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AbstrAct

The paper analyses biometrical and anatomical traits of wood in a leaning stem of pine trees. For study purpose, five 
pine trees (Pinus sylvestris L.) with a visibly leaning stem were chosen. Wood samples were taken at three different 
stem heights, that is, below the stem curvature, at the curvature and above the curvature. Microscopic specimens 
were prepared and used for the following measurements: annual rings width, tracheids diameter and tracheids wall 
thickness. The measurements were performed for wood located on the lower side of the leaning stem and on the op-
posite side. Cytochemical staining was performed to identify the occurrence of laricinan. The results showed trac-
heids with a rounded shape and thick cell walls, helical cavities and intercellular spaces in wood located at curvature 
height on the lower side of the leaning stem. These traits indicate a severe compression wood that allowed pine trees 
to change their stem position in relation to the vector of gravity.
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IntroductIon

Environmental factors are believed to be important in 
the formation of a special type of wood referred to as 
reaction wood (RW) (Pillow and Luxford 1937). RW is 
formed by cambium when the main stem of a tree is dis-
placed in relation to the vector of gravity owing to the 
prevailing wind, slope, snow or tree crown asymmetry 
(Barnett et al. 2014; Du and Yamamoto 2007; Timell 
1986).

In conifers, RW is referred to as compression wood 
(CW) and usually formed on the lower side of an in-
clined stem and branches (Timell 1986). Its formation 
is caused by the increase in cambial activity, which 

in turn results in the occurrence of asymmetrical an-
nual growth rings (the rings on CW side of the stem or 
branch are much wider than those observed in the wood 
on the opposite side).

The anatomy of CW is the same as that of normal 
wood (NW) – it consists, amongst others, of tracheids 
– however, the greatest structural variability between 
CW and NW lies in tracheids of latewood. Latewood 
tracheids in NW are more or less rectangular in cross 
section, whereas those in CW are usually nearly circu-
lar. The result is intercellular spaces at the junction of 
four cells. Cell walls of CW tracheids are thicker than 
those in NW. The primary wall is the same as in NW; 
however, the secondary cell wall in CW lacks the inner-
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most S3 layer and consists of S1 and S2 layers only. The 
S1 layer is thicker, and the S2 layer consists of an outer 
S2(L) region, which is rich in lignin, and an inner S2 
region with helical cavities. Helical cavities affect some 
of the physical properties of the tissue because of the 
presence of a peculiar type of hemicellulose referred to 
as laricinan (Waterkeyn et al. 1982). The swelling of the 
glucan on wetting is believed to generate longitudinal 
stress occurring in CW.

Dark colour in CW is caused by high content of 
lignin and 1,4-β-galactan and proportionately lower 
content of cellulose, mannan and xylan. Moreover, CW 
is characterised by unusually large amount of latewood 
in the wide section of the rings in comparison with the 
narrow section. Another trait of CW, largely seen as 
not widespread, is the occurrence of traumatic vertical 
resin canals (Lee and Eom 1988).

As a result of the above modifications, CW cells may 
enlarge longitudinally and ‘push’ the branch or stem up-
right (Westing 1961, 1965; Timell 1986; Lin and Li 1993).

In general, there are two broad classes of CW: se-
vere CW and mild CW (Yumoto et al. 1983). This clas-
sification is based on the helical cavities development, 
cell wall thickness, cell outline between the S1 and 
S2(L) layers, intercellular spaces and wood colour. The 
round tracheids, the higher level of lignification of the 
S2(L) region of tracheid walls and the presence of well-
developed helical cavities with laricinan are believed 
to be the primary features of severe CW (Yumoto et 
al. 1983). Mild and severe CW are known to blend into 
each other, whereas mild CW refers to NW.

As structure and chemical composition of CW 
differs from NW, the quality of timber is low and pos-
sesses poor mechanical properties. On the basis of the 
knowledge on biology of CW, forest service undertakes 
a lot of efforts to minimise CW detrimental effects.

Scots pine (Pinus sylvestris L.) is the main forest 
species in Poland and grows on more than 60% of forest 
area (Rozkrut 2017). It grows up to 35 m in height and 1 
m stem diameter when mature. It is also one of the most 
commercially important wood species; its timber is im-
portant for both paper and pulp industries and widely 
used for the production of furniture and veneers.

