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Abstract

The study of long-term growth trends in French forests began 10 years ago at the
Phytoecological Laboratory of the National Agronomic Research Institute (INRA).
Very large surveys have been carried out in several regions and for many species,
allowing the study of changes in radial growth of individual trees during the past
150 years. In all cases, a significant increasing growth trend appeared. It varied be-
tween +50% and +160% depending on species and location. Careful analysis of
possible bias has been made. Beside these biases, possible causes of such trends are
discussed. This chapter summarizes the main methods and results of our laborato-
ry. For additional information, our readers may refer to the cited articles.

1. Introduction

The study of long-term radial growth trends in the French foresls began 10 years
ago within the framework of the national research programme DEFORPA
(Dépérissement des Foréts et Pollution Atmosphérique). Consequent to observa-
tions of abnormal crown damages on conifers in the castern France, this programme
was launched in 1984 in order to understand forest decline in relation to natural and
man-made factors (see a review of research findings since 1985 in Landmann &
Bonneau 1995).

The first hypothesis was that a strong increase of the atmospheric pollution lev-
els, especially of acidifying compounds, may have had disastrous consequences oh
some soil characteristics and on health and growth of rees (Becker 1985). Howev-
er, while this explanation seemed sufficient in some cases of severe dieback associ-
ated with local and heavy pollutions, the role of air pollution was not convincingly
established in the majority of the damaged regions studied. The possible role of nat-
ural conditions {climatic or edaphic variations) on forest dichack was assessed
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through large ecological and dendrochronological surveys (Bonneau 1987). The
main objective was, on one hand, to describe and to analyse the ecological factors
of several sites and, on the other hand, to reconstruct the growth of the trees on the
same sites over the past decades. The combination of ecological studies (i.e. the
analysis of physical and biotic growth conditions) and dendrochronological studies
(i.e. the reconstruction of radial growth) provides a sound basis for the historical as-
sessment of the vitality of the major forest species and the role of ecological factors.
Initially, these dendroccological studies had various goals:

« {g analyse the functioning or malfunctioning of forest ecosystems;

» to explain observed crown damages;

+ to understand the short-term radial grow(h dynamics according to climatic factors;
« to quantify the reaction of trees after fertilization.

The study of long-term radial growth trends was, as such, outside the scope of
these studies. Nevertheless, a significant increasing growth trend during the last cen-
tury was brought to Iight in various sitvations. The question of global change be-
came a matter of increasing concern. Multilocal and multispecies approaches were
needed in order to assess the impact of such changes on the functioning of ecosys-
tems, especially forest ecosystems.

2. Initial Results: a Strongly Increasing Radial Growth Trend

Since the first dendroecological study made by Becker in 1987 on silver fir in the
Vosges mountains, nine other surveys have been made in France by the Phytoeco-
logical Laboratory of the National Agronomical Research Institute (INRA). These
studies concerned several forest species in different regions (Fig. ! & Table 1): sil-
ver fir (Abies alba Mill.) in the Vosges and Jura mountains; Norway spruce (Picea
abies [L..] Karst.) in the Vosges mountains; beech (Fagus sylvatica L.) in the Vosg-
es mountains, the acidic Lorraine lowland and the calcareous Lotraine plateau; oaks
(Quercus robur L. and Quercus petraea {Matt.] Liebl.} in the Lorraine lowland;
mountain pine (Pinus uncinata Mill.) in the Pyrénées mountains, and Corsican pine
{Pinus nigra Arnold ssp. laricio var. corsicana) in a region called Pays de [a Loire
in western France.

All these studies were based on large samples of trees (from 500 to 1500 trees)
from stands chosen so as 1o provide a balanced sample of ecological diversity of the
area (elevation, aspect, topography, soil, grourd vegetation). Furthermore, the main
criterion was to find trees for which the age was as varied as possible (between 20
and 200 years). This is an absolute condition to distinguish between the effects of
aging on radial growth and possible trends due to concomitant changes in growth

conditions according to calendar dates.
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Fig. 1. Geographic location of regions and species studied.

