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Abstract. We analyzed inter-annual variations in ring width and maximum 
wood density of Norway spruce (Picea abies (L.) Karst.) at different altitudes 
in Baden-Württemberg, southwestern Germany, to determine the climate re-
sponse of these parameters under contrasting climate conditions. In addition, 
we compared maximum, average and minimum wood density between sites. 
Bootstrapped correlation coefficients of ring width and maximum wood den-
sity with monthly temperature and precipitation, revealed a different climate 
sensitivity of both parameters. Ring width showed strong correlations with 
climate variables in the previous year and in the first half of the growing 
season. Further, a negative relationship with summer temperature was ob-
served at the low-altitude sites. Maximum wood density correlated best with 
temperature during the growing season, whereby strongest correlations were 
found between September temperature and maximum wood density at the 
high-altitude sites. Observed differences in maximum, average and minimum 
wood density are suggested to relate to the local climate; with lower temper-
ature and higher water availability having a negative effect on wood density.  
Keywords tree rings, climate−growth relationships, altitude, densitometry. 
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Introduction

Norway spruce (Picea abies (L.) Karst.) is the 
most abundant coniferous tree species in the 
state of Baden-Württemberg, southwestern 
Germany, occupying an area of 483.236 hec-

tares (36.5% of forestland) (BMELV 2008). 
The species is found under warm and dry cli-
mate conditions in lowlands (~400 m a.s.l.), as 
well as under more cool and humid conditions 
close to the timberline (~1400 m a.s.l.). How-
ever, without human intervention, the share of 
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spruce would be small and restricted to high-
mountainous areas only (>1100 m a.s.l.) (Volk 
1969, Schlenker & Müller 1978). 
 Predicted changes in climate, with high-
er temperature and more frequent summer 
droughts (Beniston 2004, Meehl & Tebaldi 
2004, Schär et al. 2004), might negatively af-
fect tree growth and vitality of spruce. Espe-
cially trees growing at sites prone to drought, 
i.e., at low altitudes, and at sites outside the 
natural distribution area of the species are like-
ly to be susceptible. As climate change may 
have considerably large ecological and eco-
nomical impacts, e.g., in Baden-Württemberg, 
a close analysis of the effects of past changes 
in climate on the growth of spruce is needed, 
to increase our understanding on possible im-
pacts of future changes in climate. 
 In dendroclimatological analyses, inter-an-
nual variations in ring width are most com-
monly studied (e.g., Mäkinen et al. 2002, 
Lebourgeois 2007). However, maximum wood 
density was demonstrated to provide additional 
information on climate−growth relationships 
for a variety of tree species (e.g., Hughes et al. 
1984, Schweingruber et al. 1993). Ring width 
and maximum wood density contain a differ-
ent climate signal, with ring width being more 
sensitive to climate conditions in the fi rst part 
of the growing season, and maximum wood 
density to climate conditions in late summer 
(Bouriaud et al. 2005, Skomarkova et al. 2006). 
The strong correlations between maximum 
latewood density and late summer temperature 
have often been applied for temperature recon-
structions (e.g., Briffa et al. 1988, Jacoby & 
D’Arrigo 1989, Briffa et al. 2002, Wilson & 
Luckman 2003).
 Also for spruce, strong correlations between 
latewood density and summer conditions 
were observed that might relate to increasing 
drought stress towards the end of the grow-
ing season (Bouriaud et al. 2005, Jyske et al. 
2010). The intensity of water stress affects the 
diameter of simultaneously formed tracheids; 
under dry conditions, the tracheids will have 

