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ABSTRACT

While forest productivity is usually inferred froheight growth indices, retrospective analyses of
tree rings have been intensively used to assesstéomgtrends in forest productivity. However,
radial growth is sensitive to the degree of comjpetibetween trees and influenced by management
practices or local disturbances. Whether radiaivtjtas accurate for diagnosing and quantifying
productivity changes remains a debated question.

In a previous study, we assessed historical variatin dominant height growth of even-aged stands
of common beech in north-eastern France as a dxtheir productivity changes. The analysis
was based on a sampling design including 14 pdigowong/old (75/150 years) neighbour stands
growing under the same site conditions. Dominarghtevas reconstructed from stem analyses and
was compared between generations using a staltistarielling procedure.

In this analysis, we tested whether radial and Htegyowth of dominant trees may provide
compatible indications on long-term trends. We e¢f@e measured and analysed the radial growth
of dominant trees at breast height for the samepkathitrees. The effects of site, developmental
stage, and calendar date were separated by apg@l\simgilar modelling approach. Consideration of
the developmental stage effect led to the formutatif an original growth equation.

Analysis of radial growth revealed: (i) a long-tepwsitive increase; (ii) a magnitude of +50% over
the last century; and (iii) growth declines in tt@40s and 1990s. These features were remarkably
similar to those reported on dominant height, amticated that radial growth of dominant trees
delivered a sound picture of productivity changgse radial growth chronology also differed by
showing a more acute acceleration phase in thg eanltury, and a recent but significant difference

between stand generations.

Keywords: Growth trends; Radial growth; Dominant treestiSt@al modelling; Mixed-effects
models; Fagus sylvatica



INTRODUCTION

In temperate and northern ecosystems, tree ringseasy to sample and measure, and provide
guantitative information on past annual tree growtherefore, radial growth has been widely used
to investigate forest productivity and vitality ihe field of dendrochronological studies. The
approach has been a predominant contributor testue of long-term growth trends (Lamarche et
al., 1984; Becker, 1989; Spiecker et al., 1996 pBgncand D'Arrigo, 1997; Esper et al., 2002;
Boisvenue and Running, 2006).

For research and management purposes, a comprahensirview of long-term changes in forest
productivity is needed. This requires assessing gpatial and inter-specific variability among
forest resources. Such investigations are highiyataling in terms of growth data collected, and
have remained fragmentary to date (Spiecker, 1988)ong available growth data sources,
retrospective analyses of dominant height growth ratevant for addressing productivity issues
(Martin-Benito et al., 2008; Bontemps et al., 2Q0d®)t remain costly. National forest inventories
have been initiated to systematically describeftnest resource, but cover restricted periods of
time (Spiecker, 1999). Thus, tree ring measuremeiitslikely remain the preferred option for
establishing a comprehensive picture of regiondlspecies growth trends.

However, the accuracy of radial growth is questibf@ investigating past forest productivity
changes. First, the radial growth of individualeBeis sensitive to local competition dynamics
driven by natural disturbances or silviculture iamaged ecosystems (Cook and Kairiukstis, 1990).
Since these processes are independent of sitétyedonditions, radial growth of trees is not
considered a sound indicator of stand productigityential in forestry in contrast to mean or top
heights (Assmann, 1970; Skovsgaard and Vanclay8)2d@ee sampling in retrospective studies is
often restricted to dominant trees, which expe®elower competition intensity and belong to a
fairly stable population over time (Cook and Kalkstis, 1990, Becker et al., 1995). Yet, individual

shifts in tree competition status may also occuorgndominant tree populations (Cherubini et al.,



1998). Second, radial growth is usually sampletiratist height. During severe climatic events,
ring width reduction or ring suppression can beeraxute at breast height than at higher positions
on the stem (Cook and Kairiukstis, 1990; Shapochk@82). Such events modify the relationship
between ring size and tree volume increment (Badrit al., 2005).

Despite these shortcomings, dominant tree diamatgements have revealed year-to-year and
long-term variations in qualitative accordance wigight or volume increments Rinus sylvestris
andPicea abiegMakinen, 1998; Makinen et al., 2002; Neumann antl& 2002). Similarities in
their respective relationships to environmentatdexhave also been evidenced in several species
(Jackson et al. 1976; Ott, 1978; Makinen et al.,220RBeumann and Ro&hle, 2002). These
observations suggest that radial growth can relidelpict the effect of environmental factors on
stand productivity. Hence, it may be hypothesizsat wariations in the competition level do not
strongly affect the radial growth of dominant trees that management practices do not alter the
environmental signal on radial growth as long ay tieenain fairly stable over longer timescales.
An open question is whether the quantitative vemet in radial growth over time match those of
productivity.

