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Model computations on the management of Scots pine (Pinus sylvestris) at the
seedling stage showed that a rising temperature due to the suggested climate
change could increase the competition capacity of birch species (Betula pendula)
more than that of Scots pine, whose growth could even decline during the
course of a rise in temperature. A temperature rise could, thus, bring the time of
removal of birches forward when aiming at Scots pine timber in stands com-
posed of these tree species. The increasing proportion of birches makes the
removal of birches even more urgent and emphasizes the need for careful
management of Scots pine stands under rising temperatures. The first thinning
of Scots pine is generally brought forward; this is particularly the case when
wide spacing is applied in planting. A further rise in temperature magnifies the
above patterns by reducing further the competitive capacity of Scots pine in
relation to birches.

Simulointiin perustuvat laskelmat osoittivat, ettd ilmaston limpidminen voi
Eteld-Suomessa lisdtd rauduskoivun kasvua enemmén kuin ménnyn kasvua.
Minnyn kasvattaminen muuttuvissa ilmasto-oloissa saattaakin osoittautua ny-
kyistdkin vaativammaksi tehtédviksi. Samalla kun taimikon perkaaminen siirtyi
aikaisemmaksi, tarvittiin useampia perkauksia viahentdmaan koivujen kilpailua.
My6s mannyntaimikoiden ensiharvennus aikaistui, erityisesti pienid (< 2000
runkoa/ha) alkutiheyksid kéytettdessd. Ilmaston ldampidminen edelleen ndyttdd
voimistavan nditéd kehityspiirteitd, silld koivun kilpailukyky suhteessa mantyyn
kasvoi edelleen.
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1 Introduction

The geographical distribution of forests relates
closely to the global distribution pattern of tem-
perature and precipitation (Aber and Melillo
1990, p. 16-18). Therefore the suggested change
in the global climate could have a major effect
on the survival and growth of trees and the
consequent functioning and structure of the for-
est ecosystem. This could be particularly true in
Scandinavia, where temperature does limit, to a
great extent, the regeneration and growth of
forest trees (Mikola 1962, Henttonen et al. 1986).
Therefore, the suggested increase of 2—4 °C in
the annual mean temperature could thoroughly
change the competitive ability of the different
tree species and the consequent growth and de-
velopment of forest communities (Climate
change... 1990).

In boreal conditions, the response of the for-
est community seems to be that of an increase
of deciduous and decline of coniferous species,
if forest managers do not respond by adopting
appropriate actions to support the survival and
growth of coniferous species (Kellomiki et al.
1988). In particular, the management of young
growth (i.e. seedling stands) is crucial if the
purpose is to produce coniferous timber on sites
habitable by coniferous and deciduous species.
Mielikdinen (1980, 1985), for example, has dem-
onstrated that the amount and quality of conif-
erous timber from mixed stands composed of
birch species and Scots pine is closely related to

the tree species composition in seedling stands
and in later phases of stand development.

Stand density, and thus clearings and even
precommercial thinnings at the seedling phase,
has a substantial effect on the later development
of tree stands and the subsequent management
regime needed to produce coniferous timber.
The timing of the first thinning, for example, is
closely related to the spacing and the growth
rate of the trees. Therefore, one can expect that
under a rising temperature the point in time of
the first thinning could be earlier than under the
current temperature conditions. The first thin-
ning, for example, is needed later in northern
than in southern Finland; this allows one to
relate the thinning patterns to the temperature
gradient between southern and northern Finland
in other respects, too.

This study aims at recognizing how the cli-
matic change in terms of rising temperature could
effect on the management of Scots pine (Pinus
sylvestris) stands at the seedling stage. In partic-
ular, the need for and the timing of removal of
birches (Betula pendula) from mixed stands com-
posed of Scots pine and birches and the timing
of the first thinning with the aim of maintaining
Scots pine in the tree stand are studied. The
study is based on a computer model capable of
simulating the competition process in a stand of
varying tree species composition.

