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*  Four pedunculate oak populations were compared for their maximum frost hardiness (FHax)
at two sampling times in midwinter.

* Based on the initiation of the low temperature exotherm (LTE), FH,,.x was an average of
—41 °C.

* Based on the relative electrolyte leakage method, FH,,,x was an average of —46 °C and 41 °C
in the first and second sampling time respectively.

*  No significant differences were observed among the populations.

*  Within-population variation in the LTE was high, providing potential for breeding.

* In extreme winters, FH,,x may be critical for the growth and survival of oak in central and
northern Finland.

The natural northern distribution limit for pedunculate oak (Quercus robur L.) is in southern
Finland. We hypothesized that the maximum frost hardiness (FHp,x) in the winter limited the
cultivation of oaks in northern latitudes. We tested the hypothesis with controlled freezing tests in
midwinter. The acorns for the experiment were collected from the four main oak populations in
southernmost Finland. The seedlings were raised in the nursery, frost hardened in field conditions,
and then moved to a growth chamber at —2 °C on two occasions in winter and tested for FH,x
in controlled freezing tests. Frost hardiness was assessed by differential thermal analysis (DTA)
based on the low temperature exotherm (LTE) and relative electrolyte leakage (REL) of the stem,
and visual damage scoring (VD) of the buds and stem. The initiation and peak of the LTE took
place at an average of —41 °C and —43 °C respectively, without differences among the populations.
The variation in the initiation and peak of the LTE was high, ranging from —34.6 °C to —45.5 °C
and from —37.1 °C to —46.9 °C respectively. According to the REL method, the frost hardiness
of the populations ranged from —44.0 °C to —46.4 °C in February and from —40.6 °C to —41.6 °C
in March, without significant differences among the populations. According to VD, the bud was
the least frost hardy organ, with FH between —19 °C and —33 °C, depending on population and
assessment time. We conclude that the maximum hardiness may set the limit for the distribution
of pedunculate oak northwards, but the high within-population variation offers potential to breed
more frost hardy genotypes.
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1 Introduction

Pedunculate oak (Quercus robur L.) has a wide distribution range in Europe (Zanetto et al. 1994).
The natural northern distribution limit in Europe is in southern Finland, below a latitude of 61° N
(Hamet-Ahti et al. 1992; Zanetto et al. 1994; Ferris et al. 1998), where several indigenous popula-
tions are located in the southwestern part of the country. Single scattered trees may grow in central
Finland, and some even north of the Arctic Circle (Talvensaari 2020). Insufficient frost hardiness,
including the timing of hardening in the fall, maximum frost hardiness in the midwinter, and the
timing of de-hardening in the spring, is assumed to limit the growth and survival of this species
at high latitudes. Findings from previous studies showed that the timing of frost hardening of the
northern genotype in Finland was not critical for oak seedlings (Repo et al. 2008, 2021). Com-
parisons of frost hardiness among 11 north European pedunculate oak provenances found that the
coastal provenances were less frost-tolerant than continental and northern ones (Jensen and Deans
2004). However, the maximum frost hardiness in the midwinter was not assessed in the previous
studies. It is therefore unclear whether the lowest midwinter temperatures, —40 °C and even below,
temporarily occurring in central and northern Finland (https://en.ilmatieteenlaitos.fi/download-
observations), would be critical for the survival of the northern oak ecotypes, and therefore for
their cultivation further north of their current distribution range.

Pedunculate oak belongs to the species with a ring porous xylem structure (Blackwell 2004).
Such tree species exhibit anti-ice nucleation activity to promote deep-supercooling of the aqueous
solution in the xylem ray parenchyma cells (George and Burke 1977; George et al. 1974, 1982). The
ice nucleation in plant cells can be studied by differential thermal analysis (DTA). The measurement
results in a high temperature exotherm (HTE) at temperatures typically higher than —10 °C and a
low temperature exotherm (LTE) in cells with deep-supercooling below the homogenous nucleation
temperature of pure water (—38.1 °C) (Sakai and Larcher 1987; Repo et al. 2021). Some species
may also have multiple exotherms at low temperatures (Ketchie and Kammereck 1987; Réisdnen
et al. 2006b). In frost hardened cells, HTE is not harmful, but leads to cellular dehydration and
increased frost hardiness. The occurrence of an LTE of deep-supercooled cells is considered critical
for survival. In the scoring among the species in the cold regions in North America, an LTE was
found to define their northern geographical distribution (George et al. 1974). The LTE as observed
by DTA is a result of the freezing of several deep-supercooled cells at the same time. Calorimetric
analysis of the fine structure of the LTE of shagbark hickory (Carya ovata [Mill.] K.Koch.) twigs
revealed that each single peak within the LTE roughly equaled the freezing of 100 ray parenchyma
cells (George and Burke 1977). In species with multiple exotherms like apple, the LTE was fairly
stable between —35 °C and —40 °C for most of the year, but other exotherms occurring between
high- and low-temperature exotherms changed during frost hardening and dehardening (Ketchie
and Kammereck 1987).