small conduits and thicker walls (e.g., Von 
Wilpert 1991), thereby increasing wood den-
sity. In southwestern Germany, for example, 
wood density is suggested to differ between 
sites with different water availability in a study 
by Park & Spiecker (2005). They observed 
thicker cell walls and smaller radial cell diam-
eters in Norway spruce trees on a warm and 
dry site compared to trees at a cool and humid 
site.
 A majority of studies analyzing climate sen-
sitivity of both ring width and wood density 
was conducted at extreme sites, e.g., in alpine 
environments (D’Arrigo et al. 1992, Frank & 
Esper 2005). Rather than maximizing the cli-
mate signal in measurement series, the focus of 
this study was to analyze annual ring width and 
wood density variations of more complacent 
trees at different altitudes in Baden-Württem-
berg. Our aim was to reveal site-specifi c dif-
ferences in maximum, average and minimum 
wood density, and to determine the main cli-
mate factors responsible for variations in ring 
width and maximum wood density of Norway 
spruce. In particular, we wanted to identify 
possible differences in wood density and shifts 
in climate response between warm-dry sites vs. 
cool-humid sites. We hypothesized that abso-
lute differences in wood density between sites 
relate to local environmental conditions, with 
wood density increasing in response to water 
stress. Further, we expect to fi nd differences in 
climate sensitivity of ring width compared to 
maximum wood density, irrespective of alti-
tude. 

Materials and methods

Study sites and sampling

The study material consists of increment 
cores and stem discs of Norway spruce from 
fi ve sites in southwestern Germany (Fig. 1; 
Table 1), which have been collected during 
former research projects. At sites HEI, ROT 
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and OCH, 20 dominant or co-dominant trees 
were sampled in the winter of 2004/2005. With 
an increment borer, two cores were extracted 
from each tree, parallel to the slope and at 
breast height. They were air-dried, glued on 
wood holders and sanded. Some cores were 
excluded from the dataset as they were incom-
plete, broken or contained compression wood. 
At the high-altitude sites KUH and SIR, stem 
discs of fi ve dominant or co-dominant spruce 

trees were extracted at breast height in the 
winter of 2010/2011. After drying and sanding 
these discs, two wedges were extracted from 
slope-parallel stem radii that were free from 
compression wood.
 All samples (cores and wedges) were pre-
pared with an ultra-precise diamond fl y cutter 
(Kugler F500, Kugler GmbH, Salem, Ger-
many; for method, see Spiecker et al. 2000) 
to allow high-frequency densitometry analysis 

Geographical location of the fi ve study sites in the state Baden-Württemberg in southwestern 
Germany. Climate diagrams show mean monthly temperature (lines) and precipitation (bars) 
over the period 1954−2003. Altitude of the site is indicated in m a.s.l.

Figure 1 

Description of sampling sites and trees. Age refers to age at breast height in 2003 (standard devia-
tions in parentheses) 

Table 1 

Site Lat. 
(°N)

Long. 
(°E)

Altitude 
(m a.s.l.)

No. of trees 
(cores/radii)

Time span 
(all trees)

Age 
(years)

HEI 49.46 8.75   510 20 (35) 1940-2004   73.3 (4.4)
ROT 48.81 8.40   575 20 (36) 1923-2004   90.4 (4.4)
OCH 48.01 9.96   680 20 (34) 1938-2004   73.1 (3.1)
KUH 47.78 7.79   970   5 (10) 1903-2010 104.4 (3.5)
SIR 47.80 7.77 1040   5 (10) 1921-2010   87.6 (4.2)
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(Schinker et al. 2003, Boden et al. 2012). This 
latter method determines relative density vari-
ations (in Volt) over dielectric wood properties. 
Within a single routine, we measured wood 
density and annual ring width (cores) or an-
nual radial growth (discs). Hereafter, these lat-
ter two tree-growth measures are referred to as 
ring width. Wood density was assessed using a 
probe of 65 μm width and 980 μm length. Mea-
surements were taken in radial direction, at an 
interval of 28 μm, implying a 43% overlap in 
scanned wood surface between adjacent mea-
surements, and were automatically assigned to 
specifi c years using image analysis software 
developed at the Institute for Forest Growth. 
We determined maximum, average and mini-
mum wood density for each annual ring. When 
two measurement series were available for a 
single tree, we calculated annual ring width 
and wood density values as arithmetic means. 
 Ring-width series and maximum wood den-
sity series were cross-dated visually and statis-
tically (Gleichläufi gkeit). We detrended each 
series by fi tting a cubic smoothing spline with 
50% frequency cut-off at 30 years to retain 
high-frequency variability (Cook and Peters 
1981), using MATLAB’s (V7.9.0, R2009b) 
Spline Toolbox function csaps (V3.3.7), in 
combination with the spline smoothing pa-
rameter function splinep (presented courtesy 
of J.L. Dupouey). Indices were calculated di-
viding the observed by the predicted values. 
Chronologies were constructed per site and 
inter-series correlations (IC), mean sensitivi-
ties (MS) and fi rst-order autocorrelations (AC) 
were calculated over the common overlap pe-
riod 1954−2003. The IC is a measure for the 
strength of the common signal in the chronolo-
gies, MS is the relative change in radial incre-
ment between consecutive years and AC as-
sesses the previous years’ infl uence on current 
years’ growth (Fritts 1976). Expressed popu-
lation signal (EPS) values were calculated to 
check whether the individual chronologies are 
representative for the site (Wigley et al. 1984) 
using the wigley1 function (presented courtesy 

