provenance on all biomass parameters, except root biomass, i.e. the biomass was lowest in the two northernmost provenances (NHa and FJ), these provenances also had the lowest shoot/root ratios (see Fig. 3a and 4a). There was a strong and significant influence of hardening and winter temperatures on the leaf biomass, and of hardening temperature on the shoot/root ratios (Table 2a), i.e. the leaf biomass in the three southernmost populations was lower in plants grown at 9oC than at 15oC, and consequently also lower shoot/root ratio. With the exception of the two southernmost provenances (NB and IC) grown at 9oC hardening temperature the leaf biomass was also lower in plants grown at high than at low winter temperatures (Fig. 3a). Because high temperatures seemed to have a more negative effect on leaf biomass on the three northern provenances than on their southern relatives, there was also a significant interaction between winter temperature and provenance (Table 2a). The means testing (Table 2b) shows that the leaf biomass was generally significantly lowest in plants hardened at 9oC than at 15oC. 

The total accumulated long shoot lengths of plants from the three southernmost populations, treated with high (elevated) winter temperature (HT), were higher than in the corresponding low temperature treated plants (except NB plants grown at 9 oC), while in the two northernmost populations there were no significant treatment effects (see Table 2a). The hardening temperature seemed to have minor influence on shoot lengths. The effect of winter temperature seemed to be strongest in the Icelandic (IC) population (Fig. 5a).  The variance analysis strengthened this conclusion, i.e. a significant effect of winter temperature as well as a strong provenance x winter temperature interaction was found, while the hardening temperatures seemed to have no visible effect. A similar but weaker tendency may be seen in the total leaf numbers (Fig. 6a) and the number of long shoots per plant (Fig. 7a). No significant temperature effects were found from the three independent variables on the stem base diameters (Skre, unpubl.).Means testing (Table 3b) shows that the accumulated shoot length (L) was highest in plants hardened at 15oC and treated with 4oC elevated winter temperatures, and that the numbers of long shoots per plant (NS) were higher in plants grown at high than at low winter temperatures.

(b) Experiment 2 and comparison between years.

After the plants were subjected to ambient daylength at Sep 18, 2001, growth cessation and budset took place very rapidly, and earliest (Oct 1, 2001) in the northern NHa population hardened at 9oC and latest (Oct 20, 2001) in the IC population grown at 15oC. The photoperiod during this time varied from 10 hrs to 8 hrs. Because of the later sowing, the size of plants at the time of budset was much smaller than the previous year and varied from 2.5 internodes/plant corresponding to 4 cm shoot length to 4 internodes/plant and 8 cm in the same populations and temperatures respectively.

In accordance with frost hardiness budbreak (Fig. 2b) in all populations and treatments occurred about 20 days earlier than the first year. Similar to 2000/01 the budbreak occurred earlier in plants hardened at 9 oC and treated in high winter temperatures than in those hardened at 15 oC and treated in low winter temperatures. This may also be seen from the F-values in Table 3a. Lack of significant interactions shows that the effects of  hardening and winter temperatures on date of budbreak was similar in all provenances. 

As expected, the biomass per plant (Fig. 3b) was smaller than the first year (i.e. 60-100 vs. 90-160 g/plant) and a higher proportion of the biomass was in the roots (except in the two northernmost populations); this may also be seen in the lower shoot/root ratios. Similar to the first year the means testing (Table 2b) shows that the leaf and shoot biomass was generally lowest in plants hardened at 9oC and elevated (high) winter temperatures, particularly in the three northern ecotypes. But in contrast to 2000/01 the shoot/root ratios were generally highest after low winter temperature treatment. The root biomass was generally highest in plants hardened at 15oC and grown at elevated winter temperatures, i.e. where conditions were most favourable for root growth. The total biomass per plant and the total accumulated shoot length was significantly higher in the southern Blefjell (NB) and Melbu (NMe) populations than in the two northernmost populations, while the Iceland (IC) population was intermediate (Fig. 3b and 5b). The shoot/root ratio was found to be lowest in the northern populations (Fig. 4b). Similar to the first year, there seemed to be no significant overall effects of different winter temperature treatment on the total biomass per plant (Table 2a), but there was a certain interaction with hardening temperature, i.e. the biomass of plants hardened at 9 oC was slightly higher than in corresponding plants hardened at 15 oC in one population (IC), while in others (NB and NMe) the biomass at high winter temperatures was significantly higher after 15oC vs. 9oC treatment. 

