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Abstract

Context. While historical increases in forest growth have been largely documentedigatiess on
historical wood density changes remain anecdotic. They suggest possible denspsakedn
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 regitexl con
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 yeass)lting from the existence of a
positive ring size-density relationship in broadleaved species.

Methods. 74 trees in 28 stands were sampled in Northeastern France to accurately separate
developmental stage and historical signals in ring attributes. First, the histhiacgle in mean ring
density at 1.30m (X-ray microdensitometry) was estimated statistically,natacw developmental

stage and ring width. The effect of past growth increases was then added tahassessistorical
change in wood density.

Results. A progressive centennial decrease in mean ring densitga¥g.m* (-7.5%) was identified

(-10% following the most recent decline). The centennial growth increase induced mumaxi
+25kg.m? increase in mean ring density, whose net variation thus remained nega€ikeg.(m>).

Conclusions. This finding of a moderate but significant decrease in wood density that extteed

effect of the positive growth change extends earlier reports obtained on otitepatterns in a same
regional context and elsewhere. Despite their origin is not understood, such efebease form an

issue for forest carbon accounting.

Keywords: Fagus sylvatica; wood density; X-ray microdensitometry; historical change, ring width,

growth change



INTRODUCTION

Long-term increases in the height and radial growth of boreal and temperate forestggyfitude of
several tens up to 100% over one century, have been reported over the last decages, @aodntly

(of which Spiecker et al. 1996; Boisvenue and Running 2006; Bontemps et al. 2012; Sharma et al.
2012). By contrast, far less is known on possible historical trends in woodyd@egpveu 1999), in

spite of its importance to wood quality, and biomass/carbon sequestration issues. Tindicanecd
available material suggests density decreases of a moderate magnittide-if0%, 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 cdriéast al. 1998

on maximum latewood density at the boreal tree line) and on a ring-porous broadleaiesl spe
(Bergeés et al. 2000 on mean ring density of sessile oak in a temperatéNarstudy 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), Acéraceae an
Tiliaceae (Jacquiot et al. 1973).

Some of the reported decreases were identified on species that also experieaasddrgnowth over

time (Bergés et al. 2000 on Sessile oak; Badeau et al. 1996 and Franceschini et al. 204¢apn Nor
spruce), which has two implications. First, a temporal negative trade-off betweahgradith and
density may occur, which could be envisioned as a p#éoaat effect (pressure dampened on a foam
makes it bigger and less dense). Second, trends in biomass productivity and carborasequestr
would be less than usually inferred from changes on a volume scale.

However, there is inherent difficulty in diagnosing and interpreting trendsgrdensity indicators.

In addition to the effect of developmental stage, ring density depends on growth dapeifaence
hereafter namenng size-density relationship), and hence on both silviculture (Gongalves et al. 2004;
Guilley et al. 2004; Morling 2002; Zobel 1992) and environment-related growth changestic8ta
modelling evaluations that filter out the effect of growth (Franceschini et al. 201i®uareequired, to
ensure that silvicultural trends (Spiecker 1999) or decennial disturbanceméagement-induced
growth suppressions, Makinen 1997) do not affect the historical signal evideneamd density.
Nevertheless, a parallel estimate of environment-related radial growth trendeeimddditional
impact on ring wood density, resulting from the ring size-density relationshigeded as soon as the
purpose is to deliver an integrated historical overview of wood density variatioraspect never
covered in previous studies.

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

(i) in softwoods (homoxylous wood), the relationship between mean ring density amddihgaries

from null (Karlman et al. 2005; Peltola et al. 2007 on Scots pine) to negative M@8&bn Silver

fir; Rozenberg et al. 2001 on Douglas fir; Karlman et al. 2005 on European larch), and istlaenong

strongest in Norway sprucel0 to—20 kg.m*.mm™ ring width, Franceschini et al. 2010). Therefore,



the -5% decrease in mean ring density over one century evidenced at constantzeingy si
Franceschini et al. on Norway spruce implies an even stronger historical degreasentext where
growth trends are positive (Badeau et al. 1996);

(if) in broadleaved species, the distribution of vessels along the rings fediresationship. In ring-
porous hardwoods where vessels form continuous initial cell ranks and are then muchasrdaller
disseminated along the ring, the relationship is strongly positive (+50°kgm* on pedunculate and
sessile oaks in Rao et al. 1997 and Bergeés et al. 2000). On sessile oak, Berges et al. (2000) evidenced a
+66% increase in ring size over one century, inducing an increase in mean ring aferaiykg.m°.
However, a counteracting direct decrease-28 kg.m> (—4%) in mean ring density, estimated at
constant ring width, resulted in a fair stability of mean ring density over the century;

(iii) 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 adneibn, with scarcer
vessels of a smaller diameter (Jacquiot et al. 1973). This leads to @harlg 1995 in Betula and
Populus genus) to weak positive relationship (Nepveu 198 Eagus sylvatica). While the effect of
growth changes may thus be lower than on ring-porous hardwoods, there is no reporeduaithis

wood type.

In a lacking context regarding wood density trends, and on diffuse-porous hardwoods ingpaviiul
conducted a study on the mean ring density of common b&aghg(sylvatica L.) taken as a model
species for this wood type. The species was studied in North-eastern France plemsorh the
studies performed by Bergés et al. (2000) on a ring-porous hardwood, and Franetsadhif#010)

on a softwood, in a comparable historical environment. As a further interest, studies edmfuttte

ring density of common beech are limited. The existence of a ring sizeydeslsitionship is
controversial, suggesting contrasted consequences of the growth increases ajfyeddy for that
species (no relationship found by Polge 1973 and Keller et al. 1976, a positive reijatioMddpveu

1981a, and a weak and negative relationshiput exhibiting a strong between-tree variatioiin
Bouriaud et al. 2004). The single statistical modelling analysis of ring devsithable to date is that

of Bouriaud et al. (2004).

