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Frost hardiness in Scots pine (Pinus silvestris L.) with different concentrations
of mineral nutrients in the needles was determined during winter by different
freezing treatments. For the determinations, needles from a fertiliser experiment in central Sweden were used. The main effect o f fertilisation on nutrient
concentrations in the needles was on nitrogen, which showed a marked responce to treatment. Frost hardiness determinations were made by measuring
the leakage o f electrolytes from the needles.
With freezing freatmenfs that caused heavy damage, there was a maximum
hardiness at nitrogen concentrations of between 1.3 to 1.8 70dw, whilst with
moderate damage, no such maximum could be detected. In this case, a tendency towards decreasing hardiness with increasing nitrogen concentration
was observed.
In the spring, 1971, two relatively hard frosts occurred in late May and
early June. The frosts caused damage to several trees at many plots in the
fertiliser experiment. The incidence of damaged trees increased above a needle
concentration o f about 1.8-2.0 9% nitrogen dw, but even at high nitrogen
content there were many plots with no damaged trees, suggesting that a factor
or factors other than nitrogen content may influence frost hardiness. Frost
hardiness did not appear to be related to needle concentrations o f potassium.
Low boron content, which has been associated with visual damage within the
experimental area, was not directly related to hardiness as measured by
freezing experiments.
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Winter damage to conifers occurs from time
to time in Sweden. Damage is often limited
to sites with a particularly hard climate
(e.g. at high altitudes in northern Sweden)
or with extreme climatic circumstances
(Langlet, 1929). Injuries may also occur
when trees are planted on sites with a more
severe climate than that of their seed
source, as observed in Swedish provenance
experiments (cf. e.g. Eiche, 1966; Stefansson & Sinko, 1967; Kiellander, 1970a,
1970b).
This winter damage is often assumed to
be caused by low temperatures. The damage
is most often attributed to freezing (Langlet, 1929), but other factors such as drying
out by frost (Barring, 1967) or heavy loads
of snow (Stefansson & Sinko, 1967), o r a
combination of frost damage and mechanical strangulation (Eiche, 1966) have been
suggested as possible causes.

The concentration of mineral nutrients
within the plant markedly influences frost
hardiness. The Department of Forest Ecology has set up a series of extensive fertiliser
experiments over the past 20 years, the
main aim of which is to study the influence
of different fertiliser regimes on the growth
of the two native coniferous species (Scots
pine and Norway spruce), under different
site conditions. The influence of fertilisation on aspects of tree development is also
being studied.
The aim of the present work was to investigate the effect of mineral nutrition on
frost imrdiness. In the investigation of frost
hardiness, plant parts were taken from one
of the fertiliser experiments at Lisselbo.
The experimental area is situated on the
west slope of a sandy eskar at latitude
60" 28' and longitude 16" 57' E, at about
80 m above sea level. The whole area is rath-

Table 1. Fertilisation treatments at the Lisselbo experimental site from 1969 onwards.
Treatments with different elements were applied to the experimental plots according to
the plan in Figure 1. Elements in kg per ha for columns N1-Ca. N as ammonium
nitrate, P as triplesuperphosphate, K as potassium chloride, Mg as magnesium carbonate,
S as sodium sulphate, Ca as ground limestone. Micro was a mixture of micronutrients.
Acid was given as kg H,SO, per ha.
Year

Treatments
N1

*

N2

N3

80 kg in experiment E41.

* * 40 kg in experiment E41,

P2

K2

Mg

S

Ca

Micro

Acid 1 Acid 2

c r flat and the height difference between t h e
top of the eskar and its surroundings is no
more than five to ten metres. T h e former
pine stand on the area was destroyed by a
storm in early 1954. About six o r seven
seed trees per h a were left after the harvest
caused by the storm. During the summer,
1955, the area was scarified and the patches
were sown with seeds from latitude 61".
0-150 m above sea level. Stand thinning
was carried out in 1961 and 1965.
Three different experiments (designated
E40 to E42) were laid out within the area
(Figure 1). E40 is a nitrogen fertiliser experiment with three different dosages. E41
is a n experiment with blocks to test the
cffect of adding one o r more of the elements, phosphorus, potassium, magnesium
and sulphur (and also in a few cases, the
micronutrients, copper, zink and boron) to
plots receiving nitrogen a t the medium

dosage for E40. E42 is a mixed experiment
with acidification, liming and irrigation. T h e
fcrtiliser regimes from 1969 t o 1976 a r e
given in Table 1. The effects of the treatments are followed continually by tree
growth measurements (height and diameter).
The nutritional status of the stand is studied
by sampling exposed current needles each
autumn and analysing them for plant nutrients.
F o r more information about the experimental area and the treatments, see Tamm
e l al., 1974.
Abbreviations: F o r the mineral nutrients,
chemical symbols are used. R C (Relative
Conductivity) is the conductivity of a water
extract from the frozen material, expressed
as a percentage conductivity of the same
extract after the material has been killed
by boiling.

2 Methods

In an earlier investigation (Aronsson &
Eliasson, 1970) it was shown that there is
a positive relationship between the frost
hardiness of tree stems, needles, and buds.
Since needles make up more than half of
the shoot mass and are easy to work with,
they were used for frost hardiness tests.
Analysis of mineral nutrient content OF
the needles was done as part of the department's routine work in the fertiliser experiments. For these analyses, needles from exposed current shoots from the second whorl
were collected during October. Ten trees
from each plot were used and a bulk
sample from each plot was analysed for N,
P, K, Ca, Mg, and Mn on a dry weight
basis (Ingestad, 1979). In some cases, B, Cu
and Zn were also analysed.
For testing frost hardiness, samples were
taken on 23rd of January and 14th of March,
1971; 5th of February and 21st of March,
1972. Exposed second order shoots from the
third (and in a few cases the fourth) whorl
were taken. Ten trees (as a rule the same
trees as for mineral nutrient analysis) from
each plot were used. The plots used are indicated with an asterisk in Figure 1.
Because the available freezer space was
limited and large amounts of plant material
in the freezer are associated with long time
intervals to achieve a desired temperature,
each shoot was divided into five pieces and
only one piece was used at each test.
All the pieces from a plot were thereafter divided into five subsamples in such
a way that each subsample of ten pieces
contained two basal pieces, two basaladjacent pieces, two middle pieces and so on
(Figure 2). The reason for this arrangement
was to minimise errors from a possible difference in frost hardiness of needles according to their position on the shoot. Before the investigation started, a few tests