2 Computations

2.1 Outlines of the model

The response of tree species to the prevailing
conditions in the stand (temperature and precip-
itation, supply of light and nitrogen) is quanti-
fied by applying the model developed by Kel-
lomiki et al. (1992). The model development
was based the model by Pastor and Post (1985,
1986). This model is of the gap-type one with
light, temperature and nitrogen and soil water as
factors controlling the successional dynamics of
forest ecosystem. The model simulates growth
and succession in the forest community by ap-
plying the time scales of the life cycle of indi-
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vidual trees, and of community maturation as
determined by the regeneration, growth and
death of trees in close connection with the cy-
cling of carbon and nitrogen. The model simu-
lates the growth of single trees on an area of 100
m?. For further details of the gap-type models,
see Shugart (1984).

The growth of stem wood and the other com-
partments of the tree structure (foliage, branch-
es, roots) in the present model are based on the
diameter growth, which is converted into the
growth of the biomass components of a tree
with the help of the allometric relations bet-
ween the stem diameter (1.3 m above the soil
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Table 1. Functions and explanations for the growth multiplier.

Multiplier for light (Y,)

Y, =Al-(1-exp(A2 - (AL - A3))),

where AL = exp(-SL/SLEAFA), AL is the relative light [0...1], SL is the amount of foliage passed by light [kg/
ha], SLEAFA is a parameter [ha/kg] and A1, A2 and A3 are parameters [dimensionless].

Multiplier for temperature (Y+)

Yr =4 (Dmax - X) - (X — Dmin)/(Dmax — Dmin)?,

Dmin is the minimum value of the temperature sum [d.d., threshold 5 °C], Dmax the maximum value of the

temperature sum [d.d.] making it possible for a particular tree species to survive and X is the temperature sum
[d.d.].

Multiplier for soil water (Yy,)

Yw=((D3 - TGS - Fj)/(D3 - TGS)"5

TGS is the total length of the growing season in days, D, the maximum proportion of the growing season from
the total length of the growing season for a species to be able to tolerate soil moisture below the wilting point
(DRY), Fj percentage of number of dry days from the total number days of the growing season.

Multiplier for soil nitrogen (Yy)

x = (N4 + N5 - CONN)/1.7,

where CONN = N1 - (1 — [QN2-(-170+4000- (AVAILN) +N3)) ‘N4 [%] and N5 [dimensionless] are parameters and CONN
is the nitrogen concentration of leaves and needles [% of dry weight] given as a function of the available
nitrogen (ammonium and nitrate, kg/ha). In addition, N1 [dimensionless], N2 [ha/kg] and N3 [kg/ha] are
parameters and AVAILN the amount of nitrogen available for growth [kg/ha].

level) and the mass of stem, foliage, branches
and roots. Diameter growth is coupled to the
properties of the environment with the help of
theequation Y=Y, Y, Y1 Yw- Yy, where Y
is the diameter growth [cm], Y, is the potential
diameter growth [cm], Y; is the multiplier for

Table 2. Values of some of the main parameters used
in calculating growth and its coupling with se-
lected environmental factors for the different tree
species. For the explanation of the parameters,
see Table 1 and text.

the light, Y is the multiplier for the tempera-  Parameter Pine Birch
ture, Yy the multiplier for the water supply and
Yy is the multiplier for the supply of nitrogen. D, dd. 500 700
All the multipliers are scaled within the range Do d.d. 2500 4330
from zero to one [0...1] (Tables 1 and 2). 3 X) 0.4 0.25
The survival of established trees (height > 1.3 AGMX  a 400 130
. o . Al X) 0.99 0.99
m) is expressed as the probability of death, which A2 X) 51 2380
is a function of diameter growth during the two A3 X) 0.0286 0.036
previous years and the maximum age of the tree SLEAFA ha/kg 15500 11700
species. If diameter growth exceeds 0.01 cm/a G a’! 0.3674 0.8215
(the specified minimum growth for each tree =~ DGRO  cm —0.1261 —0.1782
species), the probability of death C = 4.605/ gm Zv e 2%-79‘5‘2 255933
AGMX, where AGMX is the maximum age of & ; ¥
. . . CM3 kg/ha 0.0204 0.00199
a tree species [a]. This age-dependent mortality g X) —0.984 ~1.0
depends on whether the random number for  CM5 %! 1.14 1.18

