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Abstract — The objective of this paper is to propose a method for simulating and predicting the evolution of wood resources in the ‘Lan-
des de Gascogne’ region. Lemoine’s growth and yield model has been successfully utilized to predict future timber resources from exis-
ting data collected in two successive surveys (1977 and 1988) conducted by the National Forest Inventory (NFI). Lemoine’s model was
calibrated by analysing the error in estimation of stand features between the NFI plots and experimental plots originally used to built Le-
moine’s model. The proposed corrected term is based on the best linear unbiased predictor of the error. The calibrated model exhibited a
better accuracy than the original model version. We suggest that coupling the calibrated Lemoine’s model with NFI data is a useful me-
thod for predicting timber resources at a regional level.

wood resource / national forest inventory / growth model / model calibration / maritime pine

Résumé — Prédiction des ressources futures en bois a partir des données d’inventaire forestier national. Application au massif de

pin maritime ( Pinus pinaste) des Landes de Gascogneé!objectif de cet article est de proposer une méthode de prédiction de I'évolu-

tion de laressource dans les Landes de Gascogne. Le modele de production de Lemoine a été employé avec succes pour évaluer la dispo-
nibilité en bois de larégion, en utilisant les données des deux cycles de I'Inventaire Forestier National (IFN ; 1978 et 1988). Le modele a
été calibré, en considérant I'erreur d’estimation des caractéristiques dendrométriques des peuplements, entre les placettes de I'lFN et les
parcelles expérimentales employées pour construire le modele. Le terme de correction est basé sur le meilleur prédicteur linéaire non
biaisé de I'erreur. La validation du modeéle calibré a été menée sur des placettes non utilisées dans la procédure de calibration: la préci-
sion dans les prévisions a été sensiblement améliorée. Nous suggérons que le couplage des données recueillies par I'lFN et du modele ca-
libré constitue un bon outil pour prédire la disponibilité régionale en bois.

ressource forestiere / inventaire forestier national / modele de croissance / calibrage du modéle / pin maritime
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1. INTRODUCTION This article addresses three specific problems that are
posed by this methodi)(the adaptation and calibration
of the model, which is necessary because NFI data have
The data produced by the French National Forest In- particular features which make them different from those

ventory (NFI) are used to estimate stand wood resourcesjssued from the experimental plots used to build the stand
their increment and their past change at the regional andgrowth model; {() the formulation of global, or average,
national level [15]. However, these data alone do not pro- Silvicultural regimes at a regional leveiii{ the proce-
vide predictions on the future availability of wood re- dures foraggregating NFI data (before or after predicting
sources. Indeed, forest survey data yield only qualitative forest growth; level of aggregation: plot or age-, stand
and quantitative information on stands at a particular density-, or site-based strata.)

date [38, 44].

On the other hand, growth and yield models have no-
tably progressed in recent decades [2, 9, 10, 13]. These
models are used to simulate tree and stand growth from 2. MATERIALS AND METHODS
an initial state (estimated from a stand inventory), and as
a function of site quality and alternative silvicultural
schedules [23] Since it is important for pUbllC and pri- 2.1. Landes de Gascogne forest
vate interests to know the volume of timber that could be
harvested annually from an extensive forested area [32, ) . .
43], some of these models have been applied to regional  1he ‘Landes de Gascogne’ region covers 3 districts
inventory data in order to forecast the future evolution of N France: ‘Landes’, “Gironde’ and ‘Lot-et-Garonne’
wood resources and of the ‘available cut’ [33, 34]. Dif- (figure 1). The region is characterized by an oceanic cli-

ferent approaches have been proposed in the literature fofate, with two humidity and temperature gradients: hu-
modeling the growth of wood resources at a regional midity decreases from west to east, i.e. from the Atlantic
level [17, 33, 45, 46]. coast inland, while temperature decreases from south to