In contrast to the first year the numbers of long shoots per plant (NS) were highest after 15 oC and elevated winter temperatures (Table 3b), this also relates to the numbers of leaves per plant (NL). But in contrast to 2000/01 the plants hardened at 9 oC and elevated winter temperatures had significantly lower accumulated shoot length (L) than the rest of the plants.

In contrast to the first year the accumulated shoot lengths of plants from the three northernmost populations (NMe, FJ and NHa) were higher after low winter temperature treatment than in corresponding plants treated at high winter temperatures (Fig. 5b). Accordingly, a significant provenance x winter temperature interaction was found, although no significant effects were found from the winter temperature itself (Table 2b). In contrast to the 2000/01 winter, no significant effects of hardening temperature were found. The accumulated shoot lengths were considerably lower (30-70 cm) than the first year (40-100 cm) due to the later sowing date. There was a gradually decrease in leaf number per plant with increasing latitude, like the first year (Fig. 6b), but the total leaf numbers were not lower than in 2000/01, as one would expect. There was also a significant negative effect of high winter temperature on the number of long shoots (Table 2b and Fig. 7b), but a similar effect was not found on the number of leaves per plant (Fig. 6b). In contrast to 2000/01 there was a negative effect of high winter temperature also on the stem base diameter in all provenances (Skre, unpubl.)

Discussion

(a) Comparison between populations and treatments.

The observations on date of budbreak generally confirmed the conclusions from the frost hardiness tests (Taulavuori et al. 2004), i.e. the most hardy populations and treatments were also those with the latest budbreak. In the southern Blefjell (NB) populations, however, the plants stayed with winter buds for a long time (one to two months) after they had lost their frost hardiness, this was also the case with high temperature treated plants from the two northernmost populations. In low temperature treated plants the time of budbreak corresponded with the time when the plants lost their hardiness. The implicaton is that in the southern (NB) and the high temperature treated plants (except those from Iceland) budbreak occurred already in January, as shown by dormancy breaking experiments, but because of low temperatures during February buds did not open until March. In earlier studies on e.g. Douglas fir (Pseudotsuga menziesii) the needles stayed in hardened condition for a long time after they had entered out of dormancy (Ritchie 1982). Timmis and Worrall (1974) found that the cambial activity was independent on chilling, consequently plants may be in hardened condition and still have cambial activity. The plants that kept their frost resistance and entered out of winter dormancy later than any others, were those from the coastal Icelandic population. Among the three northern populations Hammerfest (NHa) seemed to be the earliest, hence this population was most subject to frost damage in the present treatment, but not under natural conditions (Taulavuori et al. 2004). 

The delaying influence of coastal climate on the date of budburst and phenology in birch has also been demonstrated recently by e.g. Ovaska et al. 2005), and confirms what was already postulated in the Introduction about genetic adaptations in birch to climate (Weih and Karlsson 1999). The present study also showed that the plants that entered first into dormancy, i.e. those hardened at 9oC, also entered earliest out of dormancy (Fig. 2a), presumably because their chilling requirements were fulfilled earlier than those hardened at 15oC (cf. Myking and Heide 1995).