In a previous study, we analysed the changes esfgroductivity of even-aged stands of common
beech Fagus sylvaticd..) in north-eastern France (Bontemps et al., 2000drder to separate the
effects of date and ageing on growth and to comitelfertility, a sampling strategy based on pairs
of young/old neighbour stands located in the samoallconditions was designed (Untheim, 1996;
Lebourgeois et al., 2000). Dominant height was dath@s a proxy for stand productivity
(Eichhorn, 1904; Assmann, 1970) and was recong&iufiom stem analyses. The simultaneous
separation of the effects of site, developmentajestand calendar date on dominant height growth
rate was performed by a statistical modelling apgipavhich allowed the chronology of dominant
height growth rate to be estimated.

Based on a simultaneous sampling of radial growtlthef same dominant trees at 1.30 m, the

objectives of this study were twofold: (i) to estita the chronology in dominant radial growth by



applying the same statistical methodology and tGi)compare the radial growth and dominant

height growth chronologies in both their qualitatand quantitative dimensions.

MATERIALS

Sampling design

The sampling design was described in Bontemps. €2@09). We focused on pure and even-aged
stands of common beech in north-eastern Francediber Plateau and downslopes of the western
Vosges hills). In France, even-aged beech stands been regenerated naturally since the early
nineteenth century (Huffel, 1926), and common bebkab not been subject to any breeding
programme. Thus, growth differences between stamkemtions should not be interpreted as a
result of genetic progress. In addition, samplingswestricted to State forests to ensure the
maximum continuity of forest management and fosésicture over time.

We applied the paired-plots method (Untheim, 199ourgeois et al., 2000) based on pairs of
neighbouring stands of different ages and locatetie same site conditions to balance site fetilit
with stand age. Old stands of around standardiootatge were chosen (150-180 years), while
young stands were half as old in order to enswectiirect separation of developmental stage and
calendar date. Stand pairs were selected aftentaot@f topographic conditions, parent rock and
soil, humus layers, and understorey vegetation ssamliring summer. To gain a representation of
site regional variability, site conditions were iear between pairs.

In total, 14 stand pairs were sampled in 1998. Whikin-pair distance was 160 m on average and
never exceeded 330 m. Soil analyses to 50 cm de@tl further conducted in each plot to assess
the quality of pairing. Measurements were takemifdaritional status (pH, base saturation rate, C:N
ratio, phosphorus and nutrient concentrations) water status (maximum soil water capacity).

Ellenberg indicators of nutrition and water stafi$lenberg et al., 1992) were predicted from



vegetation surveys. The control of site conditizvas based on a systematic pair-wise comparison
of all indicators. Systematic between-generatidfeinces were also investigated using paired t-
tests. A single difference was found in the Ellegbeasicity indicator, which was higher in the
younger stand9(= 0.04) but was not reflected in soil analyses)(gHie difference was interpreted
as an effect of acidification with stand ageing rionps et al., 2009). The locations and ages of

sampled stands are givenTiable 1 The mean elevation of stands was 370 m a.s.l.

Stand pair Forest Location ? Stand age” (years) Dominant radius (cm)

Oldest  Youngest Difference  Oldest Youngest Differencé

1 Haye 6°05'E, 48°39'N 136 72 64 125 19.6 7.1

2 Haye 6°05'E, 48°40'N 137 66 71 12.9 19.7 6.8

3 Haye 6°07'E, 48°39'N 143 58 85 15.2 15.9 7 0.

4 Sarrebourg 7°00'E, 48°44'N 109 53 56 12.1 .016 3.9

5 Hesse 7°04'E, 48°40'N 157 63 94 5.2 17.3 112

6 Lemberg 7°17'E, 49°00'N 142 84 58 14.7 23.9 9.2

7 Mouterhouse 7°24'E, 49°01'N 132 53 79 12.9 461 1.7

8 Goendersberg  7°26'E, 49°07'N 184 47 137 T 7.0 137 6.7

9 Morimond 5°42'E, 48°03'N 124 56 68 9.7 12.6 29

10 La Petite Pierre 7° 18'E, 48°51'N 122 39 83 3.5 10.1 6.6

11 FC Fislis 7°24'E, 47°31'N 169 90 79 141 .621 7.5

12 Ban d'Uxegney 6°25'E, 48°10'N 122 75 47 13.8 124 -14

13 Sainte Hélene 6°39'E, 48°19'N 131 65 66 " 6.3 12.0 5.7

14 Fraize 6°24'E, 48°21'N 153 84 69 16.3 179 16

Mean 140.1 64.6 75.4 1.1 16.2 5.1 *xx

Standard 20.2 15 21.7 4.1 4.0 3.7
deviation

Table 1. Location, age and dominant radius of stargl® mean geographic coordinates of stand
pairs (European Datum 50 systefh)stand age at 0.30 m in 1998radius at the age of young
stands in 1998. Growth affected by temporary contraction phasethéearly twentieth century

amplifying the within-pair difference.