north [20]. In this study, we only considered the pure

The current study concerns ‘Landes de Gascogne’ re-even-aged stands of maritime pine situated in the ‘Pla-
gion, which harbors a one-million-hectares maritime teau Landais’ ecological subregion, in the ‘Landes’ and
pine Pinus pinasteyforest, i.e. the largest monospecific ‘Gironde’ districts. In this subregion, NFI considers
forest in southwestern Europe. Between the seconds3 site types on the basis of site quality and soil drainage:
(1978) and third (1988) inventory cycles, NFI reported humid (H), mesophyl (M), and dry (D) sites [1].
an increase of the total standing volume from 110 million
m?to 125 million n? [14, 16]. This fact is very important
in the definition of forest policies in this region, where 2.2. Lemoine’s stand growth model
the intensification of silviculture applied tdPinus

pinaster aims at accelerating forest growth and vyield Lemoine’s model was designed for maritime pine in

[19]. the ‘Landes de Gascogne’ region in order to simulate the

In this context, the aim of this paper is to propose a growth and yield of a stand or compartment submitted to
method for projecting forest growth at a regional level for variable silvicultural regimes. The age and intensity of
pure even-aged stands: this method is based on the couthinnings are not fixed, but can vary according to these
pling of NFI data and of a stand growth model. The gen- regimes. The inputs of the model are the initial character-
eral method used in this study may be described asistics of the stand as well as some features of the site
follows: (1) to obtain data from the national forest inven- (figure 2). This model was developed using three stand
tory service; (2) to build a new, or to adapt an existing attributes: the height and basal area of the average domi-
growth model for the forest under study; (3) to design nanttree (respectively andg,), and the basal area of the
global silvicultural regimes at a regional level; (4) to average tree in the stang£ G/N). The model was built
write a simulator on the basis of the calibrated growth from stem analysis data, from semi-permanent and tem-
model, with NFI data and silvicultural schedules as in- porary sample plots which had experienced different
puts, and the future wood resources and available cut assilvicultural treatments, and from thinning and fertiliza-
outputs; (5) to run the simulator according to alternative tion experiments [11, 20, 23, 24]. The model was vali-
silvicultural regimes. dated using temporary plots [25].
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= Figure 1. The study area, “Plateau
= Landais” in the Gironde and the
Landes districts.

Using stem analysis data and principal component

analysis method, the dominant height growth was mod- (g (a) :29_93x[1_ exp(-0.03& Ai“’ (12
eled as [21]: 0 X
B,(A=r. 208 @3
—r xX
=B BA < VB x Y, @D | PR <0050 a9

if Bo(A)<11then r, = /1+01404- 195 (B, (A)+ 1
where A is stand age,y(A) is the guide curve, if By(A)>14then r, =,/1+0.0886- 0007680, (A)

represented by Chapman-Richard’s model, wBil@d) if 11 < B,(A) < 14 thenr, \/1+00419— 00018B,(A)
andf3,(A) are two curves that account respectively for

the global level and for the shape of the height growth T =-132+,/167F — (3, (A) 20- 16¥
curve: x=PB,(A*(0155- 00283, (A))
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C Growth simulation for the maritime pine ) where tree-to-tree competition is expressed as a function
Pinus pinaster _Ait, Lemoine's model of stand densityN) and basal area of the average domi-
nant tree ¢,):

comp=1- exf] (15854 g + 215« (10000N)] (2.1)

STATION STAND
Type of soil ho, ho(t-x), Age, andkicmis a function of the dominant heighg(40):
Rainfall Age(t-x), co, cg, N.

if hy <3, thenkicm=8
Data to initialize the model if 3 <hy,<6,thenkicm=10.49-0.83<h, (2.2)
if hy=6, thenkicm=4.97 + 0.0892< h,

The basal area increment of the average tree in the
stand {g) is predicted from the basal area of the average
Silvicultural tree, the dominant basal area and its increment:

Growth
Model

D . regime
r):]r(;z:\jrgllc ig=b,+b, x g+b, x 92 —-1.08 (3
where:
bo :igo_blxg_bzx 92
_igo _igo,so —2><ig 0, 75xgzo

1 05xg,
) _ ) 3.1
19, +|go,5o_(2x|g 0 75) @1

Output b, =
2 0125xg?

whereigy 5, S
ig, o =(~235—16&0mp+ 0894g, +
(-0.0339+ 0 04%onp—-0.018comyg ig)

Vol, Prod, C_incr
Average Inc
Figure 2. Schematic view of a simulation performed with

Lemoine’s model. Stand features and site quality are needed tog

Sy ndi is
initialize the model: the data were taken from NFI database. The Yo7

model allows simulating the effect of different silvicultural sce- ig, .. =(-33—-156Gomp+ Q973g, +

narios on stand growth. The outputs are the new stand features ’ )
and increments. The characteristics of cut trees are also esti- (-0.0268+ 004640mp—0.022comg ig )
mated.