Although ice nucleation in xylem ray parenchyma cells and thus in the LTE is critical for the
survival of pedunculate oak, it may also suffer freezing injuries in other cell layers if their dehydra-
tion tolerance is exceeded. In the previous study, the LTE of the oak stem of a Finnish population
was observed at —36 °C at the beginning of December, but FH,,x had probably not been reached
(Repo etal. 2008, 2021). In that study, the maximum rate of relative electrolyte leakage (REL) of the
stem, indicating cell membrane injuries, reached its maximum below —40 °C. However, electrolyte
leakage already started to increase at higher temperatures than —40 °C indicating cell membrane
damage in a wide temperature range (Repo et al. 2021, see also Strimbeck et al. 2008; Mayoral et
al. 2015). In contrast with intracellular freezing and the resulting LTE, a gradual increase in REL
indicates cell membrane damage in cell layers other than xylem ray parenchyma cells (Rajashekar
and Burke 1978; Ketchie and Kammereck 1987). Therefore, the LTE and increased REL may occur
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partly at a different temperature range. It is probable that the frost hardiness of cell layers, that is,
based on dehydration tolerance/avoidance, changes depending on the stage of the annual cycle
and may therefore exceed the frost hardiness of the LTE, which is more stable. Because low tem-
peratures even below —40 °C may occasionally occur in central Finland, becoming more common
moving northwards, a question arises concerning the criticality of low midwinter temperatures for
oaks. If this were the case, the predicted milder winters in future would make the circumstances
for oak more favorable for growing north of their current distribution range.

Finnish pedunculate oak populations have been proven to tolerate winters in southern Fin-
land, but it is unknown whether the most extreme winters are critical for their survival at higher
latitudes. We therefore aimed to study the FH,,« of different oak populations using different assess-
ment methods (DTA, REL, visual damage scoring) at two sampling times in midwinter in central
Finland. We hypothesized that deep-supercooling in oak set the limit for FH,,,, in the winter, and
therefore for the cultivation of oaks in northern latitudes. However, within-population variation
in FH,x may allow the selection of the most frost hardy genotypes for breeding and cultivation
north of their current distribution range. We also hypothesized that there were differences in frost
hardiness estimates depending on the assessment method due to their different premises.

2 Materials and methods
2.1 Material

The material consisted of four pedunculate oak populations from southern Finland. The origins
were Lohja (60°14'N, 24°08E), Parainen (60°14°N, 22°12'E), Ruissalo (60°26'N, 22°08E), and
Tenhola (60°03°'N, 23°17 E). The acorns were collected from open-pollinated stands. In the spring
of 1998, the acorns were sown in TA913 Styrofoam containers (pot volume 0.58 dm?, 22 pots in
each container) with peat as the growing substrate and raised in the Nurmijarvi nursery (FinFore-
lia Ltd., Roykka, Finland) (60°50°N, 24°67E, 100 m a.s.l.) for one growing season. There was a
total of 56 containers, 14 containers for each population. In the nursery, the seedlings were cold-
acclimated outside under snow cover until January 1999 and then moved to cold storage (-2 °C) in
the Pieksdmaéki nursery. On February 5, the seedlings were moved to Joensuu (62°61'N, 29°74’E,
80 m a.s.l.), where they were divided into two groups and stored below a 20-cm thick snow cover
in the botanical garden of the University of Eastern Finland.

