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Abstract
• Context While historical increases in forest growth have
been largely documented, investigations on historical wood
density changes remain anecdotic. They suggest possible
density decreases in softwoods and ring-porous hardwoods,
but are lacking for diffuse-porous hardwoods.

• Aims To evaluate the historical change in mean ring density
of common beech, in a regional context where a ring-porous
hardwood and a softwood have been studied, and assess the
additional effect of past historical increases in radial growth
(+50 % over 100 years), resulting from the existence of a
positive ring size–density relationship in broadleaved species.
• Methods Seventy-four trees in 28 stands were sampled in
Northeastern France to accurately separate developmental
stage and historical signals in ring attributes. First, the
historical change in mean ring density at 1.30 m (X-ray
microdensitometry) was estimated statistically, at constant
developmental stage and ring width. The effect of past
growth increases was then added to assess the net historical
change in wood density.
• Results A progressive centennial decrease in mean ring
density of −55 kgm−3 (−7.5 %) was identified (−10 % follow-
ing the most recent decline). The centennial growth increase
induced amaximum +25 kgm−3 increase inmean ring density,
whose net variation thus remained negative (−30 kgm−3).
• Conclusions This finding of a moderate but significant
decrease in wood density that exceeds the effect of the
positive growth change extends earlier reports obtained on
other wood patterns in a same regional context and else-
where. Despite their origin not being understood, such
decreases hence form an issue for forest carbon accounting.

Keywords Fagus sylvatica . Wood density . X-ray
microdensitometry . Historical change . Ring width .

Growth change

1 Introduction

Long-term increases in the height and radial growth of boreal
and temperate forests, of a magnitude of several tens up to
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100 % over one century, have been reported over the last
decades, and up to recently (of which Spiecker et al. (1996),
Boisvenue and Running (2006), Bontemps et al. (2012), and
Sharma et al. (2012)). By contrast, far less is known on possible
historical trends in wood density (Nepveu 1999) in spite of its
importance to wood quality and biomass/carbon sequestration
issues. The anecdotic available material suggests density
decreases of a moderate magnitude of −5 to −10 %, as
evidenced on conifers in boreal and temperate contexts
(Conkey (1988) on maximum latewood density and
Franceschini et al. (2010) on mean ring density in mid-
elevational temperate contexts, and Briffa et al. (1998) on max-
imum latewood density at the boreal tree line) and on a ring-
porous broadleaved species (Bergès et al. (2000) on mean ring
density of sessile oak in a temperate area). No study has ever
been conducted on diffuse-porous broadleaved species, despite
this wood pattern is widespread among angiosperms, including
Fagaceae (genus Fagus), Betulaceae (Betula, Carpinus, Alnus),
Aceraceae, and Tiliaceae (Jacquiot et al. 1973).

Some of the reported decreases were identified on species
that also experienced increased growth over time (Bergès et
al. (2000) on Sessile oak, Badeau et al. (1996) and
Franceschini et al. (2010) on Norway spruce), which has
two implications. First, a temporal negative trade-off be-
tween radial growth and density may occur, which could
be envisioned as a partial foam effect (pressure dampened on
a foam makes it bigger and less dense). Second, trends in
biomass productivity and carbon sequestration would be
less than usually inferred from changes on a volume scale.

However, there is inherent difficulty in diagnosing and
interpreting trends on ring density indicators. In addition to
the effect of developmental stage, ring density depends on
growth rate (a dependence hereafter named ring size–density
relationship), and hence on both silviculture (Gonçalves et
al. 2004; Guilley et al. 2004; Mörling 2002; Zobel 1992)
and environment-related growth changes. Statistical model-
ling evaluations that filter out the effect of growth
(Franceschini et al. 2010) are thus required, to ensure that
silvicultural trends (Spiecker 1999) or decennial disturban-
ces (e.g., management-induced growth suppressions,
Mäkinen 1997) do not affect the historical signal evidenced
in wood density. Nevertheless, a parallel estimate of
environment-related radial growth trends and their addition-
al impact on ring wood density, resulting from the ring size–
density relationship, is needed as soon as the purpose is to
deliver an integrated historical overview of wood density
variations, an aspect never covered in previous studies.

In this respect, the ring size–density relationship varies
widely in sign/magnitude among wood patterns, and this has
contrasted consequences on these historical trends:

1. In softwoods (homoxylous wood), the relationship be-
tween mean ring density and ring width varies from null

(Karlman et al. (2005) and Peltola et al. (2007) on Scots
pine) to negative (Venet (1963) on Silver fir, Rozenberg
et al. (2001) on Douglas fir, and Karlman et al. (2005)
on European larch), and is among the strongest in
Norway spruce (−10 to −20 kgm−3mm−1 ring width;
Franceschini et al. 2010). Therefore, the −5 % decrease
in mean ring density over one century evidenced at
constant ring size by Franceschini et al. on Norway
spruce implies an even stronger historical decrease, in
a context where growth trends are positive (Badeau et
al. 1996).