each tree > 4.605/AGMX. This gives a tree the
probability of 1 % of reaching maximum age. If

x) Dimensionless
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diameter growth is less than 0.01 cm/a, the proba-
bility of death is 0.37. If the age of a tree is
equal to the maximum age, then such a tree will
die. In addition, if the January minimum tem-
perature drops below the minimum temperature
specified for a particular tree species, the sur-
vival of a tree of that species will be determined
as in the case of below-minimum growth.

The model is of the Monte Carlo-type, i.e.
certain events, such as birth and death of trees
are stochastic events. Consequently, each time
when such an event is possible, the algorithm
selects whether or not the event will be realized
by comparing a random number with the proba-
bility of the occurrence of an event. Each run of
a Monte Carlo code is one realization of all
possible time courses of the forest ecosystem.
Therefore, the simulation of the succession of
the forest ecosystem must be repeated several
times to determine the central tendency or vari-
ation of the behaviour of the forest ecosystem.
For further details of the model, see Kellomiki
et al. (1992).

2.2 Temperature conditions

The scenarios of the climate are based on the
assumption that the global mean temperature
will be 2—4 °C higher if the concentration of
atmospheric carbon dioxide (2xCQO,) will dou-
ble (Kettunen et al. 1987). This is expected to
occur by the year 2040-2050 if the increase in
the carbon dioxide concentration of the atmos-
phere continues at the current rate. These ex-
pectations are still uncertain with variability in
the suggested rate of the rise in temperature.
Therefore, different rates of temperature rise
were applied in calculations; i.e. annual mean
temperature 4.4 °C higher in 50, 75 or 100
years, mean temperature rise rate of 0.08
(Temp50), 0.06 (Temp75) and 0.04 (Temp100)
°C/a. The outputs of these scenarios were com-
pared to the output for the current climate, which
represents the period 1960-1980 at Tampere
Airport (61°28 N, 24°44' E, 92 m above sea
level). The monthly precipitation values applied
in the calculation were these representing the
mean values for the above period with a mean
annual precipitation of 600 mm/a.

The patterns of annual temperature and pre-
cipitation are entered into the model in terms of
monthly means and standard deviation on the
site assuming that the above increase in the
annual mean temperature will occur in a linear
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Table 3. The current temperature for different months
at Tampere Airport and the assumed increase of
mean temperature assumed to take place during
the simulations at different sites.

Month Current temperature, °C Temperature increase, °C
January -1.8 6.2
February -8.1 5.7
March —4.0 5.1
April 2.0 4.4
May 9.2 33
June 14.7 2.1
July 16.1 1.6
August 14.6 2.1
September 9.5 32
October 4.5 43
November 04 5.2
December -5.3 5.9

manner during the simulation period and be
allocated to each month as given in Table 3. The
temperature pattern for the each month is a
random temperature (RT(k)) normally distrib-
uted around the mean temperature (T(k)) of the
month k, i.e. RT(k) = T(k) + VT(k) - Z, where
VT is the standard deviation and Z a normally
distributed random number [-1, 1]. The stand-
ard deviation of the monthly mean temperatures
is assumed to be the same as for the current
climate. The computation of precipitation fol-
lowed the above pattern, but future precipita-
tion was assumed to be the same as the current
one.