The seedlings were transferred to the Biosphere Laboratory (University of Eastern Finland
and Natural Resources Institute Finland) to assess frost hardiness on two occasions. Due to the
empty pots (not germinated) or damage of the seedlings during transportation, the number of
seedlings in the two groups differed (Table 1). The first transfer took place on February 12, 1999,

Table 1. The number of pedunculate oak seedlings of four southern Finnish popu-
lations that were used to assess maximum frost hardiness in midwinter in February
(Transfer 1) and in March (Transfer 2) 1999 in conditions in central Finland.

Population February March Total
(Transfer 1) (Transfer 2)

Lohja 144 147 291

Parainen 123 142 265

Ruissalo 140 126 266

Tenhola 168 117 285
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and the second on March 10, 1999. In the lab, the seedlings were placed in two growth chambers
(PGW36, Conviron Ltd., Winnipeg, MB, Canada) at —2 °C, and the frost hardiness tests started a
few days after the transfer to the chamber. All the freezing tests of all the populations were com-
pleted in two weeks after the transfers to chamber conditions.

2.2 Differential thermal analysis (DTA) of the stem

Thirty seedlings of each population were measured at both transfer times. In one DTA run, 12
samples could be measured. The runs were therefore repeated 10 times during 10 consecutive days
to complete the tests for all four populations. The DTA measurements were carried out using a
custom-designed device consisting of four aluminum blocks, with three differentially measuring
temperature channels in each block, i.e. 12 samples in one DTA run, and a blank as the reference in
each block. The schematic drawing of the aluminum block has been shown previously (Réisénen
et al. 2006b). The blocks were in a programmable freezing chamber (ARC 300/-55/+20, Arctest,
Finland). The temperature difference between the sample pieces and the reference junction was
measured at 15-s intervals with NiCr/Ni thermocouples (diameter 0.25 mm). For the test, a
15-mm-long sample was cut from the stem (one sample/seedling). The sample was split midway
longitudinally in two halves. The thermocouple was inserted between the halves, wrapped with a
piece of aluminum foil, and placed in the cavity of the aluminum block (three cavities, i.e. samples,
per block). The temperature of each aluminum block was measured with a Pt-100 thermistor. The
starting temperature in a DTA run was 5 °C. The rate of cooling to the target temperature of —50 °C
was 5 °C h™l. Freezing events were detected as exotherms, i.e. a high temperature exotherm (HTE)
for apoplastic freezing and an LTE for intracellular freezing. The temperature for the initiation and
the peak of the exotherm was taken from the DTA curves. The initiation of the LTE was defined
as the temperature at which an initial increase of the LTE was observed. Besides being used for
the DTA, the remaining seedlings were used in the controlled freezing tests and FH assessments,
using the relative electrolyte leakage test and visual damage scoring.

2.3 Relative electrolyte leakage test

Relative electrolyte leakage (REL) is a commonly used method for assessing the frost hardiness of
plant organs (Wilner 1961; Burr et al. 2001; Luoranen et al. 2004; Strimbeck et al. 2008; Mayoral
et al. 2015). It is based on leaching of electrolytes from the symplast to the apoplast, and further
to the incubation distilled water solution, as a result of cell membrane injuries. By comparing the
electrical conductivity measured in the samples exposed to different temperatures in the freezing
test with the conductivity of the killed samples (assuming 100% injury), one can calculate an REL
value for each temperature used in the test.

In this study, shoot cuttings with a length of 10 cm were taken for the REL test, or the whole
shoot if the length was less than 10 cm. The shoots were placed in plastic bags for the freezing
tests at —12 °C, —24 °C, -32 °C, —40 °C, —48 °C, —65 °C, and —90 °C, with 5 °C as the control. The
tests started at 5 °C, and the rate of cooling was 5 °C h™! until —40 °C. At low temperatures below
—40 °C, the rate of cooling is less important than high temperatures for causing cellular injuries.
Therefore, the rate of cooling at temperatures below —40 °C was 10 °C h~!. The target temperature
was maintained for 4 h. The rate of warming was 5 °C h™! (10 °C h™! at temperatures below —40 °C)
to the final temperature of 5 °C. The freezing treatments at temperatures higher than —50 °C were
conducted in programmable freezing chambers (ARC 300/—55/+20, Arctest, Finland) and in a
programmable Nj-gas-cooled chamber (GCC-30, Carbolite, Chelmsford, UK) at temperatures
lower than —50 °C.
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After the freezing tests, three 10-mm samples of the stem were cut from each shoot. The
samples were split longitudinally in half to facilitate electrolyte leakage from the middle of the
sample. The samples were rinsed in deionized water and distributed among four test tubes for each
temperature by population, for both chambers separately. Fifteen milliliters of deionized water
were added to the tubes, and the tubes were shaken for 22 h before the first measurement of elec-
trical conductivity (L1) (CDM92 Conductivity Meter, Radiometer, Denmark). The samples were
then heat-killed at 92 °C for one hour and shaken for 22 h before the measurement of the second
conductivity (L2). The relative electrolyte leakage (REL) was defined as