of D. Meko).
 We restricted our analyses to the period 
1954−2003 as this was the longest possible 
overlap period in which all trees were older 
than 15 years, not containing juvenile wood 
anymore. The year 2004 was excluded from 
the analyses to avoid erroneous measurements 
caused by the transition from wood to bark. 

Statistical analysis

To determine the climate factors responsible 
for the inter-annual variations in ring width 
and maximum wood density, we calculated 
bootstrapped correlation coeffi cients between 
chronologies and mean monthly air tempera-
ture and monthly precipitation sums from June 
of the previous year till September of the cur-
rent year, using the software package DEN-
DROCLIM2002 (Biondi & Waikul 2004). 
Site-specifi c climate data were obtained from 
spatially interpolated gridded data (1 km × 1 km) 
of the German Weather Service (WebWerdis 
2010).
 We used the linear mixed model procedure in 
SPSS (Version 19, IBM Statistics) to identify 
differences in absolute values of the maximum, 
average and minimum wood density between 
study sites (fi xed effect). Linear mixed models 
do not require independent observations with 
constant variance and are particularly useful 
for repeated measures studies (Norusis 2007). 
In our analyses, trees were specifi ed as subjects 
and years as repeated variables, in effect defi n-
ing a random variable at the lowest level. As 
we wanted to control for the variance in wood 
density accounted for by cambial age and an-
nual ring width, these factors were included 
with tree-level random coeffi cients. We used 
an autoregressive-moving average model of 
order one ARMA(1,1) to account for residual 
autocorrelations.
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Results

Chronology characteristics

Mean tree-ring widths were highest at the low-
er altitude sites (Table 2). At all sites, the IC for 
chronologies of ring width and maximum wood 
density over the period 1954−2003 is high (in 
the two ranges 0.607−0.772 and 0.565−0.688, 
respectively), indicating that strong common 
signals exist between trees from the same site 
(Fig. 2). Besides, all EPS values exceed the 
threshold of 0.85, indicating that site chronolo-
gies can be considered reliable (Wigley et al. 
1984). Ring width at the lowest site HEI has 
the largest MS value, suggesting a higher cli-
mate-sensitivity of these trees. 
 We calculated Pearson correlation coeffi -
cients between site chronologies of ring width 
and maximum wood density and plotted them 
as a function of altitudinal distance (Fig. 3), to 
analyze whether chronologies of sites at short 
altitudinal distance have more in common 
than those of sites that are further apart. For 
ring width, the strength of the correlation sig-
nifi cantly decreases with increasing distance, 
whereas the correlation coeffi cients for maxi-
mum wood density are higher and decrease 
only slightly with increasing altitudinal dis-
tance. 