The leaf  biomass per plant seemed to be significantly lower in the plants grown at elevated temperatures during the winter than in plants grown at low (ambient) temperatures. According to Fig. 1 there are three episodes where the temperature in the heated greenhouse compartment dropped down to -5oC during the night, and at the time of the last episode, i.e. at March 27, 2001 (Day 147), after the supplementary heating had been abandoned, the lethal temperature (LT50) of the plants from the two northernmost populations had increased to -6oC and  -8oC (Taulavuori et al. 2004). Rapid temperature drops may cause heavy injury due to intracellular freezing (e.g. Skre 1988, Palta and Li 1978. The mentioned frost event in late March may also explain why the biomass of low temperature treated plants was higher than in corresponding high temperature treated plants from the northern populations, and why high winter temperatures did not increase shoot growth in these plants. As a result of the observed frost damage in plants grown at elevated winter temperatures and of low shoot growth rates in plants grown at 9oC followed by low winter temperatures, the shoot/root ratios were significantly lowest in plants grown at 9oC. The significantly higher numbers of long shoots (NS) and accumulated shoot length (L) in plants grown at elevated winter temperatures may be a result of compensatory growth after the observed frost event, in particular in those grown at 9oC, these were also the earliest plants to enter out of dormancy and hardened conditions, as indicated by the date of budbreak (D). 

Taulavuori et al. (2004) found that LT50 dropped down to –80-100 oC in low temperature treated plants in January, but that it had increased to –10 oC in April in all  populations. Sakai and Eiga (1985) found that the frost tolerance during the third hardening phase in winter on an average was 15-30 oC below ambient minimum temperatures. This is an adaptation that would normally protect trees from any frost damages during winter. However, the present experiment and modelling studies by Sarvas (1974), Hänninen (1991) and others show that boreal trees are rapidly losing this protection as a result of changing climate. 

Our results indicate that increased risks of spring frosts would be expected to lead to reduced growth in the birch populations with lowest chilling requirements for dormancy breaking, i.e. southern alpine populations (NB), while coastal populations like IC or NMe would be the most unaffected, because of their relatively high chilling requirements (see also Taulavuori et al. 2004). The late budbreak (Fig. 2a) in the IC population and the results from the dormancy breaking experiment support this conclusion and indicate that the accumulation of degree-days after the fulfilled chilling requirements may be the most important critical factor regarding increase risk of spring frost damage in birch, rather that the chilling requirements (Hänninen 1995).

(b) Comparison between years.

Because of later sowing (i.e. Aug 7 vs. June 30) the seedlings were much smaller the last year than in 2000/01. This left a good opportunity to study the effect of physiological age on hardiness (Taulavuori et al. 2004) and growth. Further, because the winter temperatures were up to 3oC higher, they also lost their hardiness about three weeks earlier, with the exception of the plants from Iceland (IC). In contrast to the first year, the shoot lengths of the two northernmost populations (FJ and NHa) was higher in low temperature treated plants than in corresponding high temperature treated plants. This year there was no frost event that could explain the difference (Fig. 1). Further, in contrast to 2000/01 there was no difference in frost hardiness (Taulavuori et al. 2004) and biomass between high and low winter temperature treatments. Due to extremely high temperatures (Fig. 1b) budbreak occurred very early in plants from the northern populations (Fig. 2b) and already during the last week of February the first visible leaves were seen. At this time of the year light conditions are still not favorable, and observations on light conditions in the greenhouse (Skre, unpubl.) indicate that too low light levels and too small size of plants, combined with relatively high temperatures (see Fig. 1b)  may have led to temporary shortage of carbohydrates in early spring (cf. Skre and Nes 1996), particularly in the early northern populations that were subjected to high winter temperature treatment. This conclusion is supported by earlier experiments on the same birch provenances (Skre and Naess 1999), where high winter temperatures seemed to have a positive effect on shoot growth of the southern birch population (NB), while the northern provenances and plants from Iceland showed negative or no responses. This response has also been shown to be strongly dependent on nutrient level, as demonstrated in field and greenhouse experiments by e.g. Karlsson and Nordell (1996), Weih and Karlsson (1999) and Karlsson et al. (2005). The winter temperatures during this experiment were about 2oC lower than in 2001/02, with a cold period in February and March with sub-zero temperatures, i.e. about 4oC lower than in the present experiment.