L1
REL =— 1
B )

Frost hardiness was estimated by a non-linear regression as the inflection point (C) of the
logistic sigmoid function fitted to the REL data of all populations for both chambers separately
(Eq. 2) (Repo and Lappi 1989) (SPSS, IBM Co., New York, USA).

4
YT T eBc)

D ()
where y is the REL, and x is the exposure temperature. The parameters 4 and D define the asymptotes
of the sigmoid curve, and the parameter B is the slope of the curve at the inflection point C. The
first derivative of the fitted function (Eq. 3) was calculated for each population at both sampling
times to indicate the damaging temperature range in the freezing tests.

dy AxBxeBC—)

= 3
dx [1+eB(C_x):|2 3)

2.4 Frost hardiness assessment by visual scoring

After the REL sampling, the rest of the stem was used for visual damage scoring by temperatures
and populations for both chambers. Five pieces were cut from each stem (approximately 4 cm long),
which were placed in petri dishes on wet gauze (2 dishes for each temperature and chamber). The
dishes were placed in a cell culture room for one week with a long day at a photon flux density of
100 pmol m~2 s7! and a temperature of 22 °C. Visual damage scoring of buds, phloem, and xylem
(wood) took place after one week. The buds were scored as undamaged (0) or damaged/dead (1),
and the damage index for each stem was calculated as the proportion of damaged buds of all buds
in the sample. The phloem and xylem were scored as alive (0) if no or a slight color change was
found, and dead (1) if the phloem and xylem were seriously damaged and dark brown. For the
assessment of the FH of each plant part and tissue, the mean damage was calculated by treatment
temperatures for each population, and the frost hardiness (LTsp) was then taken by linear inter-
polation as the temperature on the x-axis, where the damage line reached level 0.5 on the y-axis.

2.5 Statistical analyses
To analyze the initiation and peak of the LTE, the data of two growth chambers (-2 °C) were

pooled, and the populations and transfer times were tested with Univariate Analysis of Variance
(Bonferroni) (IBM SPSS Statistics 27.0. software, IBM, Armonk, NY, USA). In the analyses of
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the REL data, the means and their 95% confidence intervals of two chambers were calculated by
nonlinear regression, and the difference between the populations was determined according to the
overlap of the confidence intervals.

3 Results
3.1 Differential thermal analysis of stem

The LTE was observed in 88% of the tested samples. There were no significant differences among
the populations in the initiation or peak of the LTE at either the first or second transfer times
(Table 2). There were no differences between the transfer times either. Among the populations,
the mean initiation of the LTE ranged from —40.8 °C to —41.9 °C, and for the peak, from —42.9 °C
to —44.4 °C. However, the variation in the initiation and peak of the LTE within the populations
was quite high (Fig. 1, Table 2). In the first transfer, the initiation of the LTE ranged at most from

Table 2. Descriptive statistics for the initiation and peak of the low temperature exotherm
(LTE) of four Finnish pedunculate oak populations assessed by differential thermal analysis.
The seedlings were transferred from outside to the growth chamber at —2 °C in February 1999
(Transfer 1) and March 1999 (Transfer 2) before the start of the freezing tests. The mean value
of each population is in bold. The significances of the differences (P-value) among the popula-
tions and transfer times are given in the lower panel.