The analysis reported here was conducted on a sample specifically designed to iaveistigatal

trends (Bontemps et al. 2009). It relies on pairs of neighbour stands of stegessrations growing

in the same site conditions (Lebourgeois et al. 2000). Positive growth changes of a magnitude of +50%
over the 20th century have been evidenced on common beech, and these were strongly similar in
dominant height growth and radial growth at 1.30m height (Bontemps et al. 2010),tisggties
silvicultural trends in radial growth are unlikely. Mean ring density wasdiesti based on X-ray
microdensitometric measurements on strips taken at 1.30m.

The objectives of this study were as follows: (i) to estimate thrical variations in mean ring
density at constant ring size and developmental stage (distance or age from theapétl)on a
statistical modelling approach allowing account of the between-tree variaifiéty reported in these

relationships. An aspect was to verify the existence of the ring size-deekitionship. The
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hypothesis tested was that a decrease in mean ring density would also affedfusesporous
hardwood, (ii) to estimate the net historical variations in meam density resulting from the direct
historical variations evidenced above, and the additional contribution of histdnmades in ring size
at 1.30m evidenced on this sample (Bontemps et al. 2010), resulting from the rimtprsiyg-
relationship. The hypothesis tested was that either compensation or afpamiaffect should also
affect this species.

MATERIALS AND METHODS

Sampling design

The sampling design is presented in details in Bontemps et al. (2009, 2010) nlteataies are as
follows: the identification of a historical signal in mean ring density relies on compagmletween
stands of successive generations at a given developmental stage, while ensudngoatstl of site.

To that end, the paired-plots method (Bontemps et al. 2009, Lebourgeois et al. 2000) was agplied, an
14 pairs of young/old (64.6/140.1 yrs, SD: 15.0/20.2 yrs, respectively) neighbour stagdas (m
distance: 160 m) were sampled in North-eastern France in 1998. These wesd Htcat mean
elevation of 370 m (SD: 50 m). A post-sampling control of within-pair sitelifons was ensured
throughin situ measurements of vegetation, complemented by soil analyses. Stand pairing proved to
be successful, as no systematic difference in environmental indicators was famen{Bs et al.

2009). In each stand, 3 dominant trees were sampled in a 0.06 ha circular plot folleyvongtocol

of Duplat and Tran-ha (1997). In total 84 trees were sampled.

Ring density measurements

Disks were sampled at 1.30m on each tree (Bontemps et al. 2010). Ten deterioratedthiskmat
of measurements were discarded. Two 2mme-thick opposed strips were sawn overskaohadi
random direction, and were dried at a 12% relative humidity. X-ray microdewdiic measurements
were conducted following Polge and Nicholls (1972). Films were digitised at a 10@&sdjution,
providing a measurement resolution of |28 in a radial direction (CERD software, Mothe et al.
1998). For each strip, a density correction was performed by scaling to aeravmmeasure of strip
density. A mean ring density was computed for each ring. An inter-dating procealsireonducted
with reference to independent inter-dated ring width measurements performed on the sk@me di
(Bontemps et al. 2010). Mean ring density annual chronologies were averaged over strgpsaof
each tree. The age from the pith (hereafter cambial age), calendar yearatioiorand tree radius at
the time of ring formation (distance from the pith) were then defineedch ring. As ring density
chronologies were highly variable in juvenile wood, the first 20 rings of eaehwiere removed

(Nepveu 1981b). In total, 5759 rings on 74 trees were collected.



Exploratory data analysis

Sample statistics for the main variables and their correlations with mean idtly @ensity are
provided inTable 1 Correlations between mean ring density and cambial age/ring width were found
negative/positive, respectivelyTgble 1). The correlation with ring width was weak but highly
significant. A negative correlation@.297) with calendar year was also identified.

In addition, considerable between-tree variation in these correlations was foantetween ring
width and ring density varied betweed.65 and +0.80 (average 0.16), and was negative for 20 out of
74 trees. That between cambial age and ring density ranged betv88rand +0.67 (averag®.40)

and was positive for 7 trees.

The relationships with cambial agEidure 1a) and tree radius (not presented) showed a convexity.
The relationship between mean ring density and ring width was concave and found to dndepen
cambial age/tree radius.€ an interactionfigure 2), and was steeper at later developmental stage.
On average, ring density was clearly lower in the younger stand generatiom ttten dlder one
(Figure 1a).

Mean ring density =~ Cambial age Tree radius Ring width Calendar year
(kg.mi®) (years) (mm) (mm)
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* <10* <10* <10*

Table 1 Sample statistics of the different ring variables and correlations with mean ring dengit The

sample comprises 5759 rings. SD: standard-devigtiqnyalue of the Pearson’s test of correlation.
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Fig. 1 Relationships between mean ring density and cambial age (a) or ring width (bKppen light grey
circles: rings of older tree generation, dark grey pluses: younger genetatifigure la, observations were
smoothed (loess function) by tree generation to highlight the betgesgaration difference in mean ring density
at constant cambial age. In Figure 1b, the change in radial growth betiveetwvo tree generations is
discernible, and smoothing was common to all observations. Convex atavecturvatures were depicted in
these successive relationships.
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Fig. 2 Relationship between mean ring density and ring width (RW) for different classed oambial age
(CA). Cambial ages below 20 years were removed to exclude juvenilé (see Materials). The relationship
between mean ring density and ring width was highlightetlisndiffuse-porous wood pattern. The relationship
intensity was found to increase with greater cambial ages (flat at yoaggs}, suggesting to introduce a
multiplicative interaction between ring widBW and developmental stage in the models fitted.