Growth data

Dominant trees were defined as the 100 thickessteg 1.30 m height per hectare. Accordingly,
three dominant trees per stand were sampled inf@0g&re circular plots following the Duplat and
Tran-Ha (1997) protocol. Stem analyses were pesdrifor the 84 sampled trees and ring
measurements were taken on the stem disks samplédB@& m height. Tree rings were thus
systematically measured from the pith and in sévexdial directions. False rings or partially
missing rings were also more easily detected.

On each disk, ring widths were measured to theesea/100 mm along four orthogonal radii
distributed from a random primer direction, usingligital positiometer coupled to a binocular
microscope. Ring series were cross-dated after ifabation of pointer years. Individual tree
growth series were first computed by taking thednyatic mean of the four ring width series
available for each tree.

Consistent with the objective of analysing dominaatial growth, a mean growth series was then
computed for each stand. The average growth seriessded an estimate of the annual growth rate
of dominant radiusKp), hereafter called dominant radial growth or daaminring width RW). In
total, 2592 annual increments arising from the 28ds were available. Corresponding radial

growth series are plotted against cambial agégare 1.
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Figure 1. Age patterns of dominant ring width (RW). For each generation, dominant ring width
series were averaged according to a smoothingesglrey thick line: older generation; black thick

line: younger generation.



METHODS

We adopted the same model formulation and fittiragedure as detailed in Bontemps et al. (2009)

for dominant height.

Model structure
Dominant radial growth rate was written as a miittggsive composition of stand developmental
stage, site fertility, and calendar date effectar(ia, 1989). Because of long-term trends, trees of
successive generations differ in size at the sajaeherefore, size was preferred to age as a proxy
for developmental stage. Site conditions were preed by a single parameteg)(Bken at a base
calendar datety). The effect of calendar date was expressed asaidn of time elapsed since base
date. Past stand density is not documented and taencontrolled in the model. In continuous
time, the aforementioned assumptions lead to thewolig first order differential equation:

dRy/dt = § f1(Ro) f2(t —ty) (1)

wheref; is the effect of sizdy; is the effect of calendar date, dpt,) = 1.

Functional representation
As seen irFigure 1, developmental stage patterns of radial growthketxa maximum followed by
a decreasing trend. Therefore, radial growth remtagion was oriented towards three-parameter
first order differential growth equations, genarngtisigmoid curves in time (Zeide, 1993). Their
general form is given by:

dRy/dt = rf (Ro, k, m) )
where r is the intrinsic growth rate (vertical scalarameter, mm.y), k is the horizontal scale
parameter (mm), and m is the shape parameter.
As radial growth is not asymptotic in the age rasgmpled Figure 1), attention was paid to the

late growth behaviour of growth equations initiafiglected. We considered two non-asymptotic



equations: the Wykoff equation (Wykoff, 1990), oftesed for describing radial growth (Monserud
and Sterba, 1996; Chojnacki, 1997), and a poweergdisation of the Michaelis-Menten equation
(Briggs and Haldane, 1925; denoted MMg), developad this study. Their expressions are
provided in Egs. (A.1) and (A.2) of Appendix A. Heeequations were reparameterised for the
vertical and horizontal scale parameters to staspactively for the maximum growth rate (denoted
R) and the radius at which maximum growth ratelhiseoved (denoted K; Egs. (A.3) and (A.4) in
Appendix A). Hence:

dRy/dt = R f (Ry, K, m) (3)
The maximum radial growth rate R was assimilatetthéosite parameter, $f Eq. (1), and to f.
The effect of calendar daté&)(was successively represented by a linear fundgnoean trend), a
guadratic function (accelerated pattern), and accgpiine function, intended to identify medium-
term fluctuations and to avoid the excessive flubbna of traditional polynomials (Burden and
Faires, 2001). Their expressions are given in AgdpeA (Egs. (A.5) to (A.7)). Cubic splines were
successively tested with 20-, 15-, and 10-year notdgvals. The parameters of the calendar date

effect were collected in a vectér

Statistical methodology

The sampling design consists of longitudinal ddtactured according to two nested levels, as
defined by stand pairs and stands within pairse@féer denoted levels 1 and 2). Accordingly,
models were fitted within the frame of hierarchinah-linear mixed-effect models (Lindstrém and
Bates, 1990), allowing to test and estimate théalbdity in growth equation parameters at these
levels (typically, one can postulate a between-ypaiiration of the site fertility parametep)R

The instantaneous radial growth rate in Eb). was approximated by the dominant ring width
(RW). FurthermoreRW at timet was written dependent d®& at timet — 1. The assumptions of
independence and homoskedasticity of errors wese abldressed by introducing a residual

variance function as a power of the predicted imenets, and a first order autocorrelation process

10



(AR1) that proved the most accurate over the nmigjoifi growth series (Bontemps, 2002; using the
methodology of Monserud, 1986. Some series alseeagmell with an AR2 structure). The
statistical model was written as:

RW(t) = § fL(R(t—1),K,m) f2(t-t,,0) + & (4)
with:

& = &1+, a~N(O, V@), V(e)=0c> RW, () ?

