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Introduction
Trees are able to develop special tissue, so-called reaction wood, in order to counteract
mechanical stress caused by e.g. wind, unstable slope or snow load (Pillow & Luxford 1937, Timell
1986, Plomion et al. 2001). If tension and/or compression affect the tree, tension wood forms in
angiosperms and compression wood (CW) in gymnosperms. CW forms on the lower side of
inclined stems, mostly the side opposite to mechanical pressure (Timell 1986, Plomion et al. 2001),
and its presence usually involves eccentric radial growth (e.g. Westing 1965, Plomion et al. 2001,
Wistuba et al. 2013). The main role of CW is to push the leaning tree upwards to its vertical
position (Scurfield 1973, Wilson & Archer 1977, Timell 1986, Zobel & van Buijtenen 1989, Plomion
et al. 2001). Compression wood can vary in intensity and position within the tree rings and it can
constitute the entire ring, whole or part of the latewood or some portion of the earlywood (Yumoto
et al. 1983, Singh & Donaldson 1999). Typical severe compression wood is characterized by
rounded and short tracheids, intercellular spaces, absence of a S3 layer, presence of helical
cavities in the S2 layer and enhanced lignification (Pillow & Luxford 1937, Timell 1986, Ruelle
2014). In mild CW features such as cell wall thickness and circularity of cells are reduced
compared to the severe CW (Yumoto at al. 1983, Donaldson et al. 1999, Singh & Donaldson 1999,
Donaldson et al. 2004). Moreover, the color of the mild CW category is less intense than the
severe form of CW (Timell 1986).
The occurrence of compression wood is widely used in dendrogeomorphological studies to
reconstruct the frequency and intensity of mass movements such as debris flows (Gärtner & Stoffel
2002), landslides (Saez et al. 2012), avalanches (Corona et al. 2012), or floods (Ruiz-Villanueva et
al. 2010). In dendroclimatology, however, CW rather constitutes an obstacle (Schweingruber
2007), and samples containing severe, clearly visible CW are usually excluded from
measurements of tree-ring width, wood density or stable isotope ratios. In fact it is often difficult to
avoid the presence of any, even mild compression wood, particularly because many samples for
dendroclimatological studies often originate from trees grown at mountainous slope sites. Standard
sampling strategies recommend the sampling of tree cores on those positions of the stem
perpendicular to the slope. In theory this routine should prevent collecting samples affected by
compression wood, but still mild compression wood could easily pass the examination and be
included in the analyses.
There is a lack of systematic investigations on the influence of compression wood on the climatic
signal in any tree-ring parameters traditionally used in dendroclimatology. From our knowledge
only Luckman & Kearney (1986) and Luckman & Gray (1990) investigated the influence of
compression wood on tree-ring parameters, however, with a focus on oxygen isotope ratios (δ18O).
Luckman & Kearney (1986) reported that the climatic signal in δ18O series of the CW radii of their
study trees is as strong as in δ18O series of the side opposite to CW. However, tree rings
containing CW had about 1.0‰ – 1.4‰ higher δ18O values than normal wood. Luckman & Grey
(1990), however, claimed that compression wood could mask the climate signal in tree-ring δ18O.
Although the results of both studies are innovatory, they also show certain limitations, such as lack
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of reference samples, only one tree was used for the analysis, and limited representativeness of
the climate data.
The overall aim of our study is to test if and how the presence of compression wood does affect the
strength of the climatic signal in tree-ring width, blue reflectance, and stable carbon and oxygen
isotope ratios (δ18O and δ13C) in tree rings of Norway spruce. Since data processing and analysis
is still underway, we here present first results from the tree-ring width (TRW) related part of the
study only.
Study area
Our study was conducted in the Kościeliska Valley (49°15’N 19°52’E) in the Western Tatra
Mountains, Western Carpathians, Poland (Figure 1). The sampling site is located in the lower part
of the Kościeliska Valley, built of sedimentary rocks, mainly limestone and dolomite (BacMoszaszwili et al. 1979). The sampling site is situated at around 1000 m a.s.l. on a slope with
western exposition and 15° inclination. Forests in this region are dominated by Norway spruce
(Picea abies L. Karst). Soils are mainly represented by haplic cambisols and brown regosols
(Skiba 2002).
The climate of the Tatra Mts. is influenced by polar marine (65%) and polar continental (25%) air
masses (Niedźwiedź et al. 2015) and local topography. The annual precipitation amount ranges
from 1100 mm at the foothills (Zakopane, 844 m a.s.l.) to 1889 mm on the summit Kasprowy
Wierch (1991 m a.s.l.). At an elevation of around 1000 m a.s.l. (Dolina Chochołowska) the annual
precipitation reaches 1200 mm (Niedźwiedź 1992). The precipitation maximum is concentrated in
summer (June-August). The mean annual temperature (1931-1960) at the elevation of the study
site is about 3.6°C. Minimum and maximum temperatures are -32.1°C and 30°C, respectively. July
and August are the warmest months with temperatures of 14.8°C and 13.8°C, respectively.