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

The statistical modelling approach was intended to estimate historical variatiamsod density

(effect of calendar 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 widthngndensity. While developmental

stage is predominantly represented by cambial age in modelling approaches of rityg(Bensiaud

et al. 2004; Franceschini et al. 2010; Guilley et al. 1999), functionabldometric studies of tree
biomechanics suggest that tree size may be of primary importance (King etGalR28ell and Olson

2007). In addition, trees of identical age growing in different site condittore, different periods in

a context of environmental changes, will show different sizes, and these referemdberefbre

differ. Their respective predictive accuracy on mean ring density was tested.



The dataset is composed of longitudinal annual data. In addition, age-density arit-dgnosity
relationships exhibit considerable between-tree variation in tree species (Boetialld2004 on
common beech). The tree level has further been shown to exhibit the highabtlitsain wood

density among hierarchical structural levels including site, stand, or heigdtib wie 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 weifeaig. Models were

fitted by maximum likelihood (L) using the linear and non-linear mixedet$f model algorithms of
Lindstrom and Bates (1990), with functiolme andnlme of S-PLUS software (Pinheiro and Bates
2000). Nested models were compared using the likelihood ratio Chi-2 test (LRTicstaBéheiro

and Bates 2000). Non-nested models were compared using the AIC (AEC(a L + p) where p is

the number of parameters) intended to be as small as possible.

Statistical modelling steps
Sep 1. Test and selection of the different effects

Based on the exploratory data analysis, an initial modelling framework was formulated as follows:

Di=(a@+a)+ (b+h) Dy +[(e+6+(f+f) Dy ] RW +dt +¢; 1)

whereD stands for mean ring densi§D is a proxy of developmental stadg® is ring width, and is

a re-parameterization of calendar year suchttkadate — 1900 (hence 1900 is the reference date for
measuring a historical change). Tree, and ring at timathin the tree, are indexed by i and t,
respectively. Parameters.&f are tree random effects on the fixed parameters. Further assumptions
are:g;y ~ N(0g?) and 6 ~ N(0y, G) whered, = (a, by, &, fo) is the vector of fixed parameters, afd:

(a, b, g, f) is the vector of associated random parameters, G is their symmetaicceadovariance
matrix, andN corresponds to the multidimensional Gaussian law. Since we sought to detect the mean
historical trend in wood density over the sample, parameter d only had a fixed component.

First, developmental stag&§ in Eq. 1) was represented by cambial aga, (model M1) and tree
radius R, model M2), successively. The linear effect of calendar year was tested ontmshe

predictive effect for developmental stage was retained (model M3).

Sep 2. Mathematical representation of the effects of developmental stage and ring width

The curvatures detected in the relationships with developmental $tagee(1a) and ring width

(Figures 1band2) were then included in the following generalisation:

Dii = (a+a) + (o + b) 1 (SDy, ) + [(e + @ + (f+ ) Di ] f2(RW) + dt +&; 2)

where:



- f;is an asymptotic function of developmental stage, namely a hyperbolic furfetiotbéb
D / (SD+c) with b < 0, model M4.1) or a negative exponential functipr ((b+bi) exp ¢
D/c) with b > 0, model M4.2). Since these forms were non-linear in parameter ¢, weaised th
nime procedure of S-PLUS software. No random effect was tested on parameter c.

- f, was represented by alternative forms of increasing curvature, namety I/RW (model
M5.1), In RW (model M5.2) oiRW ®° (model M5.3), starting from the most accurate previous
model (M4.1 or M4.2).

Sep 3. Smplification of the model, estimation of historical variationsin mean ring density

Once representations férandf, were selected, we investigated whether the random structure of the
model could be simplified regarding parameters e and f in particular (thenfoddl was denoted
model M6).

Up to model M6, a mean historical trend in mean ring density was estimated (pardmnételine

with Bontemps et al. (2009, 2010), we estimated its historical variatiatecefnial range. We tested

a polynomial-type effect of calendar ye&t§, model M7) using a cubic-spline function (property of
minimal curvature, restricting excessive oscillations, Lange 1999), which is a pieo®ntgguous
polynomial without any sudden variation in slope over the time period covered. We selegatia
inter-node of 15 years, as was done on radial growth in Bontemps et al. (2010). Trateabsaoilel

was as follows:

Dii = (& + @) + (b + b) 1 (SDy, €) + [(e + @ + (f + ) D ] f2(RW) + 15 (t, P) +ei 3

And:
k1 k2
fg (t,P)=dyt+dot?+dgt®+ 3 py(max (t-nk0))>+ 3 pm (min (t+ nk0))® (4)
k=1 k=0

where P = (d dh, &, pi...px1, PM...pmyy) iS the vector of fixed parameters of the spline function,
t = date— 1900, anch = 15 (inter-node), k= 6 et k = 2.