The different growth responses to temperature in southern and northern birch populations may be an adaptation to different strategies for survival, e.g. a long growth season with competition for light and nutrients (southern) or a short growing season with high leaf nitrogen content and photosynthesis rates (northern provenances). Weih and Karlsson (1999) found that low-altitude birch populations from Abisko, northern Sweden were able to increase growth rates at high temperature and nutrient levels, in contrast to high-altitude relatives (see also Ovaska et al. 2004). Mountain birch therefore seems to have developed different adaptations, that are genetic rather than ecological.

The higher biomass during both seasons in the two northernmost provenances (NHa and FJ) after low temperature than after high temperature winter treatment is also in agreement with earlier results (Skre and Naess 1999) on the same material, and similarly the opposite response in the Icelandic population during the second year (2001/02). The different biomass response in the IC population and the two northern Fennoscandian populations may be related to the reported high degree of inbreeding with Betula nana in the Icelandic birch populations (Elkington 1968, Anamthawat-Jonsson and Tomasson 1990, Anamthawat-Jonsson et al. 1993), which may be caused by a strong and selective sheep grazing pressure on the Betula pubescens populations (Blöndal et al. 1993).

If we assume that the dehardening in birch ecotypes follows the chilling requirement, as stated by Taulavuori et al. (2004), then we would expect dehardening to occur earlier at high altitudes and latitudes, and earlier at continental than oceanic sites, in accordance with the following order: 

NB;FJ<NHa; NMe<IC

Taulavuori et al. (2004) found that the reduction of frost resistance due to a 4oC rise in winter temperatures in Bergen, based on a 2-year pattern approximately followed this order, and the results from the present experiment are partly also in accordance with this, because the strongest growth reductions at high winter temperatures were found in the southern alpine (NB) and the northern (NHa, FJ) populations. 

Dormling (1982) found that low temperatures during hardening and bud maturation in Norway spruce (Picea abies) slowed down the development and resulted in poor growth the next season. The differentiation of buds usually takes place during the previous summer and fall season (Kozlowski 1964), but because of the onset of winter dormancy, which is mostly determined by photoperiod (cf. Heide 1974), the buds would have too short time to mature before being induced to winter hardiness. This would explain why the shoot lengths of the northern birch populations after the second winter (2001/02) was lower after hardening at 9 oC than after 15 oC in fall, and their slow responses. These seedlings were sown one month later than the previous year, and therefore the time for developing winter buds that could respond on the treatment would have been too short. This would also explain why different winter temperature treatment does not seem to have any influence on frost hardiness this year (Taulavuori et al. 2004). In contrast to frost hardiness, the dates of budbreak were also delayed considerably the last season, because of high hardening temperatures and subsequent late fulfilment of chilling requirements (Myking and Heide 1995). This indicates that dormancy and frost hardiness induction and release are mutually independent processes (cf. Timmis and Worrall 1974). 

Conclusions.

· High temperatures during the hardening period prior to winter temperature treatment delay dormancy induction in birch seedlings and consequently delayed budbreak next spring. Delayed budbreak may also be a result of low winter temperatures.

· Northern birch provenances enter earlier out of dormancy and hardened condition than southern provenances.

· In the present experiment shoot and biomass growth the following season was increased by elevated winter temperatures in the southern birch populations and decreased in the northern relatives, while the birch populations from Iceland and Melbu were indifferent. The same effect was found in plants grown in low vs. high temperatures prior to winter treatment.

· Increased winter temperatures would tend to decrease growth the following season, presumably because of increased risk of spring frost damage and/or temporarily negative carbon balance at low light and high temperature levels during the winter season.

· The results indicate that physiologically younger seedlings may be more susceptible to damages and growth reductions due to elevated winter temperatures than older seedlings, in particular plants with late budset, and hardened at high temperatures during the fall season.
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Table 2

(a) Variance ratios (F-values) and significance levels for biomass variables in mountain birch provenances (P) after different autumn hardening temperatures (AT) and winter temperatures (WT) during the 2000/01 and 2001/02 winters. LW=leaf dry weight, SW=stem dry weight, RW=root dry weight per plant (g). Significance levels are **p<0.0001; *p<0.001; +p<0.01;o p<0.05. DF=degrees of freedom. See Figs 3-4 and Table 1b for means testing.