2. In broadleaved species, the distribution of vessels along
the rings features the relationship. In ring-porous hard-
woods where vessels form continuous initial cell ranks
and are then much smaller and disseminated along the
ring, the relationship is strongly positive (+50 kgm−3

mm−1 on pedunculate and sessile oaks in Rao et al.
(1997) and Bergès et al. (2000)). On sessile oak,
Bergès et al. (2000) evidenced a +66 % increase in ring
size over one century, inducing an increase in mean ring
density of +25 kgm−3. However, a counteracting direct
decrease of −29 kgm−3 (−4 %) in mean ring density,
estimated at constant ring width, resulted in a fair sta-
bility of mean ring density over the century.

3. In diffuse-porous hardwoods, wood pattern varies from
being homogeneous along the ring (e.g., in Aceraceae,
Betulaceae, or Salicaceae) to most often differentiated in
a radial direction, with scarcer vessels of a smaller
diameter (Jacquiot et al. 1973). This leads to a null
(Zhang (1995) in Betula and Populus genus) to weak
positive relationship (Nepveu (1981a) on Fagus sylva-
tica). While the effect of growth changes may thus be
lower than on ring-porous hardwoods, there is no report
available for this wood type.

In a lacking context regarding wood density trends, and
on diffuse-porous hardwoods in particular, we conducted a
study on the mean ring density of common beech (F. syl-
vatica L.) taken as a model species for this wood type. The
species was studied in Northeastern France, to complement
the studies performed by Bergès et al. (2000) on a ring-
porous hardwood and Franceschini et al. (2010) on a soft-
wood in a comparable historical environment. As a further
interest, studies conducted on the ring density of common
beech are limited. The existence of a ring size–density
relationship is controversial, suggesting contrasted conse-
quences of the growth increases already reported for that
species (no relationship found by Polge (1973) and Keller et
al. (1976), a positive relationship in Nepveu (1981a), and a
weak and negative relationship—but exhibiting a strong
between-tree variation—in Bouriaud et al. (2004)). The
single statistical modelling analysis of ring density available
to date is that of Bouriaud et al. (2004).
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The analysis reported here was conducted on a sample
specifically designed to investigate historical trends
(Bontemps et al. 2009). It relies on pairs of neighbour stands
of successive generations growing in the same site condi-
tions (Lebourgeois et al. 2000). Positive growth changes of
a magnitude of +50 % over the twentieth century have been
evidenced on common beech and these were strongly sim-
ilar in dominant height growth and radial growth at 1.30 m
height (Bontemps et al. 2010), suggesting that silvicultural
trends in radial growth are unlikely. Mean ring density was
studied based on X-ray microdensitometric measurements
on strips taken at 1.30 m.

The objectives of this study were as follows: (1) to
estimate the historical variations in mean ring density at
constant ring size and developmental stage (distance or
age from the pith), based on a statistical modelling approach
allowing account of the between-tree variability often
reported in these relationships. An aspect was to verify the
existence of the ring size–density relationship. The hypoth-
esis tested was that a decrease in mean ring density would
also affect this diffuse-porous hardwood, (2) to estimate the
net historical variations in mean ring density resulting from
the direct historical variations evidenced above, and the
additional contribution of historical changes in ring size at
1.30 m evidenced on this sample (Bontemps et al. 2010),
resulting from the ring size–density relationship. The hy-
pothesis tested was that either compensation or a partial
foam effect should also affect this species.

2 Materials and methods

2.1 Sampling design

The sampling design is presented in details in Bontemps et
al. (2009, 2010). Its main features are as follows: the iden-
tification of a historical signal in mean ring density relies on
comparing rings between stands of successive generations at
a given developmental stage, while ensuring a strict control
of site. To that end, the paired-plots method (Bontemps et al.
2009; Lebourgeois et al. 2000) was applied and 14 pairs of
young/old (64.6/140.1 years; SD, 15.0/20.2 years, respec-
tively) neighbour stands (mean distance, 160 m) were sam-
pled in Northeastern France in 1998. These were located at a
mean elevation of 370 m (SD, 50 m). A postsampling
control of within-pair site conditions was ensured through
in situ measurements of vegetation, complemented by soil
analyses. Stand pairing proved to be successful, as no sys-
tematic difference in environmental indicators was found
(Bontemps et al. 2009). In each stand, three dominant trees
were sampled in a 0.06 ha circular plot following the pro-
tocol of Duplat and Tran-ha (1997). In total, 84 trees were
sampled.

2.2 Ring density measurements

Discs were sampled at 1.30 m on each tree (Bontemps et al.
2010). Ten deteriorated discs at the time of measurements
were discarded. Two 2-mm-thick opposed strips were sawn
over each disc in a random direction and were dried at a
12 % relative humidity. X-ray microdensitometric measure-
ments were conducted following Polge and Nicholls (1972).
Films were digitised at a 1,000 dpi resolution, providing a
measurement resolution of 25 μm in a radial direction
(CERD software; Mothe et al. 1998). For each strip, a
density correction was performed by scaling to a gravimetric
measure of strip density. A mean ring density was computed
for each ring. An interdating procedure was conducted with
reference to independent interdated ring width measure-
ments performed on the same discs (Bontemps et al.
2010). Mean ring density annual chronologies were aver-
aged over the two strips of each tree. The age from the pith
(hereafter cambial age), calendar year of formation, and tree
radius at the time of ring formation (distance from the pith)
were then defined for each ring. As ring density chronolo-
gies were highly variable in juvenile wood, the first 20 rings
of each tree were removed (Nepveu 1981b). In total, 5,759
rings on 74 trees were collected.