Figure 1: Location of the meteorological station Zakopane (black dot in a) and the study site (square in b).

Material and methods
Our wood material originates from trees that were uprooted in December 2013 during a severe
storm with wind speed up to 180 km/h. Discs from 12 Norway spruce trunks with obvious CW and
eccentric growth were collected with a chainsaw. The main cause of compression wood formation
in these trees was most probably slow mass movement (creeping) of the regolith. The sampled
trees were around 100 years old and the collected discs were free of rot and visible growth
disturbances such as scars or traumatic resin ducts.
All discs were sanded with abrasive paper (60 and 800 grid) and scanned with high image
resolution (1200 DPI). For each of the twelve discs one radius with the strongest compression
wood (downslope side of the trunks) was selected based on macroscopic features (red-brown color
on wood surface, thickness of the latewood) (Fig. 2). Three additional radii were taken, one from
the opposite side of CW and two perpendicular to the CW radius (Fig. 2).
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Figure 2: Sampling design (a): perpendicular radii (A and B), opposite wood radius (C), compression wood
radius (D); micro section with 40цm resolution showing the characteristic intercellular spaces (arrow) and
rounded cells (b); and three examples of compression wood occurrence of different intensity (i = very mild, ii
= mild, iii = strong) (c). All pictures are from Norway spruce trees of this study.

TRW was measured on the images with the CooRecorder 8.0 software (Larsson 2013). The quality
and synchronicity of the measurements were tested based on visual (CDendro) and statistical
(Cofecha software, Holmes 1983) analyses.
Raw and 60-year spline detrended (Arstan program version 44h3; Cook 1985) chronologies were
built for: i) CW radii (‘chronology CW’), ii) the radii on the opposite site of CW (‘chronology
opposite’), iii) two radii perpendicular to CW (‘chronology perpendicular’), and iv) all 4 radii
(‘chronology all’). Inter-series correlation (Rbar) (Cook & Kairiukstis 1990) and Expressed
Population Signal (EPS) (Wigley et al. 1984, Briffa & Jones 1990) were computed in 30-year
moving windows with 15 years lag to assess the internal coherence of tree-ring series and
reliability of the chronologies.
The eccentricity indices (Iex) were calculated from raw TRW data of the down- and upslope sides
of each single tree (Schweingruber 1996) (Fig. 3) as follows:

1ex =

ring-width downslope
ring-width upslope

The same formula was applied to calculate the quotient of two perpendicular radii. The eccentricity
index can help to identify the timing and strength of growth changes generally related to
compression wood.
For the analysis of climate/growth relationships, monthly data of mean air temperature and monthly
precipitation sums were used from the nearest meteorological station Zakopane (860 m a.s.l.) (Fig.
1) located 7.8 km distance to the study site. For the quantification of the strength of the climatic
signal Pearson’s correlation coefficients were calculated between climatic data and each of the
four detrended chronologies over the 1920-2000 period.
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Results and Discussion
Although TRWs of the compression wood radii are usually wider than those of the opposite side,
time series from all radii exhibit similar high-frequency variation (Fig. 3). This is confirmed by the
fact that r-values for the cross-correlations between individual radii are highly significant for each
tree (p<0.01). In comparison the offsets between the two perpendicular radii are much smaller and
both long-term trends and high-frequency variations are similar (Fig. 3).
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Figure 3: Raw TRW data for 12 trees and 4 radii, and eccentricity indices (Iex). Black solid line = CW, black
dotted line = opposite, grey solid line and grey dotted line = two perpendicular. The tables present the
correlation coefficients between all individual radii for each tree: two perpendicular radii (A and B), opposite
wood radius (C), and compression wood radius (D). Areas in the lower panels indicate the Iex for CW and
opposite side (light grey) and two perpendicular radii (dark grey). Light grey areas covering both panels
indicate the occurrence of CW.
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The onset and the duration of compression wood vary from tree to tree (Fig. 3). Only in four of
twelve investigated trees compression wood started in the same years (1981, 1993, 2002). The
number of tree rings with CW differs also between trees. In six trees the duration of compression
wood occurrence is extended to 40 years while the average duration equals 10 years. The
macroscopically identified anatomical features of the compression wood change from rings fully
constituted by CW through only the latewood cells showing the characteristics of CW to the intraannual wood density fluctuations within earlywood.
The periods of mild compression wood presence are not fully synchronized with the periods of high
eccentricity index values (Fig. 3). The comparison between CW and opposite radii revealed that in
67% of the studied trees the occurrence of compression wood coincides with the eccentricity of the
tree rings.
All studied trees revealed generally wider rings at the downslope side of the trunk rather than at the
opposite side but with several exceptions. These exceptions concern the first years of juvenile
wood (15 years) with only mild CW, when the pattern of growth is similar between CW and the
opposite radii for 67% of our studied trees. Moreover, in 1980 50% of our trees produced a very
narrow ring with almost identical width at both sides of the stem. None of the trees exhibited the
occurrence of compression wood in this year. The very narrow ring in 1980 can be related to
unfavorable climatic conditions, i.e. low temperatures at the beginning of the growing season
hampering the start of cambial activity and photosynthesis. The mean temperatures in May and
June in 1980 were by 3.4°C and 1°C, respectively, lower than the long-term mean for the same
months with respect to 1901-2000 (Zakopane).
Taking the raw measurements of all 12 trees into account, the maximum values of TRW of CW
radii range from 1.95 to 8.65 mm and the narrowest from 0.23 to 1.23 mm, whereas the mean
value varies between 0.82-3.38 mm. For the upslope radii, the widest, mean and narrowest rings
are in a range of 1.67-5.92 mm, 0.52-2.22 mm and 0-0.84 mm, respectively. Furthermore, at the
upslope radius of tree number 3, five missing rings were detected. For both perpendicular radii the
maximum, minimum and mean values are in a range between 1.57-6.5, 0.06-0.98, and 0.53-2.39
mm, respectively.
In general in all raw chronologies the high and low frequency patterns are similar (Fig. 4). Although
the values of the raw CW chronology are higher than for the others, the ring width values in the
period 1917-1933 and in 1980 (both discussed previously) are almost identical for all chronologies.
The similarities between four chronologies increase when detrended values are compared. The
detailed parameters of established chronologies are presented in table 1.
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Figure 4: The 4 raw (a) and 4 60-year spline detrended (b) chronologies, cut at a replication <5 trees. Dark
grey solid line = CW, light grey dotted line = opposite radii, dark grey dotted line = two perpendicular radii,
and light grey solid line = four radii.
Table 1: Characteristics of the four 60-year spline detrended (STD) and raw chronologies (RAW). EPS
(expressed population signal) and Rbar (inter-series correlation) calculated for both chronologies and MSL
(mean segment length, in years), MGR (mean growth rate, mm/year) for the raw chronology.

