
Summary Intra-annual radial growth variations of two Nor-
way spruce trees (Picea abies (L.) Karst.) were monitored over
4 years, at four heights up the stem, by means of point-
dendrometers. The trees were then felled and radial wood sam-
ples were cut from the radii that had been monitored by the
dendrometers and analyzed for density. From the radial growth
measurements recorded by the dendrometers, we related posi-
tions within the rings to dates, thus making possible investiga-
tion of the relationships between changes within the rings in
wood density and fluctuations in climate or growth rate. Radial
growth started in early April and ended, with large intra-annual
differences, in August or September. Short-term variations in
growth rate were related to fluctuations in climate parameters
and soil water reserves. The sensitivity of radial growth to cli-
mate decreased with stem height. Wood density responded
strongly to drought events, and a dry period in June 1996 in-
duced false-ring formation. Wood density was relatively inde-
pendent of growth rate and climatic conditions during the first
part of the growing season, but increased with decreasing radial
growth rate later in the growing season.

Keywords: dendrometer, Picea abies, tree ring, water avail-
ability.

Introduction

Changes in forest productivity in Europe indicate that forest
growth has altered considerably during the past decades
(Becker et al. 1995, Spiecker et al. 1996). Global climate simu-
lation studies predict that, in the future, trees in Europe are
likely to experience more severe droughts and higher summer
temperatures (Cubash et al. 1995, IPCC 2001). These changes
could affect not only tree growth, but also wood density (WD)
and wood properties, especially in species characterized by
large differences between early- and latewood densities. Den-

droclimatic studies have shown that WD is highly sensitive to
climate variations at the inter-annual time scale (e.g., Parker
and Henoch 1971, Schweingruber et al. 1978). The strength of
the relationship between WD and climate has led to the use of
WD as a key parameter for climate reconstruction (Hughes et
al. 1984, D’Arrigo et al. 1992, Briffa et al. 1995, 1998). How-
ever, inter-annual studies to date have considered only WD
values averaged over entire annual rings, or of early- and late-
wood parts of annual rings. Similarly, dendroclimatic studies
have focused only on the density of a part of the annual ring,
namely latewood, or on maximum density of softwood spe-
cies. Information from a comprehensive study of the control of
wood formation and its dependence on climatic conditions is
of major interest because tree physiological processes, wood
density and wood properties are interrelated (Deleuze and
Houllier 1998).

Decoux et al. (2004) have shown that WD exhibits maxi-
mum variability at the intra-ring scale, ranging from about 300
to 1000 kg m– 3. Relationships between climate and wood
anatomy or ring development have been studied at intra-an-
nual time scales in various tree species including black locust
(Robinia pseudacacia) (L., Schmitt et al. 2000), beech (Fagus
sylvatica L.) (Sass and Eckstein 1995, Schmitt et al. 2000) and
Norway spruce (Picea abies L. Karst.) (Horacek et al. 1999,
Mäkinen et al. 2003). Although these studies provided infor-
mation on the physiological processes underlying ring forma-
tion, from cell division to its enlargement and maturation, they
provided little information on the effects of climate on wood
anatomy or ring development at the tree-ring scale.

To gain deeper insight into the respective roles of climatic
variables on annual radial growth and WD, the radial growth
of two Norway spruce trees was recorded daily over 4 years,
with point dendrometers placed at four heights on each tree
stem. Our objective was to determine to what extent short-term
variations in climatic parameters influence growth and how
wood density varies within a single growing season in re-
sponse to these fluctuations. We hypothesized that climate
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fluctuations are reflected in the annual wood density profile
and not solely in latewood or maximum density.

Materials and methods

Study site

The study site, which supported an even-aged Norway spruce
stand, is located near Nancy, northeastern France (48°44′ N,
6°14′ E, altitude 250 m a.s.l.). The soil is loamy and about 60
cm deep, with a soil water reserve estimated from soil texture
of about 140 mm. The two dominant Norway spruce trees se-
lected for the experiment were planted in 1970 on a flat area.
At the beginning of the experiment in 1994, Tree 1 and Tree 2
were 15.9 and 15.3 m tall, with diameters at breast height of
18.3 and 18.5 cm, respectively, and 26 growth rings at breast
height.

