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ON GEOCLIMATIC VARIATION IN BASIC DENSITY OF SCOTS PINE
WOOD

SEPPO KELLOMAKI

SELOSTE:

ILMASTOTEKIJOIDEN VAIKUTUS MANNYN PUUAINEEN TIHEYTEEN

Saapunut toimitukselle 1978-11-17

The effect of temperature and water supply on the basic density of Scots pine (Pinus sylvestris
L.) wood was studied on the basis of material obtained from the literature. On a monthly basis,
the basic density increased with increasing mean temperature for June, July and August. The
rainfall in these months had no detectable effect on the basic density except through the dif-
ference between rainfall and evaporation in July. On a yearly basis, the basic density increased
with increasing mean temperature, temperature sum and length of growth period. The effect
of water supply on the basic density was evident and a linear relationship between basic density
and annual rainfall was detected. The variation in basic density was, however, explained only
partially by the chosen factors. Possible reasons for the poor explanatory power have been
discussed.

INTRODUCTION

The strength properties of wood products,
as indicated by the basic density, are
determined by the diameter and wall
thickness of the tracheids. Both dimen-
sions change during the growing season
since earlywood is composed of wide thin-
walled cells and the latewood of narrow
thick-walled ones. Van BuUTENEN (1958)
considers the main reason for the variation
in tracheid wall thickness and diameter
to be wvariations in air temperature. In
particular, low night temperatures accel-
erate growth of the tracheid wall thus
indicating that there is a linear relationship
between substrate availability and tra-
cheid growth (cf. also LArson 1964, Ric-
HARDSON 1964). This correlation is supported

by DENNE’s and Swmite’s (1971) results,
which show linear correlation between day
length and growth of tracheid wall and
tracheid diameter (cf. also Gorpox and
LarsoN 1968). In addition, van BUIJTENEN
(1958) has emphasized the role of water
supply in tracheid growth, and demon-
strated the effect of water deficiency on the
formation of thick-walled tracheid cells.
The site quality can also be correlated with
the basic density of the wood of several
tree species (cf. for example HAKKILA 1966,
UusivaarRAa 1974).

The aim of the present paper is to try to
2xplain the geographic variation in the
basic density of pine (Pinus sylvestris L.)
wood by means of environmental factors.
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The main emphasis is set on the role of
temperature, water supply and other cli-
matic factors. The possible effect of nutrient
supply or other comparable factors is
omitted.

The manuscript has been read by prof. Matti
Kérkkdinen, prof. Matti Leikola and prof. Pentti
Hakkila. Their criticism has been valuable and
is acknowledged.

MATERIAL

The results of HAKKILA’s (1968) study
concerning the geographical variation in the
basic density of Scots pine in Finland have
been utilized. Each observation represents
mean of 150 stems. Hence, between-stem
variation in basic density is eliminated
from the variation explained in the present
analysis.

The role of day length and radiation is of
great importance in determining the avail-
ability of photosynthates for tracheid
growth, and their importance is emphasized
in most studies, as discussed above. How-
ever, these factors are not likely to have
any detectable effect on the basic density
owing to the similar pattern of solar radia-
tion in different parts of the country during
the growing season. Therefore the variation
in basic density, as presented by HAKKILA
(1968), should be correlated with temperature
and water supply and related factors, as
argued above (cf. for example van BULITE-
NEN 1958, Saikku 1975).

SAIKKU (1975) has emphasized the effect
of the mean temperature for June through
August on the basic density of Scots pine,
and it has hence been included into the
analysis. However, the temperature sum
(degree days which exceed 5° C) is perhaps
preferable for describing the temperature

climate pattern in which trees grow (cf.
KoLkkr 1966). In addition, the length of
the growing season (number of days which
exceed 5° C) were included into the material
as assumed on the basis of studies carried
out by Mikora (1950). All these factors
emphasize the length of the season available
for tracheid growth (cf. for example
RicuarDsoN 1964), and introduce the
various physiological processes of growth
into the analysis.

The water supply has been described by
means of annual rainfall and rainfall during
June, July and August (cf. HELIMAKI 1967).
In addition, the difference between soil
evaporation and precipitation in July as
described by SoranTiE (1976) and accu-
mulation of snow have been used in the
analysis (cf. HuvoviLa 1970). The latter
factor describes the water resources avail-
able after snow melt, and may correlate
with tracheid growth as demonstrated by
Lepic el al. (1975). On the other hand,
snow accumulation includes information
about the temperature factor. The dif-
ference between soil evaporation and pre-
cipitation in July indicates the amount
of water available for growth during the
active growth period. Also annual rainfall
indicates the available water resoursces.