Y, and Y, are stand parameters that account for stand  ,,,

vigor (Y,is correlated witi,(40), the dominant heightat 516 estimated using statistical relationships. In Lemoine’s
the reference age of 40 years) and for the initial growth. ., qe| the nature of the thinning (i.e. the relative size of
For example, phosphorus fertilization at the time of stand ¢ paryested trees as compared to the average tree) de-
establishment improves both,(40) and the initial  ,onds on thinning intensity, but customarily the smaller
growth. trees are selected rather than the larger (because it has

The basal area increment of the average dominant tree?€€n observed that slow-growing trees never recover a
(igo) is predicted from the height incremeriby), the place in the canopy). The thinning with selection of taller

dominant height at 40 yeark,(40)), and dominant girth trees is only practiced after the smaller trees have been
() removed, and when the silviculturist wants to establish

an adequate distance among trees.[E@jure 2shows a
compx[2x G, x i x kicmr( kicm if)? ] flow chart with the data needed to feed the model and
19, = an (2) with the outputs of the model.

erage tree volumevf and average tree heighty]
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0 - I — D DI = —— plots in the studied area by age class
10 20 3040 50 60 70 80 90100110120 and by inventory survey, in pure
stands of maritime pine in the “Pla-
Age classes teau Landais” region.
2.3. Data used in the study Table |. Forest area (pine stands only) and number of NFI sam-
ple plots in the region under study.
2.3.1. National Forest Inventory data Cycle Forg;t)area E;’ gl]c?tir
1977-1978 580 550 1947

In order to forecast the future timber resources in the
region, NFI data were used to initialize Lemoine’s stand 1987-1988 570637 2612
growth model. The study area has been inventoried 4
times by NFI. Slnc_e the method in the first survey was Among the variables estimated by NFI, those needed
not similar to that in the last three surveys (1977-1978,, " ..~ :

. to initialize and calibrate the growth model were se-
1987-1988, 1998-1999), we discarded the data from thelected' the ageA), the dominant heighth) and its an-
first survey. Furthermore, the data from the fourth survey : 9en. g

. nual increment over the 5 years preceding the survey
were not available when we started the study, so that we,. - . . .
only used the data from the second and third surveys. The('hO)’ fche dominant girth at breast helghg)(-and Its an
nual increment over the 5 years preceding the survey

estimated forest area and the number of NFI sample pIOtS(ico), the stand densityN). Other variables were also

n the subregion under study are showrtable | and used to calibrate the model: the basal area of the average
figure 3. . .
tree @) and its annual increment over the 5 years preced-

The general method and procedures utilized by NFI to ing the survey ig), the number of trees cut during the
evaluate forest resources are as follovijss{ratification 5 years preceding the surveM.(), the number of dead
of stands using aerial photographis) (andom selection  trees during the 5 years preceding the suniéy,f, the
of field control points of 25 m radius, with a number of basal area exploited during the 5 years preceding the sur-
plots proportional to the surface of each stratum. On vey (G,.), the basal area of the trees that died during the
these control points, some stand characteristics areb years preceding the surveg (., and the total stand
noted: species composition, stand dendity ¢rown clo- volume ().
sure; (i) random selection of field survey units: these
units are composed of three concentric circles withara-  2.3.2. Temporary and permanent NFI plots
dius of 6, 9, and 15 mfigure 4). Trees are included in
each circle, trees are sampled according to their circum-  The usual procedure of NFI is only based on tempo-
ference. These sample trees are then measured in detarlary plots. We used these plots to calibrate and validate
[7, 15]. Local stand estimates are then derived from thesethe two equations of the growth model that predgzt
measurements. andig. In addition, in 1987-1988, NFI also remeasured
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Experimental