The aim of the study was to examine the wood tak-
en from the inclined stem of pine trees and we set forth 
the following hypothesis: Severe compression wood is 
present in the leaning stem of pine trees.

MAterIAl And Methods

Research material was collected in the summer of 
2013 from fresh coniferous stand of Rajgród Forest 
District (North-Eastern part of Poland). Five pine trees 
(P. sylvestris L.) aged 80–90 years with visibly lean-
ing stems were selected for the study. Discs of wood 
were cut from each tree at three stem heights: below 
the stem curvature, at the curvature and above the cur-
vature. Samples including the full complement of an-
nual growth rings (from the pith to the wood near the 
cambium) were cut along one radial axis of each disc. 
Next, the samples were boiled in a mixture of water, 
glycerol and ethyl alcohol (1:1:1 ratio, v/v) to soften 
the wood and remove air. Longitudinal and transverse 
sections with the thickness of 30 μm were prepared 
using 440E sliding microtome, placed on slides and 
mounted in distilled water. Microscopic observations 
were carried out using an OLYMPUS BX 61 micro-
scope. Microscopic images were taken using a DP 70 
camera and archived with CELL P software. Annual 
wood increment width was measured for all trees at 
each stem height and then averaged for 4-year time 
intervals. On the basis of these data, the wood incre-
ments with the highest asymmetry, that is, with signif-
icantly different width on both sides of the pith, were 
identified. At the curvature height, in annual wood 
increments with the highest asymmetry, three radial 
rows of tracheids were determined. In each randomly 
selected radial row, diameter and cell wall thickness 
were measured for tracheids of both early- and late-
wood. The biometrical parameters of 30 tracheids of 
wood located on the upper side of the stem and 30 tra-
cheids of wood located on the lower side of the stem 
were compared, in the both early- and latewood. Using 
t-test at p < 0.05, the significance of the differences in 
average cell wall thickness and tracheid diameter was 
investigated.

In order to detect the laricinan, cytochemical stain-
ing was performed. The annual wood increment with 
round tracheids was treated with a 0.1% water solution 
of aniline blue for 10 min (Broda 1971). It was then 
observed under the OLYMPUS BX 61 microscope 
equipped with a UV filter. Light fluorescence of S2 cell 
wall region indicates the occurrence of laricinan. Con-
trol staining was also performed for the annual incre-
ment located on the opposite side of the pith.
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results And dIscussIon

Peculiar traits of wood  
at the stem curvature height

On the lower side of the leaning stem, wood in wider 
annual increments (than those on the opposite side) 
was brown, indicating increased lignin content, which 
is one of the traits of CW (Sinnot 1952; Timell 1986). 
Morphometric measurements showed the presence of 
asymmetric rings at this height, that is, with signifi-
cantly larger width (p < 0.05) on the lower side of the 
leaning stem. Over a 20-year period, the average width 
of a ring was 3.86 mm (SD 1.44) on the lower side of the 
stem and 1.04 mm (SD 0.86) on the opposite side. The 
asymmetric radial growth is related to the occurrence 
of CW (Duncker and Spiecker 2008), although it does 
not explicitly indicate its presence (Westing 1961, Riech 
and Ching 1970). Steucek and Kellogg (1972) proved 
that when the stem orientation is changed in relation to 
the vector of gravity owing to stimuli, an asymmetry of 
annual rings width can be observed; however, it is not 
always related to the presence of CW.

In earlywood in the rings formed on the upper side 
of the leaning stem, the average cell wall thickness of 
tracheids was 3.33 µm (SD 0.65), which was significant-
ly thinner than that on the opposite side of the pith, for 
which the average cell wall thickness was 3.78 µm (SD 
0.58). In latewood in the rings formed on the upper side 
of the leaning stem, the average cell wall thickness of 
tracheids was 4.68 µm (SD 2.14) and that on the opposite 
side was 5.42 µm (SD 0.97). Tracheid cell walls on the 
lower side of the leaning stem in latewood were signifi-
cantly thicker than those on its upper side. Significantly 
thicker tracheid cell walls, in particular in latewood, can 
be considered as a characteristic trait of CW (Pillow and 
Luxford 1937; Tulik and Jura-Morawiec 2011). However, 
not the entire annual increment is formed by cells with 
compressive traits, and in conifers, compressive traits 
usually apply to latewood tracheids (Ruelle 2014).