were made to determine whether such a
gradient existed. Although no systematic
differences in frost hardiness among different parts of the shoot were detected, it
was decided to maintain the sampling procedure.
After the samples had been divided, the
inaterial was stored in a well insulated box
and transported to the laboratory for frost
hardiness determinations. One of the subsamples was immediately tested while the
others were carefully insulated in a large
number of paper bags and stored in a deepfreeze at -1T0C for testing at a latei date.
In earlier experiments it had becn possible
to collect all plant material immediately
prior to the freezing tests. In this investigation, it was considered desirable to test the
cffect to storagc on the measurements.
Therefore, come shoots from thc first
sampling of 1971-01-23 were stoicd at
-12°C for a little more than one month.
The determinations of frost hardiness
were carried out as described by Aronsson
& Eliasson (1970). In brief, the method is
as follows. The test material is stored in
plastic bags in a refrigerator at 4OC and
left for temperature equilibration for 18
hours beforc the freezing treatment. Freezing is done by placing the plant material
in deep-freezes at preset temperatures. By
this method it is possible to obtain differences in tissue damage even in inatcrial
of considerable hardiness, such as Swedish
pine provenances sampled in winter, which
probably would survive the temperature of
liquid air if cooled very slowly (Tunianov
& Krasavtsev, 1959; Weiser, 1970). During
freezing, all the material from all the plols
was carefully mixed and spread out on a net
frame in the deep-freeze (Figure 2). To
minimise supercooling, each deep-frccze was
equipped with a fan. After six hours in the

Figure 1. The experimental plan cf thc Lisselbo site. The plots comprise three diflerent expcriments, E40, E41 and E42. Plots used for frost hardiness determinations during the winters of
1971 and 1972 are marked with an asterisk.
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Figure 2. Scheme for dividing the sampled
shoots from any plot into subsamples. A : From
each plot 10 trees were selected. B: Second
order shoots from the third or fourth whorl
were sampled. C: The shoots were divided into
five pieces and each piece marked. D: Each
piece was divided into a Further five subsamples
as indicated. E: The subsamples from all plots,
used in one frost hardiness determination, were
carefully mixed bcfore the freezing treatment.

frcczer, the material was thawed in a refrigerator for 18-20 hours. T h e test temperatures were -12°C
& 1°.5, -22°C
+1°.5, -32°C &1°.5 and -44°C &2O.0.
Damage caused by freezing was estimated
by conductivity measurements on water extracts of the needles, according to the
method described by Aronsson & Eliasson
(1970). F o r extraction, distilled water was
added to the sample (0.5 g) in the weight
ratio of 20 parts water to one part sample

and was shaken for 18-20 hours a t room
temperature. The conductivity of the water
(xfrmen) was then measured a t 2S°C. The
tissues were then killed by means of boiling
the plant material for 10 minutes and the
extract was shaken for a further 18-20
hours. A new conductivity measurement
(xboilcd)was carried out. Relative conductivity (RC) was calculated as follows:
RC=

"frozen
--- X

100

%boiled

Low RC-values indicate that the plants had
suffered little o r n o damage during freezing.
High values indicate that the tissues were
severely damaged or killed.
O n the first sampling occasion, some of
the freezing treatments were repeated several times (Figure 6). These repeated
freczings were standardised, i.e. the material
was transferred directly from a refrigerator
at a temperature of 2-4°C into the deepfreeze, a t a preset test temperature. The
frcezing period was six hours, and between
each freezing treatment the shoot pieces
were allowed to thaw in a refrigerator for
18 hours.
Within the field experimental area, a
meteorological cage (Figure 1) was placed.
in which air temperature and humidity were
recorded.
A freezing experimcnt was carried out in
the field o n the night between 8th and 9th
of June, 1972, when shoots on standing trees
a t Lisselbo were artificially frozen. The
equipment consisted of a cooling unit with
a freezing mixture of liquid water and glycol, which was pumped through scveral
cylindrical coils of copper tubing, connected
to the freezing bath through insulated
plastic tubes. The shoot was placed inside
tile copper cylinder and the temperature
was monitored by two thermistors attached
firmly to the bark of the shoot. The freezing
trcatrnent lasted between half-an-hour and
one hour.

3.1 Storage s f material
F o r the sampling occasion, 71-01-23, frost
hardiness increased during storage for 37
days in the deep-freeze a t -12°C (Figure
3). O n the later sampling occasions no such
hardcning occurred. Before the samplinz
date, 71-01-23, the minimum temperatures
had been above 0°C for five days, whilst at
the other sampling times the minimum
temperatures had been at subzero levels
(Figure 4). I t seems reasonable to ascribe
thc observed differences in deep-rreczc
hardening of the material from different

dates t o the daily temperatures prior to
each sampling occasion. N o effect of needle
nitrogen content on storage response could
bc detected.
3.2 Winter frost hardiness and damage
Frost hardiness iileasurements o n individual
trees o n the sampling occasion, 1971-01-23,
show rather big differences between trees
within the same plot (Figure 5). With
greater damagc, the differences between the
trees increased. Repeated freezings (Figure
6) caused increased damage, although threc
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Figure 3. The effect of storage period on shoot samplc frost liardincss. Column I refers to
sampling date, column I1 to freezing treatment, and column TI1 to the number of days the
shoots were stored at -12°C between sampling and frost hardiness determinations. Results are
given for three different classes of N-contcnt of needles.
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Figure 4. Daily minimum and maximum temperatures prior to the sampling dates; day 0
also indicated by arrows. Sampling dates: A,
1971-01-23; B, 1971-03-14; C, 1972-02-05; D,
1972-03-21.
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Figure 5. Frost hardiness for individual trees a t the sampling date, 1971-01-23. Fertilising treatment and plot number are indicated within the sub-figures. For details of treatments, see
Table 1 and Figure 1.
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Average R C
(for treatment)
Not frozen Figure 6. Damage caused
by one (or more) freezing
treatment of samples from
10 different plots, 1971-0123. Each line connects data
for subsamples from the
same shoots (cf. Figure 2).
From each plot ten trees
were sampled. Range in
M-concentrations 1.542.96 % dw.
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I n Figures 7 t o 9 damage o n each s a n p
ling occasion in the winters of 1971 and
1972 is shown as a function of the N-content of t h e needles. T h e tests o n 1971 material (Figure 7) indicated t h a t a t higher
N-content,
frost
hardiness
decreased.