/ plot

Figure 4. Example of one large ex-
perimental plot used to build
Lemoine’s model (squared shape).
They had a surface ranging from
1000 to 5000 rh In contrast, na-
tional Forest Inventory plots have a
surface ranging from 100 to
700 nt. In these three circles, the
trees are measured by the NFI de-
pending on their girth; small trees:
245-52.5 cm, medium trees:
54.5-94.4 cm, big trees: >94.4 cm.

446 plots that had already been measured in 1977-1978. 2.4. Calibration of Lemoine’s growth model
These plots are termed here as ‘permanent’; they cover
the main three soil types in the region. These permanent Some problems had to be solved before beginning the
plots were used to calibrate and validate the height process of prediction and simulation. Lemoine’s model
growth model. was built on the basis of experimental plots observed
from the 1960s to the 1980s and which were not chosen
in order to be strictly representative of the ‘Landes de
2.3.3. Experimental plots Gascogne’ forest. Moreover, the area of these plots
ranged from 1,000 to 5,000%mn contrast, NFI plots are
. _ supposed to be globally representative of the forest but
A set of 259 experimental plots was used to build thejr ranges fronta. 100 toca. 700 nt. Salas et al. [40]
Lemoine’s original growth model [22, 23]. Of these, 27 paye shown:ij that the design and plot size used by NFI
were used by Salas et al. [39] in order to compare the resyited in a high coefficient of variation (CV) of the esti-
stand estimates derived either from large plots or from ates of stand features such as densiyand basal area
small concen;rl_c NFI plotsfigure 4). The aim was to as- (G); (ii) that average and dominant circumferenz@ad
sess the precision and accuracy of the point estimates deco) had a lower coefficient of variation, but thetwas bi-
rived from NFI plots and to know whether there was a ased with an average underestimatiosaf-2 cm. Since
risk in considering such local estimates as the initial state tnese stand characteristics, together wigrand A, are
of stands when using Lemoine’s growth model. needed to initialize the growth model, the projections ob-

Furthermore, NFI measures only the trees which have t&in€d by simulation using NFI data as inputs could be
a girth at breast height larger than 24.5 cm. Because ourSignificantly less accurate and precise than the predic-

objective was to predict all the timber produced in the re- tions obtained from larger sample plots, such as those
gion and in subsequent years, it was necessary to esti¥sed to build the model.

mate the total density and basal area of the stands. For Therefore, in order to avoid biased predictions, the
this reason in an earlier study, 37 new large temporary model had to be calibrated on the basis of NFI data. The
plots were employed to estimate accurately these standcalibration could be carried out by two meani$:gjither
characteristics [40]. by fitting the original model using NFI data in orderto re-
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estimate its parametersj)(or by correcting the output 2.4.1. Calibration of the dominant height growth
supplied by the model. The second option was chosen, model

because of the complexity of the model. Let us consider

two variablesX andY, whereX s the variable of interest Projection of individual plots

while Y can be obtained by a model (i.e. as a prediction)

or by direct observation: the aim of calibration is to  Validation of the non-calibrated model

predict the values aX, from the values of. In sciences Before calibrating the height growth model, it was
such as physics, methods and techniques of calibratiomecessary to assess whether this model was biased. The
have been developed and widely applied [4, 18, 37]. yalidation of the original model was carried out using
Chaunzhong provides an application in forestry sciences130 NFI permanent sample plots. The parameYgend

[6] in this case, the volume of the stand was estimated byY2 of equation (11) were estimated from the measure-
two different methods, that had a different accuracy and aments oth,, ih, and age from the 1977—78 survey. There-
different cost; the aim was thus to calibrate the cheap andfore, we had:t, = 1978 andt,—5 = 1973. Predictions
low-accuracy estimate¥, using the expensive and high- were then made fot,+5 (1983) andt,+10 (1988).
accuracy estimateX, using a sample where both vari- ysing a paired-test, these predictions were compared
ables had been measured. with data obtained by the 1988 survey on the same plots.