2.3 Exploratory data analysis

Sample statistics for the main variables and their correla-
tions with mean ring width density are provided in Table 1.
Correlations between mean ring density and cambial age/ring
width were found to be negative and positive, respectively
(Table 1). The correlation with ringwidthwas weak but highly
significant. A negative correlation (−0.297) with calendar year
was also identified.

In addition, considerable between-tree variation in these
correlations was found: that between ring width and ring
density varied between −0.65 and +0.80 (average 0.16) and
was negative for 20 out of 74 trees. That between cambial
age and ring density ranged between −0.90 and +0.67 (av-
erage −0.40) and was positive for seven trees.

The relationships with cambial age (Fig. 1a) and tree
radius (not presented) showed a convexity. The relationship
between mean ring density and ring width was concave and
found to be depending on cambial age/tree radius (i.e., an
interaction; Fig. 2) and was steeper at later developmental
stage. On average, ring density was clearly lower in the
younger stand generation than in the older one (Fig. 1a).

2.4 Historical change in mean ring density at constant
developmental stage and ring width: modelling strategy

The statistical modelling approach was intended to estimate
historical variations in wood density (effect of calendar
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Table 1 Sample statistics of the
different ring variables and cor-
relations with mean ring density

The sample comprises 5,759 rings.
SD standard-deviation, p p-value
of the Pearson’s test of correlation

Mean ring
density (kgm−3)

Cambial
age (years)

Tree radius (mm) Ring width (mm) Calendar
year

Mean 730.0 71.0 146.5 2.2 1947.9

SD 54.8 36.7 72.8 1.0 36.7

Correlation – −0.444 −0.425 0.170 −0.297

p – <10−4 <10−4 <10−4 <10−4
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Fig. 1 Relationships between
mean ring density and cambial
age (a) or ring width (b). Open
light grey circles rings of older
tree generation, dark grey
pluses younger generation. In a,
observations were smoothed
(loess function) by tree
generation to highlight the
between-generation difference
in mean ring density at constant
cambial age. In b, the change in
radial growth between the two
tree generations is discernible,
and smoothing was common to
all observations. Convex and
concave curvatures were
depicted in these successive
relationships
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year), at a constant developmental stage (cambial age or tree
radius) and ring width. A related objective was therefore to
test the effect of ring width on ring density. While develop-
mental stage is predominantly represented by cambial age in
modelling approaches of ring density (Bouriaud et al. 2004;
Franceschini et al. 2010; Guilley et al. 1999), functional and
allometric studies of tree biomechanics suggest that tree size
may be of primary importance (King et al. 2006; Rosell and
Olson 2007). In addition, trees of identical age growing in
different site conditions, or at different periods in a context
of environmental changes, will show different sizes and
these references will therefore differ. Their respective pre-
dictive accuracy on mean ring density was tested.

The dataset is composed of longitudinal annual data. In
addition, age–density and growth–density relationships ex-
hibit considerable between-tree variation in tree species
(Bouriaud et al. 2004 on common beech). The tree level
has further been shown to exhibit the highest variability in
wood density among hierarchical structural levels including
site, stand, or height within the tree (Guilley 2000 and Le
Moguédec et al. 2002, both on sessile oak). Mixed-effects
models (Davidian and Giltinan 1995) were therefore fitted,
including random tree effects when these were significant.
Models were fitted by maximum likelihood (L) using the
linear and nonlinear mixed-effects model algorithms of
Lindström and Bates (1990), with functions lme and nlme
of S-PLUS software (Pinheiro and Bates 2000). Nested
models were compared using the likelihood ratio Chi-2 test
(LRT statistics, Pinheiro and Bates 2000). Non-nested mod-
els were compared using the Akaike information criterion
(AIC =2 (p − ln L) where p is the number of parameters)
intended to be as small as possible.

2.5 Statistical modelling steps

Step 1 Test and selection of the different effects
Based on the exploratory data analysis, an

initial modelling framework was formulated as
follows:

Dit ¼ ða0 þ aiÞ þ ðb0 þ biÞSDit þ ½ðeþ eiÞ
þ ðf þ fiÞSDit�RW it þ d t þ "it

ð1Þ

where D stands for mean ring density, SD is a
proxy of developmental stage, RW is ring width,
and t is a reparameterization of calendar year such
that t=date - 1900 (hence, 1900 is the reference date
for measuring a historical change). Tree, and ring at
time t within the tree, are indexed by i and t, respec-
tively. Parameters ai…fi are tree random effects on the
fixed parameters. Further assumptions are: εit~
N(0, σ2) and θ~N(θ0, G) where θ0=(a0, b0, e0, f0)
is the vector of fixed parameters and θ=(ai, bi, ei, fi) is
the vector of associated random parameters, G is
their symmetric variance–covariance matrix, and
N corresponds to the multidimensional Gaussian
law. Since we sought to detect the mean histor-
ical trend in wood density over the sample,
parameter d only had a fixed component.