Growth monitoring

In summer 1994, both trees were equipped with electronic
point-dendrometers fixed along the stem at heights of 0.25, 3,
9 and 12.5 m above ground for Tree 1, and at heights of 0.25, 3,
7 and 11.5 m for Tree 2. Dendrometers consisted of stain-
less-steel rods fixed to the trunk and a micrometric displace-
ment transducer (LVDT Displacement Transducer, type DG5
Solartron, Solartron Metrology) positioned perpendicularly to
the stem, 15 cm above the point of attachment. Changes in tree
external radius were recorded every hour at a resolution of
3 µm. Radial measurements were recorded by a data logger
(Campbell 21X, Campbell Scientific).

Meteorological data

Climatic data, which were collected at an automatic weather
station about 500 m from the stand, included mean, minimum
and maximum temperatures, vapor pressure deficit, solar radi-
ation and precipitation. Daily estimates of the climatic data
were used in our experiments. Potential evapotranspiration
(PET, mm) was calculated according to the Penman (1948)
formula. A simple water balance model was computed to esti-
mate soil water reserves at daily time steps, and to quantify the
soil water deficit. The model is given by:

R R P T Dn n n n n= + − − −−1 ( )Int (1)

where Rn is soil water reserve at day n (Rn ≤ Rmax), Rmax is soil
water reserve at field capacity, P is precipitation, Int is canopy
interception, T is transpiration, and D is water loss, all at day n.

If

( ( ) )R P T Rn n n− + − − >1 Int max, (2)

then

D R R P Tn n n n= − + − −−max Int( ( ) )1 (3)

Water stress is assumed to occur when soil water content drops
below 40% of Rmax (Granier et al. 1999). Based on this as-
sumption, drought-induced reductions in transpiration were
reproduced in the model. Transpiration was modeled as a func-
tion of PET and Rn – 1 as: T/PET = 0.75 when Rn – 1 > 0.4Rmax,
and T/PET = (Rn – 1/Rmax)(0.75PET) when Rn – 1 < 0.4Rmax.
Soil water deficit was calculated as 0.4Rmax – Rn when Rn <
0.4Rmax.

Dendrometer data analysis

Potentiometer data corresponding to radial positions in growth
rings were converted to corresponding dates during the grow-
ing season. The time series of tree radii included periods of
shrinkage and swelling that generate a non-monotonous rela-
tionship between time and position (Figure 1). Numerous
studies have reported such hourly and daily changes in stem
radius in Norway spruce (e.g., Zweifel et al. 2000, 2001,
Offenthaler et al. 2001, Zweifel and Häsler 2001). These varia-
tions are closely linked to tree water status, because the course
of xylem water potential is reflected in stem diameter fluctua-
tions (Panterne et al. 1998, Downes et al. 1999, Offenthaler et
al. 2001). To extract cambium growth information, we estab-
lished the increment curves on the basis of the daily maximum
values instead of mean values. The highest stem water poten-
tial values occurred at daily radius maximum values. Before
the onset of growth, the tree radius value taken as the origin for
the radial growth measurements was measured when the soil
water reserve was fully recharged by winter rains (data not
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Figure 1. Hourly (left), daily (center) and yearly (right) time courses of changes in the radius of Tree 1 at a stem height of 12.5 m. The right-hand
panel shows daily maximum radius (solid line) and the Gompertz function (dotted line) fitted to data (�) for selected days.



shown).
In a second step, we selected the maximum tree radius over

7 days and fitted a Gompertz model to data selected to elimi-
nate the effect of shrinkage on model fitting. Because this
model is asymptotic, the cessation of growth was chosen when
(Ring width dayn – Ring width dayn – 1) is less than 0.003 mm
(dendrometer measurement resolution). The resulting model
was then used as a template to convert positions in rings to
dates.