o I . . Calibration of the model
In our study, the situation was similar, with a relation-

ship between the stand values predicted by the growth ~From a set of permanent sample plots, in which were
model (predictor®,) and the stand values observed by included stands of all ages, one hundred plots were
NFI (x), wherei =1,...,n denotes sample plots. Our aim randomly chosen to calibrate the height growth model.
was thus to predict, from %, i.e. to calibrate the incre- ~ The parameter, andY, of equation (1) were estimated
ment predicted by the model on the basis of NFI incre- using the records di,, ih, and age from the 1977-1978
ment observations. This calibration procedure was usedSurvey. Ten-year predictions were then calibrated using

for h01 |go andig_ The way to correct the bias of prediC_ the data obtained by the 1988 SUrVey and asimple linear
tions was thus: regression (see Eq. (4) in the above described proce-

dure).
X; =0, + O, XX + @€ 4 Validation of the calibrated model

) This step was carried out with 30 independent perma-
whered, andd, are the parameters to be estimated, and e nent plots. The precision and accuracy of the calibrated
is an independent random variable. The magnitude of the,gdel were assessed using a pait¢ést in which the
bias, E[x, — % ] is determined by the parameters of the giscrepancies between observed and predicted values
model, particularly by the paramet&. were examined.

The general approach to calibrate the model was:
(i) validation of the original Lemoine’s model, with the
aim to search for bias and to analyze prediction errors; Inorderto simulate the growth at the regional level, an
(i) correction of systematic deviations in predictions; option was to reduce variability in the estimation of stand
(i) validation of the calibrated model. characteristics by aggregating the plots before applying

the growth model. It was necessary to know which was

The validation of the non-calibrated and calibrated the best strategy for plot aggregation. For that purpose,
models was performed by studying the bias, i.e. the aver-76 permanent plots from the 2nd survey were selected to
age deviation between the values predicted by the modelform 19 aggregates. The aggregates were formed on the
and the values observed by NFI. The bias of variable basis of age class and of similar fertility index, estimated
was estimated as: from theh, versusA relationship in 1978.

Projection of aggregated plots

The prediction of height growth with these aggregates
B, :E Z" i\ _Q) was performed according to two methods: f§lot-by-
n &= (5) plot simulation of height growth, followed by the aggre-
_ . gation of the predicted valuesj) computation of aver-
whereY, is the value observed by NFI aivdis the value age plot characteristics for each aggregate, followed by
predicted by Lemoine’s model. the prediction of height growth at the aggregate level. On
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the basis of data from 1977-1978, paramerandY, tween the values predicted by the model and the values
of equation (1.1) were estimated from the measurementsobserved by NFI were examined with a paitetest.

of hy, ihy, and A. Height growth predictions were per-

formed over 5- and 10-year time steps (up to 1983 and . . .

1988 respectively). The discrepancies between observed 2-5- Forecasting the available regional wood

and predicted values were analyzed withtast. resources

2.4.2. Calibration of the dominant and average 2.5.1. Criteria for plot aggregation

basal area growth models The aggregation of plots had the advantage of dimin-

validation of the non-calibrated models ishing the variability of the variables needed to initialize

i i the model. The criteria considered for this aggregation
These models were validated on the basis of tempo-yyere-

rary plots and by site type. Two data sets were utilized for
this purpose: ij the data from the 1977-1978 survey fer
(1332 plots); i) the data from the 1988 survey (1955
plots). All the plots considered for the calibration and

Site type: NFI and Lemoine’s model agree in the dif-
ences inyield among the 3 types of land. Since the dif-
ferences in site index are important to correctly forecast

validation of the model were grouped by site type and the gr_owt_h, this classifipf'ation was kept to obtain a post-
none of them had any record of thinning or dead trees, atstranflcatlon of the marmme pine forest. ]
least in the previous 5 years. Canopy cover: this stand feature of the stands gives