First, developmental stage (SD in Eq. 1) was
represented by cambial age (CA, model M1)
and tree radius (R, model M2), successively.
The linear effect of calendar year was tested
once the most predictive effect for developmen-
tal stage was retained (model M3).
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Fig. 2 Relationship between
mean ring density and ring
width (RW) for different classes
of CA. Cambial ages below
20 years were removed to
exclude juvenile wood (see
Section 2). The relationship
between mean ring density and
ring width was highlighted in
this diffuse-porous wood
pattern. The relationship
intensity was found to increase
with greater cambial ages (flat
at younger ages), suggesting to
introduce a multiplicative
interaction between ring width
RW and developmental stage in
the models fitted
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Step 2 Mathematical representation of the effects of devel-
opmental stage and ring width

The curvatures detected in the relationships with
developmental stage (Fig. 1a) and ring width
(Figs. 1b and 2) were then included in the following
generalisation:

Dit ¼ a0 þ aið Þ þ b0 þ bið Þf1 SDit; cð Þ
þ eþ eið Þ þ f þ fið ÞSDit½ �f2 RW itð Þ
þ d t þ "it ð2Þ

where

– f1 is an asymptotic function of developmental stage,
namely a hyperbolic function (f1=(b+bi) SD/(SD+c)
with b<0, model M4.1) or a negative exponential
function (f1=((b+bi) exp (−SD/c) with b>0, model
M4.2). Since these forms were nonlinear in
parameter c, we used the nlme procedure of S-
PLUS software. No random effect was tested on
parameter c.

– f2 was represented by alternative forms of increasing
curvature, namely: f2=1/RW (model M5.1), ln
RW (model M5.2) or RW0.5 (model M5.3), start-
ing from the most accurate previous model
(M4.1 or M4.2).

Step 3 Simplification of the model, estimation of historical
variations in mean ring density

Once representations for f1 and f2 were selected, we
investigated whether the random structure of the mod-
el could be simplified regarding parameters e and f in
particular (the final model was denoted model M6).

Up to model M6, a mean historical trend in mean
ring density was estimated (parameter d). In line with
Bontemps et al. (2009, 2010), we estimated its histor-
ical variations of decennial range. We tested a
polynomial-type effect of calendar year (f3(t), model
M7) using a cubic spline function (property of mini-
mal curvature, restricting excessive oscillations
(Lange 1999)), which is a piecewise continuous poly-
nomial without any sudden variation in slope over the
time period covered. We selected a regular internode
of 15 years, as was done on radial growth in Bontemps
et al. (2010). The associated model was as follows:

Dit ¼ a0 þ aið Þ þ b0 þ bið Þf1 SDit; cð Þ
þ eþ eið Þ þ f þ fið ÞSDit½ �f2 RWitð Þ
þ f3 t; Pð Þ þ "it ð3Þ
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f3 t; Pð Þ ¼ d1 t þ d2 t
2 þ d3 t

3

þ
Xk1

k¼1

pk max t � n k; 0ð Þð Þ3

þ
Xk2

k¼0

pmk min t þ n k; 0ð Þð Þ3 ð4Þ

where P=(d1, d2, d3, p1…pk1, pm1…pmk2) is the
vector of fixed parameters of the spline function,
t=date - 1900 and n=15 (internode), k1=6 and k2=2.

2.6 Net historical change in mean ring density including
the historical change in radial growth

The historical trend/variations in mean ring density estimat-
ed by models M6/M7 were performed at constant ring
width. In order to deliver an integrated evaluation of the
historical change in ring density, we combined the latter
trend with the additional one resulting from the historical
radial growth increase (Bontemps et al. 2010) and propa-
gating to mean ring density due to the positive ring growth–
density relationship evidenced (see Section 3). In the fol-
lowing, this estimation is termed “net historical varia-
tion” or “change”. The model of mean ring density for
the “average” tree was used (only fixed parameters were
considered). Tree size was kept constant over time.
Since the single term R.RW0.5 was retained for the
interaction, the historical variation in mean ring density
over any time interval [0, t] starting in the year 1900,
was thus written (Eq. 3) as:

ΔDðtÞ ¼ Dt � D0 ¼ f3 t; Pð Þ þ f R RW ðtÞ0:5 � RW ð0Þ0:5
��

ð5Þ

In Bontemps et al. (2010), the radial increment of
dominant trees was represented by a multiplicative mod-
el (Table 2) of the effects of site fertility (parameter S),
developmental stage (sigmoid growth function of domi-
nant tree radius, f4 (R)) and calendar year (g (t) also
represented by either a linear or a cubic spline function
of year with an internode of 15 years, and such that
g (0)=1):

RW ðtÞ ¼ Sf4ðRÞgðtÞ ð6Þ

The average site conditions over the sample (mean value
of S, Sm) were retained. Hence, the net historical variation in
mean ring density is given by:

ΔDðtÞ ¼ f3 t; Pð Þ þ f S0:5m R f 4ðRÞð Þ0:5 gðtÞ0:5 � 1
� �

ð7Þ

The assessment was conducted with both linear (mean
trend) and cubic spline (decennial variations) functions of

calendar year, estimated on both mean ring density (Table 3;
models M6 and M7) and radial growth (Bontemps et al.
2010, Table 2) data. The sample range was selected for
dominant radius (5–40 cm).