Analysis of intra-annual growth variations

Radial increment rates were determined by taking the radial
distance from one daily maximum to the next over a 5-day
time step (hereafter termed a pentad). The resulting chrono-
logical series showed large variations. The data were further
transformed to remove medium- and low-frequency oscilla-
tions. In a first step, data were detrended by fitting a spline
function (Figure 2A). Values of fitted splines were considered
to represent medium-term oscillations. Residuals, referred
to as short-term variations (Figure 2B), were further stand-
ardized by means of auto-regressive moving average
(AR(p)MA(q)) models (Guiot 1986) selected according to the
Akaike Information Criterion. In most cases, the simple model
ARMA(1,0) was sufficient to reduce model residuals to white
noise, but in years with larger growth fluctuations such as 1996

and 1998, models ARMA(1,1) or ARMA(2,1) fitted best. Four
growth index chronologies were computed by averaging series
from the two trees at each observation height (i.e., one per
height). Climatic variables were standardized by specific
spline functions to avoid fortuitous correlation with the pentad
growth index series. The chronologies and all statistical analy-
ses were performed with SAS software (Version 8.01, SAS In-
stitute, Cary, NC).

Densitometric measurements

The two trees were felled after the 4 years of growth monitor-
ing, and disks were cut where the dendrometers had been
located From each disk, radial samples following the point
dendrometer axis were sawn for densitometric analyses. The
samples were conditioned to a 12% water content and resawn
in the transverse plane to a thickness of 2 mm. X-Ray negative
photographs of the disks were obtained as described by Leban
et al. (2004). The resulting X-ray picture was digitized and
processed with CERD software (Mothe et al. 1998). The wood
density profiles obtained are for each ring and are based on
100 measured positions.

Results

During the 4 years of growth monitoring, trees experienced
greatly differing growth conditions. Potential evapotranspir-
ation (PET) cumulated over the growing season (from April to
September) varied from 643 to 718 mm, whereas precipitation
varied from 290 to 410 mm. According to the water balance
model, 1996 was a growth-constraining year with an early dry
period, whereas 1995 was highly favorable for radial growth.
Reflecting these differences in climatic conditions, there were
large between-year differences in mean ring widths and densi-
ties (Table 1).

Growth monitoring

Radial growth started at the beginning of April, i.e., from days
of the year (DOY) 90 to 110. No delay in the onset of growth
was detected across trees at a given observation height, or
among heights within a tree. Growth cessation occurred in Au-
gust or September, with between-year differences of up to 1
month (DOY 230 to 260). The intra-annual pattern of growth
comprised a period of accelerating growth in April (lasting al-
most 1 month, until DOY 120) followed by a long period when
growth rate was constant, and a final period of slow growth
(Figure 3). The duration of the period of rapid growth varied
substantially from one year to another. During the rainy year
1995, rapid growth lasted until August (DOY 215), compared
with mid-June (DOY 170) in 1996. The numerous decreases in
radial growth rate, which occurred in 1996 and 1998, were
closely related to the calculated soil water deficit (Figure 4).
The decrease in growth rate observed in 1996 after mid-June
corresponded to frequent soil water reserve deficits, which
limited transpiration (i.e., soil water reserve dropped below
40%). The succession of rainy episodes (also in 1998) resulted
in spike-like growth patterns, probably associated with
changes in stem water potential. In 1998, a severe dry period
stopped growth at the lowest observation points (0.25 and 3 m)
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Figure 2. (A) Pentad changes in intra-annual tree radius. The solid line
indicates short-term growth variations and the dashed line, which is
the fitted spline function for Tree 1 (at 3 m height) in 1995, indicates
medium-term growth variations. (B) Short-term growth variations as
illustrated by the growth index resulting from spline detrending.



in both trees, whereas growth was still observed higher up the
stem. Overall, half of the annual radial growth was completed
by the end of May, another third of annual growth was com-
pleted in June, and 95% was completed by the end of July.
Ring segment formation took up to six times longer in late-

wood than in earlywood. The transition time between early-
wood and latewood varied with annual climatic conditions. In
the favorable years for radial growth (i.e., 1995 and 1997), the
transition occurred in early August, compared with mid-June
in the dry years.
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Table 1. Mean yearly characteristics of climate and rings studied. Abbreviations: CWD = cumulated water deficit; PET = cumulated potential
evapotranspiration; RF = rainfall; and Tmean = mean temperature.

