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A total of 1800 3-year old seedlings of Norway spruce (Picea abies (L.) Karst.) from
two Norwegian and one German provenance were treated with two different nitrogen
levels during the 1992 growth season. The plants were kept during the following winter
at two different temperature levels. In the spring of 1993 the nutrient application was
resumed, and the plants were divided between three different treatments, 350 and 650
p-p-m. in open top chambers and a control plot outside the chambers. This treatment was
repeated also during the following 1994 growth season.

The growth and primary production was studied by photosynthesis experiments and
by non-destructive growth measurements.

The results indicate that raised winter temperatures may lead to increased needle loss
and reduced growth the following season, particularly in northern provenances.

Carbon dioxide significantly influenced growth in addition to nutrient level and
winter temperature. High CO, also seemed to cause increased photosynthesis at early
season, and earlier budbreak and growth cessation than in control plants.
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1 Introduction

One of the major topics of present-day research
is the growing concern about the effects of the
expected rise in greenhouse gases, particularly
CO.,. According to climatological models (GCM)
a doubling of the CO, concentration would cause

a 3—4°C increase in winter temperatures and about
2°C in summer temperatures (Pedersen 1993). A
side-effect of raised temperatures would be a
more rapid decomposition and uptake rates of
nitrogen in soil.

In the present study the emphasis has been
placed on the combined effect of raised winter
temperature and increased CO, level on trees.
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As test plant has been chosen Norway spruce
(Picea abies (L.) Karst.).

In spruce and other evergreens the excess of
assimilated carbon is usually stored in evergreen
leaves. The carbon reserves are mobilized next
spring, and enable the plants to overcome the
critical period with negative photosynthesis, and
to produce new leaves, that eventually take over
as carbon producer (Rutter 1957).

The induction of winter dormancy in fall takes
place through photoperiodic reactions and is only
slightly influenced by temperature (Habjorg 1972,
Heide 1974).

When the low temperature requirements for
dormancy breaking are fulfilled, however, usu-
ally in January, high temperatures would lead to
earlier budbreak, and induce higher metabolic
activity in buds and needles (Ritchie 1982, Heide
1993). As a result of a longer growth period,
plants would therefore increase their growth po-
tential, but at the same time earlier budbreak
would more easily expose plants to frost damag-
es due to sudden cold periods in spring, particu-
larly in continental areas and ecotypes (Jalkanen
and Nikula 1993).

Another effect of high winter temperatures
would be a longer period with negative carbon
balance at mid-winter, due to high winter tem-
peratures combined with low light intensities
(Printz 1933) This could lead to a temporary
shortage of carbohydrates in plants during the
growth period in spring (Stewart and Bannister
1973). On the other hand earlier dormancy break-
ing would lead to increased photosynthesis in
evergreen needles when light conditions are im-
proving in February and March after dormancy
breaking (Hagem 1947, Aalvik 1939). The over-
all effect on the carbon balance could therefore
become positive in some woody species and neg-
ative in others.

In an earlier study (Skre 1995) high winter
temperatures were found to cause a lower carbo-
hydrate level in needles and heavy needle loss,
particularly of old needles, the following spring.
Consequently, a strong reduction was found in
growth and biomass the following season.

The aim of the present study is to follow the
growth processes in the investigated spruce
plants, and to see to what extent the expected
rise in CO, level would help resuming growth
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after a winter with exceptionally high tempera-
tures, by increasing photosynthetic rates and bi-
omass production.

2 Material and Methods

Three years old spruce seedlings, raised from
mixed seed populations within three provenanc-
es, were transplanted into plastic containers (di-
ameter 12 cm) with fertilized peat in the spring
of 1992. For peat composition see Skre (1991).
The provenances were as follows:

Harz, Germany (52°N), 420470 meter (H5)
Ostfold, Norway (59°N), 50-150 meter (C1)
Hedmark, Norway (61°N), 250-350 meter (B3)

The C1 provenance was intermediate in its re-
sponses between the B3 and H3 provenances
(Skre 1995), and the actual results from the
growth measurement are therefore not shown for
the C1 plants, but they are included in the vari-
ance analysis.