I

2.0
2.5
3.0
N - content ('/odw

Figure 7. Variation in frost hardiness at different needle contents of nitrogen. Each sign is foi
one plot. Ten trees were used from each plot. In subfigure A (and in B for -22°C) the values
are from one determination, whilst in subfigure B, the values for -32" and -44°C are mean
values of three determinations. Sampling date: A, 1971-01-23; B, 1971-03-14. Symbols: 0 not
frozen to -32'
C, and A frozen to -44'C.
"in"
frozen(control), A frozen to -22"C,
refers to the plots fertilised with a micronutrient mixture of copper, zinc and boron.

Figure 8. Variation in frost hardiness at different contents of nitrogen in exposed current
needles. Each sign is for one plot. The values for not frozen, -22'C, and -32°C are from
one determination each, whilst the values for --44°C are means of three determinations.
Sampling dates: A, 1972-02-05; B, 1972-03-21. Symbols as in Figure 7.

Howcvcr, there was a rather big gap in Ncontents with n o data points for N-content
bctween 1.6 and 7.2 % and only a few plots
with a N-content lower than 1.5 00. Onc
could not, from this data, exclude the possibility that frost hardiness had a maximum
(which means that the RC-values had a
minimum) within this range. The number
of samples was therefore increased in 1972
and chosen in such a way as to minimise
thc interval in nitrogen contents. These
data are shown in Figure 8 and seem to
indicatc that there is indeed a maximum in
frost i~ardinessat about 1.5-1.7 % N in
the needles.
T h e values in Figure 8 were tested to
determine how well they fitted the following
equations:

Of the equations, R C = N'+ b N + c gave the
best fit for almost all the freezing treat-

ments (Figure 9). One of the -22"-freezings, which showed very little damage,
fitted better to a straight line, as did also
the control. Minima in the RC-values increased from about 1.3 % N a t slight
damage to about 1.8 % N for very heavy
damage.
A t the time of sampling in the winter of
1971, the plots had received two applications of N fertiliser and, in 1972, three
applications, but only a single addition of
potassium and phosphate (Table 1). The
treatments Ilad resulted in strongly increased nitrogen concentrations in the
needles, whilst the concentrations of other
elements had been much less affected
(Figure 10). Because of the high nitrogen
concentrations in 1970, the applications in
1971 were decreased, which resulted in a
fall in nitrogen concentrations for that
season. The concentrations of other elements in the needles were negatively related
t o those of nitrogen (Table 2, Figure 10).
For some plots, Cu, Z n and B have also

Table 2. Correlation coefficients for concentrations of mineral nutrients in exposed
current needles for the 21 plots sampled o n the 5th of February, 1972. Sampling for
mineral analysis was done in October, 1971. Levels of significance: p < 0.05 (*), p <0.01
(* *), p < 0.001 (* * *).

been analysed for different years between
1968 and 1976. There is a negative relationship between needle concentrations of
N and B, except for those plots that had
received B. I n such cases, the B content was
comparatively high. F o r Z n and Cu there
were no changes in concentration, irrespective of the fertiliser treatment.
During the autumn, 1974, a n investigation was made o n visibly damaged trees
from all Lisselbo plots, from which a relat i o n d i p between B-content in the needles
and the percentage of damaged trees per
plot (Figure 11) may be seen.

3.3 Spring frost damage, 1971
A t the beginning of the 1971 growing
season, two relatively hard periods of frost
occurred, which were recorded in the meteorological cage (Figure 1). The temperature measured inside this cage represents
air temperature. During nights with n o
wind, needles o n exposed branches might
well have had night temperatures one degree o r more lower than was recorded.
From the 22nd to the 24th of May, three
nights occurred during which relatively long
periods of low temperature (-4.0,
-3.5,
and -7.5"C) werc recorded (Figure 12). A
second period with low night temperatures
occurred between the 6th and 14th of June.
During this period, there were four nights
with temperatures below zero. T h e first and
last of these four nights had only light
frosts (--2.0°C o r above) and it seems un-
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Figure 9. Curves for the differcnt freezings
during 1972 fitted to the equation y = x2 + bx + c,
where y = RC-value, and x = N-content of thc
needles (70of dry weight). For the -22°Cfreezing at the bottom of the figure and for
"Not frozen", the values fitted better to a
straight line than to the equation used for the
other freezing treatments. To the right are indicated thc freezing temperatures and the correlation coefficient for each equation and
temperature. Open circles are minimum values
for the sampling, 1972-02-05, and solid circles
are from 1972-03-21. Degrees of freedom are 18
and 20, respectively.

Figure 10. Concentrations of macronutrients in exposed current needles expressed as 70dw
for many of the plots used in laboratory freezings. Values for the control lreatmcnt are the
avcrage of five plots, whilst all other values are thc average of two plots. In each subflgure,
the mcan value and standard deviation for all plots are shown for 1968. The scales on th2
Y-axes arc chosen in such a way that standard deviation in each subfigure is about the same
length. Fcrtiliser applications of the nutrient in question are indicated by arrows.
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Figure 11. Variation in visible damage (1974)
for somc plots vis-Lvis the boron content in
currcnt nccd!c; 1975.

likely that much damage resulted. However,
o n the nights of the 9th and 10th of June,
temperatures were respectively -3.0
and
-4.0°C, which might well account for the
observed damage (see below).
Moderately low temperatures during the
growing season often create so-called frost
rings (Dietrichson, 1964; Glerum & Farrar, 1966; Kaiyo e t a]., 1972). These are
caused by low-temperature damage of the
cells in the cambial zone. A s the cell rows
in the xylem of conifers are very regular, it
is easy t o detect a disturbance. Each of the
above two periods with low temperatures
resulted in frost rings in the trees. Figures
13 and 14 provide a n example of rather
slight injury. Only a few, if any, of the
cambial cells are destroyed and the bulk of
the damaged cells can be assumed to be
xylem mother cells and as yet undiffe-
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Figure 12. Daily minimum and maximum temperatures during part of 2971, recorded in the
temperature cage at the experimental site.