S$=S0+S1+S2,$i~N(@O,0s,), 1=1,2

K =Ko+ Ki+ Kz, Ki ~N(0,0k;), i=1,2

pi=cor (8,,K), i=1,2
where@is the first order autocorrelatioh,is the error function power term, Sand K are putative
random components of,@and K at level i, andspjandok; are their standard deviationg,,Xo,
m, 6, Osp, Ok, @ O, andA are the fixed parameters. Parameter ve@tor f, (Eq. (4)) was held
fixed because the aim was to estimate the meantigto@nd over the sample.
Models were fitted using the maximum likelihoodterion of thenlme procedure in S-PLUS
software (Pinheiro and Bates, 2000) and comparedrdinig to the Akaike information criterion
(AIC). Nested models were further compared accgrdim the likelihood ratio test (LRT) chi-

squared statistics.

Modelling strategy

The model was built in four stepStep 1 the accuracy of the two selected growth equatwas
compared with a fit restricted to the long growghies from the older generation. Parametgrand

K were allowed to vary between stands. The shapsnpeter m was held constaStep 2 the most
accurate equation from step 1 was retained aradlfiti the whole dataset. The model of errors was
introduced. A simple linear effect of date was thested.Step 3 the structure of variation of
parameters Sand K at levels 1 and 2 was carefully investigaBtdp 4 the effects of calendar date

were successively tested and refined until thd fimadel was obtained.
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RESULTS

Data exploration

Values of the stand dominant radius are reportedlalrle 1. At a mean age of 65 years, young
stands showed an average dominant radius of 16.2amesponding to a very significant increase
of 5.1 cm when compared with older stanps=(1.7 10%. A negative difference was observed in
only one of the 14 paired stands (pair 12). Foresstand pairs identified ifable 1, the difference
was amplified by sudden growth suppression phalsssreed in the older stands of pairs 6, 8, and
13. In accordance with the systematic differeneaéh radial growth pattern&igure 1) depicted a
higher average growth level for the younger gemnamadver the whole cambial age range. A clear
trend towards an earlier occurrence of maximum gnosste among the younger generation was
also apparent.

Stand trajectories in dominant height against dontinadius are compared between generations in
Figure 2 and showed no between-generation average differ&ince a positive shift in dominant
height growth was evidenced (Bontemps et al., 200%hift of similar intensity was thus inferred
for dominant radial growth.

The suppression phases identified visually in p&jr8, and 13 occurred in the early 20th twentieth
century and it is unlikely they were of environmednorigin. As they presented a risk of
overestimating the historical evolution of radialogth, the corresponding ring widths were

eliminated from growth series (213 increments)die@to a final 2379 increment dataset.
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Figure 2. Stand trajectories in the dominant radius-dominant height phase plane.Each

trajectory was drawn from mean height and radioee tseries (see text) over the three dominant
trees sampled in each stand.
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Chronology of radial growth rate

The main modelling steps are reported in Appendiari8l summarised ifable 2 The mean
chronology is plotted ifrigure 3a, together with its 95% bilateral confidence ineriBontemps et
al., 2009). Annual increments were divided by thegneates of site and developmental stage effects
(see EqQ. (4)) and superimposed on the mean trermbnaiderable variability in increment level
around the mean chronology was observed. A progeegscrease in the radial growth rate was
displayed, which first culminated around +28% in 1820s and reached a maximum of +47% in
the mid 1980s. The progression was disrupted byompluri-annual negative growth events
occurring in the 1940s and 1990s and by two eveetstified in 1964 and 1976 but short enough to
remain undetected using the 15-year cubic splinetfon (a slowing was detected in the 1970s).
The 1950-1990 period was very favourable to radiaith.

The chronology showing the recent divergence betwgenerations is plotted iRigure 3b.
Whereas the radial increment level of younger standiminated at around +50% and remained
around +40% during the 1990s, the maximum was aredd% for the older stands before a severe
decline. Standardised increments of the older stafsistended to be lower during the 1970s and

1990s.
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Dataset  Old generation Both generations

Model [1.1] (2.1] (1.2] (2.2] (3] (4] (5] 6] [7] (8] 9 (10] (1]

Growth ~ Wykoff Wykoff MMg MMg MMg MMg MMg MMg MMg MMg MMg M Mg MMg
equation

Date - - - - - - - linear linear linear quadratic  15-yr 15-yr

effect . .
spline  spline?

Parameter estimates

Sho 2.49 2.59 2.42 2.59 2.78 2.77 2.74 2.31 2.46 246 512 241 2.40
(mm.yr?)