The plants were placed under a birch canopy
(light intensity 300—400 pmolm—s~! PPFD) and
added two strengths of SUPERBA nutrient solu-
tion, equivalent to 1 or 10 gm—year™' nitrogen
once a week over the season (May-October). For
composition of nutrient solution, see Skre (1991).
The ratios between the concentrations of nutri-
ents were kept unchanged. In late November the
plants were moved into two greenhouse com-
partments, simulating ambient temperature con-
ditions and 4°C raised winter temperature (see
Fig. la). A constant temperature difference of
about 4°C was achieved by means of a differen-
tial temperature controller.

In late April 1993 the plants were moved into
six open top chambers with normal (350 p.p.m.)
and high (650 p.p.m.) CO, level, and with con-
trol plants outside the chambers.

The CO, treatment continued until early No-
vember. The remaining plants, eight per repli-
cate and with three replicates per treatment, were
moved into the two greenhouse compartments,
and the winter temperature treatment was re-
peated (Fig. 1b). In early May 1994 the plants
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Fig.1. Weekly mean and extreme temperatures during the winter 1992/93 (a)
and 1993/94 (b) in the low (t) and high (t+4) temperature rooms, and in
field. Fig. 1a is a redrawn from Skre (1995).

were moved into open top chambers and the CO,
treatment was repeated until late October.

Subsamples of plants and needles were taken
for biomass determination throughout the exper-
iment, and shoot length, stem base diameter and
needle density were measured at intervals.

The temperature and CO, content in the open
top chambers and in the greenhouse were moni-
tored continuously and data stored in a datalog-
ger. Also the data from one light probe (Lambda

LI-185B quantum sensor) and the humidity probe
were recorded, the probes were placed in one
open top chamber during the summer and in the
greenhouse during the winter season.

The CO, exchange measurements of net pho-
tosynthesis and respiration rates were made in a
closed system using a Li-COR 6200 transport-
able system with a clear plexiglass chamber (vol-
ume 1190 cm?) equipped with a Lambda Li-
185B quantum sensor, thermocouple and humid-
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ity sensors. 2-year-old shoots from the upper
whirl were used. The total area of the shoot was
estimated from the length and width of needles,
needle density and shoot length. After an equili-
bration time, that was found to be three minutes
for photosynthesis and ten minutes for dark res-
piration measurements, six measurements, once
every 5 ppm subsequent drop in the CO, level,
were taken at 1040 seconds intervals.

The fitted light response curves at early and
late season at a given temperature (16-20°C)
were found according to Farquhar and Caem-
merer (1982) and Leverenz (1994). The temper-
atures were close to the measured optimum tem-
peratures at saturation light levels (Skre unpubl.).
All variables were tested by GLM variance anal-
ysis (Goodnight 1976) in order to find signifi-
cant effects and interactions.

Table 1. Variance ratios (F) and significance levels for
needle density (cm™") of shoots from the 1991 age
class (ny), measured Dec. 28, 1992 and June 12,
1993, and shoots from the 1992 age class (n3),
measured June 12, 1993. The plants have been
subjected to different nutrient levels and winter
temperatures. Significant levels are * = p < 0.001;
+ =p <001; ° = p < 0.05. DF = degrees of
freedom. R, = square multiple correlation coeffi-
cient. SS = sum of squares.

Source DF Dec. 28. June 12. June 12.

(n2) (n2) (n3)
Provenance 2 102.5* 54.1*% 10.6*
Nutrient level 1 0.2 3.0 11.6*
Winter temp. 1 0.0 125.4%  72.1*
Prov x nut 2 -1 1.3 1.2
Prov x temp 3 1.2 14.5%  12.0*
Nut X temp 1 1.7 6.1° 9.4+
Prov X nut x temp 2 0.7 0.7 0.6
Block 9 0.7 3.2+ 1.0
Error SS 99 116.2 4223 407.7
Total SS 119 3734 17188 1029.6
R? 0.69 0.75 0.60
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3 Results

The observations on needle density from the first
winter (1992/93) were evaluated by running a
three-way variance analysis on the observed val-
ues before and after the winter season on age
class 1991. In addition a separate test was run on
age class 1992 after the winter season. The re-
sults are presented in Table 1.