rcntiate.1 tracheid cells (Glerum & Farrar,
1966) When the weather improved the
rows of xylem cells were completely restored. With serious damage the disturbance
is more pronounced and new cells divided
from the cambium will not differentiate to
normal tracheid cells, but will stay a t a
parenchyma stage (Glerum & Farrar,
1966). Within these parenchyma cells, thc
differentiation to xylem cells may occur a t a
latcr stage, restoring the normal development of the tissue. However, if the frost is
very hard, n o cambial cells will survive, the
affected part of the shoot will die, and the
damage will thus be visible to the naked eye.
T h e artificial freezing of shoots o n standing trees, which was done in June, 1972,
resulted in frost rings with damage increasing with a decrease in freezing temperature. T h e natural frost rings from 1971
and the artificial frost rings in 1972 showed
the same characteristics. Branches that were
most seriously affected had damage visible

to the naked eye and sometimes parts of thc
shoot llad died.
Measurement of tree growth in the three
experiments at kisselbo was performed
every three years since the autumn, 1971. A n
inventory was also made of the visible
damage caused by heavy frosts a t the beginning of the summer of 1971. The percentage of trees damaged in each plot is
plotted against the current needle content
of N (Figure 15). A t a N-content lower
than 2 % dw very few trees were damaged.
But at contents higher than 2 YO N there
were many plots with a high percentage of
damaged trees. T h e K content in the needles
had n o relationship with the percentage of
damaged trees.
During 1971, the radial increment of 10
trees in each plot of experiment E42 was
followed weekly by band dendrometer measurements (Redin, 1972). A s the first frost
occurred soon after t t e start of the growing
season, it is interesting to study in detail the

I

E a r l y wood
19'71

bate wood

1970

Figure 13. Frost rings caused by the two frost periods in spring, 1971 (May 22 to 24 and June
9 and 10). This particular branch had no damage visible to the naked eye at the sampling
occasion in autumn, 1972. 95 X .

Frost
rings

radial growth immediately before the frost.
The girth increment until the 19th of May
seems to be closely correlated with the Ncontent of the needles (Figure 16 A). However, if the growth between the 13th and
19th of May is expressed as percentage of
the whole growth for 1971, there is no difference between tile plots. That means that
the trees with higher nitrogen content were
growing faster but all trees were growing
at their characteristic rate when the frost
occurred. No indication was obtained that
N-content affected the stage of growth at
this time.

Figure 14. Detail from another part of the
same cross section as in Figure 13. 1 8 0 x .

'/@-age
damaged
trees per
plot

Figure 15. Visible damage very probably caused by the spring frosts of 1971 plotted against
the needle contents of nitrogen (% dw). The invcntory of damage was done at the regular
time for growth measurements in the autumn, 1971, as were the necdle samplings For analysis
of mineral nutrients. Symbols: A K-content lower than 0.49 %, 0 K-content between 0.50
I<-content above 0.61 % and tlic plots fertilised
and 0.60 70,O K-content above 0.61 70dw.
with a micronutrient mixture (with B, Zn and Cu) in the spring, 1970.

Figure 16. Girth increment of pine trccs in E42 measured by band dendromcters at 1.3 m abovc
ground. Usually 12 trees per plot were measured but in a fcw cases the number of trees was
smaller. E42 consists of 20 plots a!l of which were used. Each symbol is the average of two
plots replicate in each treatment. A: Girth increment in mm between the dates 4th to 19th
of May. B: Girth increment between the dates 13th to 19th of May expressed as per cent of
the total increment for the whole of 1971. Symbols: 0 not fertilised with N2P2K2, but with
or without other treatments.
fertilised with N2P1M2 and with or without other treatments.

4 Discussion

In the freezing treatment used here, the
cooling rate was very high. For the needles,
it can be calculated that they had attained
a final temperature (t l S ° C ) within 10
minutes of being placed in the deep-freeze
(Aronsson & Eliasson, 1970), corresponding
to a reduction in temperature of several
degrees per minute. In the natural situation,
temperature changes will normally occur
much more slowly. Levitt (1972) states that
a few degrees per hour is normal. However,
Sakai (1966) has demonstrated that, in sunshine, rapid fluctuations can occur in a
broad-leaved species (Aucuba Japonica), and
still faster temperature changes have recently been shown for pine needles by
Christersson & Sandstedt (1978). If the
needles were protected from wind, and the
shelter then removed, the temperature dropped more than five degrees per minute. Still
faster falls of temperature have been reported for foliage of American arborvitae
(Thuja occidentalis L.) by White & Weiser
(1964). At sunset the temperature could
sometimes drop from 35°F to 18OF (about
+ 1.7"C to -7.8OC) within one minute. It
can therefore be assumed that during late
winter or early spring, the temperature
fluctuations during sunny days will be very
fast on a transition from sunshine to shadow
or vice versa. If then, the air temperature is
low enough for the needles in the shade to
freeze, several freezings per day may occur
(Christersson & Sandstedt, 1978). Langlet
(1929), in reporting frost damage to pine in
the northern part of Sweden, stated that
damage was caused by many fast temperature fluctuations under unusual weather
conditions. It is also very probable that frost
damage during the winter is often caused
by more than one freezing, especially as the
plants during that time have very little
opportunity to restore damaged cells be-

czusc of a low rate of metabolic activity
(Senser et al., 1975; Senser & Beck, 1977;
PaIta & Li, 1978).
In the present investigation, repeated
freezings of the same needles increased the
damage without changing the relative extent of damage between treatments (Figurc
6). Although the method used here may
differ from a natural freezing incidence, it
seems valid to conclude that the differences
obtained in RC amongst treatments reflect
true differences in frost hardiness.
The relatively big differences in frost
hardiness between different trees within the
same plot (Figure 5) may to some extent
depcnd on different seed origin, since some
of the trees were from seed-trees within the
area and others from stands about half a
degree north of the experimental area. It is
also possible that the differences between
plots during the spring frosts (Figure 15)
may partly depend on the same factor.
The starting point for the present investigation was the observation that pine shows
considerable variation in frost tolerance
(Langlet, 1936) and that this variation might
well be related to the nutrient status of the
trees in addition to other known sources of
variation, such as provenance (Eiche, 1966;
Kiellander, 1970 a, b; Aronsson, 1977). Suitable material was made available for such
an investigation from pine grown at different nutrient regimes in the field plots at
Lisselbo, where strong variations in needle
N concentrations existed. It was postulated
that observed damage to the Lisselbo trees.
which at that time was considered frost (or
at least winter) damage, might be related to
the variations in N concentration.
As described above, a clear correlation
has been obtained between frost hardiness
and N concentration in pine needles However, a more definitive interpretation of the