Initiation of LTE, °C

Transfer Item Lohja Parainen Ruissalo Tenhola

1 Mean -40.8 -41.9 -40.7 -40.8
Minimum -44.8 -44.7 -44.9 -43.8
Maximum -36.8 -39.0 -37.1 -37.3
Median -40.9 -42.3 -40.8 -41.2
Std. deviation 2.2 1.6 2.1 1.7

2 Mean -41.0 -40.8 -41.2 -40.9
Minimum -45.5 -43.7 -44.6 -44.0
Maximum -37.9 -34.6 -36.4 -36.8
Median -40.7 -41.1 -41.3 -41.4
Std. deviation 1.7 2.4 2.0 1.6

Peak of LTE, °C

1 Mean -43.2 -44.4 -43.4 -43.2
Minimum -45.9 -46.7 -45.5 -45.4
Maximum -39.0 -41.9 -39.8 -39.2
Median -43.6 -44.7 -43.7 -43.7
Std. deviation 1.9 1.4 1.8 1.8

2 Mean -42.9 -43.0 -43.6 -43.1
Minimum -46.9 -46.3 -46.5 -45.7
Maximum -40.0 -37.1 -40.3 -38.2
Median -42.8 -43.4 -44.0 -43.5
Std. deviation 1.7 2.3 1.8 1.7

P-value

Source of variation Initiation of LTE Peak of LTE

Population (P) 0.903 0.618

Transfer (T) 0.964 0.293

PxT 0.538 0.483
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Fig. 1. The distribution of the LTE initiation assessed by differential thermal
analysis for four Finnish pedunculate oak populations, i.e. Lohja (A), Parainen
(B), Ruissalo (C), and Tenhola (D), according to the pooled data of two trans-
fer times in February and March.
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—36.8 °C to —44.8 °C for the Lohja population, and in the second transfer, from —34.6 °C to —43.7 °C
for the Parainen population (Table 2). Correspondingly, the variation in the peak of the LTE ranged
at most from —39.0 °C to —45.9 °C in the first transfer, and from —37.1 °C to —46.3 °C in the second
transfer for the populations of Lohja and Parainen respectively (Table 2). The difference between
the mean initiation and mean peak of LTE ranged between 2 and 3 °C. The HTE was observed
between —5.8 °C and —6.2 °C in the first transfer, and between —6.5 °C and —6.9 °C in the second
transfer, without differences between the populations (data not shown).

3.2 Relative electrolyte leakage test

According to the REL test, the FH of the stem was lower in March (Transfer 2) than in February
(Transfer 1) in all populations (Table 3), but there were no differences between the populations at

Table 3. The mean parameter estimates and their confidence intervals of the logistic sigmoid
function (Eq. 2) fitted the data of the relative electrolyte leakage of stems of four Finnish popula-
tions of pedunculate oak seedlings that were tested for frost hardiness in February 1999 (Trans-
fer 1) and March 1999 (Transfer 2). The values are the means of the two chambers. The frost
hardiness as the inflection point of the fitted function and its 95% confidence intervals are in bold.

Origin Transfer Parameter Parameter 95% confidence interval R2
estimate Lower Upper
Lohja 1 A 0.51 0.47 0.55 0.93
1 B -0.24 -0.32 -0.17
1 C -44.0 -45.5 -42.5
1 D 0.35 0.32 0.37
2 A 0.45 0.41 0.49 0.94
2 B -0.15 -0.19 -0.11
2 C -41.6 -43.5 -39.7
2 D 0.30 0.27 0.32
Parainen 1 A 0.56 0.51 0.61 0.91
1 B -0.25 -0.35 -0.15
1 C -46.6 -48.2 -45.0
1 D 0.34 0.31 0.37
2 A 0.45 0.43 0.47 0.97
2 B -0.24 -0.28 -0.19
2 C -41.1 -42.0 -40.2
2 D 0.32 0.31 0.34
Ruissalo 1 A 0.55 0.49 0.60 0.89
1 B -0.24 -0.34 -0.15
1 C -45.0 -46.8 -43.1
1 D 0.39 0.36 0.43
2 A 0.50 0.46 0.53 0.96
2 B -0.16 -0.19 -0.12
2 C -40.6 -42.0 -39.2
2 D 0.29 0.27 0.31
Tenhola 1 A 0.54 0.48 0.60 0.88
1 B -0.23 -0.35 -0.12
1 C -46.4 -48.5 -44.4
1 D 0.35 0.31 0.38
2 A 0.48 0.46 0.50 0.98
2 B -0.19 -0.22 -0.16
2 C -41.2 -42.2 -40.3
2 D 0.30 0.29 0.32
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Fig. 2. The first derivative (Eq. 3) of the sigmoid function (Eq. 2) fitted the data of the relative leakage method to assess
the frost hardiness of the stems of four Finnish pedunculate oak populations. The assessment took place on two occa-
sions in midwinter in February (A) and March (B). The position of the peak indicates the frost hardiness, i.e. parameter
Cin Eq. 2 (Table 3). The arrows indicate the location of the mean LTE .o on the curve of each population (see Table 2).

either transfer time. In February, the lowest and highest FH ranged from —44.0 °C to —46.6 °C for
the Lohja and Parainen populations, and in March, from —40.6 °C to —41.6 °C for the Ruissalo and
Lohja populations respectively.