3 Results

3.1 Historical change in mean ring density at constant
developmental stage and ring width

Comprehensive details on the statistical modelling steps are
provided in Electronic supplementary material 1 and in
Table 3, and are summarised.

Modelling step 1 The effects of cambial age CA (negative)
and the interaction CA.RW (positive)
were found highly significant. Strong
between-tree variations in the CA–D and
RW–D relationships (associated random
effects) were identified (M1). Tree radius
R was found to outperform CA as a proxy
for developmental stage and was retained
(M2). A negative and very significant
linear effect of calendar year onmean ring
density was found (−32 kgm−3 over the
twentieth century, M3; Table 3).

Modelling step 2 The hyperbolic effect of R (M4.1) signifi-
cantly improved the model accuracy. The
gain obtained with the exponential formu-
lation was greater and was retained (M4.2).
By accounting for this R–D relationship
convexity, the magnitude of the historical
trend logically increased (−70 kgm−3 over
the twentieth century), corresponding to
a −10 % decrease relative to the sample
mean. The curvature of theRW–D relation-
ship was also confirmed, and the most
accuratemodel was obtainedwith the pow-
er function of RW (RW0.5, M5.3). The
historical trend estimated on mean ring
density reached −65 kgm−3 over the twen-
tieth century.

Modelling step 3 Overparameterization in the interaction
between R and RW effects was observed
in the previous steps. A test of different
model parameterizations led to maintain
the multiplicative effect R.RW0.5 and re-
move the pure effect of RW (M6). The
number of model parameters was reduced
from 17 to 12, following the simplification
of the variance–covariance matrix of
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random effects. The historical trend esti-
mate reached −55 kgm−3 over 100 years.
Accounting for decennial fluctuations in
mean ring density (cubic spline function
of year, f3 of Eq. 3, M7) led to a signifi-
cantly more accurate model than M6.
Residuals of model M7 did not reveal
any further bias. The test of normality
was also satisfied.

The historical variations in mean ring density (M7) and
the average trend (M6) are plotted in Fig. 3. A regular
decrease in mean ring density was emphasised over the
century, and even in the late nineteenth century, with a
magnitude of −75 kgm−3 at the end century relative to
1900, corresponding to a −10.3 % decrease relative to the
sample average (730 kgm−3). This decrease significantly
departed from zero since the early 1930s. Nevertheless,
positive and negative temporary deviations in mean ring
density over the twentieth century were uncovered by the
spline function, and these were also detected in the obser-
vations (Fig. 3): positive anomalies in the 1910s, 1940s, and
1980s accounted for the positive oscillations captured by the
spline function, while negative anomalies in the 1920–
1930s, 1960s, and 1990s accounted for the negative ones.
The recent and quite sharp decrease in mean ring density
accounted for the difference with the average trend of
−0.55 kgm−3year−1 (−7.5 % relative decrease). Some
anomalies were however not reflected in the spline fit, such
as more discrete positive events in the late 1950s to early
1960s and in the late 1970s.

3.2 Net historical change in mean ring density including
the historical increase in radial growth

The historical trend in annual radial growth is plotted in Fig. 4a.
An increase in annual radial growth of up to +50 % was
observed in the 1990s (+38% on average). Negative anomalies
were observed in the 1940s and 1990s. The historical variations
inmean ring density and radial growthwere compared (Fig. 4b)
after standardisation by a third-order polynomial and scaling.
The comparison revealed their noticeable synchronicity in the
decades 1890s, 1910–1920s, and 1980s. Between the 1940s
and 1970s, however, variations of lower amplitude were of
opposed sign as captured by the cubic spline functions.

When the linear historical trend in mean ring density and that
resulting from the linear radial growth trend were combined
(Table 2 andM6 in Table 3), the net change inmean ring density
was found to be almost linear at a fixed tree radius, and ranged
between −50 kgm−3 at a radius of 5 cm to −31 kgm−3 at a radius
of 40 cm (Fig. 5) over the twentieth century. The effect of
increasing radial growth on mean ring density was thus very
restricted for small trees (10 cm in diameter), and increased to a
point where the net trend in mean density was reduced by 50 %
for large trees (80 cm in diameter). On a relative scale, these
centennial variations represented a decrease of −4.0 to −7.0 %.