Climate response

Bootstrapped correlation coeffi cients of 

ring width and maximum wood density with 
monthly temperature and monthly precipita-
tion show that both climate factors infl uence 
annual variability of these tree-ring parameters 
(Fig. 4). 
Where the lower altitude sites HEI, ROT and 
OCH show negative correlations with summer 
temperature in the current year, variations in 
ring width at the high-altitude sites KUH and 
SIR are generally positively correlated with 
temperature from January till September. Pre-
vious-year summer temperature is negatively 
correlated with ring width at all sites, being 
signifi cant for July at sites KUH and SIR. Fur-
ther, previous-year October temperature shows 
signifi cant positive correlations with ring 
width at sites HEI and OCH, whereas previ-
ous-year November temperature is negatively 
correlated with growth at all sites, being sig-
nifi cant for ROT and OCH. No clear relations 
with precipitation are observed.
 Maximum wood density shows negative 
correlations with temperature in previous-year 
July, which are signifi cant for the high-altitude 
sites KUH and SIR, and in previous-year Oc-
tober, being signifi cant for HEI and SIR. Fur-
ther, all maximum wood density chronologies 
show positive correlations with temperature 
during the growing season. Strongest corre-
lations exist between September temperature 
and growth at the high-altitude sites. For pre-
cipitation, strongest negative correlations are 
found for current-year July (HEI and OCH) or 
August and September (KUH and SIR). 

Chronology statistics of annual ring width and maximum wood density series. Statistics refer to 
the maximum common overlap period 1954−2003. IC inter-series correlation, MS mean sensitiv-
ity, AC fi rst-order autocorrelation, EPS expressed population signal. Sites are ranked in order of 
increasing altitude

Table 2 

 Ring width      Maximum wood density  
Site Mean (SD) IC MS AC EPS  IC MS AC EPS
HEI 2.67 (0.93) 0.673 0.236 0.302 0.976 0.577 0.066 -0.012 0.965
ROT 2.75 (0.84) 0.734 0.188 0.302 0.982 0.619 0.077 -0.042 0.970
OCH 2.70 (0.83) 0.651 0.203 0.324 0.974 0.598 0.066  0.008 0.968
KUH 2.12 (0.46) 0.607 0.164 0.186 0.885 0.565 0.082 -0.201 0.867
SIR 2.56 (0.60) 0.772 0.165 0.282 0.944  0.688 0.069 -0.029 0.917



96

Ann. For. Res. 56(1): 91-103, 2013                                                                                                                        Research article

Differences in wood density

The results of the linear mixed models, which 
were performed to analyze differences in max-
imum, average and minimum wood density 
between sites, are shown in Fig. 5. Although 
a decrease in absolute wood density values is 
suggested with increasing altitude, the low-

altitude site ROT blurs this pattern. Average 
climate conditions at site ROT (1954−2003 
means for April−September: 12.8°C, 789 mm), 
however, are comparable with those at the 
high-altitude sites KUH (12.6°C, 837 mm) and 
SIR (12.1°C, 854 mm) rather than with those 
at the other low-altitude sites HEI (14.7°C, 609 
mm) and OCH (14.3°C, 641 mm). Hence, an 

Individual (grey) and mean (black) standardized chronologies of the study sites for annual ring 
width and maximum wood density. Sites are ranked in order of increasing altitude

Figure 2 
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alternative ranking of sites in order of decreas-
ing temperature means and increasing precipi-
tation sums would clearly indicate that sites 
with relatively high temperature and low pre-
cipitation amounts, i.e., HEI and OCH, display 
higher wood densities compared to sites with 
relatively low temperature and high precipita-
tion amounts.

Discussion

The objective of our study was to compare the 
climate response of ring width and maximum 
wood density of Norway spruce at sites with 
contrasting climate conditions in Baden-Würt-
temberg, and to reveal site-specifi c differences 
in maximum, average and minimum wood 
density of this tree species. Although our ob-
servation period was restricted to 50 years, we 
were able to observe major climate constraints 
in the climate response analyses. 