Ko 1252 1308  89.9 92.2 85.7 88.1 710 52.4 70.5 70.8 73.4 73.4 721
(cm)

m 0243 0255 0558 0557 0528 0535 0501 0420 6704 0.469 0.474 0.469  0.483
d; (x 109) - - - - - - - 0.49 0.39 0.38 0.50 0.75 0.71
(yr")
d» (x 10%) - - -0.19 8.40 7.87
(yr?)

Gso 0.36 0.34 0.34 0.34 0.34 0.34 0.27 0.24 0.25 026 270 027 0.26
(mm.yr?)

G 1 - 49.2 - 717 46.9 52.7 316 24.1 14.7

(cm)

O 2 - - 39.3 41.6 44.9 44.8 42.0
(cm)
p(So1, K1) - 0.13 - 0.06 0.11 0.11 004 056  -0.80

o (RSE") 0.623 0.569 0.616 0.551 0.716 0.519 0.431 0.356 720.3 0.371 0.379 0.378 0.386

(mm.yrY)°
A - - - - - 0.37 0.63 0.78 0.63 0.63 0.59 0.57 0.54

@(AR1) - - - - - - 0.69 0.65 0.59 0.59 0.58 0.56 0.56

Goodness of fit
p° 5 7 5 7 7 8 9 10 11 9 10 19 21

logL® -1530.5 -1410.0 -1511.7 -1360.1 -2627.3 -2617.8 241® -1858.4 -1822.7 -1823.4 -1824.0 -1812.0 -1808.

AIC® 3071.0 28340 30334 27341 5268.6 5251.6 3867.136.37 3667.5 3664.8 3668.0 3662.0 3658.9

p LRT ; <10* - <10 - <10 <10* <10° <10° 053 025 0007 004
Date effect ds (x10°)  py(x 10%) p2 p3 P4 Ps, Ps,1° Ps.2° Ps, Pe,1° Ps,2° pmo pm;
parameters

(1.yr® (1.yr®
[10] 15-yr spline -28.83 20.65 53.64 -93.00 100.90 -174.73 - 719.78 - 64.55 -70.37

[11] 15-yr spline® -27.15 19.10 52.39 -90.47 97.56 -199.22 -148.68 0®4 306.14 60.40 -64.46

Table 2. Characteristics and parameter estimates ahain statistical models.%indexes denote
random variation level for standard deviation eati#s,in absence of variance functidimumber
of model parameters®log-likelihood, ®Akaike information criterion,‘p-value associated to
likelihood ratio tests (LRT) between successive tetsmodels presented’spline function
differentiated between stand generations from 1@¥fexes 1 and 2 on parametegsapd g refer

to stand generations).
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Figure 3. Historical evolution of dominant radial gowth rate. a: mean chronology;
b: differentiation between stand generations fra@75L Rings widths were filtered out from the

effects of site and developmental stage.
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Comparison with the chronology of dominant height gowth rate

The chronologies of dominant height growth (Bontsrnep al., 2009) and dominant radial growth
are superimposed ifrigure 4. Both agreed on: (i) a secular increase in grovetie; (i) the
occurrence of major growth crises in the 1940s B9@0s; (iii)) a steady increase in growth rate
between the 1950s and 1980s; and (iv) a companabimitude, with maximum increases of 60%
and 50% reached in the 1980s, for dominant heigtitradial growth respectively. When averaged
over the century, the increases in growth rate \abs@ similar (+27%/+25%).

However the dominant height chronology depictedlemrcacceleration pattern from the mid-
twentieth century, whereas the radial growth insegf@llowed a more linear trend. In particular, the
radial growth increase in the early part of thetegnwas more acute than that of dominant height
growth, reaching +28% in the 1920s and not falbetpw +20% mid century. This contrasted with
a +20% level for dominant height, which was affdcby a pluri-annual growth decline. Also, the
maximum level of dominant radial growth reachedhiea 1980s was 10% below that for dominant
height. A growth inflection was also visible in th870s in radial growth but not in height growth.
Finally, a recent divergence between generatiors evadenced in radial growtlrigure 3b) but

not in dominant height, although the level of heiglsrements also tended to be lower among older

stands in the 1990s (Bontemps et al., 2009).
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Figure 4. Comparison of the historical evolutions bdominant height and dominant radial
growth rates over the twentieth century. The dominant height chronology has been estimated
using a similar statistical modelling approach (Bemtemps et al., 2009). Both chronologies of
Figure 3 are represented.
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DISCUSSION

Possible effects of historical management of beectasds

Because the objective of this study was to undedsthe potential of radial growth for assessing
long-term changes in forest productivity, the samgpivas oriented towards reducing the impact of
forest management as much as possible. Howevedrdpasity conditions are not known for the
sample, and density variations in time and acrtasdspairs can show up in data and in the model
effects. These two aspects are thus discussed.