experimental results depends on whether
other physiological variables, in particular
the levels of other mineral nutrients, influence frost hardiness. It is well established
that unbalanced nutrient supply affects the
nutrient status by e.g. ion antagonism dilution effects (false antagonism). Such effects
have also been observed in the present
material (Table 2). High nitrogen concentrations led to low concentrations in
some other elements and, therefore, the
possibility that an induced imbalance in the
nutrient status might have affected frost
hardiness must be acknowledged.
Potassium has often been reported as
having a positive effect on frost hardiness
(Levitt, 1956; White & Finn, 1964; Burgtorf, 1968; Alden & Hermann, 1971). However, recent research indicates that K has
no great effect on resistance against low
temperatures (Benzian et al., 1974; Christersson, 1973, 1975; Larsen, 1976, 1978a).
Adequate K concentrations are however recognised as being of great importance in
drought resistance (Christersson 1972, 1973,
1976; Larsen, 1976, 1978a, 1978b). In field
experiments, water stress often occurs in
conjunction with or after low temperatures
and, therefore, the importance of K in frost
hardiness may have been overestimated.
Damage caused by the late spring frost in
1971 (Figure 14) in the present experiment
is seen to be unrelated to the K concentrations.
Increase in P concentration is usually
considered to give positive effects on frost
hardiness (Levitt, 1956; Alden & Hermann,
1971). Malcolm & Freezaillah (1975). however, report that in a fertiliser experiment
with seedlings of Sitka spruce with two different P concentrations, seedlings with the
higher concentration were more damaged
by an early autumn frost than those with
lower concentrations. The authors explain
the differences in hardiness by the observation that the seedlings with the higher P
concentration had not terminated their
growth at the time of frost as had the other
seedlings. The P concentrations reported
were 0.136 and 0.436 per cent dry weight,
so that the higher concentration might well

be supra-optimal.
There is thus a great variety of opinion
on how different plant nutrients affect frost
hardening and hardiness. One possible
reason is that many investigators have
worked with experimental material with
rather extreme concentrations of one or
more elements. Such studies have much less
applicability to ecological conditions than
studies where the concentrations of the element in question have been closer to a
physiologically balanced condition. Furthermore, many reports lack data on nutrient
concentrations and only report fertiliser regimes.
The discussion above may be summarised
in the following way: The variation in concentrations of plant nutrient other than N
(Figure 10) do not give any support to
assumptions that the observed variation in
frost hardiness is related to the concentrations of these elements.
However, analyses of needles from different treatments were also made with
respect to the micronutrients B, Zn and Cu,
because of the damagc described below and
because of the results from Finnish investigations (Huikari, 1977). As demonstrated in
Figure 17, there seems to be a negative relationship between B concentration and N at
Eisselbo. This is also the case at two other
north Swedish sites, Norrliden and Aheden.
In the case of Cu and Zn foliar levels, no
effect of nitrogen fertilisation could be observed. In 16 plots at Lisselbo with different
nutrient regimes, the variation in Zn concentration ranged from 41 to 58 micrograms
per g dry weight and for copper from less
than 1 to 4 micrograms per g in the autumn
of 1975. The possible relationship between
B concentration and frost hardiness is discussed later.
The freezing test in the laboratory gave
minimum damage at a N concentration
between 1.3 and 1.8 9'0 dw (Figures 7-9).
With decreasing test temperature, injuries
increased but, in addition, the minimum RC
value was displaced in a regular way towards higher N concentrations (Figure 9).
The cause of this displacement is not known
but it may have something to do with the

Symbols Lisselbo

0 Not fertilised

A
V

Ca
N2P2K2Ca
N2K2 with or without
P2MgS
@ N2K2 micro with or
without P2MgS
Symbols Norrliden and
Aheden

@ Not fertilised
N2P2K2
x N2P2K2 micro
Figure 17. Contents of B,
Z n and Cu vis-8-vis N
content in the same
needles. Values from different years between 1968
and 1976. The arrows indicate that the content of
Cu was 1 pglg o r lower.

freezing method. Tests at lower temperatures differ not only in absolute temperature but also in the rate of cooling (Aronsson & Eliasson, 1970; Christersson & Krasavtsev, 1972).
The extensive literature on the effect of
nitrogen fertilisation on frost hardiness most
often reports that increased concentrations
in nitrogen have a negative effect but there
are also reports of the opposite, as well as
conclusions that nitrogen has no effect
whatsoever. (For reviews see Eevitt, 1956;
Alden & Hermans?, 1971; cf. also Benzian
et al., 1974; Koskela, 1970; Piimpel et al.,
1975). However, it is possible that apparent
contradictions may be explained by the fact
that some authors have studied plant material only within the range of N concentrations below the point where maximum
hardiness is obtained, whereas others have
worked within a N-sensitive range. Larsen
(197th) reports that in Douglas fir, frost
hardiness is decreased by both low and high
nitrogen concentrations, with the highest
autumn hardiness occurring at 1.3 to 1.4
per cent dry weight. I t is also possible that,
in much the same way as maximum plant
growth can only be reached if the concentrations of mineral nutrients are present
in rather fixed proportions (Ingestad 1974),
a well balanced plant can endure a stress
situation better than a plant with an unbalanced composition of mineral nutrients.
In the present study, the spring frost
damage in 1971 also shows that the risk of
damage increases at N concentrations above
1.8 to 2.0 per cent (Figure 14). On the other
hand, it is not possible to draw conclusions
from these data on decreased frost hardiness
at low N concentrations. As many plots with
high N concentrations are without damage
there must be other factors contributing to
injury. Low K contents have been thought
to be one such factor but some of the worst
damaged plots had a relatively high K level
(Figure 15). Similar results suggesting that
potassium does not affect frost hardiness
have been reported by Christersson, 1973,
1975; Larsen, 1976, 1978a; Benzian et al.,
1974.
Since 1971-72, when the freezing tests