‘I'he methods used to extract the part of variation due to ageing have been de-
scribed comprehensively in various publications (Becker 1987, 1989; Becker et al.
1989, 1994, 1995a, b; Bert 1992; Dupouey et al. 1992; Badeau 1995; Lebourgeais
1995) and they will be concisely presented here (see Section 4.1). Annual tree rings
are measured using a computerized device, then they are cross-dated carefully with
the help of pointer years. Finally, ring widths (or ring areas) are standardized (i.e.
converted into indices according to the cambial age of each tree ring) and averaged
according to calendar dates in order to obtain a mean chronology excluding the
cambial age effect.

Figure 2a to h displays the radial growth level expressed through radial growth
indices for eight surveys according to calendar dates. Beside farge interannual vari-
ations mainly controlled by climatic factors, these curves show a clear and positive

long-term trend.
In the Vosges mountains, radial growth indices have increased by:

v +160% from 1350 to 1986 for silver fir (Becker 1987; Fig. 2a);
« +130% from 1865 to 1988 for Norway spruce (Becker et al. 1995b; Fig. 2b);
+ +90% from 1850 to 1990 for beech (Picard 1995; Fig. 2¢).

The results in the Vosges mountains are consistent with those abtained in (he Lor-
raine lowland, on acid soils (Fig. 2d to f): )

.« +90% from 1850 to 1987 for sessile oak (Becker et al. 1994; Fig. 2Ze);

« +55% from 1850 to 1987 for pedunculate oak (Becker ct al. 1994; Fig. 2f);
« +120% from 1860 to 1992 for beech (Becker, unpublished data; Fig. Zd}.
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n increasing trend of +130%
tern France (Fig. 2h), lhe ra-
50% since 1940 onwards

In the Jura mountains (Fig. 2g) silver fir s.hofa'ed a
(Bert 1993) and in the region Pays de la L_o]re in wes
dial growth indices of Corsican pine have increased by +

(Lebourgeois and Becker 1996).

3. Possible Causes of the Trends Ohserved

All these results show that, since the lasl century, an increa.sing trend in radial
growth, independent of any biological effects refated to the ageing processes, seems
10 be widespread. It has occurred for broadleaved and coniferous species, in plains

i i i ds, etc.
or mountain regions, on rich or poor lands, ) . ]
In: the context of  stowly and continuously changing environmenl, three hypoth

cses could explain these observed trends:

« climatic changes, i.e. temperature or precipilation increase;

+ CO, fertilization effect;

ike ni ilizati ic nitrogen
« pollution effects like nitrogen fertilization through enhanced atmospheric nitrog

deposition.

However, other causes could explain these trends, especially a bias:

+ during sampling;

+ during the analysis of the data sets;

+ finally, silvicultaral changes (i.e. ¢
quency or intensity) during the last century coul

hanges in stand structures due (o thinning fre-
d also explain such rends.

The possible role of these non-environmental causes are studied specifically.

4. Attempts to Find Possible Biases
4.1. Methods Used to Identify and Sepavate the Long-Term Trends

i i ings: climatic factors,
Methods. Various factors may generate growth !rc.nds in tree rings: ¢
ageing, disturbances, stachastic errors, ete. Graybill (1982) and Cook (1987, 1990}

summarized these causes as follow:

&=&+q+q+ﬁ
ring width; A_ represents the growth trend associated with
climatic signal which can vary at both low and
disturbance signal, often divided into locad and

stand-wide disturbances, The separation of these different trends is crucial, but this

problem has been considered as difficult (Briffa et al. 1988; Visser and Mo}enaa.r
1100 ~nd 1000- Fank ot al 1990). Tn order to take into account the confounding ef-

R, is the observed tree
increasing age and date; C, is the
high frequencies; and D, is the tree
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fect between the age trend (i.e. A) and the date trend {i.e. D, the region-wide dis-
turbance associated with large-scale environmental changes), three methods have
been tested.