The stem base diameter underneath the lowest
side branch (means of two measurements at right
angels) was measured on October 27, 1994 after
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Fig. 2. Stem base diameter (mm) in October 1994 in
fertilized (+N) and non-fertilized plants (-N) from
a German (H5) and a Norwegian (B3) provenance,
grouped according to CO; and winter temperature
treatment, where the symbols are: high CO, (+),
low CO; (-), outside open top chamber (Ctr.).
High (2) and low (1) winter temperature. Means
of 24 observations per treatment and provenance,
with 2 s.e.
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two summers with normal and raised (650 + 50
ppm) CO; level and two winters with normal and
4°C raised winter temperatures on the same plants.
The stem base diameter is ameasure of the accumu-
lated growth during the whole 2-year period. Fig. 2
shows the results, as compared with measurements
on control plants outside the open top chamber.
The needle density measurements of April 1994
presented in Fig. 3 are only shown for plants
grown at normal CO, level, because CO, had
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Fig. 3. Needle density (cm™') in the 1992 (ny) and 1993
(n3) needles measured in April 1994, grouped ac-
cording to provenance, nutrient level and winter
temperature treatment, symbols are: high (T>) and
low (T,) winter temperature. High (+N) and low
(=N) nutrient level. Means of 24 observations per
treatment and provenance, with 2 s.e.

only slight and hardly significant influence on
this growth parameter. The needle densities are
mainly influenced by nutrient levels and winter
temperatures. The density in young 1993 nee-
dles (n3) is influenced by the temperature during
the preceeding 1993/94 winter (Fig. 1b), while
the densities in the 1992 age class (n,) are also
influenced by the extremely mild 1992/1993 win-
ter (Fig. 1a), that caused heavy needle loss the
following spring (Skre 1995).

The length of the apical shoot at May 26, 1994
(Fig. 4) may be used as a measure of budbreak
time. The result is only shown for fertilized Nor-
wegian spruce plants.

The growth of annual shoots usually took place
from May to July, after which there was a period
with only secondary growth in stem and root,
and bud development. In some plants, however,
there was a new short period with apical growth
in late August and early September. This is called
Lammas growth. The length of these “Lammas
shoots” may be used as a measure of the budset
time, or time of growth cessation in shoots. Fig.
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Fig. 4. Length of annual shoots (cm) on May 26, 1994
in fertilized seedlings of the Norwegian provenance
(B3). The plants are grouped according to CO,
and winter temperatures, where the symbols are:
High CO, (+), low CO; (-). outside open top
chamber (Ctr.). High (2) and low (1) winter tem-
peratures. Means of 24 observations per treatment
and provenance, with £2 s.e.
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Table 2. Variance ratios (F) and significant levels for
annual shoot length (cm), measured May 26 (L4;)
and August 3 (Ly), 1994. (L)), length of Lam-
mas growth (AL), and stem base diameter (d),
measured October 27, 1994, in three Norway
spruce provenances, as a function of winter tem-
perature, nutrient level and CO, concentration of
the previous summer. * = p < 0.001; + = p < 0.01;
° = p < 0.05. DF = degrees of freedom. Only
significant interactions are included.

Source DF Ly L4 AL d

Provenance 2 29°  10.0* 7.6* 11.1*
Temperature 1 8.0+ 353* 26.8* 10.8*
Nutrient 1 9.3+ 108.8* 1.0 215.4*
CO; 1 16.6* 9.2+ 19.8* 19.4*
Temp x CO, 1 1.4 3.0+ 27 3.2°
Model 3 22* 42*  3.0* 9.2*

2

2 !
Errorm.s. 7 2.44 6.66 1.46 233
R? 0.233 0.546 0294 0562

5 shows the length of “Lammas shoots” in ferti-
lized plants on August 30, 1994 (control plants
are not shown).

The measurements of apical shoot lengths on
May 26 and August 3 (L4 and Lyy), 1994, the
length of the “Lammas growth” at August 30, 1994
and the stem base diameters October 27, 1994 of
the total plant material were transformed to loga-
rithmic values and subjected to a variance analysis.
The result of this analysis is shown in Table 2.