. . : informs about the degree of crown closure. Cover is esti-
The variables involved in the models were corrected

for bias and stand density. Salas et al. [40] indeed showedmatEd by NFl overa sqrface ofca. 0.2 fiable llshows
o ! that cover classes defined by NFI depend on stand den-
that it is necessary to correldt G andc, estimated from

NFI plots because of their small size and of the minimum sity and. age. i ) o .
tree census thresholdigh > 24.5 cm). TotalN and G Dominant height: this stand characteristic is not influ-
were thus estimated using the following equation: enced by factors other than site quality [35]. Since
X Maugé [27] had suggested that, in stands taller than 3 m,
X = r ©6) growth did not depend on age, but only on site quality

(- exp[B, , €, _24552-X D andh,, we merged the plots into 1-meter height classes.

where:X is the total value oN or G (including the trees
that fell below the NFI census threshol®);is the same
variable computed from only the measurable trees (over A wide range of silvicultural regimes is practiced in

NFI census threshold}; , andp, . are parameters which  the ‘| andes de Gascogne’, according to needs and goals
depend on the variable under studydr G); c, was cor-

rected by systematically adding 2 cm.
The discrepancies between observed and predictedrable Il. NFI cover classification: total cover and cover of trees

2.5.2. Silvicultural scenarios

values were analyzed with a pairetest. above census threshold.
Calibration of the models Cover Type Total cover  Cover of censable trees*
The calibration was performed using 80% of the avail- (%) (%0)
able temporary plots for each survey, these plots being 1 10-24 <10
randomly selected randomly within each type of land. 2 2550 <10
The calibration method was a simple linear regression.
Because of the non-linearity of the models and of their 3 >50 <10
complexity, it seemed that this method avoided amplifi- 5 10-19 >10
cation of prediction bias. 6 20-24 >10
Validation of the calibrated models 7 25-49 >10
The validation of calibrated models was performed ) 50-75 >10
using the 20% the temporary plots that had not been used 9 575 ~10

in the calibration process, i.e. 20% of the plots. In order
to evaluate the calibrated models, the discrepancies be= Trees with gbh >24.5 cm
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1250 al
1000
il
ot ]
= T o Scenario Sl
E mamm i .
§=) | . ¢ Scenario Sl
= 0 ==y Figure 5. Silvicultural scenarios
=...+_ proposed in this study to estimate
_ the annual available wood cut in
230 R 1 Landes de Gascogne region. Sce-
" nario S| represents the current
silviculture practiced in the re-
1] gion. Scenario Sll represents an
a5 i 7% 100 135 150 alternative silviculture regime,
cg {l:m) yvith thinnings more intense than
in the SI.

of the owners. Under these scenarios the number of Final harvest

thinnings and the final cuts are determined as a function _ . '

G, O G, [5, 25, 29]. Since Maugé [28] had indicated that The choice of stands to be clearcut (i.e. for final har-
thinnings and final harvests in the region tended to be de-Vest) was based on both and ¢, Among the stands

layed, no marked caution scenarios were contemplated inVh0S€ average circumference was greater than 120 cm,
this study. we first selected the oldest, with > 60 years, then the

mature stands, witl between 50 and 60 years, and fi-

Preliminary simulations achieved with a very ‘dy- 4y the other stands that had an average girth of 130 cm
namic’ silvicultural regime (i.e. a regime with intensive i the end of the growth period.

thinnings and an early final harvest) showed that such a
regime was not consistent with the current structure of  The above defined criteria are deterministic. Under
the maritime pine stands and with the observed global such criteria, a high quantity of wood could be removed
level of harvests [30, 31]. Therefore, the total volume of by thinnings or final cuts in the first years of a simulation.
timber cut in final harvests and intermediate thinnings However, it was not realistic to assume that the wood in-
was guided by the partial statistics of the regional wood dustry installed in the region could absorb all this avail-
production, and two scenarios were retainggufe 5): able timber estimated in the short term. Therefore, for the
the traditional silviculture, noted ‘SI’; and a scenario thinnings one alternative was to select the stands which
taken from the experimental and semi-permanent plots,had a higher competition index [22], assuming that these
where the thinnings had been more intense than in the trastands had not undergone thinnings recently. For the fi-
ditional silviculture, noted ‘SII’ [30, 31]. nal cut of mature stands, a competition index was also
Thinning regimes calculated: when its value was lower than 0.90, for Sl, or