The first method, known as at constant cambial age, is very simple and does not
require any transformation of the initial data. It consists of considering simultane-
ously, in the whole sample, the trec rings developed at a given cambial age but at
various calendar dates (Becker 1987; Briffa 1992; the cambial age of a given tree
ring s the age of the tree when this tree ring was builf). This simple method can
obviously give interesting results but it is not sufficient. Ail the information con-
tained in the tree rings is impossible to use and the figures cannot be compared
among themselves because the average growth level of each cambial age is not con-
stant, due to the age Irend. Nevertheless, the comparison becomes possible if each
ring width or ring area is converled againsl a reference in order to suppress this
trend: the removal of A, from lree ring series is known as standardizalion (Fritts
1976).

The second methaod is a calculation of standardized radial growtit indices using a
regional age curve (Mitchell 1967; Becker 1989}. After alignment of all the availa-
ble individual series according to their cambial ages, a regional age curve is built by
averaging annual ring widths (or annual basal area increments), A mathematical
model is adjusted (o this curve. Then each initial ring width or ring area is convert-
ed into a growth index, which is the ratic expressed as a percentage of the initial
value to the corresponding reference value given by the above madel for the same
cambial age. In relation’lo the first method, all the available tree rings can be taken
into account. Yet, Cook et al. (1990) point out the main shortcoming of the region-
al age curve approach: it assumes thal the shape of the age curve is independent of
the time period. In order to overcome this limitation, a new approach was devel-
oped.

The third method is the analysis of variance (Dupouey et al. 1992; Badeau 1995;
Badcau ef al. 1995). Ring areas can be organized in a iwo-way table with cambial
age in rows and calendar dates in columns. The ANOVA ideally requires an equal
and sufficiently large number of observations for each combination of age and date.
In order to obtain this balanced design, the age and date factors can be divided into
2 limited number of classes. Then, in each cell of the table, individual annual rings

‘belonging to & given tree can be averaged in order to limit the dependence of the

variables for each combination of age and date and in order to give each tree the
same weight in the analysis. At last, the following simple linear model is used
(Badeau et al. 1995):

BAL, = A, +D,+AaD,+E,, where:

BAI_, is the mean basal area increment of tree t at cambial age class 2 and
belonging to date class d; :

A, is the effect of age class a;

D, is the effect of date class d;

A, . D, is the interaction between age class a and date class d;

E, isthe residual.
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This method is more demanding in terms of computer processing, but it produces
a more reliable extraction of both age and date effects. Finally, although we vsed
averaged BAls from each core for each combination of age and date classes, somne
dependencies remain. Stalistical models taking into account such dependencies are

under development.

Results, Figures 3 (o 5 present some restlts ablained for beech managed in high
forest on the calcareous Lorraine plateau in northeastern France, using the three pre-
vigus methods.

With the method at constant cambial age, ring areas of the same cambial age are
plotted against calendar date (Fig. 3a, b). For both examples, ring areas have in-
creased during the period siudied. These two plots are only an example: for each
available cambial age a figure can be built i there are enough calendar dates. For
each study presented in the introduction, these plots were made as a matler of rou-
tine for cambial ages ranging for 10 lo 100 years. In each case, a signilicant and
positive trend was brought to the fore for each cambial age, using ring width or ring
areas.
1n the second method, a regional mean relation between radial growth and cam-
bia! age is built at first (Fig. 4a). The resulting mean curve is smooth because of the
sample size, cambial age and calendar year diversity. Then ring areas of each den-
drochronological series are standardized according to this curve and the resulting
indices are averaged according lo calendar dates in order fo obtain a standardized
chronology at the regional levet (Fig. 4b). As in Fig. 2, this curve displays a high-
frequency signal mainly controlled by interannual climatic variations (especially
drought); growih depression of varying severity at the decade time scale (e.g.
around 1948 or 1976); and finaliy, a positive and low-frequency trend in radial

growth.
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Fig. 3. Long-term trend in radial growth of beech on the calcareous Lomaine plateau at the
age of 40 (a) and at the age of T0 (b).
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Fig. 4. Standardization from the reg; i
gional mean relation between radial i
age for beech on the calcareous Lorraine plateaw: grovih tnd cambia

a age trend: |egionally AvEerag I
aged basal area increments (BAls) versus cambial age and fitted
( S) & 1
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l!"lg. 5. Least square means of annual BAls for cambial age effects (a) and calendar date el-
ccls (b) con}pulcd from an analysis of variance for beech on the caleareous Lorraine platcau
Confidence intervals at the 95% level are plotted. .