Year Tmean RF PET CWD Ring characteristic Stem height: Tree 1 (m) Stem height: Tree 2 (m)
(°C) (mm) (mm)

0.25 3 9 12.5 0.25 3 9 12.5

1995 14.9 411 643 579 Width (mm) 1.81 1.96 2.21 5.16 2.86 2.76 3.28 3.16
Wood density (kg m–3) 471 542 466 406 354 492 387 416

1996 14.0 290 674 981 Width (mm) 1.49 1.35 2.45 3.91 1.64 1.69 2.07 2.04
Wood density (kg m–3) 540 526 417 413 427 481 423 429

1997 15.1 394 718 842 Width (mm) 1.28 1.43 2.92 4.7 2.58 1.62 2.54 2.18
Wood density (kg m–3) 466 515 401 395 376 490 408 419

1998 15.1 348 669 1580 Width (mm) 0.68 0.98 1.91 2.87 1.2 0.99 1.68 1.27
Wood density (kg m–3) 487 513 400 500 400 503 397 420

Figure 3. Intra-annual radial
growth dynamics for Tree 1 at
four stem heights during the
years 1995–1998.

Figure 4. Comparison of intra-
annual ring widths in Tree 1
(at a stem height of 3 m) and
soil water deficits during the
years 1995–1998.



Short-term growth variations

The standardized pentad variations in growth rate (Figure 2B)
were correlated with climatic parameters. Mean daily temper-
ature had a slightly negative effect on growth rate, which was
significant only in 1995, except at a stem height of 12.5 m
(Level 4) (Figure 5). Vapor pressure deficit had more marked
effects on radial growth rate than temperature, and its effects
were consistent from year to year. Pentad cumulated rainfall
was the most important climatic variable affecting radial
growth rate, with which it showed strong positive correlations,
even when water availability was high, as in 1995 and 1997.
Soil water reserves estimated with the simplified water bal-
ance model gave higher correlations with radial growth rate
than rainfall, underlying the key role of water supply in radial
growth. In 1996 and 1997, the correlations between basic cli-
mate characteristics and radial growth may have been affected
by the drought events that reduced growth rates (Figure 6).

Correlations between radial growth and climate indicated
differences in sensitivity depending on the height on the stem
at which growth was monitored. Pentad cumulated rainfall,
mean VPD and soil water reserve gave the best correlations
with radial growth at the stem base. Multiple regression mod-
els confirmed this pattern and showed that climate characteris-
tics explained radial growth variations at the two lowest
observation points best (Table 2). Moreover, the best model
according to Mallow’s C(p) did not have the same independent
variables. It appears that ring growth is less sensitive to soil
water reserves in the upper than in the lower part of the stem.

Density profiles

Intra-ring wood density variations are plotted against DOY for
the years 1995–1998 in Figure 7. The difference between the
maximum and minimum local density, known as density con-
trast, reached 800 kg m–3 for one particular ring. The density
profiles showed a synchronic density peak (false ring) in 1996.
The superposition of the density profile with the dynamics of
estimated drought severity revealed that the false ring corre-
sponds to a dry period (Figure 8). Figure 8 shows that a period
of higher water deficit that occurred in 1997 corresponded to a
slight increase in density in the earlywood part of the ring,
which confirms the high sensitivity of wood density to water
deficit. The patterns of increasing density from earlywood to
latewood were correlated with temperature, radiation and
VPD, all of which increase from the early to the late part of the
growing season.

Examination of the 1996 ring (Figure 8) indicates that the
period of water deficit induced a local reduction in cell size,
which corresponds with a decline in radial growth rate. Hence
we hypothesized that variations in wood density are linked
with medium-term variations in growth rate. If true, this would
imply a trade-off between growth rate and wood density. Me-
dium-frequency growth variations were estimated using the
spline function. Wood density showed a bimodal pattern of
variation when plotted against growth rate (Figure 9). An ini-
tial period when variations in growth rate were not reflected by
variations in wood density was followed by a period when
variations in wood density and radial growth correlated
closely. The pattern was found each year, with slight differ-
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Figure 5. Correlations between standardized pentad increment variations and climatic characteristic at four stem heights (0.25, 3, 9 and 12.5 m; n =
48) in the years 1995–1998. Abbreviations: Tmean = mean day temperature; Tmin = mean daily minimum temperature; G = daily radiant flux; VPD
= vapor pressure deficit; PET = cumulated potential evapotranspiration; Rain = Rainfall cumulated precipitation; and Soil WR = mean soil water
reserve. The dashed line denotes the significance threshold at P < 0.05.



ences in the slope of the relationship. The date of transition be-
tween the two periods was almost constant between years,
occurring by the end of May in 1995, 1996 and 1997 and the
transition occurred only 10 days earlier in 1998. At the time of
the transition, half of the annual radial growth was already re-
alized. The results displayed in Figure 9 suggest a new physio-
logical definition for the transition between earlywood and
latewood formation based on the date at which radial growth

rate peaks and wood density starts to increase.