METHODS AND RESULTS

Effect of temperature

As the first step of the analysis each
environmental variable was correlated with
basic density. This was first carried out
on a monthly basis, i.e. basic density was
correlated with the climatic characteristics
during growing seasons i.e. June, July and
August. In the second phase, annual
regressions were obtained correlating basic
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density with climatic characteristics for
the whole year. Standard statistical meth-
ods were applied in calculating regressions.

There was considerable variation in rela-
tionships based on monthly material and in
each case the correlation coefficients remained
low (cf. Table 1). The correlation with mean
temperature in June, July and August
was 0.521, 0.598 and 0.550, respectively.
All the regressions were statistically signi-
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Table 1. Correlations between basic density and environmental factors.
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ficant (p < 0.001). The wvalues of basic
density culminate when the mean temper-
ature in July exceeded 14—15° C. In June
the culmination took place at 12—13°C
and in August at 13—14° C. The regression
between basic density and mean tempera-
ture for July is presented in Fig. 1.

Also on a yearly basis the variance in
basic density was explained only partly
by the chosen factors. The correlations
between temperature sum, length of growing
season and annual mean temperature were
0.495, 0.520 and 0.603 (cf. Table 1). All the
regressions were statistically significant
(p < 0.001). The values of basic density
culminate when the temperature sum exceeds
1 000 dd, i.e. between the 62 nd and 64 th
latitudes in central Finland, where the length
of the growing season exceeds 150 days.
In terms of annual mean temperature,
culmination takes place when the annual
mean temperature exceeds 2—3°C. The
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Fig. 1. Dependence of basic density on mean
temperature in July.
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regression between basic density and the
annual mean temperature is presented in
Fig. 2.

Effect of water supply

The basic density was first related to
monthly characteristic depicting water sup-
ply, i.e. rainfall in June, July and August
and the difference between rainfall and
evaporation in July. The correlations
between basic density and rainfall in June,
July and August were 0.185, 0.253, 0.127
(cf. Table 1). These regressions were not
statistically significant (p > 0.10) except
for the regression between rainfall in July
and basic density. The basic density was
also poorly but statistically significantly
(p < 0.05) correlated with the difference
between rainfall and evaporation in July.
The correlation coefficient was 0.404. The
values of basic density culminated when
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Fig. 2. Dependence of basic density on annual
mean temperature.
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rainfall and evaporation were in balance as
presented in Fig. 3.

Also on a yearly basis the values of basic
density were poorly explained by charac-
teristics describing water supply (cf. Table 1).
There was no correlation between basic
density and snow accumulation, i.e. corre-
lation between these characteristics was
—0.018 (p > 0.10). The -correlation be-
tween basic density and mean annual
rainfall was 0.553 and was statistically
significant (p < 0.001). The regression be-
tween these characteristics was linear as
can be seen in Fig. 4.

Interaction between temperature and
water supply

The significance of various factors was
studied with the help of stepwise regression
analysis, in which basic density is the
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Fig. 3. Dependence of basic density on difference
between rainfall and evaporation in July.
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Fig. 4. Dependence of basic density on annual
rainfall.

dependent variable and the environmental
characteristics the independent wvariables.
This enables evaluation of the sensitivity
of basic density to different factors and
construction of the model for predictive
purposes. Serveral combinations were pro-
duced in which each entering variable was
statistically significant as indicated by
Student’s test (p < 0.10). The analysis
was carried out separately on a monthly
and an annual basis. The highest explanatory
power was given by the combinations
presented in Table 2.

As expected both mean temperature in
July and the difference between rainfall and
evaporation in July were included in the
monthly model. On an annual basis, the
highest explanatory power was given by the
mean annual temperature and the annual
rainfall both being in logarithmic form.
In the former case the percentage of ex-
plained variance was 46 and in the latter
case 41. When both monthly and annual
characteristics were used as independent
variables, the best result was given by a
model in which mean annual temperature,
annual rainfall and the difference between
rainfall and evaporation in July were
introduced into the model in logarithmic

Table 2. Regression models for interaction between environment and basic density.

Independent variable

Model 1
Log mean temperature in July .......cccoceenennnn.
Difference between rainfall and evaporation in

July

Model 2
Log mean annual temperature .......................
Log annual rainfall v s seesees sewsims sosoam i s soe ot en

Model 3
Log mean annual temperature .......................
Log annual rainfall ......cccocvviiviniiiinininninnnnn...
Difference between rainfall and evaporation in
JUIY s omssvnswmssssms samsions sos s sy simn omn simis snie i st

Regression
Consfant fo'r tl.le coefficient (and R
whole combination its deviation)
—305.4 254.9(35.1) .67
—0. 6(0.1)
177.4 7.1( 1.9) .64
40.9(18.6)
50.1 11.3( 2.2) .70
49.3(17.8)
—0.4( 0.1)
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form, apart from the difference between
rainfall and evaporation. The percentage
of explained variance was in this case 49.