reported here were carried out, it has been
observed that injuries seen in the field appear to be more complicated than had at
first been assumed. New injuries have also
been observed with varying frequencies in
the following years. One type of injury consists of abnormal development of the annual
shoots in the upper part of the tree, where
parts of the shoot or entire shoots die back.
The needlcs may be short and twisted and
unevenly developed along the shoots. There
are strong indications that such damage is
related to deficiency in boron. At the Lisselbo growth survey in 1974, reports from
Finnish colleagues were available, indicating
that deficiency in boron might be the cause
of damage of this type. Therefore, analyses
of plant material with respect to boron content wcre carried out. It is clear from Figure 11 that therc is a clear relationship
between incidence of damage and boron at
low concentration. The concentrations at
which damage has been observed are in
good agreement with earlier reports for different pine species (see, for example, Snowdon, 1971). Boron concentration was negatively related to the N concentration (Figure
17). Deficiency in boron has been reported
to decrease frost hardiness (Cooling, 1967).
For this reason, the boron fertilised plots in
Figures 7 and 8 have been marked but there
does not seem to be any deviation from
other plots in these diagrams. This does not
of course exclude an effect of B on frost
hardiness at low concentrations. This is also
in agreement with the results reported by
Larsen (1976, 197Sa) for Douglas fir where
he found no change in frost hardiness by
increasing the B concentration by 600 per
cent (from 27 to 167 ppm dw). However,
there is a relaiively narrow range between
deficiency and toxicity in the case of B.
Deficiency has been reported at concentrations in the range 5-10 ppm in Pinus species and toxicity may sometimes occur at
concentrations as low as 75-150 ppm dry
weight in needles (Stone, 1968). It is therefore possible that the boron feriilised
Douglas firs in Larsen's experiment had
supra-optimal B concentrations.

Summary

Frost hardiness in exposed current needles
from young pines in a fertiliser experiment
was dctermined during winter. For the
determinations, needles were quickly frozen
in deep-freezes a t preset test temperatures
(-12", 2 2 " , -32", and 4 4 ° C ) . By this
rapid cooling, it was possible to test the
relative frost hardiness of plant material.
Damage due to the freezing treatments was
determined by conductivity measurements
on water extracts of the plant material.
Within the experimental area, there are
three different fertiliser experiments,
namely, a nitrogen dosage experiment
(E40), a factorial experiment (E41), and a
mixed experiment with irrigation, acidification or liming (E42). Treatment was begun
in the spring, 1969. Nitrogen fertilisation
had resulted (1971) in a negative correlation
between needle concentration of nitrogen
and the other analysed macronutrients
(Table 2), possibly attributable in part to
increased nitrogen uptake following fertilisation and in part to a dilution effect of other
nutrients resulting from the increased
growth. Changes of needle concentrations
were, however, relatively small for all nutrients except nitrogen (Figure 10) and the
variation in frost hardiness found here can
be attributed to different nitrogen contents
in tke needles. Analyses of the mineral nutrients and frost hardiness determinations
were made (with a few exceptions) on
needles from the same trees.
The freezing experiments during the
winters of 1971 and 1972 showed, for relatively heavy damage, a maximum in frost
hardiness a t a nitrogen concentration of
about 1.3-1.8 YO dw (Figure 9). A t light

damage, however, there was no maximunl
in hardiness and the hardiness decreased
somewhat with increasing nitrogen contenis
of the needles. I t is assumed that the
maximum in frost hardiness a t about 1.5 Olo
N represents that N concentration a t which
all the mineral nutrients within the needles
were in appropriate proportion, not only
for frost hardiness, but also for other physiological events.
A t the end of May and at the beginning
of June, 1971, two relatively hard frosts
occurred, which resulted in damage of sevcral trees in many plots. The lightest
damage was not visible to the naked eye and
occurred only as frost rings in the wood,
while a t heavy damage, one, two o r thrce
year-old shoots died in the upper part of the
tree crown. The incidence of damaged trees
increased considerably when the concentration in needles was above 1.8-2.0 YO N
(Figure 15). However, a lot of plots, with
high nitrogen concentrations within the
needles, did not have any damage, suggesting that a factor o r factors other than
nitrogen concentration may influence frost
hardiness. During the years after 1972 a new
type of damage has occurred a t Lisselbo.
This damage is very probably caused by
deficiency in boron and occurs mostly on
plots that are fertilised with a high dosage
of nitrogen (Figures 11, 17). Therefore it
cannot be excluded that deficiency in boron
may have had some influence on the damage caused by the spring frosts in 1971.
However, fertilisation with boron had not
increased the frost hardiness as measured
in the laboratory (Figures 7, 8, and 15).
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Frosthardigheten hos Brsbarr fr5n unga tallar f r h ett av sltogsekologiska avdelningens
godslingsforsijk (Lisselbo) har bestamts vintertid genom nedfrysningar till nagra olika
tempernturcr (-12O,
-22",
-32"
och
-44°C). Med den anvanda metoden skcr
nedfrysningen myckct snabbt och Bven ined
detta hardiga material erhalles skador vid
dessa temperaturer trots att de ligger i ett
interval1 som forekommer pii tradens naturliga st&ndortcr. Vid utvarderingen av de
skador Crysningarna pii laboratoriet orsakade anvandes den sH kallade exosmosn~ctoden, dvs., rniitning av IedningsformSgan hos
vattenextrakt friin barren.
Inom forsoksornr%det Lisselbo finns tre
olika slags godslingsforsok utlagda, namligen ctt kv~vedoscringsforsok(E40), ctt faktoricllt forsok (E41) samt ett forsurningsoch Italkningsforsok (E42). Godslingarna
startade 1969. Kvavegodslingen hade 1971
lett till att det forelig en negativ korrclation i barrhalter for kvave och ovriga analyserade mineralamnen (tabell 2). Detta beroende pii att godslingen dels lett till en
ijkad upptagning av kvave, dels ocl<s% att
detta forhojda kvavetillst5nd gctt en storrc
lillvaxt ined darav foljande utspadning av
dc andra amnena. Emellertid var haltforandringarna i barren relativt sett sm% for
andra a ~ n n e n a n kvave (figur 10) o c ! ~
variationen i frosthardighet kan darfor i
forsta hand tillskrivas skillnaderna i barrens
kvavehalter. F o r frysningarna pb laboratoriet valdes parceller si att storsta mojliga
spridning i barrens kvavehalter erholls. Antal provtrad per parcell var 10 och dessa
var niistan undantagslost samma trad son1
de som anviindes for analyscr av barrens