Since synchronous historical variations were detected be-
tween mean ring density and radial growth, these were ampli-
fied when the polynomial variations in mean ring density were
combined to that resulting from polynomial variations in
radial growth (Table 2 andM7 in Table 3, Fig. 5). The resulting
net variation in mean ring density ranged between −73 kgm−3

at a tree radius of 5 cm, and −60 kgm−3 at a radius of 40 cm
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Fig. 3 Historical decrease in
mean ring density of common
beech in North-eastern France
at constant ring size and tree
radius. The mean linear trend
(M6) and the historical
variations (M7) are
superimposed onto partial
residuals of M7 where all
effects but that of date were
removed. Light grey open
circles rings of the older tree
generation, dark grey full
circles younger tree generation,
full thick line cubic spline
function of calendar year (M7,
Table 3), thick dotted lines 95 %
bilateral confidence interval
(details in Appendix of
Bontemps et al. (2009), full thin
line linear historical trend (M6)
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(−10.0 to −8.2 % on a relative scale). Nevertheless, the net
variation was positive in the years 1910–1915, ranging
between +5 and +15 kgm−3.

In conclusion, the historical increase in dominant radial
growth has had a positive effect onmean ring density that ranged
between negligible at lower tree diameter (10 cm), and one half
(linear decrease) or one third (polynomial fluctuations) of the
historical decrease in ring density for the greatest sample diam-
eters. It hence never counterbalanced the ring density decrease
evidenced.

4 Discussion

An objective of the present study was to estimate the his-
torical change in mean ring density of a diffuse-porous
hardwood (common beech) and to compare it with results
already available for a ring-porous hardwood (sessile oak;
Bergès et al. (2000)) and a softwood (Norway spruce;

Franceschini et al. (2010)) in a similar environmental con-
text. The estimation of the historical change in ring density
required to filter it out from the effects of developmental
stage and radial growth, and a careful statistical control of
these effects was crucial. A second objective was to evaluate
the net historical change in density resulting from the addi-
tional effect of the historical change in radial growth as
mean ring density depends on ring size.

4.1 Statistical estimation of the historical change in mean
ring density at constant developmental stage and growth rate

4.1.1 Statistical effect of developmental stage
and interpretation

Tree radius at the time of ring formation proved to be more
accurate a proxy than cambial age to represent the effect of
developmental stage (Table 3). This effect was of decreasing
magnitude with size. Relative to the sample mean tree density
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at the earliest developmental stage (radius of 4.7 cm), the
average effect corresponded to −73 kgm−3 for a radius of
30 cm, i.e., a decrease by −10 % over developmental stage.

There is literature consensus regarding this effect on
common beech. Preliminary findings reported a negative
correlation between wood density over the last rings at
1.30 m and tree size (Keller et al. 1976). A systematic
difference in mean density of heartwood and external rings
was also found by Nepveu (1981b). In recent quantitative
approaches, Govorčin et al. (1998) and Bouriaud et al.
(2004) reported negative effects of cambial age of an aver-
age magnitude of −1.3 and −1.0 kgm−3year−1, respectively
(−1.25 kgm−3year−1 in our sample). The cambial age–den-
sity relationship was also found convex in Govorčin et al.
(1998). As an anatomical interpretation, Gasson (1987)
reported an increase in vessel diameter over more than
80 years in cambial age for this species.

4.1.2 Statistical effect of growth rate (RW)
and interpretation

A positive effect of ring width on mean ring density was
evidenced (Fig. 1b) and was found to be depending on tree
size, leading to introduce a multiplicative interaction in the
model (Fig. 2, Table 3). A comparable formulation was used

in Rozenberg et al. (2001) on Douglas fir. Assuming a tree
radius of 20 cm, the intensity of this effect (18.5 RW0.5kgm−3

after model M7) was quantified by doubling ring width from
1.5 to 3 mm, and indicated an increase in mean ring density by
23 kgm−3. In a ring-porous hardwood such as in sessile oak,
where the effect of ring width is more conspicuous, the same
doubling in ring width (46 RW kgm−3 after Guilley et al.
(1999)) induced a +70 kgm−3 increase in mean ring density.

Reports in the literature are more uncertain as regards an
effect of ring width in this diffuse-porous hardwood. Some
correlation analyses based on specific gravity measurements
did not show any relationship with ring width (Polge 1973;
Keller et al. 1976). Based on microdensitometric measure-
ments, Nepveu (1981b) identified a weak but positive relation-
ship. Bouriaud et al. (2004) reported an absence of significant
relationship between ring width and ring density. However, the
corresponding sample included young trees (between 45 and
70 years old) with increments of 2.9 mm on average against
2.2 mm in our sample (Table 1), a level where the ring size–
density relationship is dampened (Figs. 1b and 2). The large
between-tree variability of this relationship, found in our study
and that of Bouriaud et al. (2004) also weakens the magnitude
of the average size–density relationship over the sample. This
relationship was even found negative for some trees in the
sample in line with Nepveu (1981b).
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growth at 1.30 m (Bontemps et al. 2010) impacting mean ring density
through the positive ring size–density relationship evidenced (M6 and
M7, Table 3). Since this relationship increased with tree radius (inter-
action R.RW0.5), the effect of R on these net variations was also
included in this representation. Both linear (M6, top) and decennial
fluctuations (M7, bottom) of mean ring density were plotted
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Investigations on wood anatomy provide support to a
positive ring-size density relationship. Süss and Müller-
Stoll (1972) and Gasson (1987) highlighted decreases in
both size and surface proportion of vessels with ring width,
while the proportion of fibres was found to increase. The
number of vessels was also reported to decrease in Jacquiot
et al. (1973). Alternatively, Sass and Eckstein (1995)
reported a constant density of vessels along the ring, but
decreasing in diameter.