The temperatures which caused electrolyte leakage and thus cellular damage accordingly, in
stems during the controlled freezing treatments ranged from —20 °C (incipient damage) to —70 °C
(total damage) at both transfer times in populations other than Parainen, in which the range was
somewhat narrower (Fig. 2). In February, the LTE,, occurred at higher temperatures, and in
March, at lower temperatures, than the derivative maximum of the REL curve, even though the
mean LTE., between the transfer times did not change.

3.3 Frost hardiness assessment by visual scoring

The bud tended to be the least frost hardy organ, especially in the first transfer in February, with
the exception of the Ruissalo population in March (Table 4). In the first transfer, the FH of buds

Table 4. Frost hardiness (LTsg) of buds, and of phloem and xylem, of the
stems of four Finnish pedunculate oak populations as assessed by con-
trolled freezing tests and visual damage scoring in midwinter in February
(Transfer 1) and March (Transfer 2).

LTso, °C
Transfer Item Lohja Parainen Ruissalo Tenhola
1 Bud =27 -20 -22 -19
Phloem -34 -40 -27 -33
Xylem -43 -35 -30 -39
2 Bud -29 -27 -33 -33
Phloem -58 -34 -33 -38
Xylem -32 -33 -31 -34
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ranged from —19 °C to —27 °C for Tenhola and Lohja, and in the second transfer from —27 °C to
—33 °C for the Parainen and Tenhola populations respectively. The FH of phloem and xylem ranged
from —30 °C to —43 °C in the first transfer, and from —31 °C to —38 °C in the second. In the second
transfer, the temperature response curve of the damage index of phloem for the Lohja population
was irregular, which resulted in exceptionally high FH.

4 Discussion

The maximum frost hardiness of the stems of four Finnish pedunculate oak populations, assessed
by differential thermal analysis and electrolyte leakage methods, was an average of some degrees
below —40 °C. In the coldest winters, such temperatures may occasionally occur in central Finland,
and they are quite common in northern Finland. Oaks may therefore have a high risk of being dam-
aged in accordance with our hypothesis. In a field study with partly the same ecotypes as in this
study, there were differences in survival and growth between ecotypes, which suggests that there
were also differences in FH among the populations of this study (Hautsalo et al. 2015). However,
this was not the case for the FH,,,y, as assessed by either the LTE or REL method. In accordance
with our second hypothesis, we found a high variation in the LTE within populations, offering
potential for breeders to use the most frost hardy genotypes for cultivation north of their current
distribution. Variation in the marginal populations of oaks has also been noted using genetical
markers (Vakkari et al. 2006; Pohjanmies et al. 2016).

No change was found in the mean LTE, but the FH as assessed by the REL test decreased
in all populations between the transfer in February and March, in accordance with our hypothesis.
This indicates, first, that the methods had a different physiological bases, and second, that the FH
assessed with the LTE was stabler than the FH using the REL method with regard to the change
in environmental conditions (Ketchie and Kammereck 1987; Wu et al. 2020). This was observed
here as the change in the position of the LTE on the derivative curves of the REL method between
two assessment times. The oak stem had only one LTE, as opposed to the multiple exotherms in
another species, e.g. apple stems (Malus domestica Borkh.), with deep supercooling at low tem-
peratures too (George et al. 1982; Ketchie and Kammereck 1987). In oak, the LTE changed with
frost hardening (Repo et al. 2008, 2021), and according to current results, reached the minimum
on average at some degrees below —40 °C. The observed LTEs are within the range of the homo-
geneous nucleation temperature of pure water, which is further decreased by some degrees by
colligative substances in the cells (George et al. 1974; Sakai and Larcher 1987). In apple stems,
only the lowest temperature exotherm was stable, ranging between —35 °C and —40 °C for most
of the year, whereas an intermediate exotherm connected with the ice nucleation of xylem water
showed strong seasonal variation (Ketchie and Kammereck 1987).