In the third method, the whole sample of iree rings is divided into four age and
d:"lfc cia:ssef and the aNova is computed. Table 2 shows that the chosen model is
hlg.th stgmﬁt?anl. The cambial age and the calendar date integrate mos! of the toial
variance bu, in the case of high forest, the part of variance explained by the inler-
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effects on annual BAls, com-

ce of cambial age and calendar date 5, C0
for beeches managed in high

Table 2. Analysis of varian
Model procedure of SAS {(1588),

puted with the Global Linear

foresl,
Source of variation  Degrees of freedom Mean Square F Value Pr>F
Model 15 1174710 116.20 0.0001
Error 3141 101.09
r=0.3569
Soutce of variation  Degrees of freedom Mean Square F Value pr>F
134.40 0.0001
bial age cffect k! 13587.46
ZZI: el?recfc 3 14145.72 139.93 0.0001
interaction 9 133.89 1.32 0.2184
he age

action between age and date effects is not significant. Figure 5a and b shows L

effect means and the date effecl means.

Without going it detail, the three methods proved to be effective in bringing to

the fore long-term radial growth trends and gave similar resulls. 'ljhf:st: three meth-
ods have been applied in other studies with the same resulls, so it 1s now well es-
tablished that the positive long-ferm trends observed are not due to an artelact 13-
troduced by the methods used for processing the data, evenif each of them has ad-

vantages and disadvanlages.

4.2. Are the Chosen Trees Representative?

lain (he Jong-term growth trends, another possi-

ble bias is that the productivity in their youth of the very ol_d trees alive now rn:y
be not representative of the productivity of the whole forest in fhe last century. The
oldest sampled trees may stifl be ative because they were nqt big enough }o.be har-
vesled. Conversely, the trees of the same age but with a higher productivily may

have been harvested already.

In order Lo check this hypothesis,
dial growth tevels of oaks alive now an :
for different arcas in Europe. In every region,

Among the causes which may cxpf

Dupouey et al. (unpublished data) compared ra-
d archacological oak samples in the same re-
a significant difference was
t trees: at a given cambial age, fiving oaks (:iis-
h. The origin and dominance slatus of ancient
these results ate in accordance with

gion
found between living and ancien
played higher levels of radial growt
trces in such samples was utknown. However,

irends observed in fiving tree growth.
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Previous observations of increasing radial growth obtained from living trees are
confirmed. This archacological analysis shows that the possible bias during sam-
pling alone cannol explain the observed long-term radial growth trends.

4.3. Changes in Silvicultural Practices

Silvicuttural management could affect individual tree radial growth if, in the long
term, the thinning intensity or frequency had increased, thus lowering the competi-
tion level between trees,

Two studies were cartied out in order 1o test this possible effect on long-term ra-

dial growth:

+ a comparison of radial growth between high and Jow density stands of beech
(Badeau 1595);

+ an analysis of free-growing trees at tree-line in high elevation mountains (Dup-
ouey et al., unpublished data).

Comparison of High and Low Density Stands, In France, beech is managed in
high forests. These stands are even-aged, with high competition pressures between
trees during the whole of their life. In this case, silvicultural practices may have
evolved since the last century. On the other hand, beech is managed in coppice-
with-standards. In this type of stand, there are two different strata: the coppice,
which is clearcul every 25-30 years, and a few tall trees, the standards, which graw
at a very fow density level. The standards are atfowed to grow for several rotations
of the coppice before being harvested. Here, silviculture maintains a constan
sparsely populated area, with very low competition pressures belween tall trees, and
with a stable influence at the century time scale.