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

The historical trend/variations in mean ring density estimated by models M@&w performed at
constant ring width. In order to deliver an integrated evaluation of the historical change in rityg dens
we combined the latter trend with the additional one resulting from the hidtoadial growth
increase (Bontemps et al. 2010) and propagating to mean ring density due to the nusitjk@wvth-
density relationship evidenced (see Results),. In the following, this estimgatiermed 'net historical
variation', 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 thersiriglBw °°
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was retained for the interaction, the historical variation in miggndensity over any time interval [O,

t] starting in the year 1900, was thus written (Eq. 3) as:

AD (t) =D;— Do = fi(t, P) + fR (RWM(1)*° - f2 (RW(0))) (5)

In Bontemps et al. (2010) the radial increment of dominant trees was representedlbplizatve
model [Table 2) of the effects of site fertility (parameter S), developmental stage qiiggnowth
function of dominant tree radiuk,(R)) and calendar yeag(t) also represented by either a linear or a

cubic spline function of year with an internode of 15 years, and such(that 1):

RWMt) = ST(R)g(t)  (6)

The average site conditions over the sample (mean value qof) Sye®e retained. Hence, the net

historical variation in mean ring density is given by:

AD () = foft, P) + f SR (fa(R) **(9 (1) °~ 1) ()

The assessment was conducted with both linear (mean trend) and cubic-spline dtigeentions)
functions of calendar year, estimated on both mean ring defisibje( 3, models M6 and M7) and
radial growth (Bontemps et al. 2010, Table 2) data. The sample range was selecechif@mt
radius (5 to 40 cm).

RESULTS

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

Comprehensive details on the statistical modelling steps are providedliime Resource land in
Table 3, and are summarized.

Modelling step 1. The effects of cambial ageA (negative) and the interacti@A.RW (positive) were
found highly significant. Strong between-tree variations in @D and RW-D relationships
(associated random effects) were identified (M1). Tree radiwgas found to outperfornCA as a
proxy for developmental stage and was retained (M2). A negative and very signifieantefffect of
calendar year on mean ring density was fow3@ (g.m? over the 20th century, M3able 3).

Modelling step 2. The hyperbolic effect of R (M4.1) significantly improved the model accuracy. The

gain obtained with the exponential formulation was greater and was retained (Bi4&)counting
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General model RW({)=S,. RK)"/(1-m+mRK)).g()

a. Parameter estimates with linear effect of calendar yearyg (t) = (1 + d.t), with t = date— 1900

S (Mm.yr?) K (mm) m (-) di x 107 (year?)

2.46 70.8 0.469 0.385

b. Parameter estimates with cubic-spline effect of calendar yearidentical to Eq. 4 except that k2 = 1 (no parametef) pm

Sm K m d, x10? d, x10* ds x 10* p.° P2 Ps P4 Ps Ps pmg pmy
(mm.yr!)  (mm) ) (yr? (yr? (yr)
2.41 73.4  0.469 0.75 8.40 -28.83 20.65 53.64 -93.00 100.90 -174.73 719.78 6455 -70.37

Table 2 Average model of dominant radial growth at 1.30 m for common beech Morth-eastern France (same sample) used to estimate historical growth changes, and
estimates for the different parameters.The two parameterizations correspond to representations of the historical chaadjalignowth by a) a linear function and b) a cubic-
spline function of calendar year,, & the mean site parameter, K is the radius where maximum radial gsogliberved, m is a shape parameter. Parameter estimates come from
Table 2 of Bontemps et al. 20f0or parametersjto pm, scales and units are identical to those;of p

12



for this R-D relationship convexity, the magnitude of the historical trend logically inede@30 kg.

m> over the 20th century), corresponding te-E0% decrease relative to the sample mean. The
curvature of theRW-D relationship was also confirmed, and the most accurate model was obtained
with the power function oRW (RW %2 M5.3). The historical trend estimated on mean ring density
reached-65 kg.m® over the 20th century.

Modelling step 3. Over-parameterization in the interaction betwBeandRW effects was observed in

the previous steps. A test of different model parameterizations led to imaiv@anultiplicative effect
RRW®° and remove the pure effect BV (M6). The number of model parameters was reduced from
17 to 12, following the simplification of the variance-covariance matfixandom effects. The
historical trend estimate reacheB5 kg.m® over 100 years. Accounting for decennial fluctuations in
mean ring density (cubic-spline function of yefgof Eq. 3, M7) led to a significantly more accurate
model than M6. Residuals of model M7 did not reveal any further bias. The testr@libpwas also
satisfied.

The historical variations in mean ring density (M7) and the average trend (M6) are pl&tigdren3.

A regular decrease in mean ring density was emphasized over the century, andtkeedat&n19th
century, with a magnitude75 kg.m?® at the end century relative to 1900, corresponding-tb0a3%
decrease relative to the sample average (730 Rg.This decrease significantly departed from zero
since the early 1930s. Nevertheless, positive and negative temporary deviationa iingekensity

over the 20th century were uncovered by the spline function, and these were alted det¢ioe
observationsHigure 3): positive anomalies in the 1910s, 1940s and 1980s accounted for the positive
oscillations captured by the spline function, while negative anomalies in the 1920s-1930s, 1960s and
1990s accounted for the negative ones. The recent and quite sharp decrease in meantying densi
accounted for the difference with the average trenddd5 kg.m®.year* (-7.5% relative decrease).
Some anomalies were however not reflected in the spline fit, such as more disctate @osnts in

the late 1950s-early 1960s, and in the late 1970s.

Net historical changein mean ring density including the historical increase in radial growth

The historical trend in annual radial growth is plottedrigure 4a. An increase in annual radial
growth of up to +50% was observed in the 1990s (+38% on average). Negativaliesonere
observed in the 1940s and 1990s. The historical variations in mean ring density and radial grow
were compared Higure 4b) after standardisation by a 3rd-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 sig
captured by the cubic-spline functions.