Climate response

In general, higher temperature and lower pre-
cipitation amounts limit tree growth at lower 
altitudes, whereas at higher altitudes low tem-

perature and higher precipitation amounts are 
limiting factors (e.g., Dittmar & Elling 1999, 
Wilson & Hopfmüller 2001). At our low-alti-
tude sites, we found positive correlations with  
precipitation during summer, but only signifi -
cant for August at site ROT. The absence of 
close relationships with precipitation at low 
elevation is rather unusual for spruce. Howev-
er, we did fi nd negative correlations between 
summer temperature and ring width at the 
warm-dry low-altitude sites HEI and OCH, and 
positive tendencies between summer tempera-
ture and radial growth at the high-altitude sites 
KUH and SIR. This latter fi nding is in accord-
ance with other studies that reported positive 
effects of summer temperature on tree growth 
at high elevation (e.g., Savva et al. 2006, Di 
Filippo et al. 2007, Leal et al. 2007). 
 However, that correlations in our study were 
largely not signifi cant probably relates to the 
fact that trees at the high-altitude sites KUH 
and SIR are not as close to the upper tree line 
as those in the other studies. 
 Growth at all sites was positively correlated 
with previous October temperature, being sig-
nifi cant for sites HEI and OCH. In contrast,  
previous November temperature negatively 
affected growth at all sites, being signifi cant 
for ROT and OCH. Positive effects of previous 
year October temperature upon growth may 
be explained by an increased storage of en-
ergy reserves for growth of spruce in the next 
year. However, when warm conditions per-
sist in November, an increased production of 
growth hormones may take away carbohydrate 
reserves for next years’ cambial reactivation, 
when temperature (suddenly) drops in Decem-
ber. Cambial dormancy may be stimulated too 
rapidly then, limiting the time for storage and 
preparation (Perry 1971, Fritts 1976, Biermann 
2009).
 In contrast to the fi ndings for ring width, 
temperature during the growing season was 
found to have a positive effect on maximum 
wood density, both at low- and high-altitude 
sites. Correlation patterns for maximum wood 

Pearson correlation coeffi cients between 
site chronologies of ring width and maxi-
mum wood density as a function of altitu-
dinal distance

Figure 3 
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density were consistent between sites, simi-
lar to fi ndings of Levanič et al. (2009) in the 
southeastern European Alps. The relation be-
tween temperature and maximum wood den-
sity was strongest for September at the two 
high-altitude sites. Also Splechtna et al. (2000) 
observed a stronger correlation between tem-

perature and maximum wood density with 
increasing elevation (700 vs. 1950 m a.s.l.) 
in British Columbia, whereas Frank & Esper 
(2005) found none, when comparing sites be-
tween 1500 and 2000 m a.s.l. in the European 
Alps. Although cambial activity has gener-
ally stopped in September in the region, the 

Bootstrapped correlation coeffi cients with monthly temperature (lines) and precipitation (bars) 
for annual ring width and maximum wood density. Dots and darker colored bars indicate signifi -
cant correlations at P < 0.05. Sites are ranked in order of increasing altitude

Figure 4 
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strong correlation between maximum wood 
density and temperature in this month may be 
explained by lignifi cation of the latest formed 
tracheids, which may persist long after ra-
dial expansion has stopped (e.g., Gindl et al. 
2000).
 Although correlations between maximum 
wood density and temperature were strongest 
in (late) summer, we also found signifi cant pos-
itive correlations for April and May. A positive 
infl uence of spring temperature on maximum 
(latewood) density was observed in earlier 
studies as well (Kienast et al. 1987, D’Arrigo 
et al. 1992, Schweingruber et al. 1993), and 
may be explained by an increased supply of 
photosynthates under warm spring conditions 
(Conkey 1979), needed for the building of cell 
wall material (Larson 1964, Antonova & Stas-
ova 1993, 1997). 
 In accordance with numerous other studies, 
we observed differences in climate sensitivity 
of ring width and maximum wood density (e.g., 
Bouriaud et al. 2005, Skomarkova et al. 2006, 
Kirdyanov et al. 2007, Büntgen et al. 2010). 
These differences are assumed to relate to the 
different climate conditions occurring during 
the formation of earlywood (which mainly de-
termines ring width) – in the fi rst half of the 
growing season, and latewood (in which maxi-

mum wood density generally occurs) – in the 
second half of the growing season. Therefore, 
ring width is likely to be especially sensitive 
for climate variations in spring, whereas maxi-
mum wood density shows strongest correla-
tions with summer temperature (Wang et al. 
2002, Kirdyanov et al. 2007). 

