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SUMMARY
Annual height increments are a very important characteristic of Scots pine. They have a
direct effect on the determination of the dendrometric properties of a stand, such as
volume increment. In the present study the data concern height increments of the
main shoot in selected age classes of trees (age 72 to 92 years). A relationship is

determined between the values of the increments and meteorological conditions
such as temperature, precipitation and sunshine. On the basis of lasso
regression analysis, precipitation in the year preceding the incremental season
was shown to have the greatest effect on height increments of Scots pine.
Key words: height increments, lasso regression, precipitation, Scots pine (Pinus
sylvestris L.), sunshine, temperature.

1. Introduction
The annual height increment of trees is regarded as a major dendrometric
characteristic, since it has a direct influence on the accuracy of determination of
tree and stand volume increments. Knowledge of this increment is essential for
methods used to determine stand productivity (Bruchwald, 1973). It is a
variable characteristic and depends on several factors (Kaźmierczak, 2004,
2005, Najgrakowski, 1998). The most important of these factors include the tree
species, its age, social class of the tree’s position in the stand, and soil, climatic
and meteorological conditions. Direct evaluation of height increments in
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standing trees is quite difficult, and sometimes impossible. The general
regularity of the growing process is independent of the tree species. Differences
are connected with the magnitude and length of natural phases. In the first years
of tree life, i.e. the youth or juvenile phase, the increment in height is not large.
The next period is called the height season strength phase or the vigor phase. In
this period trees exhibit their largest annual height increments, and the
culmination point occurs – the year with the greatest height increment. The
duration of this period depends mainly on the tree species and climatic
conditions. After several years of such increments there comes the senile phase
– a period of stabilized increments, much smaller or occasionally identical to
those of the second phase (Beker, 1998).
In Poland the vegetation period of Scots pine extends from May to
September. After the vegetation season the increments lignify, and their length
does not change in the next seasons. As mentioned above, the length of the
annual shoots depends on the weather during growth (in the vegetation year) as
well as in the previous year. In the period of July–September of the preceding
year buds are formed and reserve substances are accumulated, which in large
part will be used for the height increment in the next year (Assmann, 1968).
Scots pine grows in areas in which temperatures range from –60ºC to +40ºC. In
Poland, pines tolerate annual precipitation ranging from 200 to 1000 mm, as has
been shown by Jasnowska (1977) and Wilczyński (1999). The species belongs
to the northern tree type (boreal-arctic northern) and the mountain tree type.
The present work considers the relationship between weather conditions and
the height increments of Scots pine. Three age groups are analyzed: 72, 84 and
92 years, all within the senile phase of growth. The height increments of the
analyzed trees are not so great, but depend on weather conditions to a greater
extent than those of younger trees. The height increments depend not only on
the weather in the incremental season, but also on the weather at the time of the
formation of buds. In this study, quarterly averages are used. To determine
which of the aspects of weather conditions (temperature, precipitation and
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sunshine) and which period (quarter) of the year have the greatest impact on the
analyzed characteristic, the lasso regression method was used.
2. Data
The analyzed Scots pine stands are located in the Zielonka Experimental Forest
District. They grow in fresh mixed coniferous forests. The sample trees were
selected following the methodology developed by Draudt (Grochowski, 1973).
There were 25 trees selected separately from three age classes. For each
selected tree, the length of current annual increments was measured (based on
branch whorls). The height increments were measured over a ten-year
vegetation period (from 1989 to 1998). Consequently the experimental material
contained ten years of measurements of 75 Scots pine stems. Attention is
focused here on the old trees, aged 72, 84 and 92 years, because the height
increments of these trees (being in the senile phase) are not so great, but they
depend on the weather conditions. The weather data were obtained at the
Meteorological Station in Zielonka. Temperature was measured at a height of 2
m. Temperature is given in degrees Celsius, precipitation in millimeters, and
sunshine in hours. In previous work (for example Kazimierczak and Zawieja,,
2011) the influence of monthly meteorological conditions on height increments
has been considered. The present work considers the impact of quarters of the
year on height increments. The quarterly averages of all factors are used, the
periods considered being the third and fourth quarters of the year preceding the
vegetation season, and the first, second and third quarters of the year of the
vegetation season. Quarterly averages of the three above-mentioned weather
factors are plotted in Figure 1, where the maximum and minimum for each
quarter are also marked.
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Figure 1. Mean, maximum and minimum values for temperature, sunshine
and total precipitation per quarter prior to the vegetation season (IIIp, IVp)
and during the vegetation season (Ia, IIa, IIIa)
3. Method
The relationship between height increments and various weather factors
(temperature, precipitation, sunshine) is most frequently determined using
correlation coefficients (for example Cedro, 2001), but it is more correct to use
the regression method for this purpose. In the case where the number of
explanatory variables is large and they are close to collinearity, bridge
regression should be used.
Let y  Xβ  ε , where y is an n -dimensional vector of random responses,