When the linear historical trend in mean ring density and that resultingtfimtmear radial growth

trend were combinedré&ble 2 and M6 inTable 3), the net change in mean ring density was found to

be almost linear at a fixed tree radius, and ranged betvekg.m® at a radius of 5 cm ta31 kg.m®

at a radius of 40 cni={gure 5), over the 20th century. The effect of increasing radial growth on mean
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Parameter estimates Model statistics

Fixed effects Random effects
Model a b c d ¢ f o’ b’ o’ o c ¢ InL AIC LRT)®
kg.m?®  kg.m® mm kg. m kg.m kg.m®mm®?  kg.m® kg.m? kg. nm kg.m3.mnr2 kg.m?® p n p( )
Syrt :mm? 3 mm?
M1 724.6 -1.2 - - -4.4 0.23 39.9 0.6 15.2 0.22 26.3 15 -27375.2 54780.4
<10* <10* - - 0.051 <10*
M2 729.6 -0.6 - - -6.5 0.12 37.9 0.3 16.4 0.12 26.1 15 -27342.0 54714.1
<10* <10* - - 0.006 <10*
M3 734.6 -0.4 - -0.32 -5.0 0.11 37.9 0.3 15.9 0.12 26.1 16 -27333.3 54698.7 <10*
<10* <10* - <10* 0.037 <10*
M4.2 742.7 60.4 57 -0.70 4.9 0.05 40.3 134.5 19.5 0.11 25.5 17  -27242.3 545185 <10*
<10* 10®° <10* <10* 0.057 10°
M5.3 7413 61.0 62 -0.65 25.3 0.07 39.5 170.7 48.0 0.23 25.0 17  -27139.9 543138
<10* 0.006 <10* <10* <10* 0.030
M6 7406 1624 162 -0.55 - 0.25 40.3 152.0 - 0.20 26.2 12 -27309.8 54643.7 <10*
<10* <10* <10* <10* - <10*
M7 770.7 1228 139 - - 0.22 41.8 155.6 - 0.20 25.7 23 272227 544914 <10*
(6.4) (22.1) (9.9 - - (0.03) 0.09° 0.11° 10°° 9510
<10* <10* <10* <10*
Correlations of random effectd in model M7: p(a. b) =-0.358 p(a. f) = -0.364 p(b.f) = 0.84
Cubic-spline di x10 d2x10  dsx10°  pix1C° [ Ps Pa Ps Ps pmo pmy pm;
parameters (1/an) (1/arf) (Varf) (L/arf)
M7 (continued) -2.714 1.097 -5.159 9.659 -7.638 6.008 -4.573 -0.976 -0.947 9.053 -5.545 1.604
(1.525) (0.226) (0.905) (1.669) (1.548) (1.477) (1.498) (2.051) (1.349) (1.863) (1.995) (1.656)
0.06 <10* <10* <10* <10* <10* 0.002 0.6 0.9 <10* 0.005 0.3

Table 3 (see next page).
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Table 3 Models statistics and parameter estimates of mean ring density modedge Eq. 1 for models M1

to M3, Eq. 2 for models M4.2, M5.3 and M6, and Eqs. 3 and el M7. Unit applies for models M1 to
M4.2, and is kg.mt.mm?®®° for model M5.3.” Standard-deviations of random effectslumber of model
parameters’ p-value of the likelihood ratio test (LRT) of nested model comparisa¢ssive models in the
table),®standard-errors for variances of random effettgrrelations between random effects were estimated

after standardization of the associated fixed effects.

100 - ° B
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Density variation (Kg.m %)

'140 T T T T T T T T T T T T T T T T T T T T T T T T T
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
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Fig. 3 Historical decrease in mean ring density of common beech in North-eastern Frareeconstant ring
size and tree radius The mean linear trend (M6) and the historical variations (M7) are supes@dponto
partial residuals of M7 where all effects but that of date were removed. Lightggeycocles: rings of the older
tree generation, dark grey full circle: younger tree generation. Full lihiekcubic-spline function of calendar
year (M7, Table 3), thick dotted lines: 95% bilateral confidence interval (details imappaf Bontemps et al.
2009), full thin line: linear historical trend (M6).



ring density was thus very restricted for small trees (10 cm in diameatet)increased to a point
where the net trend in mean density was reduced by 50% for large trees {@@iameter). On a
relative scale, these centennial variations represented a decredsgtof-7.0%.

Since synchronous historical variations were detected between mean ring density angroadh,
these were amplified when the polynomial variations in mean ring density @ombined to that
resulting from polynomial variations in radial growth were combinBable 2 and M7 inTable 3
Figure 5). The resulting net variation in mean ring density ranged betwg@kg.n?’ at a tree radius
of 5 cm, and-60 kg.m" at a radius of 40 cm-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 kg.m

In conclusion, the historical increase in dominant radial growth had a posifect on mean ring
density that ranged between negligible at lower tree diameter (10 crnanthlf (linear decrease)
or one third (polynomial fluctuations) of the historical decrease in ringtgidnsithe greatest sample

diameters. It hence never counterbalanced the ring density decrease evidenced.
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Fig. 4 Historical change in dominant radial growth at 1.30m of Common Beech in Mi-eastern France