Indications for forest management provided by itegdture

First, natural regeneration of common beech hag lmen common practice in France. Beech is
unable to grow from stumps (Mormiche, 1981; Boak#89): present stands thus cannot originate
from the maturing of coppices during their convemsin the nineteenth century (Huffel, 1926).
There has also been no genetic breeding prograrameng, and the scarce existing plantations
originate from seeds collected in natural standso8d, the sampling was restricted to State forests
to ensure management continuity over time and tadammanagement contingencies linked to
ownership changes. Last, beech stands have be@riddady managed at high density, and
recommendations for management intensification raoent (Polge, 1981; Duplat and Roman-
Amat, 1996).

Indications for forest management provided by datalysis

In some cases, growth data analysis suggests possiculture-related signals. First, several
decennial suppression phases have been easilyfieim the growth series of three old stands and
refer to the late nineteenth century or early twathtcentury. A silvicultural origin is almost cai
because these phases are transient and affectdam@ed trees in these stands. They may also
correspond to local crown damages following thigsinThese parts of curves were removed from

the dataset and did not affect the estimated ragtiaivth chronologies. Second, the significant
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recent divergence in growth evolution between geras Figure 3b, Table 2) may arise from
management practices. Whereas management optiengsricted for stands in the age range of
the older stands sampled (not far from harvest eiary the younger stands may have been the
preferential target of recent intensification (Datphnd Roman-Amat, 1996) and may hence have
expressed a higher growth. However, the age-relsgedgitivity of growth to climatic events has
also been evidenced (Carrer and Urbinati, 2004eEspal., 2008). Consistent with that hypothesis,
the divergence is observed at a recent period wswed global warming (Moisselin et al., 2002) and
corresponds to a growth decline (see also domiharght, Figure 3). Recent drought-driven
reduction in beech growth has been reported in Jetrgd. (2006) and Piovesan et al. (2008) in
Mediterranean and mountain contexts. Jump et a8b alggested that older trees are more
susceptible to growth declines. Third, the syst@ratween-generation difference in the radius of
maximum growth rate (K) is challengingigure 1, Table 2). This shift may be attributable to
either environment- or silviculture-related chang®s environment-related hypothesis is that the
maximum growth rate usually occurs at earlier dgwelental stages in better fertility conditions
(Assmann, 1970; Beck, 1971; Ryan et al., 1997).sThiay also apply over time when
environmental conditions are improved. The hypathes however challenged by the absence of
correlation between the position and level of maxmygrowth rate (K andypin the fit restricted to
the 14 older stands (fits [2.1] and [2.2] Table 2). A management-related hypothesis is that the
optimum size is also governed by the establishnoérdompetition in stands (Smith and Long,
2001). In our sample, some older stands may hageated from natural regeneration after oak
coppices with beech standards (Huffel, 1926). Asjlib¢ low regeneration density may have
resulted in delaying the occurrence of maximum gnovate. Depending on the origin of the
observed difference, the consequences for the tlenmg-trend estimate differ. If we consider the
environment-related hypothesis, the impact of @mrrental change on the shape of the growth
pattern is overlooked by assessing long-term chaimgeaximum growth rate only. If we consider

the management-related hypothesis, lower histositzadd densities would have led to higher radial
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growth in older stands and therefore to underesiimaf the true magnitude of growth change.
In summary, historical changes in silviculture agp® be limited for our sample. Indications for
possible management effects on growth are accodated the model and are also challenged by

adverse hypotheses.

Modelling of dominant radial growth

The use of asymptotic growth equations was inytiadissociated with a potential risk of
underestimating intrinsic growth and thus of oveneating the magnitude of the historical change.
For this reason, non-asymptotic growth equationsevpeeferred. Earlier work (Bontemps, 2002;
not reported here) was also carried out with thenasotic Korf growth equation (Zeide, 1993). A
systematically lower fitting accuracy and unreaiststimates for the asymptote were obtained
(asymptotic radius over 17 m). This suggested aitd@rpretability of such equations.

The non-asymptotic Wykoff growth equation (Wykof990) was selected for its repeated use in
radial growth modelling. However, the exponentisggeselated decline in the autonomous
differential equation form of the Wykoff model (E@\.1)) was considered to be too fast. Thus, we
proposed an original equation (Eg. (A.2)) with amerse-of-size decline term. This proved more
accurate than the Wykoff equation. Non-asymptafigagions have rarely been proposed for growth
modelling (Duplat and Tran-Ha, 1997; CieszewskiD20 Because some growth processes are
fundamentally not asymptotic (radial growth) or agages covered in usual data do not provide

reliable estimates of the asymptote parameter, sguhtions may deserve better attention.