2.3 Site conditions and experimental design

The computations were divided into two cases;
i.e. that concerning management (necessity for
and timing of the removal of birches from a
Scots pine stand) of mixed stands composed of
Scots pine and birches and that concerning the
timing of the first thinning of pure Scots pine
stands. In both cases, the computations were
directed at a forest site of the Myrtillus type.
The soil texture was assumed to store water in
the top 30 cm layer at 5.5 cm at the wilting point
and at 12.4 cm when at field capacity. In the
beginning of the simulation, the amount of litter
and humus mass on and in the soil was 62 t/ha.
Nitrogen deposition was assumed to be 10 kg/
ha/a on the site throughout of the simulation.
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i Density of stand
Tree species 7 Conditions for
composition establishment: 0,
25, 50, 75, 100 %
temperature rise
prior to
establishment
Pure stands
Mixed stands
<«
Conditions for Management:
growth: 0.0, 0.04, clearing,
0.06, 0.08 °C/a thinning
temperature rise
Output: timing and number of clearings,
timing of first thinning

Fig. 1. Experimental design.

The computations represent in both cases two
different conditions for management (Fig. 1).
Firstly, the seedling stand is assumed to be es-
tablished in climatic conditions with no temper-
ature rise, the temperature rise starting just after
the establishment at the rates indicated above.
Secondly, the seedling stand is assumed to be
established in climatic conditions with a partial
or complete rise in temperature as regards the
temperature for 2xCO, prior to stand establish-
ment (timing of planting). The temperature con-
ditions at the time of establishment represent 25
% (Heat25), 50 % (Heat50), 75 % (Heat75) and
100 % (Heat100) of rise from the total tempera-
ture rise for CO,. Thereafter, the temperature is
assumed to elevate further at the rate indicated
above.

In the case of mixed stands composed of Scots
pine and birches the total density of the seedling
stand at the onset of each scenario was 4000
stems/ha, which was allocated to Scots pine and
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birches in such a way, that the percentage of the
birches was 25, 50 or 75 from the total stand
density. The initial diameter for Scots pine and
birches was one centimeter at 1.3 m above the
ground level in each scenario, trees being as-
sumed to be distributed randomly in the stand.
In addition, birches was allowed to regenerate
naturally in order to study need of further re-
moval of birches. In the case of the first thin-
ning the initial stand was a pure Scots pine
stand with the density 1500, 2500 and 4000
stems/ha. The output of each scenario repre-
sents the mean values of ren separate model
runs.

2.4 Output of the computations
In the computation dealing with management,

birches were removed from the stand whenever
the accumulation of the biomass of Scots pine
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was smaller than that of birches with the subse-
quent suppression of Scots pines by birches.
This procedure gave the timing for the removal
of birches and indicated the need to tend the
stand in relation to rising temperature, timing of
planting and initial tree species composition. In

the thinning computation, Scots pine stands were
allowed to grow until natural mortality of trees
was triggered due to decreasing availability of
resources. This procedure gave the timing for
the first thinning in relation to rising tempera-
ture, initial density and timing of planting.

3 Results

3.1 Growth and development of unmanaged
seedling stands

The tree species composition had a substantial
effect on the growth and development of mixed
stands composed of Scots pine and Pendula birch
already under the current temperature condi-
tions. The role of birches was most pronounced
in the initial stand with a higher proportion of
birches (i.e. 1000 pines and 3000 birches per
hectare), but Scots pine survived throughout the
simulation period (up to 20 years) even then. In
the initial stand with a lower proportion of birch-
es, the role of birch was not pronounced in the
early stage of succession, but it was able to
coexist with Scots pine in the same stand. Un-
der the current temperature, the total growing
stock at the end of the simulation period was not
much affected by the tree species composition;
i.e. the decrease in the growing stock of one
species was compensated by an increase in the
growing stock of another species and vice ver-
sa. However, in the tree species composition of
1000 pines and 3000 birches per hectare the
stocking was about 60 t/ha, which is about 10 to
20 t/ha less than in the other combinations of
pines and birches (Fig. 2).