(a) and comparison of decennial variations in radial growth and mean ring density (bHistorical changes
in radial growth were estimated on the same sample, by a linear (ld®dbr a polynomial (full line) function
of calendar year (see Table 2; Bontemps et al. 2010). Decennial variati@tsal growth (b, dotted line) and
mean ring density (full line) were detrended using a degree-Baoyd polynomial function and were

standardized (respective standard-deviations over the study period).
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Fig. 5. Net historical variations in mean ring density (kg.n) as a function of calendar year and tree
radius after historical changes in radial growth at 1.30m were taken into accouin(see Methods). These
variations were computed from the historical decreases evidenced oningedensity at constant tree radiRs
and ring widthRW (this study), and from the historical increases in radial growth atml(B@ntemps et al.
2010) impacting mean ring density through the positive ringdézesity relationship evidenced (M6 and M7,
Table 3). Since this relationship increased with tree radius (interaRiRW ©9), the effect ofR on these net
variations was also included in this representation. Both linear (M6, topderehnial fluctuations (M7,

bottom) of mean ring density were plotted.

DISCUSSION

An objective of the present study was to estimate the historical change nrimgadensity of a
diffuse-porous hardwood (common beech), and to compare it with results are alraitalyeafor a
ring-porous hardwood (sessile oak, Bergés et al. 2000) and a softwood (Norway spruceclirance
et al. 2010) in a similar environmental context. The estimation of tharib&dtchange in ring density
required to filter it out from the effects of developmental stage and rgudialth, and a careful
statistical control of these effects was crucial. A second objective wagboate the net historical
change in density resulting from the additional effect of the histarf@alge in radial growth as mean

ring density depends on ring size.

18



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

Satistical effect of developmental stage and interpretation

Tree radius at the time of ring formation proved to be more accurate a proxy thamlcagebto
represent the effect of developmental stafgble 3). This effect was of decreasing magnitude with
size. Relative to the sample mean tree density at the earliest development@istiageof 4.7 cm),
the average effect corresponded—#8 kg.ni® for a radius of 30 cm i.e. a decrease-ip% over
developmental stage.

There is literature consensus regarding this effect on common beech. Preliminagysfirgtiorted a
negative correlation between wood density over the last rings at 1.30m arsizérd&eller et al.
1976). A systematic difference in mean density of heartwood and external rings evésual$ by
Nepveu (1981b)in recent quantitative approaches, Govor¢in et al. (1998) and Bouriaud et al. (2004)
reported negative effects of cambial age of an average magnitude.3ofand-1.0 kg.m>.yr?,
respectively €1.25 kg.m>.yr* in our sample). The cambial age-density relationship was also found
convex in Govorcin 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.

Satistical effect of growth rate (RW) and interpretation

A positive effect of ring width on mean ring density was evidenEgglie 1b), and was found to be
depending on tree size, leading to introduce a multiplicative interaction inoithel @igure 2, Table

3). A comparable formulation was used in Rozenberg et al. (2001) on Douglas fir. Assuinésg
radius of 20 cm, the intensity of this effect (L&®/*° kg.m?* after model M7) was quantified by
doubling ring width from 1.5 to 3 mm, and indicated an increase in mean ring dgng&ykg.n’. In

a ring-porous hardwood such as in sessile oak, where the effect of ring widiteisonspicuous, the
same doubling in ring width (4BW kg.m* after Guilley et al. 1999) induced a +70kg’imcrease in
mean ring density.

Reports in the literature are more uncertain as regards an effect of diginvithis 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 microdersitom
measurements, Nepveu (1981b) identified a weak but positive relationship. Bouridu@2804)
reported an absence of significant relationship between ring widthirsgdiensity. However, the
corresponding sample included young trees (between 45 and 70 years old) witlemsren2.9 mm

on average against 2.2 mm in our sampkb(e 1), a level where the ring size-density relationship is
dampenedHKigures 1band?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 #ize-dens



relationship over the sample. This relationship was even found negative for sonie tineesample,
in line with Nepveu (1981b).

Investigations on wood anatomy provide support to a positive ring-size densitynsgiioSiss and
Mailler-Stoll (1972) and Gasson (1987) highlighted decreases in both size and surfacgoprapo
vessels with ring width, while the proportion of fibres was found tcease. The number of vessels
was also reported to decrease in Jacquiot et al. (1973). Alternatively, Sass arain HAle85)
reported a constant density of vessels along the ring, but decreasing in diameter.

Between-tree variation in tree radius-density and RW-density relationships and inter pretation

Large between-tree variations in these relationships were found in the explaratysis, and these
were confirmed in the random tree variations of the parameters associated toelatseships
(Table 3). By computing the analysis of variance for mixed-effects models (Hervé 19889 and
M7, we found that fixed effects accounted for around 19 % of the total saaréon in mean ring
density, in line with Bouriaud et al. (2004; 15%). The tree random effects asdawiaheR-D and
R.RW-D relationships represented an additional 10% of variation (50% of that of fixeeds@ffand up
to 60% of this variation when the pure random tree effect was included (Eg. 1).findéesgs are in
line with Le Moguédec et al. (2002) that found that the highest level of vasidhilihe ring density
of sessile oak was located at the tree level.

Such tree-level variations are usually attributed to genetic factors. Wood densityshemce the
highest levels of heritability among phenotypic traits regardless of treeesg&cemer et al. 1994).
On Douglas fir, Rozenberg et al. (2001) evidenced that including informatiidime genetic structure
of populations led to greatly increase the accuracy of ring density models (fro88%tm R2 with

provenance to clonal levels).