haltcr av mineralnaringsamnen.
Resultaten fran frysningarna vintrarna
1971 och 1972 visade att hardigheten vid
relativt stora skador avtog vid bide liga
och hoga kvavehalter i barren. Vid kurvanpassning av matvardena for sltadorna Iiig
den storsta hardigheten vid en kvavehalt av
ca 1.3-1.8 % (figur 9). Vid sm5 skador
ranns emellertid inget sidant maximum
utan hardigheten minskade svagt mcd okande kvavehalt. Orsalten till att hardigheten
var som storst vid kvavehalter omkring
1.5 '70 a r troIigcn att sammansattningen av
barrens mineralnaring var battre balanserade vid dessa halter a n vid hogre eller lagrc
halter.
1 slutet av maj och borjan av juni 1971
intraffade tvii relativt h i r d a froster. Inorn
vissa parceller orsakade frosterna i en del
fall sltador alltifrHn frostringar i vcden (ej
synliga skador) till att en eller flera skottgencrationer i kronans ovre delar dog. Frckvcnsen synligt skadade trad okade starkt
nar barrens kvavehalter oversteg 1.8-2.0 %
av torrvikten (figur 15). Emellertid fanns
det mbnga parceller utan nggra skadadc
trad trots hoga kvavehalter i barren, vilket
betyder att fler faktorer a n kvavetiilstandct
inverltade p9 frosthlrdighetcn. Bilden ltompliceras av att cn ny typ av skador har upptratt inom Lisselbo-forsoket p& senare i r .
Dessa skador a r troligtvis orsakade av borbrist och forekommer framst pa de kraftigast lwiivcgodslade parcellerna (figur 11
och 17). Det kan darfor intc uteslutas att
borbrist har bidragit till virfrostskadorna
1971. Daremot har inte borgodsling gett nSgon okning av frosthardigheten matt i laboratorieforsokcn (figur 7, 8, 15).

References

Alden, J. & Mermann, R. K. 1971. Aspects of
the cold-hardiness mechanism in plants. -Bot. Rev. 37(1): 37-142.
Aronsson, A. 1977. Frosthardighet under vintern for geografiskt skilda tallkloner odlade i
stockholmstiakten. (Winter frost hardiness
of Scots pine (Pinus silvestris L.) clones
from different parts of Sweden cultivated in
the Stockholm area). - Research Notes,
Department of Forest Genetics, Royal College of Forestry, Garpenberg-StockholmUmeB-Uppsala. Nr 27: 91-99.
Aronsson, A. & Eliasson, L. 1970. Frost
hardiness in Scots pine (Pinus silvestris L.).
I. Conditions for test on hardy tissues and
for cvaluation of injuries by conductivity
measurcm-nts. - Stud. For. Suec. Nr 77:
1-30.
Benzian, B., Brown, R. M. D Freeman, S.
C, R. 1974. Effect of late-season topdressings of N (and K) applied to conifer
transplants in the nursery on their surviva!
and growth on British forest sites. -Forestry, 47(2): 153-184.
Burgtorf, H. 1968. Exempel p i kaliumbrist hos
gran, planterad p5 ikermark. (Beispiele von
Kaliummangel bei Fichten, gepflanzt auf
Ackerboden). - Research Notes, Department of Forest Ecology and Forest Soils,
Royal College of Forestry. N r 7: 1-19.
BPrring, U. 1967. Studier av metoder for plantering av gran och tall p i Bkermark i sodra
och m-llersta Sverige. (Studies of methods
employed in the planting of Picea abies (L.)
H. Karst. and Pinus silvestris L. on farm
land in Southern and Central Sweden. Stud. For. Suec. Nr 50: 1-332.
Christcrsson, k. 1972. The transpiration rate of
unhardened, hardened and dehardened
seedling of spruce and pine. - Physiol.
Plant. 26: 258-263.
- 1973. The effect of inorganic nutrients on
water cconomy and hardiness of conifers.
I. Thc effcct of varying potassium, calcium,
and magnesium l ~ v e l s on water content,
transpiration rate, and the initial phase of
development of frost hardiness of Pinus silvestris L. seedlings. - Stud. For. Suec. Nr
103: 1-26.
- 1975. Frost hardiness development in Pinus
silvestris L. seedlings at different levels of
potassium and calcium fertilization. - Can.

J. For. Res. 5(4): 738-740.
1976. The effect of inorganic nutrients on
water economy and hardiness of conifers.
11. The effect of varying potassium and calcium contents on water status and drought
hardiness of pot-grown Pinus silvestris L.
and Picea abies (L.) Karst. seedlings. - Stud. For. Suec. Nr 136: 1-23.
Christersson, L. & Krasavtsev, 0. A. 1972.
Effect of the rate and time on frost rcsistance of conifers. - Soviet Plant Physiol.
19: 539-542.
Christersson, k. & Sandstedt, W. 1978. Short
term temperature variation in needles of
Pinus silvestris L. - Can. J. For. Res. 8:
480-482.
Cooling, E. N. 1967. Frost resistance in Eucalyptus grandis following the application of
Ma-I
fertilizer borate. - Rhod. Zambia &
lawi J. Agric. Res. 5: 97-100.
Dietrichson, 1. 1964. Proveniensproblemet belyst ved studier av veksrytme og klima. (Th:
provenance problem illustrated by studies of
growth-rhythm and climate.) - Meddr.
norske Skogsfors. Ves. 19: 505-656.
Eiche, V. 1966. Cold damage and plant mortality in experimental provenance plantations with Scots pine in northern Sweden. -Stud. For. Suec. Nr 36: 1-220.
Glerum, C. & Farrar, J. L. 1966. Frost ring
formation in the stems of some coniferous
species. - Can. J. Bot. 44: 879-886.
Muikari, 0. 1977. Micro-nutrient deficiencies
cause growth-disturbances in trees. - Silva
Fenn., 1l(3): 251-254.
Pngestad, T. 1974. Towards optimum fcrtilization. - Ambio 3(2): 49-54.
- 1979. Nitrogen stress in birch seedlings. 11.
N, K, P. Ca, and Mg nutrition. - Physiol.
Plant. 45(1): 149-157.
Kaiyo, M., Uchida, K., Sunasaka, M. & Qtsubo, T. 1972. Frost injury of Japanese
larch (Larix leptolepis, Gordon) I. Appearance of frost ring and it's anticipation
by summation of daily minimum temperature. - J. Jap. For. Soc. 54(12): 429-433.
Kiellander, C. L. 1970a. Frosthardigheten i ett
proveniensmaterial av gran. (Frost resistance
in a provenance material of Norway spruce.)
- Svenska SkogsvFor. Tidskr. 68(1): 3-72.
1970b. Studies on populations in Picea abies
(L.) Karst. with special regard to growth
-