Chronology

No. of
series

Length

MSL

MGR

CW
Opposite
Perpendicular
All

12
12
24
48

1920-2012
1920-2012
1920-2012
1920-2012

94
94
94
94

2.23
1.44
1.68
1.74

Rbar

EPS

RAW

STD

RAW

STD

0.38
0.41
0.49
0.47

0.35
0.34
0.40
0.40

0.84
0.85
0.92
0.96

0.86
0.84
0.92
0.96

All four standard chronologies correlate positively and significant (p<0.01) with temperature
whereas no significant correlation with precipitation was found at all (Fig. 5). Ring development at
our site seems to register a temperature signal over the full growing season from April to
September, indicated by the highest correlation to this period of all chronologies. A temperature
signal in Norway spruce from the same elevation has also been reported from other parts of the
Tatra Mountains (Savva et al. 2006, Büntgen et al. 2007, Czajka & Kaczka 2011) although in all of
these studies the signal was more restricted to June-July. Several reasons could account for this,
including differences in local site conditions, in replication of the chronologies, or, most
interestingly, a potential alteration of the climatic signal in compression wood (see below).
As expected, the strength of the temperature signal varies depending on which radii are
considered. Contrary to our presumptions the signal contained in the CW chronology for the entire
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growing season is not weakened, but is even strongest (r=0.46), and clearly exceeds the signal
strength in the chronology of the two perpendicular radii (r=0.34), representing those normally used
in dendroclimatology. Although the perpendicular chronology is built with 24 radii (2 radii per tree)
and therefore exhibits higher EPS and Rbar, the climatic signal is still weaker than in the CW
chronology.
However there is an important difference on a monthly basis. Whereas the perpendicular
chronology shows the strongest (although not significant) correlation to temperature in September,
the CW chronology shows a significant correlation to April temperature. The weakest (although still
significant) signal contains the chronology of the radii opposite to CW (upslope radii). Similarly high
correlation values for temperature and CW have been reported by Esper et al. (2008) for Pinus
cembra L. of different age in the Swiss Engadin in the central European Alps.
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Figure 5: Pearson’s correlation coefficients calculated between the four standard chronologies and
temperature (dark grey) and precipitation (light grey) from previous June to October of the current year, and
different combinations of months.

The studied tree rings in the CW radii are generally wider than those at the opposite side of the
trees, because of the greater number of cells as well as thicker cell walls. The production of wider
tree rings formed at the compressed side of the stem requires more resources, i.e. carbohydrates
(Timell 1986). As a consequence, less carbon is fixed at the opposite side (Timell 1986), resulting
in narrower rings. Although there is still little known about the mechanistic processes of CW
xylogenesis, it is assumed that the cambium acts at a faster rate and the period of xylogenesis is
longer (Palombo 2013). It was shown with Pinus mugo above the timberline of the Central
Apennines/Italy that differentiation and lignification of CW cells lasted around two weeks longer
(10%) than at the opposite side (Palombo 2013). Although the latter process does not influence the
ring width, it is important in terms of cell wall thickness, which is one of the key characteristics of
compression wood. We could expect similar differences in xylogenesis of CW cells and xylem cells
at the opposite side of the stem in Norway spruce. Therefore, the longer period of tree-ring
formation might integrate the climatic conditions over more months during the growing season with
increased importance of spring (April) and autumn (September) temperatures.
Conclusions
Our findings tend to question the common assumption that climatic signals in TRW chronologies
might be weakened by the presence of compression wood. Although we here present preliminary
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results only, they could already be of high relevance for future sampling strategies for
dendroclimatological studies. Taking tree cores from the CW part of the stem normally strictly
excluded from any sampling, could rather improve than weaken the strength of the climatic signal
for the entire growing season in TRW. Collecting samples from the perpendicular side of the stem
does not ensure that the climate/growth relationship is maximized, and samples taken at the
opposite side of CW seem to contain the weakest climatic information. The preliminary results
suggest not diminishing but rather altering such signal (from June-July to April-September
temperatures). However, the difference revealed for the monthly correlation indicates a different
physiological effect. Potentially compression wood needs more favorable conditions at the
beginning of the growing season than the other structures to build up dense xylem. For sure this
needs to be tested with more strongly replicated data sets, for samples including severe
compression wood, and other tree species and sites, which are rather sensitive to drought than to
temperature. Moreover, we still need to better verify our hypothesis, that the presence of
compression wood leads to a climatic signal integrated over a longer period during the growth
season compared to non-compression wood. We are, however, already convinced that in cases
where one would need to switch for some reasons from the perpendicular side to another side of
the stem during sampling, the downslope part should be preferred compared to the upslope part.
Follow-up work is already on-going to test, how far our results also hold for other tree-ring
parameters such as Blue Reflectance and stable isotope ratios. Moreover we will test the
robustness of our results with higher replicated data sets.
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