In the presentation of net photosynthesis meas-
urements in Tables 3—4 only the results from the
fertilized plants are shown, and all three prove-
nances are combined because there was no signif-
icant provenance effect on the photosynthesis val-
ues. The results are therefore based on measure-
ments on net photosynthesis at temperatures close
to optimum values, given in the tables. In Table 3
are shown the estimated maximum net photosyn-
thesis rates in 2-year-old shoots at early (July) and
late season (September) 1994, and the correspond-
ing optimum temperatures and saturation light
levels. At late season measurements were also
made on spruce shoots grown in high CO, concen-
trations, but measured at normal CO, level. In
Table 4 are shown the maximum net photosynthe-
sis rates in dormant shoots January 1994, grown in
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Table 3. Estimated maximum net photosynthetic rates,
Prax (Wmol CO,m~2s71), saturation light intensity
of photosynthesis, Iy (Wmol m™2s7!) and tem-
perature, T (°C) during measurements of light
response in 2-year-old fertilized spruce shoots at
early (July 4-7) and late season (September 2-4)
1994, measured at two different CO; levels (C5).
Optimum temperatures, Topt and light intensity,
(umol m=2 s7') during the measurements of tem-
perature response. Means with 2 s.e. are given
on the P, values. The mean CO, concentration
(ppm), the month before (C;) and during the meas-
urements (Cs), and relative humidities RH (%)
during the measurements are also given.

G C Prax Imax T Top 1 RH

Early season
668 614 45405 500 16.5 22 600 60
355 373 15404 300 19.0 19 450 59

Late season

667 622 2504 700 19.7 19 750
667 372 29+0.4 800 184 18 700
382 367 29405 400 18.8 21 500

o =)
= oW

Table 4. Maximum net photosynthetic rates, Py
(umol CO,m~2s!), saturation light intensity of pho-
tosynthesis, Imax (Lmol m2s~') and optimum tem-
peratures, Top (°C) in daylight with supplemen-
tary light in fertilized 2-year-old spruce shoots at
mid-January 1994 at ambient (T) and 4°C raised
temperatures (T+4). All three provenances are
combined. Seedlings were grown at ambient CO,
concentration. Means with +2 s.e. The mean CO,
levels (ppm), temperatures T (°C), light levels I
(umol m2 s7!) and relative humidities RH (%)
during the measurements are also given.

Tempera- CO; Pmax Imax T Topt I RH
ture treatm.

T 368 0.7+0.2 100 8.8 9.5 140 70
T+4 371 1.1+0.3 120 9.6 9.0 135 61

normal and 4°C raised temperatures.

The saturation light is defined as the light level
corresponding to a photosynthetic rate equal to
90 % of the estimated maximum value.
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Fig. 5. Lammas growth (cm) on August 30, 1994 in
fertilized spruce seedlings of a German (HS) and a
Norwegian (B3) provenance. The plants are
grouped according to CO, and winter tempera-
ture, where the symbols are: high CO; (+), low
CO; (-). High (2) and low (1) winter tempera-
tures. Means of 24 observations per treatment and
provenance, with 2 s.e.

Table 3 indicates a strong positive CO, effect
on photosynthesis in spruce shoots at early sea-
son, while there was a slight negative effect at
late season. In winter the photosynthetic rates
were slightly higher at 4°C raised temperatures
than at normal temperatures (Table 4).

4 Discussion

The nutrient level increased growth and biomass
in both provenances (see Fig. 2). The reason is
probably prolonged secondary growth in fall
(Piimpel et al. 1975, Skre 1988) and partly earli-
er budbreak (Larsen 1976, Murray et al. 1994).
Because of high temperatures during the first
winter, the needles suffered an increased carbon
loss, as demonstrated by decreased C/N ratio
(Skre 1995). At the same time heavy needle
damages were observed in plants from the high
temperature treatment. The damage was strong-
est in fertilized plants (Fig. 3). The damaged
needles developed necrotic spots in March and
eventually fell off. As a result of this needle loss

the annual production during the 1993 season
was lower in fertilized plants grown at high win-
ter temperature than in low temperature (Skre
1995). This growth reduction was still signifi-
cant also in 1994 (Fig. 2, Table 2).