Figure 6 shows that a long-term growlh trend is observed in both silvicultural sys-
tems, but it is stronger and more regular in high forests than in coppice-with-stand-
ards. The significant difference observed between the two silviculural systems im-
plies that the trends cannat be explained entirely by changes in environmental fac-
tors. However, the trend observed in the coppice-with-standards treatment implics
that changes in silvicultural practices alone cannot explain the trends because an in-
crease in the thinning intensity is unlikely in these stands. Management registers
even suggest that the frequency of coppicing has been lowered since the 1960s, thus
the stand density of coppice-with-standards has increased. The possible positive in-
fluence of nitrogen flushes on growth of the standards, following each removal of
the coppice, has disappeared.

Study of Naturally Open Stands. In order to test the influence of silvicultural
practices, another study has been carried oul at tree line (between 2200 and 2400 m
above sea level} in the Pyrénées mountains, with free-growing mouatain pine (Pi-
nus uncinata Mill) at 2 very low competition level and without any human silvicul:
tural practices.
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Radial growth index (%)
200

1w

634 lraes - 63 siles‘ 391 treas - 39 siles{

2000/ 1850 1900 1950 2000
Calendar year

1]
1850 18060 1850

Fig. 6. Radial growth changes since the lasL century for beech managed in high forest (a) and
coppice-with-standards (b) on the calcareous Lorraine plateau,

The increasing radial growth (rend observed for the 521 sampled trees (Fig. 7) is
still very steep (approximately +120%), so this result corroborates the possible role
of environmental changes on radial growth. Nitrogen fertilization cannot explain
this radial growth increase because atmospheric nitrogen deposition is low in this

region.

Radial growth index {%)
2060

. _m_-ﬂwﬂﬁ

521 lraas - 13 site4
1700 1800 1800 20600
Calendar year

'Fig. 7. Long-term growth trend of mountain pine {Pinus uncinare Mill.) at tree line in the
Pyrénées mountains.
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5. Conclusions

Ten studies, concerning seven forest species, have been carried out in France since
the early 1980s. In all cases, a significant increasing long-term trend in radial
growth appeared during the last 150 years. This trend varics between +50 and
+160% for basal arca increment indices, depending on the species and the location,

One can legitimately be surprised by the magnitude of the increases observed, and
some uncertainties remain about the interpretation of the resulls. In order (o lest the
reliability of the results, careful analyses of possible biases have been carried out.
These analyses show that the resulls are not due to & bias introduced by the meth-
ods used for processing the data.

The chosen irees seem Lo be representative, according 10 a comparison between
living and archaeological trees. Various altempts to identify a bias in the spatial
structure of the sample and the ecological diversity of the corresponding site types
have been made. In the Jura mountains for example, the oider trees available are
mainly focated on poor sites, where radial growth is slow. However, for sessile oak,
pedunculate oak and beech on the Lomaine platcau, this bias has been limited by a
careful selection of trees within a limited ecological range. The stratification of the
data in an attempt to isolate more satislactory subsets did not result in fundamental-
ly different results (Becker et al, 1995a),

Anather possible bias, in closed stands, is that some of the currently dominant
trees may have been suppressed previously. Such social changes in the hierarchical
structure of stands are oflen considered as infrequent in managed forests, but their
exact role on the observed long-term Irends remaias to be precisely quantified.

Silvicultural practices could explain part of the long-term trends observed, ac-
cording to the results obtained for beech in high fores! and coppice with standards,
On the other hand, the results obtained for mountain pine in the Pyrénées mountains
strongly suggest the role of environmental changes,

In crder (o gain a better understanding of the different causes of the long-term in-
creasing growth changes cumently observed in different parts of Europe, it may
prove useful to extend these studies in diffcrent environments where the various fac-
tors could be separated, For example, northern boreal forests, which are {ree from
silvicultura] disturbances.and where nitrogen pollution is very low, offer a good op-
portunity. It may also be necessary to study height growth rends in addition to ra-
dial growth, Dominant height growth is supposed to be fower depending en stand
density. It could be an additional indicator of teng-lerm environmental changes.

Whatever the causes, we strongly advocate the use of proper methods of slandard-
ization such as the regionally based age curve or the joinl analysis of variance of
date and age effects for the study of long-term growth trends, which allow refiable
conclusions (o be drawn.
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