When a rising temperature was assumed, the
role of the higher proportion of birches (3000
birches and 1000 pines per hectare) became
more pronounced with a clear reduction in the
growth of Scots pine. Furthermore, the total
stocking of the stand at the age of 20 years
increased along with the increasing temperature
rise rate; i.e. about 75, 80 and 85 t/ha for tem-
perature rise rates of 0.04, 0.06 and 0.08 °C/a.
This was not the case in the lower proportion of
birch (3000 pines and 1000 birches per hectare),
where the stocking (85-90 t/ha) was not related
to the temperature rise rate; i.e. Scots pine was
fairly capable of competing with birch whenev-
er the proportion of Scots pine was substantially
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larger than that of birch from the very beginning
of succession. Under a rising temperature, the
total stocking of the stand remained nearly the
same as that under the current temperature when-
ever pine was the dominant species in the initial
stand. In the higher proportion of birches, the
rise in temperature was not utilized as efficient-
ly as under the current climate with the decreas-
ing stocking of the stand. This was particularly
the case with a temperature rise rate of 0.04 °C/
a when stocking at the end of the simulation
period was about 15 t/ha more than the 60 t/ha
achieved under the current temperature for the
same tree species composition (Fig. 3).

3.2 Removal of birches from stands estab-
lished under current temperature

Under the current climate, birch was not able to
suppress Scots pine if the proportion of birch
was 25 %. Consequently, the first removal of
birch from the stand was not necessary whereas
it was necessary in the cases where the propor-
tion of birches was 50 % and 75 %. In the
former case, birches would need to be removed
32 years after the onset of the simulation, other-
wise birch would suppress Scots pine to an ex-
cess. In the latter case, birches would have to be
removed three years after the onset of the simu-
lation. The removal of birch was to be repeated
if the proportion of birch was 75 %; i.e. about
six years after the first removal. As expected,
the increasing proportion of birch in a Scots
pine stand seems, thus, to make the removal of
birch necessary earlier in the succession as one
can expect (Fig. 4).

Even under rising temperatures and birch pro-
portion of 25 %, it was not necessary to remove
the birches in order to avoid suppression of
Scots pine. With birch proportions of 50 % and
75 %, however, suppression of Scots pine was
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Fig. 2. Growth and development of seedling stands assuming varying initial tree
species composition under current temperature conditions.

quite evident. The timing of the removal was
affected by the rate of temperature rise.

— A 50 % proportion of birch required removal to
take place 17 years after since the onset of simu-
lation at temperature rise rate of 0.04 °C/a, and
13 years after the onset of simulation at tempera-
ture rise rate of 0.08 °C/a.

= A 75 % proportion of birch required removal to
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take place three years after the onset of simula-
tion at all rates of temperature rise.

A repeated removal of birches was also neces-
sary under a rising temperature; i.e. the second
removal five years after the establishment of the
stand with a 75 % birch proportion at any tem-
perature rise rate (Fig. 5).
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Fig. 3. Growth and development of seedling stands assuming varying tree
species composition (3000 pines and 1000 birches per hectare, 1000 pines
and 3000 birches per hectare) under rising temperatures (rise rates of 0.04
°C/a (Temp100), 0.06 °C/a (Temp75), 0.08 °C/a (TempS0)).

3.3 Removal of birches from stands estab-
lished under risen temperature condi-
tions

The above conclusions are also supported by
simulations that were started assuming the tem-
perature rise to be partially or fully completed
before planting. The findings of these computa-
tions are indicated by the cases where the tem-
perature after the establishment rises at the rates
of 0.04 and 0.08 °C/a. Furthermore, the results
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are compared to the results representing no pri-
or temperature rise. In principle, the latter re-
sults are similar to those above, but they deviate
from them due to the Monte Carlo-type simula-
tion applied in the calculations. In the case of
temperature rise at the rate of 0.04 °Cla after
planting the following results were obtained (Fig.
6).