-

and frost resistance. - C. Bloms boktryckeri AB, Lund, 1-31.
Koskela, V. 1970. Havaintoja kuusen, mlnnyn,
rauduskoivun ja siperialaisen lethikuuscn
halla- ja pakkas-kuivumisvaurioista kivisuon
metsanlannoituskoekentPI1B. (On the occurrence of various frost damages on Norway
spruce, Scots pine, silver birch and Sibirian
larch in the forest fertilization expsrimcnt
area at Kivisuo.) Folia For. 78: 1-25.
Langlet, 0. 1929. Nigra egendomliga frostharjningar i tallskog jamte ett forsok att klarlagga deras orsak (Einige eigentumlichc
Schadigungen an Kiefernwald nebst einrm
Versuch, ihre Entstehung zu erklaren). Svenska SkogsvFor. Tidskr. 27: 4 2 3 4 5 9 .
- 1936. Studier over tallens fysiologiska variabilitet och dess samband med klimatct.
Ett bidrag till kannedomen cm tallens ckotyper. (Studien uber die physiologische Variabilitat der Kiefer und deren Zusamm.jr.hang mit dem Klima. Beitrage zur Kenntnis
der okotypen von Pinus silvestris L.). Medd. Statens SkogsforsAnst. 29: 219-470.
Larsen, 9. B. 1976. Untersuchungen uber dic
Frostempfindlichkeit von Douglasicnhcrkunften und iiber den Einfluss der Nahrstoffversorgung auf die Frostrcsistenz der
Douglasie. - Der Forst- und Holzwirt,
31(115): 299-300, 302.
- 1978a. Die Frostresistenz von 60 verschiedznen Douglasien-Herkunften sowie uber den
Einfluss der Nahrstoffversorgung auf die
Frostresistenz der Douglasie. - Schriften
aus der Forstlichen Fakultat dcr Univcrsitat
Gottingen und der Nidersachsischen Forstlichen Versuchsanstalt. Bd 52: 1-127.
- 1978b. Untersuchungen uber die winterlicltc
Trockenresistenz von 10 Herkunften der
Douglasie (Pseudotsuga menziesii). - Forstwiss. Cent. B1. 97(1): 3 2 4 0 .
- 1978c. Untersuchungen uber die Bedeutung
der Kalium- und Stickstoffversorgung fiir
die Austrocknungsresistenz der Douglasie
(Pseudotsuga menziesii) im Winter. - Flora
167: 197-207.
Levitt J. 1956. The hardiness of plants. - AP,
New York. 1-278.
- 1972. Responses of plants to cnvironmental
stresses. - AP, New York and London.
1-697.
Malcolm, D. C. & Freezaillah, B. C. Y. 1975.
Early frost damage on Sitka spruce seedlings
and the influence of phosphorus nutrition.
- Forestry, 48(2): 139-146.
Palta, J. P. & Li, P. H. 1978. Cell membrane
properties in relation to freezing injury. In:
Plant cold hardiness and freezing stress. Eds
Li, P. H. and Sakai, A. - A P New York,
San Francisco, London. 93-1 15.

Electronic version
O Studia Forestalia Suecica 2002
Edited by J.G.K.Flower-Ellis

Piimpel, B., Gobi, F. & Tranquillini, W. 1975.
Wachtum, Mykorrhiza und Frostresistenz
von Fichtcnjungpflanzen bei Dungung mit
European
verschiedenen Stickstoffgaben.
J. of Forest Pathology, Bd 5(2): 83-97.
Redin, 3. 1972. Matningar av omkretstillvaxten
hos tallstammar och langdtillvaxten hos
Manuskript.
Brsbarr.
Sakai, A. 1966. Temperature fluctuation in
wintering trccs. - Physiol. Plant. 19: 105114.
Senser, M. & Beck, E. 1977. On the mechanisms of frost injury and frost hardening
of spruce chloroplasts. - Planta, 137: 195201.
Senser, M., Schotz, F., & Beck, E. 1975.
Seasonal changes in structure and function
of spruce chloroplasts. - P lanta, 126: 1-10.
Snowdon, P. 1971. Obscrvations on boron deficiency in Pinus radiata. - Aust. ForestTree Nutr., Conf. Contrib. Pap. 191-207.
Stefansson, E. & Sinko, M. 1967. Forsok med
tallprovenienser med sarskild hansyn till
norrlandska hojdlagen. (Experiments with
provenances of Scots pine with special regard to high-lying forests in northern
Sweden.) - Stud. For. Suec. Nr 47: 1-108.
Stone, E. L. 1968. Microelement nutrition of
forest trees: A review. - In: Forest fertilization, Theory and practice. Papers presented at the symposium on forest fertilization April 1967 at Gainesville, Florida.
Published in 1968 by the Tennessee Valley
Authority National Fertilizer Development
Center Muscle Shoals, Alabama 35660. p.
132-175.
Tamm, C. Q., Nilsson, A. & Wiklander, G.
1974. The optimum nutrition experiment
Lisselbo. A brief description of an experiment in a young stand of Scots pine (Pinus
silvestris L.). - Research Notes, Dept of
Forest Ecology and Forest Soils, Royal College of Forestry, Nr 18: 1-25.
Tumanov, 1. I. & Krasavtsev, 0. A. 1959.
Hardening of northern woody plants by
temperatures below zero. - Soviet Plant
Physiol., 6: 663-673.
Weiser, C. J. 1970. Cold resistance and injury
in woody plants. - Science, 169: 1269-1278.
White, D. P. & Finn, R. F. 1964. Frost
damage in a tulip poplar plantations as related to foliar potassium content. - The
Michigan Academy of Science, Arts, and
Lctters (1963 meeting) Vol. XLIX: 75-80.
White, W. C. $r Weiser, C. 9. 1964. The relation of tissuc desiccation, extreme cold, and
rapid temperature fluctuations to winter
injury of American arborvitae. - Proc.
Am.Soc.hort.Sci. 85: 554-563.
-

-