In contrast with the LTE, the REL method for the stem gains an integrated measure of change
in cell membrane properties in different cell layers (phloem and xylem) with cold acclimation
and/or frost damage. As observed here, the increased electrolyte leakage therefore takes place at a
wider temperature range than observed for the LTE. In the controlled freezing tests, a wider range
of increased REL by decreased exposure temperatures in cold-acclimated plant than plants that
have not been cold-acclimated has also been found in several other studies (Strimbeck et al. 2008;
Mayoral et al. 2015; Repo et al. 2021). We may assume that the decrease in the FH assessed by
the REL method between transfers 1 and 2 is due to the change in the FH of phloem and xylem as
a consequence of an increased temperature under the snow cover between February and March.
Similar chamber conditions during the short-term maintenance before the start of the freezing tests
at both transfer times seemed not to return the FH to the same level. It is probable that the FH of
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phloem and xylem is based on the dehydration tolerance of cells instead of deep supercooling, which
is the survival mechanism of xylem ray parenchyma cells (Levitt 1972; Sakai and Larcher 1987).

In contrast with the DTA and REL results, the visual damage scoring of buds and stems
indicated some differences in the FH between populations. In accordance with a previous study
(Wu et al. 2019), VD resulted in lower frost hardiness than with the LTE and REL methods. This
refers to the more rapid response of the FH of buds than the stem to the changes in environmental
temperature (Réisénen et al. 2006a). The FH estimate by VD was affected by the high variation in
the visual damage scores, which is based on tissue color change, even between the samples within
the same temperature. This appeared e.g. in the FH estimate of the Lohja population at the second
transfer time, where the linear interpolation resulted in an exceptionally high FH for phloem, which
was due to the irregularity of the line for the damage index. In spite of the inaccuracies in visual
damage scoring, the results indicated that the buds were less frost hardy than the stems. However,
damage to buds may not kill the plant, but lead to growth losses and increased branching of the
canopy, which may decrease the competitive strength of oak in relation to native tree species.

Phloem and xylem cells in the stem seemed to have a potential to reach a frost hardiness
of several degrees below —40 °C by dehydration. This may enable those cell layers to tolerate
the occasional extreme temperatures in central Finland (https://en.ilmatieteenlaitos.fi/download-
observations). However, the short growing season in northern Finland may have adverse effects
on the maturation of these cell layers at the end of the growing season. This may decrease their
frost hardiness, thus increasing the damage risks, and potentially decrease the survival and growth
of oaks in the coldest winters.

Despite the potential hardening capacity of phloem and xylem tissues to tolerate low winter
temperatures, the deep supercooling of the xylem ray parenchyma cells of oak seems to set an
ultimate limit for frost hardiness. The initiation of ice nucleation in those cells was found on aver-
age to be —41 °C, and nucleation peaked, i.e. the cell nucleation frequency of individual cells was
highest (George and Burke 1977), at temperatures between —43 °C and —44 °C. According to 60-year
records, the daily minimum temperatures in Jokioinen (60°49°N, 23°30°E), located close to the
natural northern distribution range of pedunculate oak, was —39.3 °C (https://en.ilmatieteenlaitos.
fi/download-observations). According to the same data set, the minimum temperature in Joensuu
(i.e. the site of this study, 62°61'N, 29°74’E), was —39.0 °C, and in some more northerly loca-
tions of Kajaani (64°17'N, 25°41°E) and Rovaniemi (66°35'N, 26°01'E) —42.9 °C and —47.5 °C
respectively. These minimum temperatures are close to or lower than the LTE measured in this
study, and therefore would potentially cause damage in oaks.

Our results showed high variation in the LTE within the populations. This offers potential
for breeders to identify the most frost hardy genotypes to be used for cultivation in areas north of
the current distribution range, and to optimize the suitability and use of different seed origins (i.e.
genotypes) for commercial and ecological forest management (Hautsalo et al., 2015). In private
gardens, some oaks grow even in Lapland, 7° north of their natural distribution, which is also an
indication of high within-population variation in FH (Talvensaari 2020). It is possible that as a
result of the predicted climate change, winters will be milder in future. In that event, the maximum
frost hardiness will not be a limiting factor for the northward distribution of pedunculate oak.
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