The average diameter of tracheids was 27.29 µm 
(SD 4.71) in earlywood on the upper side of the lean-
ing stem and 26.13 µm (SD 4.41) on the opposite side. 
The difference between the average values was statisti-
cally insignificant. The average diameter of tracheids 
of latewood was 11.53 µm (SD 2.78) on the upper side 
of the leaning stem and was significantly higher (16.33 
µm, SD 2.33) on the opposite side.

Round tracheids of latewood and intercellular 
spaces in wood were observed at the curvature height 
on the lower side of the stem (Fig. 1; for comparison 
with NW, see Fig. 4). The cytochemical staining per-
formed for wood with round latewood tracheids showed 
modifications in the structure of the S2 layer of their 
secondary cell walls, that is, visible autofluorescence of 
lignin in the S2(L) layer and fluorescence of laricinan 
in helical cavities (Fig. 2). It should be noted that larici-
nan does not occur in NW (Zhang et al. 2016; Włoch 
and Hejnowicz 1983). In CW, its content varies from 
2% to 4% (Włoch and Hejnowicz 1983). Moreover, the 
presence of laricinan in helical cavities indicates severe 
CW (Yumoto et al. 1983). Owing to the fact that larici-
nan is characterised by water absorption and swelling, 
it generates longitudinal stress (Fagerstedt et al. 2014; 
Włoch and Hejnowicz 1983). Therefore, we can assume 
that laricinan allows leaning pine stems to correct their 
position in relation to the vector of gravity.

Figure 1. Cross section of wood from the lower side of 
the leaning stem. Visible round-shaped tracheids and 
intercellular spaces (as indicated by arrows).

The analysis of the longitudinal sections of wood 
from the lower side of leaning pines showed bent tips 
of tracheids (Fig. 3). Bamber (2001) stipulates that 
tracheids with bent tips may show higher mechanical 
strength in comparison with those observed in NW.

In the subsequent years, after the period of the 
highest asymmetry of annual rings, no significant dif-
ferences in the annual growth width were observed on 
either side of the pith. The tracheids were rectangular, 
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arranged in regular radial rows and did not show traits 
of the compression tracheids.

A

B

Figure 2. Cross section of wood from the lower side of the 
leaning stem: A – autofluorescence of lignin in an outer 
S2(L) region of the tracheid cell walls is indicated by arrows; 
B – Fluorescence of laricinan in an inner S2 region of the 
secondary cell walls is indicated by arrows

Traits of wood above  
and below the stem curvature

In the stem of one of the pine trees, the rings of wood 
below and above the curvature showed asymmetry in 
the period when CW was formed at the stem curvature 
height, that is, the annual growth was significantly wid-
er on the upper side of the leaning stem. Thus it can 
be assumed that these asymmetrical increments were 
formed to stabilise the stem, as indicated by Alméras 
and Fournier (2009).

Figure 4. Cross section of normal wood. Visible regular 
rows of rectangular-shaped tracheids, no intercellular spaces

A structural analysis of wood on both sides of the 
pith showed traits characteristic of NW, that is, rec-
tangular, adjacent tracheids (Fig. 4). No laricinan was 
found in the S2 layer of the secondary cell wall.

conclusIons

1. Tracheids with a round shape and thick cell walls, 
helical cavities and intercellular spaces have been 
found in the wider rings located on the lower side of 
the leaning stem at curvature height.

2. As the severe CW has only been observed at curva-
ture height, it may be assumed that the correlation 
between degree of stem lean and severe CW forma-

Figure 3. Radial section of compression wood. Visible 
deformed tracheid tips (as indicated by square)
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tion exists. However, this idea requires confirmation 
with experimental studies. Knowledge of such corre-
lation allows to use different parts of the stem for the 
production of different products of wood industries.
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