                      2000/01                                                         2001/02 

	Source
	DF
	LW
	SW
	RW
	 S/R
	DF
	LW
	SW
	RW
	 S/R

	P
	4
	19.4**
	16.2**
	1.7
	28.5**
	4
	16.7
	2.0
	10.7**
	2.9

	WT
	1
	25.7**
	0.2
	1.8
	0.4
	1
	12.8*
	3.5
	7.5+
	58.1**

	AT
	1
	17.2**
	9.0+
	0.0
	24.5**
	1
	14.0*
	11.3*
	15.3**
	1.6

	PxWT
	4
	5.8*
	2.9o
	0.1
	9.1*
	4
	7.5**
	13.6**
	3.7+
	5.1**

	PxAT
	4
	6.7*
	6.3*
	1.1
	11.6**
	4
	5.4*
	3.6+
	2.5 o
	3.0

	WTxAT
	1
	0.5
	2.8
	0.3
	0.6
	1
	5.0 o
	3.0
	10.7 o
	4.3

	PxWTxAT
	4
	3.0 o
	3.0 o
	0.9
	6.3**
	4
	2.3
	1.8
	1.5
	9.3**

	Model
	19
	9.6**
	6.6**
	0.9
	13.0**
	19
	8.4**
	5.4**
	5.6**
	7.6**

	error m.s.  
	160
	152.4
	432.5
	342.7
	0.18
	220
	49.6
	78.4
	284.7
	0.14

	R2
	
	0.53
	0.44
	0.10
	0.61
	
	0.43
	0.32
	0.33
	0.40


(b) Means testing of the temperature interactions in leaf, stem and root biomass. Treatments 

a-d with the same letters are not significantly different (p<0.01)

2000/01

	Treatment
	AT
	WT
	LW
	SW
	RW
	S/R

	a
	+
	+
	28.6 acd
	54.6 abc
	47.7 bcd
	1.78 ab

	b
	+
	-
	39.2 bd
	58.5 ab
	52.8 abcd
	1.87 ab

	c
	-
	+
	22.2 ac
	50.5 ac
	48.7 abcd
	1.52 cd

	d
	-
	-
	30.3 bd
	44.0 d
	51.0 abcd
	1.51 cd


2001/02

	Treatment
	AT
	WT
	LW
	SW
	RW
	S/R

	a
	+
	+
	17.6 abd
	24.4 abcd
	48.9 a
	0.94 ac

	b
	+
	-
	18.7 abd
	24.4 abcd
	35.2 bcd
	1.41 b

	c
	-
	+
	11.9 c
	18.4 abcd
	32.8 bcd
	0.97 ac

	d
	-
	-
	17.4 abd
	22.6 abcd
	34.1 bcd
	1.24 d


Table 3

(a) Variance ratios (F-values) and significance levels for numbers of leaves (NL) and stems (NS), total length of annual shoots (L) per plant and time of budbreak in Julian days (D) in different birch provenances (P) as functions of winter temperature (WT) and autumn hardening temperature (AT) during the 2000/01 and 2001/02 winters. Significance levels are **p<0.0001; *p<0.001; +p<0.01;o p<0.05. DF=degrees of freedom. See Fig 2 and Figs 4-5 and Table 2b for means testing.