Discussion

Radial growth and climate
We found that soil water deficit had large effects on radial
growth at the intra-annual time scale. The trees studied were
growing on a shallow soil but which, nevertheless, had a sub-
stantial water reserve. Precipitation and estimated soil water
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Figure 6. Seasonal variations in the stem radial growth index (G index) at a height of 3 m, vapor pressure deficit (VPD), soil water reserve status
(SWR) and the parallel time course of soil water deficit.



reserve had significant effects on radial growth even during
years with high rainfall. These results are in agreement with
inter-annual studies in Norway spruce showing that radial
growth is positively correlated with June precipitation in par-
ticular and with summer precipitation of the current year in
general (Mäkinen et al. 2000, 2001). Soil water content is
known to be a key parameter for determining tracheid size
through its effect on turgor pressure control (Ryan et al. 1994).
However, the reason for the link between precipitation and cell
enlargement, and consequently radial growth, is not obvious.
Stem water status is closely related to soil water reserve, which
depends more on water balance than on water supply.

The effect of climate variation on radial growth was greater
toward the stem base than higher up and were mediated by
changes in soil water content. Similar observations in another
dendrochronological study with spruce (Cherubini et al. 1996)
support the idea that drought reduces photosynthate transpor-
tation, thereby limiting growth most severely at the stem base
(Sevanto et al. 2003).

Wood density and climate

Unlike radial growth rate, wood density was influenced by cli-
matic fluctuations only during the second half of the growing
season. The wood density profiles of those portions of rings
formed in the second half of the growing season were affected
by drought. The strong positive correlation between soil water
deficit and wood density can be attributed to a reduction in
tracheid enlargement and an associated increase in the propor-
tion of the various ring segments made up of cell walls. Soil

water potential and soil water content were greatly reduced
during drought episodes, as illustrated by the reduction in stem
radius (cf. Herzog et al. 1995, Mäkinen et al. 2003). Similarly,
Abe and Nakai (1999) irrigated Cryptomeria japonica
(D. Don.) trees every day or every three days and observed a
significant difference in tracheid diameter between treatments.

In 1996, the drought effect was sufficient to generate
false-ring (latewood-like cells in the earlywood) formation.
Rozenberg et al. (2002) previously showed that water deficit
can induce a false-ring during earlywood formation in Norway
spruce and similar effects of drought have been observed in
Quercus ilex L. (Zhang and Romane 1991). Based on a litera-
ture review, Cherubini et al. (2003) concluded that many
woody species growing in the Mediterranean zone exhibit
false rings. It is well known that soil water depletion promotes
latewood initiation in several coniferous species including red
pine (Pinus resinosa Ait.) (Zahner and Whitmore 1960),
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) (Brix
1972) and loblolly pine (Pinus taeda L.) (Cregg et al. 1988).
This behavior may be associated with drought tolerance in
trees because, according to recent findings, latewood tracheids
of spruce can tolerate extreme decreases in water potential
while maintaining minimal conductivity (Mayr and Cochard
2003, Wimmer and Downes 2003).

Relationship between wood density and radial growth

We found that, during the first part of the growing season, cli-
matic variations affected growth rate but not wood density.
During the second part of the growing season, climatic varia-
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Table 2. Results of multiple regression analyses of interannual pentad radial growth indices for the years 1995–1998 in two Norway spruce trees
versus the independent variables: Rain = pentad rainfall (mm); SWR = pentad cumulated soil water deficit (mm); Tmean = mean pentad daily tem-
perature (°C); and WD = wood density. Time series started at day of year 90 and were stopped at the first pentad after cessation of tree growth,
leading to unequal data length between years.