— No temperature rise prior to planting: removal
of birch was not required in the case of birch
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rig. 4. Timing of the removal of birches as a function

of the rate of temperature rise and the proportion
of birches. A: first removal, B: second removal.
Legend: Current = No temperature rise, Temp100
= Temperature rise takes place in 100 years (rise
rate of 0.04 °C/a). Temp75 = Temperature rise
takes place in 75 years (rise rate of 0.06 °C/a).
Temp50 = Temperature rise takes place in 50
years (rise rate of 0.08 °C/a).

proportion of 25 % but it took place in year 17 in
the case of birch proportion of 50 % and in year 3
for birch proportion of 75 %.

— Temperature rise of 25 % prior to planting: re-
moval of birch was not required in the case of
birch proportion of 25 % but it took place in year
7 in the case of birch proportion of 50 % and in
year 2 for birch proportion of 75 %.

—  Temperature rise of 50 % prior to planting: re-
moval of birch was required in year 32 in the case
of birch proportion of 25 %, in year 5 for birch
proportion of 50 % and in year 2 for birch pro-
portion of 75 %.

—  Temperature rise of 75 % prior to planting: re-
moval of birch was required in year 7 in the case
of birch proportion of 25 %, in year 4 for birch
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Fig. 5. Timing of the first removal of birches as a
function of the share of birches and temperature
condition at the establishment of the stand. A: the
temperature rise rate 0.04 °C/a after planting. B:
the temperature rise rate 0.08 °C/a after planting.
Legend: Heat0 = no prior temperature to rise,
Heat25 = 25 % prior temperature rise, Temp50 =
50 % prior temperature rise, Temp75 = 75 %
prior temperature rise and Templ100 = 100 %
prior temperature rise prior to planting.

proportion of 50 % and in year 2 for birch pro-
portion of 75 %.

— Temperature rise of 100 % prior to planting:
removal of birches was required in year 5 in the
case of birch proportion of 25 %, in year 3 for
birch proportion of 50 % and in year 2 for birch
proportion of 75 %.

In general, the above results hold also for the
temperature rise rate of 0.08 °Cla after plant-
ing, but the time for the removal is brought
forward regardless of the birch proportion in the
stand. This is particularly true for the stand with
a birch proportion of 25 %, in which case the
birches will be removed nearly 10 years earlier
than in the case of the temperature rise rate of
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Temperature rise rate of 0.04 °C/a. B: Temperature rise rate of 0.08 °C/a.
Legend: HeatO = No prior temperature rise, Heat25 = 25 % prior temperature
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Fig. 7. Timing of the first thinning of Scots pine stand as a function of stand
density and temperature rise rate. Legend: Current = No temperature rise,
Temp100 = Temperature rise takes place in 100 years (rise rate of 0.04 °C/a).
Temp75 = Temperature rise takes place in 75 years (rise rate of 0.06 °C/a).
Temp50 = Temperature rise takes place in 50 years (rise rate of 0.08 °C/a).
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0.08 °C/a. In conclusion, the tree species com-
position, temperature rise rate and the prevail-
ing temperature conditions affect the need for
and timing of the removal of birches from Scots
pine stands, if the latter species is to form the
final crop.

3.4 Timing of first thinning in stand estab-
lished under current temperature

Under the current temperature conditions, the
first thinning takes place about 52, 40 and 40
years after planting for stand densities of 1500,
2500 and 4000 stems/ha. A rising temperature
brings the time of thinning slightly forward; i.e.
at temperature rise rates of 0.04, 0.06 and 0.08
°C/a, thinning was required at the ages of 48, 50
and 42 for a density of 1500 stems/ha. The
corresponding values for a density of 2500 stems/
ha were the ages of about 38, 37 and 36 years,
and for a density of 4000 stems/ha the ages
were 37, 36 and 35 years after the onset of the
simulation, the first thinning being slightly ear-
lier. In conclusion, the temperature rise could
bring the first thinning forward, especially when
applying wide spacing in planting. This applied
also to the stands with higher initial density. In
the case of closely-spaced stands, the change
was smaller than in the case of wide spacing
(Fig. 7).