Interpretation of the models in Table 2
is obscurred by the interactions between
the independent factors (cf. Table 1). In
particular, the correlation between mean
temperature and the difference between
evaporation and precipitation in July is
high. Thus temperature seems to have a
strong effect on the basic density through
the latter factor. The correlation between
mean annual temperature and annual rain-
fall is much lower. This fact suggests that
both factors may play independent roles in

determining the values of the basic density
of Scots pine wood as indicated by partial
correlations between basic density and annual
mean temperature and annual rainfall.
In the former case the -correlation was
0.345 when the effect of rainfall on basic
density was eliminated. In the latter
case the correlation was 0.262 when the
effect of temperature on basic density was
eliminated. The partial correlation between
basic density and mean temperature in
July was 0.511, i.e. the independent effect
of the difference between rainfall and
evaporation in July on basic density was
neglible.

DISCUSSION

There is considerable wvariation in the
basic density of Scots pine growing within
Finland (cf. HAKkILA 1968). The variation
may be a result of genetic differentation or
it many merely indicate variability in the
physiological response to varying sets of
environmental factors. According to ELLiOoTT
(1970), the basic density is strongly con-
trolled by genetic factors (cf. also PERssoN
1972). For example, van BUIJTENEN (1958)
has interpreted the geographical variation
in the basic density of pitch pine (Pinus
rigida Mill.) as deriving partly from genetic
differentation. HAaAKkILA (1966) suggests
that genetic factors are of importance in
explaining the variation of the basic density
of Scots pine (cf. also Saikku 1975).

VELLING (1974) has demonstrated the
high heritability of the basic density of
Scots pine. Later, however, she has con-
cluded on the basis of provenance trials
that the genetic differentation may play
only a minor role in the wvariation of the
basic density of Scots pine growing in
Finland, and that there is no clear basic
density grouping according to latitude or
altitude, even though there are significant
differences in basic density between dif-
ferent provenances of Scots pine and
Norway spruce (VELLING 1976). VELLING’S
results suggest that the role of the genotype
is of minor importance compared to the
effect of environment on the basic density.
The results presented by KLem (1965) and
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NyLINDER (1967) suggest that environ-
mental factors may play a dominant role in
the variation of the basic density within a
limited geographical area. For example,
Lepic et al. (1975) attribute the main
part of the geographical variation in the
wood characteristics of pitch pine to envi-
ronmental differences. There is, however,
a need for additional studies concerning
the role of genetic factors in determining
the basic density of Scots pine.

The basic density correlated with all
variables used to describe the temperature
factor. Also Lepbic ef al. (1975) have
emphasized the role of temperature or
related factors in determining the basic
density of pitch pine (Pinus rigida Mill.).
According to Samkku (1975), a change of
one degree in the average temperature for
June through August implies a change of
15 kg m3 in the basic density of Scots pine
as detected also in the present analysis.
The controlling role of temperature factor
was evident up to 900—1 000 dd, where
the basic density of Scots pine culminates.
Especially in northern parts of Finland,
i.e. at low mean temperature values, the
role of temperature is dominating, as
indicated by the smaller deviation com-
pared with the deviation at highest tem-
perature values (cf. ZaviTKovski 1976).
Also MikorA (1950) has demonstrated the
role of temperature in wood formation of
Scots pine, and especially near the tim-

ber line temperature seems to be Ili-
miting factor for growth (cf. also SIREN
1961).

According to HakkiLa (1966), the per-
centage of latewood explains best the
variation in basic density of Scots pine.
Larsox (1964) found that formation of
thick-walled latewood tracheids coincided
with the maximum photosynthetic activity
of new needles when they start to export
photosynthates (cf. also DeENNE and SMITH
1971). According to RicHARDsON (1964),
tracheid wall thickness can be attributed
to the effect of environment on the avail-
ability of photosynthates. Van BUIJTENEN
(1958) has demonstrated that tracheid wall
thickness increases with decreasing tem-
perature in several conifers (cf. also RicHARD-
soN 1964). This process seems to be attri-
buted to the availability of photosynthates
for growth as suggested by the greater
effect of night temperature on wall thick-
ness compared with day temperature
(RicHarpsoN 1964, DeNNE 1971). Culmi-
nation of the basic density of Scots pine at
a specific temperature may be caused by
the depletion of photosynthates in respira-
tion at higher night temperatures in southern
Finland, thus reducing the availability of
substrates for growth (cf. DeENNE 1971,
DENNE and Smita 1971).