Year Height along Independent variables n Adj. R2 Mallows C(p)
stem

1995 0.25 Rain SWR Tmean 40 0.369 3.103
3.0 Rain SWR Tmean 40 0.279 2.672
9.0 Rain Tmean 40 0.187 1.585

Rain SWR Tmean 40 0.186 2.646
12.5 Rain VPD 40 0.079 2.985

Rain SWR Tmean 40 0.054 5.189

1996 0.25 SWR VPD WD 38 0.286 2.197
3.0 SWR VPD WD 38 0.341 2.045
9.0 SWR VPD WD 38 0.246 2.045

12.5 VPD WD 38 0.178 1.755
SWR VPD WD 38 0.189 2.166

1997 0.25 SWR VPD WD 38 0.353 2.488
3.0 SWR VPD WD 38 0.354 2.291
9.0 SWR VPD WD 38 0.347 2.070

12.5 Rain VPD WD 38 0.363 2.440
SWR VPD WD 38 0.279 8.291

1998 0.25 VPD 36 0.192 0.385
3.0 VPD 36 0.188 0.261
9.0 VPD 36 0.136 0.288

12.5 VPD 36 0.132 0.396



tions reduced radial growth rate, resulting in increased wood
density (Figure 9). Based on these findings, we suggest that the
positive effect of temperature on wood density (Kienast et al.
1987, D’Arrigo et al. 1992, Yasue et al. 2000) is a consequence
of its negative effects on radial growth rate. Similarly, the large
effect of soil water depletion and water regime on wood den-
sity are consistent with their negative effects on radial growth.

Almost all of the relationships between climatic variables
and wood density reported in the literature are based on maxi-
mum density of latewood only. The strength of the relation-
ships between latewood density and climate can be explained
on the basis of the duration of tracheid formation, which per-
mits the integration of variation in climatic characteristics
(Sass and Eckstein 1995, Schweingruber and Briffa 1996,
Gindl et al. 2000). The existence of such a relationship is sup-

ported indirectly by data obtained in previous studies on
intra-annual xylem development showing that the increased
thickness of latewood tracheids results from an increase in the
duration of wall material deposition, and not an increase in de-
position rate (Whitmore and Zahner 1966, Wodzicki 1971).
More recently, Horacek et al. (1999) reported a strong correla-
tion between tracheid wall thickness and the duration of
tracheid maturation in Norway spruce. They found a continu-
ous and quasi steady-state rate of wall formation within both
growth and differentiation zones. Based on these observations,
we deduce that an increase in radial growth rate would
decrease wall thickness proportionally.

The link that we found between radial growth pattern and
variations in wood density during the second half of the grow-
ing season explains why latewood density variations are
highly sensitive to climatic fluctuations, because radial growth
rate is strongly influenced by climate, even at short time steps.
In contrast, the lack of a relationship in the early parts of
growth rings points to cambium control of earlywood radial
growth rate. Stability in wood density during the first part of
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Figure 7. Intra-annual fluctuations in wood density (equivalent to
wood density profiles) for two Norway spruce trees measured at four
stem heights for the years 1995–1998.

Figure 8. (A) A representative example of a ring density profile ob-
tained in 1996 and the corresponding soil water deficit computed for
each segment (of Tree 1, at a height of 12.5 cm (level 4)). (B) The
1997 growth ring of the same tree.



the growing seasons indicates that early wood radial growth
rate, and hence density, was more or less constant even during
the drought in early 1996 (Figure 8).

We conclude that dendrometers are a valuable tool for deter-
mining stem growth sensitivity to external factors, and for ana-
lyzing intra-annual variations in wood density. Because
short-term variations in wood density are small, studying their
relationship with pentad (and probably also weekly) growth
rate fluctuations is probably not feasible. However, dendro-
meters offer sufficient precision to investigate annual patterns
of radial growth and provide a basis for converting radial posi-
tions within a growth ring to a seasonal time scale. Dendro-
meters could play an important role in studies of the seasonal
activity of the vascular cambium, because they allow measure-
ment of long time series, without creating the disturbances as-
sociated with the pinning technique (Schmitt et al. 2000). The
relationship between radial growth pattern and wood density
profile requires further investigation on more trees and species
and for different growing conditions and tree ages. If the ro-
bustness of the relationship found in this study holds across
trees, species and environmental conditions, it will be
particularly useful in the modeling of wood development.
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