4.1.3 Between-tree variation in tree radius–density
and RW–density relationships and interpretation

Large between-tree variations in these relationships were
found in the exploratory analysis, and these were confirmed
in the random tree variations of the parameters associated to
these relationships (Table 3). By computing the analysis of
variance for mixed-effects models (Hervé 1999) in M6 and
M7, we found that fixed effects accounted for around 19 %
of the total sample variation in mean ring density, in line
with Bouriaud et al. (2004; 15 %). The tree random effects
associated to the R–D and R.RW–D relationships repre-
sented an additional 10 % of variation (50 % of that of fixed
effects), and up to 60 % of this variation when the pure
random tree effect was included (Eq. 1). These findings are
in line with Le Moguédec et al. (2002) that found that the
highest level of variability in the ring density of sessile oak
was located at the tree level.

Such tree-level variations are usually attributed to genetic
factors. Wood density hence shows the highest levels of
heritability among phenotypic traits regardless of tree
species (Kremer 1994). On Douglas fir, Rozenberg et
al. (2001) evidenced that including information on the
genetic structure of populations led to greatly increase
the accuracy of ring density models (from 6 to 33 % in
R2 with provenance to clonal levels).

4.1.4 Historical change in mean ring density

At constant tree radius and ring width, a decreasing trend
of −55 kgm−3 in mean ring density over the twentieth century
was evidenced (M6). This decrease reached −75 kgm−3 when
the recent decline was taken into account (M7, Fig. 3). On a
relative scale, such findings are therefore remarkably similar to
those of Bergès et al. (2000) on sessile oak (a ring-porous
hardwood) and Franceschini et al. (2010) on Norway spruce (a
softwood) that reported decreases by around −5 % in mean ring
density over one century, although here of a sharper magnitude.

4.1.5 Exclusion of confounding factors

Developmental stage Both the effects of developmental
stage and calendar year induce negative variations in ring

density over time. A confounding between these two factors
may thus be possible. Accordingly, the estimate for the
historical trend in mean ring density was twice as high in
magnitude when the convexity of the developmental stage
effect (Fig. 1a) was accounted for (modelling step 2,
Table 3) in the model. Here, the paired plots structure of the
sampling design proved especially useful for a statistical
separation of these effects, as already evidenced for growth
changes (Bontemps et al. 2009, 2012). By contrast, this esti-
mation was poorly dependent on the proxy for developmental
stage, since a difference by only +4 kgm−3 was found when
tree radius (distance from the pith) was replaced by cambial
age (age from the pith) in model M7 (not presented).

Duraminization processes Heartwood formation is another
factor of confusion that deserves attention. As a chemical
maturation process of wood, including vessel filling by
polyphenols and tannins (Hillis ( 1987) and Guilley (2000)
on Sessile oak), duraminization can increase the mean den-
sity of a ring over time. It may thus amplify or even cause
the apparent decrease reported in ring wood density in our
study. Moreover, since a proxy for this phenomenon would
be an age from the cambium (direction opposed from cam-
bial age), and since all trees were sampled at a single date,
there is intrinsic confusion between this putative effect and
the historical decrease reported.

First, this process may however be of late occurrence, and
of restricted impact on common beech. Chemical analyses
performed on 60-year-old trees to discriminate heart and
sapwood proved unsuccessful (Bartelink 1997). Nečesaný
(1958) also reported no change in activity of parenchyms
before 50–70 years after ring formation. Sapflow analyses
(Schäfer et al. 2000) revealed a constant flux in a radial
direction from 2 cm away from the cambium to the pith
(see also Møller and Müller (1938), cited by Hillis (1987)).
These studies are in accordance with a formation of heart-
wood that would not occur before 80–100 years (Hillis 1987),
and even up to 120–150 years (Nečesaný 1958). Thus, the
impact on the present centennial chronology (Fig. 3) should
be restricted.

Second, two properties of the statistical model lead to
discard a residual heartwood-based interpretation of the
historical trend reported. First, we allowed a between-tree
variation in the effect of developmental stage, much more
likely to capture heartwood formation effects, occurring at
tree scale, than the average historical change we estimated.
Second, assuming that the ring size–density relationship is
related to decline in vessel frequency/size along the ring,
and that heartwood formation impact on wood density
increases with vessel lumen proportion in the ring, the R–
RW interaction (less intense for earlier developmental
stages, i.e., rings matured for long) may be reasonably
interpreted as the footprint of this maturation.
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4.2 Net historical change in mean ring density including
the historical increase in radial growth

Since we evidenced a positive effect of ring width on
wood density, we investigated the additional effect of
historical increases in radial growth evidenced over this
sample (Bontemps et al. 2010) on mean ring density.
Due to the R–RW interaction, tree radius was an addi-
tional factor to consider on these net historical variations
(Fig. 5). As a main outcome, the centennial decrease in
mean ring density persisted, and was comprised in a
range of −4 to −7 % in the linear framework (−8 to
−10 % in the polynomial framework), depending on tree
radius. For a maximum tree radius of 40 cm, the com-
pensation amounted to +25 kgm−3 (for a mean trend of
−55 kgm−3, M6 and Fig. 5), i.e., a relative compensation
of a maximum 43 %.