The amount of late-wood is also related
to the length of time during which late-
wood is formed and the prevailing temper-
ature, i.e. mean temperature in July and
August (cf. Mikora 1950). According to
LeikoLA (1969), the walls of late-wood cells
with small vacuoles may thicken from the
end of June through the middle of Septem-
ber. As a matter of fact, early- and late-
wood are comparable as regards the trac-
heid diameter but they differ in cell wall
thickness. Therefore the prevailing tem-
perature in late summer seems to be of
importance for late-wood formation and
high values of basic density as demonstrated
also in the present analysis. Also SIREN
(1961) has emphasized the importance of
mean temperature for June through August,
especially the mean temperature in July,
in the formation of Scots pine wood near
the timber line in Scandinavia. According
to Mikora (1950), the period needed for
formation of earlywood is constant, and

the amount of earlywood can not be related
to the prevailing temperature.

The basic density of Scots pine also
correlated with the variables describing
the supply of water, apart from snow
accumulation on a rainfall in June and
August. According to Mrikora (1950), the
water supply originating from accumalated
snow cover is not dependent on the amount
of snow but the weather pattern during
snow melting and succeeding growth period.
Therefore growth is not related to the
amount of accumulated snow. MikoLA
(1950) suggests that only the rainfall
during active growth period is crucial for
growth as indicated by the relationship
between basic density and the difference
betweem rainfall and evaporation in July
and rainfall in June. There was therefore
no detectable correlation between basic
density and accumulation of snow cover
as supposed on the basis of the results of
LEDIG ef al. (1975).

The relationship between basic density
and annual rainfall was linear and it
emphasizes the effect of a sufficient water
supply on the formation of the substrates
needed in tracheid growth (cf. also LEDIG
et al. 1975). The relationship between
density and the difference between rainfall
and evaporation in July also supports this
assumption. The culmination of basic den-
sity when rainfall and evaporation are
balanced suggests that an insufficient water
supply may reduce the protosynthates
available for growth, and may have a con-
siderable effect on the productivity of
Scots pine even in Finnish conditions (cf.
HavrLMAN ef al. 1978). On sandy soils, in
particular, an insufficient water supply is
evident. On the other hand, the water
supply may directly control the growth
rate of conifers as argued by BuecH (1976).
SorLANTIE’s (1974) calculations suggest that
evaporation may frequently exceed rainfall
during the formation of late-wood, and
drought may thus have an influence on the
basic density of Scots pine. According to
SIREN (1961), the role of rainfall near the
timber line is neglible compared with
temperature.

Both temperature and water supply ap-
pear to exert an independent effect on the
values of the basic density of Scots pine.
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Combining these factors, however, yielded
an explanatory power of only 40—50 per
sent of the total wvariation. This result
suggests that there may be other factors,
both external and internal, which have a
greater effect on basic density than those
included in the analysis. For example, the
role of the radiation regime was assumed to
be of the same magnitude in different parts
of Finland during the growing season as
suggested by MikorLa (1950). Carbohy-
drates stored in photosynthesis are, how-
ever, basic for growth, and therefore more
detailed studies are needed to verify the
present hypothesis. Especially, the annual
total photosynthesis seems to determine
the growth level of several conifers and
thus may also have an effect on the basic
density of conifers (cf. Lepiec 1976). For
example, MikorLAa (1950) has paid attention
to the role of annual photosynthesis in
tracheid growth, and he assumes that
photosynthesis during winter may be of
importance (cf. also EwmmiNgaaM and
WariNGg 1977). Mikora (1950) suggests
also that the effect of temperature is partly
explained through an increased level of
photosynthesis during mild winters. It is
noteworthy that basic density in the present
analysis was correlated with annual mean
temperature, which may support the hy-
pothesis suggested by Mikora (1950).
The variation in basic density was only
partially explained by temperature and
water supply. This fact may indicate the
poor explanatory power of pure environ-
mental factors as regards tracheid growth
(cf. for example LEpic ef al. 1975) or
problems concerning the available material
and the study approach. The effect of
environment on growth and basic density is
determined by several physiological pro-
cesses, and it is evident that there are only
a few environmental factors directly effec-
ting tracheid growth and basic density.
For example, GorpoN and Larsonx (1968)
have demonstrated that the onset of thick
walled late wood production and cessation
of leader growth are synchronized. The
onset of needle growth at the same time
obscures, however, the interpretation of
this result, which may be caused either by
the improved supply of photosynthates or
the hormonal control of leader and needle
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growth, as suggested by WAREING el al.
(1964) (cf. also Larson 1964). According
to Eskora’s (1976) results, the structure of
latewood can be correlated with the concept
of maturation suggested by Harr (1972),
which referes to the role of hormonal
control in tracheid growth.