Differences in wood density

Although we observed similarities in maxi-
mum wood density variations (Fig. 2,3) and in 
their response to climate between the sample 
sites (Fig. 4), absolute wood densities were 
rather different (Fig. 5). Maximum, average 
and minimum wood densities were lower at 
sites characterized by low temperature and 
high precipitation amounts (ROT, KUH and 
SIR). This fi nding is confi rmed by another 
study in the same region (Park & Spiecker 
2005), comparing tracheid characteristics of 
spruce trees at a warm-dry and cool-humid 
site. Trees from the warm-dry site contained 
smaller cells, with thicker cell walls compared 
to trees from the cool-humid site, and are thus 
characterized by higher wood densities. A re-
ducing effect of water availability on wood 
density is suggested as well in irrigation ex-
periments on Eucalyptus species (Wimmer et 

Estimated marginal means with error bars of maximum, average and minimum wood density 
for the fi ve study sites for the period 1954−2003. Different superscripts (e.g., a, b) indicate a 
signifi cant (P < 0.05) difference in wood density between the sites. Sites are ranked in order of 
increasing altitude

Figure 5 
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al. 2002, Drew et al. 2011). Similarly, water 
availability was reported to infl uence tracheid 
diameters of,  e.g., Juniperus thurifera L. (De-
Soto et al. 2011), Cryptomeria japonica D. 
Don. (Abe & Nakai 1999, Abe et al. 2003) and 
Norway spruce (Von Wilpert 1991, Dünisch & 
Bauch 1994). Further, changes in water availa-
bility during wood formation have been shown 
to induce false ring formation in numerous co-
niferous species (Wimmer et al. 2000, Rigling 
et al. 2002, Rozenberg et al. 2002, Bouriaud et 
al. 2005, Vieira et al. 2009, Olivar et al. 2012). 
It is suggested that adaptations in xylem struc-
ture (e.g., cell diameter and wall thickness) 
are a response to drought in order to increase 
the resistance against cavitation (Hacke et al. 
2001, Martinez-Meier et al. 2008, Fonti et al. 
2010, DeSoto et al. 2011).
 Following shifts in climate limitations over 
altitudinal gradients, a decrease in cell wall 
thickness and, consequently, in wood density is 
generally observed over such gradients as well 
(e.g., Lassen & Okkonen 1969, Lingg 1986, 
Gindl et al. 2001). Also in our study region, 
wood density measurements by Schweingru-
ber & Nogler (2003), suggested decreasing 
wood density with altitude. In this study, the 
general pattern was blurred by the inclusion 
of the low-altitude site ROT, which climate is 
characterized by low temperatures and high 
precipitation amounts that are typically found 
at higher altitudes. Differences in wood den-
sity over climatic characteristics, however, are 
uniform. They are in accordance with studies 
showing reductions in wood density with de-
creasing temperature (and increasing precipi-
tation amounts) in other areas (Schweingruber 
et al. 1993, Splechtna et al. 2000).

Conclusions

In our study, we found differences in climate 
response between ring width and maximum 
wood density of Norway spruce in southwest-
ern Germany. Climate sensitivity also varied 

between high- and low-altitude sites. Besides, 
we revealed differences in absolute wood den-
sity values, whereby maximum, average and 
minimum wood density were generally lower 
at sites with low temperature and high precipi-
tation amounts. In a future warmer climate, 
with higher temperature and reduced precipi-
tation during the growing season (Maracchi 
et al. 2005), growth of spruce is likely to be 
negatively affected in the area, whereas wood 
density might increase. 
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