The higher degree of needle loss in plants
grown at high nutrient level than at low level, is
another indication that the damage may be related
to low C/N ratio and high dark respiration rates,
as a result of stronger fertilization and growth
(Skre 1992). Damages on spruce needles during
winter storage in low temperatures above zero
have been reported by e.g. Venn (1980). Sandvik
(1968) found that dark respiration rates during
winter storage of five year old Norway spruce
were about twice as high at +0.5°C than at —2°C,
and that the respiration increased in late April,
probably due to increased metabolic activity (see
also Ritchie 1982). Navratil and Dye (1978) stud-
ied white spruce and black spruce seedlings and
found 12 % dry weight loss after 40-70 days of
winter storage at +2.5-4.0°C, equivalent to about
50 % depletion of food reserves (Venn 1980).

The growth increase due to elevated CO; is
often overestimated because of the CO, acclima-
tion that takes place at the same time (Mortensen
1993). The reason for CO, acclimation may be
attributed to limited pot volume (Kerstiens and
Hawes 1994), substrate limitation (Poorter 1993)
or enzymatic adaptations (Crawford 1989).

After two seasons with different CO, treat-
ment a significant increase due to raised CO,
level was found in the stem base diameter (Table
2), particularly in the German provenance (Fig.
2). This agrees well with the results of Mortensen
(1994a, b) who also found that elevated CO,
levels increased biomass and growth rates in
Picea abies. There was a strong positive CO,
effect on photosynthesis at early season, and a
corresponding negative CO, effect at late season
(Table 3). This down regulation of photosynthe-
sis may be seen by comparing spruce shoots
grown at high or normal CO, concentrations,
measured at normal CO, level, but also by com-
paring shoots grown at high CO,, but measured
at high or normal CO; level. This so-called “CO,
acclimation” may be attributed to sink limitation
(Poorter 1993).

The strong increase in net photosynthesis rates
at normal CO; level during the season is proba-
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bly related to the development of new, photo-
synthetically active needles without any sink lim-
itation as in the CO, treated needles.

In contrast to the extremely warm winter of
1992/93 the following winter 1993/94 was rela-
tively cold, or about 2°C below the first winter
(Fig. 1b). In accordance, needle densities were
only slightly lower on annual shoots (ns) from the
high temperature treatment than in the correspond-
ing shoots from the low temperature treatment
(Fig. 3) in contrast to the 1-year-old needles (n,).

High CO; seemed to induce early growth cessa-
tion as indicated by the significantly lower Lam-
mas growth (Fig. 5). The early budbreak in CO,
treated plants (Fig. 4) was confirmed by the F-
values on the variance ratio (Table 2). This is in
contrast to the results of Murray et al. (1994) in
Picea sitchensis. According to some authors
(Sandvik 1978, Heide 1974), however, plants that
are induced by short days to early growth cessa-
tion would also have a tendency towards earlier
budbreak next spring. The relatively early growth
cessation in CO, treated plants, particularly in the
German provenance (Fig. 5), may be a result of
accumulation of photosynthetic products. Driess-
che (1969) concluded from experiments with
Douglas fir (Pseudotsuga menziesii) that light
promotes hardening (and early growth cessation)
by synthesis of cryoprotective substances.

Early growth termination in spruce (Picea
abies) might result in better bud development
and stronger growth next year (Heide 1974).
This is in good agreement with the present re-
sults (Fig. 2). The increased stem base diameter
in CO, treated plants indicates higher root growth,
since a close connection has been found between
root biomass and stem base diameter (Rutter
1955).

The CO, level also seemed to increase apical
growth, but the affect, as indicated by the F-
values, was not as strong as for the stem base
diameter (Table 2).

Photosynthesis measurements (Table 4) dur-
ing the 1993/94 winter showed that spruce grown
in elevated winter temperatures to a certain de-
gree is able to balance the carbon loss due to
increased respiration rates during dark periods,
when grown at saturating light levels. This is in
accordance with earlier long-term experiments
on spruce seedlings (Hagem 1947). Further ex-
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periments are needed, however, to evaluate the
effect of the predicted 4°C increase in winter
temperatures on the carbon balance on Norway
spruce in West Norway.
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