Comparison of dominant height and dominant radial gowth chronologies

The chronologies of dominant height and radial ghoweveal strong similarities in both their
magnitude and medium-term fluctuationsigure 4). The average increase in dominant radial
growth (+25%, SD 6.7%) reported for the last centsrsimilar to that of dominant height. The

height to diameter ratio of dominant trees is thos affected by long-term growth trends. The
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multiplicative structure of the models and the o$size as a proxy for developmental stage (Eq.
(1)) also imply a dynamical interpretation of tleistimate as a time contraction factor of 20% for
reaching a given dominant height or diameter (Bop® et al.,, 2009). Hence the following
management-oriented interpretations are permifi¢degarding dominant height, an average of
20% less time is required for reaching the sameiiam height and thus total production level, and
it is accurately inferred from dominant radial gtbw (i) because rotations are most often
conditioned by harvest diameter at a stage whemirdot trees prevail as a population, the
historical change in dominant radial growth camdds interpreted as a contraction of rotation time.
However, radial and height chronologies do not guwaatch in their detailed variations. This can
be accounted for by the difference in temporalltgsm of radial and height increments, and by the
difference in intra-annual timing of primary andceedary growth. First, radial growth was
measured annually and extreme increments appeiaplased over the calendar yed&igure 3).
Because the cubic spline function is intended ftece medium-term fluctuations, it smoothes
growth fluctuations and reduces their amplitude. @wtrast, height increments are pluri-annual
(mean duration 7.2 yr, SD 3.9 yr, Bontemps et24lQ9) and were found much closer to the spline
function variations. However, this does not accofort differences such as the early century
decrease in dominant height growth and its absehaeflection in the 1970s. The latter period
corresponds to several dry years during which gnowaés strongly affected (Lebourgeois et al.,
2005). Since height growth usually stops earlianthadial growth in the vegetation period, it may
be less affected by such climatic events (Makinteal.e 2002). The sensitivity of radial growth to
drought is moreover strengthened when it is samgalideast height rather than at higher positions
along the stem (Shapochkin, 1982; Bouriaud et241Q5). A compared modelling approach of
height and radial growth—climate relationships (Wék et al., 2002) would permit to highlight the

role of climate in these differences.

Radial growth of dominant trees as a proxy for prodictivity?
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Since dominant height is generally insensitive tosity (Assman, 1970; Pienaar and Shiver, 1984,
Lanner, 1985) and shows a strong link with totandt production (Eichhorn, 1904; Assmann,
1970), it has long been considered the primary yifox the productivity of even-aged stands in
forestry (Skovsgaard and Vanclay, 2008). On thdreoy) radial growth is reputed to be sensitive to
the level of competition and has been set asida dmsis for defining productivity proxies.
However, the sparse studies available indicatethtbigiht and diameter increments correlate in their
annual and medium-term historical fluctuations (Mié&ki, 1998; Neumann and Rohle, 2002), while
similarities in their climatic determinism have begointed out (Jackson et al., 1976; Ott, 1978;
Makinen et al., 2002). Consistently, the radialvgio of dominant trees has been reported to be
unaffected (Pardé, 1981) or much less affected tihar tree statuses (McKenzie and Hawke,
1999; Peltola et al., 2007) by contrasted thinnimignsities or planting densities.

To assess the impact of tree status and local dgsamn radial growth of dominant trees, we also
fitted both radial and height models to individtr&le growth data. The estimates of the tree to site
relative variation of site parameter (introducing'teee” — or level 3 — random effect on site
parameter in models) were 27.2%/2.9%, for radial la@idht growth respectively. This suggested
that site remained predominant in the variatioraafial growth, despite individual tree variation
was an order of magnitude higher than on dominaight. We also found a fair correlation of
+0.56 p = 0.04, n = 14 pairs) between the site paramesténates from the dominant radial growth
(S) and height growth models (parametgrifiRBontemps et al. 2009).

Whether an approach based on the radial growthoofimant trees can meet generality for the
diagnosis of productivity changes may thus be areavis two steps. First, because the estimate of
growth change over time is relative to both a wiee period and competitive state of the
production system, the diagnosis may remain aceuasat long as a condition of management
stationarity is achieved in the forest resourceswtered. Here, a useful test may be provided by
applying a similar diagnosis to a species expengnintensive management. Second, depending on

the magnitude of the radial growth response of damt trees to thinning and its variation across
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species, the condition of management stationardy also prove optional. Further research is thus

needed on that issue.

CONCLUSIONS

An increase of 50% (SD: 6.7%) in the radial grovate of dominant trees is reported for even-aged
stands of common beech in north-eastern Francetbgedxwentieth century. Several decline events
affecting radial growth are also observed. Domirteight and radial growth chronologies present
important similarities including an increase in\gtb rate, a synchronicity of decline events in the
1940s and 1990s, and a similar order of magnitOde. important outcome of the study is thus that
fair conclusions regarding mean trends in proditgti&nd potential rotation times can be inferred

from dominant radial growth. Another consequencthésstationarity of the mean height/diameter
ratio of dominant trees. Yet, no conclusion candkewvn regarding possible stem taper variations
over time given available data.