In a context of historical forest growth increases, a
stable positive RW–D relationship over time implies an
increase in ring density. It may thus be hypothesised that
the historical decrease in ring density at constant ring
width actually corresponds to a downregulation exerted
on the positive RW–D relationship, in order to maintain
density more or less constant. Such view may be sup-
ported by the early work of Bergès et al. on Sessile oak
(2000; a +66 % RW over one century corresponded to +
25 kgm−3 in mean ring density following the RW–D
relationship evidenced. The parallel decrease in mean
ring density at constant ring width was around −29 kg
m−3). The hypothesis however does not hold here, as a
net decrease in mean ring density was ascertained. This
may be even more obvious from Franceschini et al.
(2010) on Norway spruce, where a similar −5 % de-
crease in mean ring density was observed, despite the
RW–D relationship is negative, suggesting an even stron-
ger decrease in mean ring density following past radial
growth increases in this species (Badeau et al. 1996).
Hence, common beech is a tree species in which wood
has behaved like imperfect foam over the past decades,
“expanding” fast, but not “distending” accordingly. A
major consequence concerns changes in biomass seques-
tration. The net decrease in mean ring density of, say
−8.0 % for trees of 40 cm in diameter (−60 kgm−3,
Fig. 5) provides an idea of the temporal centennial bias
induced from predicting the biomass change from the
volume change under a constant wood density assump-
tion. Significant variations in wood density over ontoge-
ny (−10 % for common beech, see Section 3) also
challenge this assumption. Obviously, this has conse-
quences for evaluations of carbon sequestration that usu-
ally assume wood density to be a species constant
(Karjalainen et al. 2003) and this calls for extending
the analyses to wider sets of tree species and regions.

5 Historical decreases in wood density and their origin

There may be some degree of generality in this phenome-
non, as it has been observed at different locations world-
wide, including at high latitudes all over the Northern
hemisphere (Briffa et al. 1998) and in temperate areas of
Northern America (Conkey 1988) and Europe (Bergès et al.
2000; Franceschini et al. 2010, this study). In addition, the
latter studies performed in the same regional area confirm
that homoxylous softwood, ring-porous and diffuse-porous
hardwoods are similarly affected.

Climatic studies of maximum latewood density (Briffa et
al. 1998; Conkey 1988) and mean ring density (Franceschini
et al. 2012) have shown that this density decrease comes along
with a loss of sensitivity to temperatures over the second half
of the century—a phenomenon that has been termed “diver-
gence” (d’Arrigo et al. 2008)—suggesting that the cause is not
climatic. The role of anthropogenic pollution (Conkey 1988;
Franceschini et al. 2010) and reduction of incoming solar
radiation (global dimming; d’Arrigo et al. 2008) has been
discussed. In the present case, Northeastern France has been
affected by climate warming (Moisselin et al. 2002), signifi-
cant levels of nitrogen deposition (Croisé et al. 2005) and
increases in the level of atmospheric CO2 concentration, mak-
ing it difficult to disentangle these factors.

As an alternative hypothesis, however, insight from the
present study on common beech, and from Badeau et al.
(1996) and Franceschini et al. (2010) on Norway spruce
may also suggest a more direct temporal trade-off between
growth and density, as evidenced on a seasonal time scale by
Bouriaud et al. 2005. This would result in what we termed a
“foam-like” behaviour. Progress on the issue should come
from anatomical explorations of wood formation and matu-
ration characteristics.

6 Conclusions

For the first time, long-term changes in wood density were
investigated in a diffuse-porous hardwood, represented by
common beech. We evidenced a mean historical trend in
mean ring density of −55 kgm−3 over the twentieth century
(−7.5 %), at constant ring width and tree radius. Decennial
oscillations in mean ring density were observed, and paral-
leled those observed in radial growth. The decrease
amounted to −75 kgm−3 when these oscillations were taken
into account. Increased radial growth of +50 % over the past
century also induced a restricted increase in mean ring
density. The resulting trend in mean ring density remained
negative (−5.5 % on average).

Tree rings in common beech, therefore, have exhibited
foam-like behaviour over the past decades (strong expansion,
and partial corresponding dilatation), which suggests that
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biomass sequestration does not follow growth trends over time.
Since decreasing trends in wood density have been identified
over several continents in the boreal and temperate areas, the
phenomenon may have a large degree of generality, and would
thus be unduly neglected in carbon accounting approaches.
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