Historical change in mean ring density

At constant tree radius and ring width, a decreasing trer85kg.m? in mean ring density over the
20th century was evidenced (M6). This decrease reachBdg.m® when the recent decline was
taken into account (MFigure 3). On a relative scale, such findings are therefore remarkably similar
to those of Berges et al. (2000) on sessile oak (a ring-porous hardwood) and Fhaineteakth{2010)

on Norway spruce (a softwood) that reported decreases by arbtneh mean ring density over one

century, although here of a sharper magnitude.

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 factorshompe possible.
Accordingly, the estimate for the historical trend in mean ring densitywves as high in magnitude
when the convexity of the developmental stage efféigufe 1a) was accounted for (modelling step

2, Table 3) in the model. Here, the paired-plots structure of the sampling design proesdats
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useful for a statistical separation of these effects, as alreadiyneeid for growth changes (Bontemps
et al. 2009, 2012). By contrast, this estimation was poorly dependent on the prdeydtmpmental
stage, since a difference by only +4 kg.mvas 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 polyphenotarands (Hillis
1987, Guilley 2000 on Sessile oak), duraminization can increase the mean densiiy afvar time.

It may thus amplify or even cause the apparent decrease reported in ring wobd idemsi study.
Moreover, since a proxy for this phenomenon would bagarfrom the cambium (direction opposed
from cambial age), and since all trees were sampled at a single date, tmérimsie confusion
between this putative effect and the historical decrease reported.

First, this process may however be of late occurrence, and of restricted onpestnmon beech.
Chemical analyses performed on 60-year old trees to discriminate heart- and sgpoxed
unsuccessful (Bartelink 1997). Necesany (1958) also reported no change in activity of parenchyms
before 50-70 years after ring formation. Sapflow analyses (Schéafer et al.r2068)ed a constant
flux in a radial direction from 2 cm away from the cambium to the pith dsmeMsller and Miller
1938, cited by Hillis 1987). These studies are in accordance with a formation tefdushthat would

not occur before 80-100 years (Hillis 1987), and even up tol 3@§ears (Nec¢esany, 1958). Thus the
impact on the present centennial chronoldggyre 3) should be restricted.

Second, two properties of the statistical model lead to discard a residual heartweabd-bas
interpretation of the historical trend reported. First, we allowed a betweeivdriation in the effect

of developmental stage, much more likely to capture heartwood formation effectsjngcait tree
scale, than the average historical change we estimated. Second, assuming that the-diegsity
relationship is related to decline in vessel frequency/size along the ring, ahdahatood formation
impact on wood density increases with vessel lumen proportion in the ririg;RWéinteraction (less
intense for earlier developmental stages, i.e. rings matured for long) may dreat#gsnterpreted as

the footprint of this maturation.

Net historical changein mean ring density including the historical increase in radial growth

Since we evidenced a positive effect of ring width on wood density, we investigateddtional
effect of historical increases in radial growth evidenced over thiplsa(Bontemps et al. 2010) on
mean ring density. Due to tHeRW interaction, tree radius was an additional factor to consider on
these net historical variationgigure 5). As a main outcome, the centennial decrease in mean ring
density persisted, and was comprised in a rangd ¢d —7% in the linear framework-8 to—10% in

the polynomial framework), depending on tree radius. For a maximum tree radius of 4@&cm, t
compensation amounted to +25 kgi.riffor a mean trend of55 kg.m®, M6 andFigure 5), i. e. a

relative compensation of a maximum 43%.
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In a context of historical forest growth increases, a stable poRNi#B relationship over time implies

an increase in ring density. It may thus be hypothesized that the histodoedskein ring density at
constant ring width actually corresponds to a down-regulation exerted on the p&3iiz
relationship, in order to maintain density more or less constant. Such view may be suppdineed by
ealy work of Berges et al. on Sessile oak (2000; a +688bover one century corresponded to +25
kg.m*in mean ring density following tHRW-D relationship evidenced. The parallel decrease in mean
ring density at constant ring width was arouw® kg.m®). The hypothesis however does not hold
here, as a net decrease in mean ring density was ascertained. This may be ewaviousen
Franceschini et al. (2010) on Norway spruce, where a sinblr decrease in mean ring density was
observed, despite tH&W-D relationship is negative, suggesting an even stronger decrease in mean
ring density following past radial growth increases in this species (Bageal. 1996). Hence,
common beech is a tree species in which wood has behaved like imperfect foam overdbeguiest,
‘expanding' fast, but not 'distending' accordingly. A major consequence concerns chdigemss
sequestration. The net decrease in mean ring density 6f8€af6 for trees of 40 cm in diamete6Q
kg.m?, Figure 5) provides an idea of the temporal centennial bias induced from predicting the
biomass change from the volume change undeoratant wood density assumption. Significant
variations in wood density over ontogemi(% for common beech, see Results) also challenge this
assumption. Obviously, this has consequences for evaluations of carbon sequestratisnathat
assume wood density to be a species constant (Karjalainen et al. 2003) and this ca#adorgethe
analyses to wider sets of tree species and regions.

Historical decreases in wood density and their origin

There may be some degree of generality in this phenomenon, as it has been olbsdiffererd
locations worldwide, including at high latitudes all over the Northern smie (Briffa et al. 1998),

and in temperate areas of Northern America (Conkey 1988) and Europe (Bergés et al. 2000,
Franceschini et al. 2010, this study). In addition, the latter studies perforniedsarhe 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) aad nng
density (Franceschini et al. 2012) have shown that this density decrease comasithl@anipss of
sensitivity to temperatures over the second half of the centarphenomenon that has been termed
'divergence' (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 thetprase, North-eastern
France has been affected by climate warming (Moisselin et al. 2002), siginlBeals of nitrogen
deposition (Croisé et al. 2005) and increases in the level of atmosplgraoAcentration, making it
difficult to disentangle these factors.