Historical shifts in silviculture are limited forommmon beech in north-eastern France. Sitill,
dominant trees are usually less affected by thinewents and we hypothesise that dominant radial
growth may prove a better proxy for productivitydathe extension of productivity change

diagnoses than usually expected. Further analysésab issue are required.
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Appendix A. Functional expressions for the model aaponents

Differential expressions of growth equations tested

Wykoff equation:  dRy/dt = rR™ exp(—R7k?) withm<1landk>0 (A1)

MMg equation: dRy/dt = rR™/ (Ro+ K) withm<landk>0 (A.2)
where r is the intrinsic growth rate (mmYyrk is the horizontal scale parameter (mm), anig the
shape parameter. In the case of Eg2), note that the generalisation of the Michadlienten

equation lies in the power of parameter m.

Reparameterisations of growth equations
Egs. (A.1) and (A.2) were reparameterised with Rhasmaximum growth rate instead of r, and K
as the radius at which R is reached:

Wykoff equation:  dRydt = R Ry/K) ™exp(m/2 (1-R/K?)) withm<1 (A.3)

MMg equation: dR/dt = RRy/K) "/ (1 —m+ mRy/ K)) withm<1l (A4)

Functions tested for calendar date effect

Linear: fot) = 1+d (t—-ty) (A.5)

Quadratic: f() = 1+d (t-t)+d(t-t)° (A.6)

Cubic spline: these are continuous piecewise polyalsnof degree three, defined on successive

intervals of equal range:

Ky ky
f,(t) = 1+d,u+d,u® +d,u®+> p, (maxu-nk,0))° +> pm, (min(u+nk,0)° (A.7)

k=1 k=0

whereu =t —tp, dy, dy, ds, B, and pm series are spline parameters to be estimatedcted in a
vector 6, [0, n] is the base internode of spline, amdk;, andk, externally specify the width and
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number of spline intervals necessary to describetitiee period range covered. For instance, with

a 20-year node interval, nodes are located at 188W), 1920, ..., up to 1980.
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Appendix B. Elaboration of the statistical model

The main model fits are summarisediable 2

Selection of a growth equation (step 1)

Growth equations were fitted to growth series afeolstands, first with a level 1 variation of the
maximum growth rate ¢» alone (models [1.1] and [1.2]). The Wykoff eqoatiproved less
accurate than the MMg (see AlTable 2). The mean maximum growth rate was estimatedat 2.
mm/year, with a noticeable between-pair variatiooefficient of variation around 15%). Because
the growth curves of older stands were depictedediat onFigure 1, the invariance of K was
difficult to decide. A level 1 variation of parametk was thus tested ([2.1] and [2.2]) and shown to
be significant. In each case, correlations betw&eand K were weak, suggesting no relationship
between these two parameters. The better fitticgracy of the MMg equation was confirmed. The

eguation was thus selected for the next modelliegss

Fit to the whole dataset and model of errors (Step 2)

Consistent withFigure 1, an increase in the estimate gféd a decline in that of K were observed
when the former model was fitted to the whole dzattg§3]). The power function for residual
variance was introduced and led to a significabgster fit @ < 10 [4]). The power parameter
estimate was 0.37. The model of errors was conpleyean AR1 structure ([5]) that proved very
significant. The autocorrelation estimate was +0&Very significant p < 107 49% increase in
growth rate over 100 years was found when a lieffact of calendar date was introduced into the

model ([6]). The level 1 correlation betweena®d K increased to —0.56.

Structure of random parameters (Step 3)

Since a difference in the mean position of maximgrowth rate between generations was
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highlighted, a level 2 variation of K was tested|[and resulted in a significantly better modek(
10™). The average value of K was estimated as 5.8rong the younger generation against 8.1
cm in the older one. Finally, the fit was not sfgraintly worse when the level 1 variation of K was

removed = 0.53, [8]). Other parameter estimates remaitedules Table 2).

Effect of calendar date (Step 4)

The quadratic effect of calendar date did not gtena better fit [9]. The 20-year node interval cubi
spline significantly improved the fit accuracy (061, —6 AIC units, not presented), as did the 15-
year equivalentg = 0.007, [10]). Further reductions in spline nadterval did not lead to any
better fit and the 15-year node interval was rethimethe final model. Residuals versus calendar
date denoted a positive divergence of the yountgeds from the older ones in the recent decades.
Consequently, between-generation splits in splm@mpeters at node 1990 along) (@nd then at
both nodes 1975 and 1990s (and p) were tested. The second parameterisation (séparat

calendar chronology from 1975) was significant (.64, [11]).
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