                       2000/01                                                                 2001/02

	Source
	DF
	NL
	NS
	L
	D
	DF
	NL
	NS
	L
	D

	P
	4
	8.8**
	12.8**
	20.5**
	163.2**
	4
	24.2**
	9.5**
	22.2**
	142.0**

	WT
	1
	8.2**
	9.7*
	21.1**
	1178.2**
	1
	2.1
	12.6**
	5.9 o
	526.1**

	AT
	1
	3.1
	5.2+
	1.1
	14.1*
	1
	3.1
	7.0*
	4.2 o
	33.5**

	PxWT
	4
	2.1
	0.6
	7.2**
	49.5**
	4
	5.1*
	0.6
	9.4**
	2.9 o

	PxAT
	4
	1.1
	1.1
	1.6
	37.3**
	4
	2.7 o
	1.8
	2.7 o
	0.9

	WTxAT
	1
	0.2
	0.0
	2.6
	10.2*
	1
	9.5+
	2.0
	10.3+
	4.9 o

	PxWTxAT
	4
	1.8
	1.3
	0.8
	9.3**
	4
	3.0 o
	0.4
	2.2
	1.4

	Model
	19
	3.5**
	4.1**
	7.7**
	117.9**
	19
	8.1**
	3.7**
	8.8**
	60.8**

	error m.s.  
	160
	324.6
	12.5
	532.5
	34.1
	220
	113.3
	1.49
	391.5
	71.3

	R2
	
	0.29
	0.33
	0.48
	0.93
	
	0.42
	0.25
	0.44
	0.84


(b) Means testing of the temperature interactions in numbers of leaves and total length of annual shoots per plant, and date of  budbreak. Treatments a-d with the same letters are not significantly different (p<0.01)

2000/01

	Treatment
	AT
	WT
	NL
	NS
	L
	D

	a
	+
	+
	37.8 abcd
	6.9 a
	68.8 ac
	90.9 ac

	b
	+
	-
	31.0 abcd
	5.1 bc
	47.5 bd
	118.0 bd

	c
	-
	+
	43.5 abcd
	5.6 bc
	67.0 ac
	84.9 ac

	d
	-
	-
	34.9 abcd
	4.0 d
	56.8 bd
	117.6 bd


2001/02

	Treatment
	AT
	WT
	NL
	NS
	L
	D

	a
	+
	+
	33.5 a
	4.6 a
	51.6 abd
	68.7 ac

	b
	+
	-
	27.1 bcd
	3.8 bcd
	49.3 abd
	91.3 bd

	c
	-
	+
	26.7 bcd
	3.9 bcd
	37.7 c
	60.0 ac

	d
	-
	-
	28.9 bcd
	3.6 bcd
	52.4 abd
	87.4 bd
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Fig. 1. 

Weekly means of temperatures in cold greenhouse (Room 2) in heated greenhouse (Room 1) and ambient temperatures outside greenhouse (Field) during the 2000/01 (top) and 2001/02 (bottom) winter seasons in Bergen.
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Fig. 2.

Mean date of budbreak 2001 (top) and 2002 (bottom) in Julian dates in seedlings of the investigated birch populations (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (hatched columns) and high (open columns) winter temperatures (see Fig. 1) in Bergen. Means with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants.
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Fig. 3.

Mean biomass (g/plant) in leaf, stem and root tissue in 2001 (top) and 2002 (bottom) of seedlings of the investigated birch populations, (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (left columns) and high (right columns) winter temperatures (see Fig. 1) in Bergen. Means indicating total biomass/plant with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values of total plant biomass. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants.
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Fig. 4

Mean shoot/root ratios 2001 (top) and 2002 (bottom) in seedlings of the investigated birch populations (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (hatched columns) and high (open columns) winter temperatures (see Fig. 1) in Bergen. Means with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants.
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Fig. 5.

Mean accumulated shoot lengths (cm/plant) 2001 (top) and 2002 (bottom) in seedlings of the investigated birch populations (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (hatched columns) and high (open columns) winter temperatures (see Fig. 1) in Bergen. Means with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants
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Fig. 6.

Mean numbers of leaves per plant 2001 (top) and 2002 (bottom) in seedlings of the investigated birch populations (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (hatched columns) and high (open columns) winter temperatures (see Fig. 1) in Bergen. Means with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants
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Fig. 7.

Mean numbers of long shoots per plant 2001 (top) and 2002 (bottom) in seedlings of the investigated birch populations (Table 1) hardened at 9oC and 15oC in Tromsø and treated with low (hatched columns) and high (open columns) winter temperatures (see Fig. 1) in Bergen. Means with the same letters are not significantly different (p<0.05). If subsequent high or low winter temperature columns are not significantly different, then the letter is omitted. Standard errors +2SE are placed on the mean values. The result is based on observation sete of n=6 (2001) and n=12 (2002) replicate plants