3.5 Timing of first thinning in stand estab-
lished under risen temperature

The above conclusions are also supported by
the simulations where the temperature rise was
assumed to have occurred prior to planting.
These computations represent temperature rise
rates of 0.04 and 0.08 °C/a after planting as in
the case of the pure seedling stands. Further-
more, the results are compared to the results
representing no prior temperature rise. Again,
the latter results are, in principle, similar to
those above, but they deviate from them due to
the Monte Carlo-type simulation applied in the
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calculations. In the case of temperature rise at
the rate of 0.04 °Cla after planting the follow-
ing results were obtained (Fig. 8).

— No temperature rise prior to planting: first thin-
ning occurred in year 48 with a density of 1500
stems/ha, in year 37 with a density of 2500 stems/
ha and in year 36 with a density of 4000 stems/
ha.

— Temperature rise of 25 % prior to planting: first
thinning occurred in year 43 with a density of
1500 stems/ha, in year 34 with a density of 2500
stems/ha and in year 33 with a density of 4000
stems/ha.

— Temperature rise of 50 % prior to planting: first
thinning occurred in year 46 with a density of
1500 stems/ha, in year 33 with a density of 2500
stems/ha and in year 32 with a density of 4000
stems/ha.

— Temperature rise of 75 % prior to planting: first
thinning occurred in year 45 with a density of
1500 stems/ha, in year 35 with a density of 2500
stems/ha and in year 34 with a density of 4000
stems/ha.

— Temperature rise of 100 % prior to planting: first
thinning occurred in year 51 with a density of
1500 stems/ha, in year 39 with a density of 2500
stems/ha and in year 35 with a density 4000
stems/ha.

In general, the above results hold also for the
temperature rise rate of 0.08 °Cla after plant-
ing, but the first thinning will be delayed in the
case of the 75 % rise in temperature prior the
planting. This is particularly true for the stand
density of 1500 stems/ha. This delay indicates
that the temperature conditions in this case, too,
are becoming suboptimal for Scots pine as they
were with the rise rate of 0.04 °C/a when as-
suming a rise of 100 % prior to the establish-
ment of the stand. In conclusion, the stand den-
sity, temperature rise rate and the prevailing
temperature conditions affect the timing of the
first thinning. In particular, the widely-spaced
stands appeared to be particularly sensitive to
the effects of rising temperatures.
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Fig. 8. Timing of the first thinning of Scots pine stand as func-
tion of stand density and the temperature conditions at the
planting. A: the temperature rise rate 0.04 °C/a after plant-
ing. B: the temperature rise rate 0.08 °C/a after planting.
Legend: HeatO = No prior temperature rise, Heat25 = 25 %
prior temperature rise, Heat50 = 50 % prior temperature rise,
Heat75 =75 % prior temperature rise and Heat100 = 100 %
prior temperature rise prior to planting.

4 Discussion and conclusions

The present calculations concern the growth
of young Scots pines and birches occupying the
same site, and the subsequent need to remove
birches when aiming at Scots pine as the final
crop in the management of the stand. The calcu-
lations exclude the effects of any external fac-
tors (other than temperature rise) on the course
of stand development, but they include the ef-
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fects of the tree species composition on the
competition between the tree species and the
consequent growth and structure of the seedling
stand. Therefore, the output of these calcula-
tions will indicate the changes taking place in
the dynamics of the tree community as derived
from the interaction between the biological prop-
erties of tree species and the changing climate
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Fig. 9. Relative diameter growth of Scots pine and
Pendula birch as a function of temperature sum.

and the subsequent management needs. The
model applied in the calculation is thoroughly
discussed elsewhere (Kellomiki et al. 1992),
and it is not treated here.