As an alternative hypothesis, however, insight from the present study on common bedobimand

Badeau et al. (1996) and Franceschini et al. (2010) on Norway spruce may also auggestlirect
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temporal trade-off between growth and density, as evidenced on a seasonal time Boaleaog et
al. 2005. This would result in what we termedaaritlike’ behaviour. Progress on the issue should

come from anatomical explorations of wood formation and maturation characteristics.

Conclusions

For the first time, long-term changes in wood density were investigated ifusediforous hardwood,
represented by common beech. We evidenced a mean historical trend in mean ringotlea&ity
kg.m?® over the 20th century-7.5%), at constant ring width and tree radius. Decennial oscillations in
mean ring density were observed, and paralleled those observed in radial growvtbecrease
amounted to-75kg.m* 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. fihg tresd

in mean ring density remained negativb.6% on average).

Tree rings in common beech, therefore, have exhilftani-like behaviour over the past decades
(strong expansion, and partial corresponding dilatation), which suggests ahetsbi sequestration
does not follow growth trends over time. Since decreasing trends in wood density hawiehtfed

over several continents in the boreal and temperate areas, the phenomenon may have a laofje degree

generality, and would thus be unduly neglected in carbon accounting approaches.
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Electronic supplementary material

Online Resource 1. Historical variations in mean ring density at constant developmentsiage
and ring width. Detailed results of the statistical modelling stepgsee section ‘Materials and

Methods’, subsection ‘Statistical modelling steps’).

Modelling step 1

The effects of cambial agéA and the interactio@A.RW (Eqg. 1) were highly significant. Consistent
with Figures 1 and 2, the effect GA was negative, and that of the interaction betw@arandRW
were found positive. The pure effect R was in limit of significance (M1, Table 3), indicating a
possible over-parameterization in the effectRu¥. The standard-deviations of random effects were
very important in magnitude (parameter means and standard-deviations in Tabid ajfested of
strong between-tree variations in &-D andRW-D relationships.

A decrease in AIC by66 points was observed wh&A was replaced by tree radi&s suggesting
thatR was a better proxy for developmental stage t8AnM2, Table 3). This was also confirmed by
a reduction of one half in the standard-deviation of the random effect of pardntbtrindicated a
more stable relationship with this proxy. Tree radius was thus retained in liheirigl The pure
effect of RW was more significant in M2 and other effects remained very signifiaadtconstant in
sign.

The introduction of a linear effect of calendar yeév3) led to a significantly better model (Table 3).
A decrease by 16 points in AIC was observed. The effect of date was found negftikg. over
100 years) and very significant. A logical decrease in the effect ofadaes (positively correlated
with calendar year: 0.60) was observed.

Modelling step 2

Residuals of model M3 against R revealed a convexity, and the functions considéyadefertested

(Eq. 2). Both forms significantly improved the model accuracy (Table 3). Steergases in AIC by
-130 and-180 points were observed with the hyperbolic (model M4.1, not presented) and exponential
(model M4.2, Table 3) effects @&, respectively. Since the effect Bfandt were both negative on
mean ring density, accounting for this curvature also had a significant impactrmoagh#ude of the
historical trend that was decreased down?0 kg.m® over 100 years, corresponding to a rou$i%
relative to the sample mean ring density. Again, the pure effd\bivas in limit of significance.
Model M4.2 was retained in the following.

The different functions oRW tested led to contrasted results, from over +150 points in AIC for the
asymptotic effect RW (M5.1, not presented) to ove200 points for the effect W °° (M5.3, Table

3). The effect ofin RW (M5.2, not presented) led to an intermediate accuracy, equivalent to that of

M4.2 (+4 points AIC). The curvature of the effectFW was thus confirmed, and induced a small but
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logical decrease in the historical trend on mean ring dengify Kg.ni® over 100 yrs in M5.3, Table
3).

Modelling step 3

A swap in the significance of the pure effectRW and the interactioR.RW was observed in M5.3.
Since these effects were never simultaneously significant in the previous modglsplifeed model
M5.3. However, the between-tree variation in the associated parameters remdiiggdnofgnitude,
implying to perform comparisons with and without random effects. When only fixedtsefiec
parameters e and f were considered, the suppression of the interactioR.Rh° (f) led to a
significantly worse fitting accuracy (+350 points in Alfs107), which was not the case when
removing the pure effect ®W (e, +2.8 points in AICp = 0.04, not presented). When random effects
were reintroduced, the suppression of any of these effects was highlycsiginfik 10* in both cases)
suggesting that most of these differences were generated by suppresaimoof effects. However,
again, the model including the multiplicative teRRW°® was significantly more accurate1@0
points in AIC). Hence, we retained the multiplicative eff@dfRW°° (M6) that was much more
parsimonious (12 instead of 17 parameters, due to the associated decrease in rank of tke varianc
covariance matrix of random effects), despite its AIC and likelihood were wwardan model M5.3
(Table 3). All parameters were highly significant in model M6. The historicad ire&s estimated to

55 kg.m® over 100 years.

Residuals of model M6 against calendar year revealed temporal fluctuations. dtadibdn of the
cubic-spline function of calendar yeds ¢f Eq. 3, M7) led to a decrease by ov&B0 points in AIC
(p<10*). Residuals of this final model plotted against predictions did not revediasjn the model.

The test of normality was also satisfied.
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