X an n  p design matrix, β a p -dimensional vector of parameters, and ε
an n -dimensional vector of i.i.d. random errors. In this model the unbiased
estimator β is given by β  (X' X)1 X' y , which was obtained using the
ordinary least squares method RSS  (y  Xβ)' (y  Xβ) . If the covariance
matrix is close to singular by collinearity of explanatory variables, then
k

RSS minimization is performed with the constraint   j  t , where
k  0,1,2,... , t  0 , and then the biased estimator is obtained by minimizing the
k
expression min( RSS    j  j ) , where    (t )  0 is a function t . If
β
k  1 , this is called lasso regression; if k  2 , it is called ridge regression. The
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bridge estimator takes the form βbr  [X' X  21kdiag(|  j |k 2 )]1 X' y . Let
b br be the estimator of β br from a sample. In practice the series of values of

b br are detected using different values of the parameter  (  [0;1] ), and 
is then chosen such that β br stabilizes.
For the data considered here, the matrix X' X is close to singular.
Therefore the relationship between weather conditions and increments of Scots
pine was detected using the lasso regression method with the Schwarz Bayesian
information criterion as a method for the choice of exploratory variables.
4. Results

In earlier studies concerning dependencies between tree increments,
temperature and precipitation (Kaźmierczak and Zawieja, 2011) these
relationships have frequently been found to be quadratic rather than linear. Thus
regression equations were formulated taking into consideration all investigated
factors to the first and second powers (with all quarterly mean temperatures,
precipitation and sunshine considered). As a result, as many as 30 factors
(independent variables) were investigated jointly in each age class, and so it was
necessary to use bridge regression. Independent variables were selected
applying the lasso method; hence in the choose and stop steps of the sequential
procedure the BIC criterion was used. The following equations were obtained:
for 72-year trees:

y72  23.0759  0.0602oIIIp  0.2394oIVp

BIC  1022.82

for 84-year trees:
2
y84  18.1823  0.0032oIIIp  0.0032oIVp

BIC  965.25

for 92-year trees:
2
y92  11.1550  0.0587oIIIp  0.0024oIVp

BIC  852.62

where oIIIp and oIVp denote the total precipitation in the third and fourth quarters
of the year preceding the vegetation season.
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For all of the investigated age classes, the factor representing precipitation
in the third and fourth quarters of the year preceding the vegetation year was
selected. Thus it may be concluded that among the weather factors, the greatest
effect on annual increments of height in trees aged more than 60 years (the first
measurement was made on 62-year–old trees) is observed to come from
precipitation in the months from July to December in the year preceding those
increments. Precipitation in the third quarter has a positive effect on increments
in the following year, while abundant precipitation in the months from October
to December has a negative effect on those increments.
5. Discussion
There are no significant references in the literature to the impact of weather
conditions on the annual height increment. Previous research has mainly related
to the impact of weather features on the radial increment. Many scientists have
dealt with the effect of atmospheric conditions on the increment in the diameter
of trees (radial growth). Zienkiewicz (1946) and Ermich (1953) were the first to
undertake such studies in Poland. Later the influence of climatic conditions on
radial growth of trees growing in peat soils was described by Jasnowska (1977)
and Zielski (1996). Cedro (2001) conducted similar investigations covering the
period 1949–1998 in north-western Poland. In a study by Cedro (2001) the
author investigated the effect of temperature and precipitation on increments in
the diameter of Scots pine. She found that a high temperature in September had
a negative effect on those increments. It was also reported that the variation
(ranges) of temperature throughout the year had an effect on the increments. In
a paper by Kaźmierczak and Zawieja (2008) a significant correlation between
height increments and diameter increments was shown.
A strong relationship between mean temperature in June and August in the
preceding year and the length of the apical shoot in 20-year-old pines was
shown by Junttila and Heide (1981). Michalak (1977) investigated the pattern of
diurnal height increments in a three-year period depending on variable
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meteorological conditions in the vegetation season in pine, fir, spruce, larch,
oak and beech. In a paper by Zielski (1996) a significant correlation between
temperature and diameter increments of pine in February and March was
established. The results obtained by Feliksik (1988) for pine trees from forest
areas in Dąbrowa Tarnowska are similar, namely that increments in the width of
the wood were strongly dependent on temperature (from January to March).
Oleksyn et al. (1993) concluded that there is a significant relationship between
radial growth and winter temperatures. The formation of wide annual rings is
favored by warm, short winters and wet, warm summers, while frosty, long
winters and dry, hot summers cause a reduction in increments, as reported by
Wilczyński (2004).
Dependences of increments on weather conditions were analyzed by
Kaźmierczak and Zawieja (2011) for one age group (24-year) of pine stands,
taking account of the mean annual temperature and precipitation in the
vegetation period. The insolation factor is rarely considered in the literature.
One of the few papers concerning the effect of insolation on increments in
the tree ring width of Alnus japonica is that of Haraguchi et al. (1999). A
significant positive correlation was found between tree ring width indices and
corresponding annual mean temperatures, and with both mean temperature and
cumulative sunshine time during the growing season (June-–October).
Precipitation during the period with generally the lowest redox potential
(September) showed a significant positive correlation with tree growth. June
sunshine in the ring formation year and August sunshine during the previous
growth year also showed significant positive correlations. Wilczyński and
Podlaski (2007) considered the same problem in relation to cucumbertree and
black alder.
A tree ring width chronology of Mongolian pine (Pinus sylvestris var.
mongolica) in China was developed by Shi et al. (2012). The relationships
between ring width and climatic factors were evaluated using correlation and
response function analyses. Radial growth of Mongolian pine on sandy soils
was negatively correlated with the average monthly temperature and monthly
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maximum temperature, with significant negative correlations in April and in the
growing season (June–September). Tree ring width was significantly positively
correlated with monthly precipitation during May–August. The growth of
Mongolian pine in the Hulunbuir Sand Land is limited by both temperature and
precipitation, but the influence of temperature on tree ring growth is less than
the influence of precipitation. The relationship between radial growth and
climate factors can be described as precipitation-sensitive.
6. Conclusions
Significant correlations between precipitation values and height increments in
Scots pine have been shown, and the particular effect of one of the weather
factors in the year preceding the vegetation season has been demonstrated. In
the paper by Kaźmierczak and Zawieja (2011) the relationships were considered
separately for dependence between temperature and height increments and
between precipitation and height increments, and in that case too the greatest
influence on those increments was found to come from the weather conditions
in the year preceding the vegetation season. In the present study the two factors
were considered jointly, and the precipitation values for the third and fourth
quarters of the year preceding the vegetation season were shown to be more
influential.
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