The computations show that a rising tempera-
ture could favour birch more than Scots pine
(see also Kelloméki et al. 1988). A change in
the competitive capacity of birch and Scots pine
as aresponse to a rising temperature is expected
on the basis of the response of these tree species
to the temperature conditions, since the optimal
conditions-for Scots pine presuppose 1500 d.d.
and for birch 2600 d.d. (Fig. 9). This indicates
that a rising temperature will favour the tree
species in the order Scots pine and birch. Simi-
larly, the maximal temperature sum applied in
the case of Scots pine is 2500 d.d. for birch
4330 d.d. with a subsequent loss of competi-
tiveness by Scots pine when the prevailing tem-
perature sum exceeded the value of 2500 d.d.
The distributional limits of Scots pine and Pen-
dula birch in terms of temperature sum are esti-
mated from the current literature (Kienast 1987,
Kellomiki and Viisdanen 1991, Prentice and
Helmisaari 1991, Nikolov and Helmisaari 1992).

The growth and development of Scots pine
and birch in a mixed stand is also determined by
the shade tolerance of these species. At the val-
ue of 1800 d.d., for example, Scots pine is still
stronger as a competitor than birch even below
the value of 50 % for the available light from
that above canopy. At values greater than 1900
d.d., birch under full light will outcompete Scots
pines also having access to full light. At values
greater than 2000 d.d., the competitive capacity
of birches with access to 50 % of the full light
will be greater than that of Scots pines with
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access to full light. The response of Scots pine
and birch to a rising temperature and availabili-
ty to light are thus clearly differentiated with a
consequent increase of the competition power
of birch and decrease competitive of capacity of
Scots pine if the suggested climatic change takes
place.

The need to remove birch from a tree stand
was obvious even under the current climate if
the proportion of birch increased. However, the
need to remove birches from Scots pine stands
became more urgent if temperature was assumed
to rise. This was particularly obvious if the tem-
perature rise was assumed to take place in 50
years. Several removals were needed to grow
Scots pine through the seedling phase of the
stand development with higher proportions of
birches in the initial stand. In other words, seed-
ling stands established prior to the onset of tem-
perature rise, but growing under a rising tem-
perature, may need more tending if the produc-
tion of a final crop of Scots pines is aimed at on
sites habitable for both Scots pines and birches.

The overall response of the seedling stand is,
however, much influenced by the tree species
composition; i.e. the greater the share of a par-
ticular tree species was, the more capable the
species was of maintaining its position in the
tree stand. This was obvious even under a rapid
rise in temperature allowing Scots pine to occu-
py a tree stand in the temperature conditions
favouring the growth of birch. This was also
recognizable in the computations where the tem-
peratures at planting were higher than the cur-
rent one.

Under a rising temperature, the timing of the
first thinning in pure stands was earlier in the
closely-spaced stands than in the widely-spaced
stands; this was to be expected on the basis of
the studies under the current temperature condi-
tions. However, a rising temperature made the
first thinning slightly earlier, especially in the
case of wide initial spacing. This, too, was to be
expected, since the availability of light and ni-
trogen do not limit growth in widely-spaced
stands as much as they do in closely-spaced
stand, the temperature rise thus being more ef-
fective in the former case than in the latter case.
This was also recognizable in the computations
when the temperatures at planting were higher
than the current one. Thus, the timing of the
first thinning is also affected by the prevailing
temperature conditions and the rate of change in
the temperature conditions as well as by the
stand density.
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The scenario of the future needs of tending of
seedling stands and the timing of the first thin-
ning yielded by the model computations is still
a tentative one, since the future development of
the temperature conditions is susceptible to sub-
stantial uncertainty. In addition, the results of
the present computations cannot be compared
to findings of any empirical results, since com-
petition between different tree species in rela-
tion to the temperature and the subsequent man-
agement needs and timing of the first thinning
were not studied. The model output is, however,
well in the line with the general observation that
the competitive capacity of birches diminishes

towards the north; i.e. along with decreasing
temperature and subsequent decrease in man-
agement needs in terms of timing and number
of the removals of birches from Scots pine stands
on sites habitable by both species. Similarly, the
results on the timing of the first thinning are in
line with the earlier findings, which indicate
that increasing planting density and growth rate
will bring the first thinning forward. This holds
for both factors separately, and both tendencies
will interact resulting in first thinning that comes
earlier than expected on the basis of the single
factors.
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