The results obtained by WAREING ef al.
(1964) suggest that the response of tracheid
growth to the environment varies during
the period of active growth and therefore
the changing physiological status of the
lateral meristem should be taken into
consideration. In the boreal zone, the
annual development cycle of forest trees
has been found to be closely correlated with
temperature (SArvas 1972). Thus, tempera-
ture may play a dual role in controlling
tracheid growth, i.e. temperature affects
tracheid growth both directly and through
physiological processes (cf. Harr ef al. 1970,
Harr 1972, Eskora 1976, KANNINEN 1977).
It is suggested that the extent of tracheid
growth is determined by the mutual inde-
pendent effects of the environment on
growth rate and rate of development (cf.
van DoBBEN 1962). Therefore a more dynamic
approach is needed for explaining the basic
processes of tracheid growth which have
an effect on the basic density of Scots pine
(cf. KELLOMAKI 1977).

ZoBeL and McELwee (1958) have also
referred to the role of physiological pro-
cesses through the effect of age on basic
density. In juvenile wood (age 1—10
years) the basic density of Loblolly pine
(Pinus loblolly Mill) increased parallel with
tree age, in mature wood (age 11— )
the basic density had stabilized. HAKKILA
(1966, 1968) and Uusvaara (1974) have
shown that the basic density of Finnish
conifers levels off in mature stands. Basically,
this is due to the change in the ratio be-
tween early and late-wood and may be
derived from the availability of photosyn-
thates for growth.

The material utilized in the present
analysis represents pulp wood which must
fulfil  particular minimum dimensions.
Therefore the material from northern Finland
represents considerably older trees than
the material from southern Finland. Owing
to this, the values of basic density repre-
senting northern Finland are decreased and

values of basic density representing southern
Finland are increased if the basic density
values are reduced to the same age level.
Therefore, the effect of different environ-
mental factors, especially the effect of
temperature, is more pronounced than
presented in the analysis. The material
from southern Finland also includes more
small-dimensioned pulp wood than the
material from northern Finland which has
the same effect on the real values of basic
density as the differences in the age. In
addition, there are other sources of error

which remain uncontrolled in the present
analysis (cf. HAKKILA 1968). On the other
hand, the relating of weather statistics
for 1930 through 1961 with values of basic
density for a longer period can describe
only the basic features of the effect of
weather factors on basic density due to the
levelling off the annual variation in both
factors. Only the analysis carried out on
a yearly basis as regards both basic den-
sity and weather factors can give a more
detailed explanation of the effect of climatic
factors on basic density (cf. SATkkU 1975).
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SELOSTE:
ILMASTOTEKIJOIDEN VAIKUTUS MANNYN PUUAINEEN TIHEYTEEN

Ménnyn (Pinus sylvestris L.) puuaineen tiheyden
riippuvuutta 1dmpé- ja kosteustekijoistd on tut-
kittu kirjallisuudesta saadun aineiston perusteella.
Havaittiin kesd-, heini-, ja elokuun keskilimpotilo-
jen korreloituvan tiheyteen, heinikuun keskildampo-
tilan kuitenkin kaikkein kiinteimmin. Niiden
kuukausien sadannalla ei ollut havaittavaa vai-
kutusta tiheyteen. Sen sijaan heinikuun sadannan
ja haihdunnan ero korreloitui tiheyden kanssa.
Témi vaikutus osoittautui kuitenkin johtuvan
pddasiassa lampétilasta.
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Vuotuisella pohjalla tehty tarkastelu osoitti
vuoden keskilimpétilan, limpdsumman ja kasvu-
kauden pituuden korreloivan minnyn puuaineen
tiheyden kanssa. Myds vuotuinen sadanta korre-
loituu tiheyden kanssa. Seki limpo- ettd kosteuste-
kijan vaikutukset osoittautuivat vuotuisella poh-
jalla tehdyssd analyysissa suhteellisen itseniisiksi.
Yhdessd lampo- ja kosteustekijat selittivit kui-
tenkin suhteellisen vdhin minnyn puuaineen
vaihtelusta niin kuukausi- kuin vuotuispohjalta
tehdyssd analyysissi.
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