. . . . 0.88, for SlI, the final cut was achieved.
The following equations describe the limits between

which stand density should be maintained, given the av- A simulator program was written in Pascal language
erage circumference of the stargj)( For S, stand den-  to forecast the growth and wood production. The valida-

sity varies betwee N = 3524.866 x 100009 tion of the entire method (calibrated Lemoine’s model
(maximal) aml N = 2310.534x 10720%9 (minimal). for h,, ig, andig, plus silvicultural regimes), was per-

For SllI, stand density varies betwedl = 2584.208x formed for the period from 1977-1978 to 1987-1988.
107000789 (maximal) aml N = 1884.377x 10000750 Then the annual availability of yield was simulated for

(minimal). Thinning should thus be carried out as a func- the period from 1987-1988 to 1998, on the basis of the
tion of c,. third survey (1987-1988).
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3. RESULTS more reliable than those based on the non-calibrated
model fable V). The bias disappeared and the precision
o . o ) remained similar. The difference between predicted and
3.1. Prediction of dominant height incrementif,) observed height were not significant and errors did not
exhibit any trendfigure 6).
3.1.1. Projection of individual plots
3.1.2. Projection of aggregated plots

Validation of the non-calibrated model .
Results of the two methods of aggregation are shown

5-year predictions were not biased. The average of, yap1e vi The variableE (respectivelyEo) indicates

discrepancies between predicted and observed values i di b h | b db
that period was only 0.01 m. In contrast, 10-year predic- the average discrepancy between the values observed by
' ' ' NFI and the values predicted by the calibrated model

tions were significantly biased: the underestimation was over 5 years (respectively 10 years), when predictions

8|§1|”n; The error of estimation was 0.03 nvy(ta- are performed plot by plot. The variabig (respectively
' E,,) indicates the average discrepancy between the val-
) ues observed by NFI and the values predicted by the cali-
Calibrated model brated model over 5 years (respectively 10 years), when
The calibration of the model was performed to fore- Predictions are performed after data aggregation.
cast the growth over a 10-year period, searching to elimi-  The t-test was significant, when 10-year predictions
nate the bias and to reduce the variance. The results of thevere performed plot by plot, while it was not significant
fitted model are shown itable IV(Eq. (4)). Inthis equa-  for 5-year predictions. The t-test was never significant,
tion, the observet, was estimated using the predictions when predictions were performed after data aggregation;
derived from the non-calibrated Lemoine’s model. In av- however the bias also existed in that case, but it was not
erage, the predictions made by the calibrated model weresignificant because degrees of freedom were less than for

Table Il . Accuracy and precision of estimates derived from the non calibrated growth modeBpiaad variance of predictions for
dominant height incremenitg), dominant girth incrementiy,) and average girth incremeing

Year Model Site type n B Variance
(y variable)

1983 ihg (myr?) H, M, D 130 —-0.010 1.45
1988 ihg (myr?) H, M, D 130 —0.308* 1.66
1978 igo (cm yr?) H 616 1.209* 112.58
1978 igo (cm yr?) M 518 3.049** 156.01
1978 igo (cm yr?) D 198 1.573 128.40
1988 igo (cm yr?) H 838 5.165** 190.14
1988 igo (cm yr?) M 849 6.969** 249.40
1988 igo (cm yr?) D 268 8.525** 167.19
1978 ig (cmyr?) H 409 1.299** 20.27
1978 ig (cm yr?) M 359 0.409 26.73
1978 ig (cmyr?) D 128 0.721 25.48
1988 ig (cm yr?) H 542 0.869** 19.42
1988 ig (cmyr?) M 552 0.015 21.14
1988 ig (cm yr?) D 173 0.835** 10.26

* Bias is significant ap = 0.05., ** Bias is significant ap = 0.01
H: humid land, M: mesophyl land, D: dry land.
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Table IV. calibration of the growth model for: dominant height incremémf)( dominant girth incrementd,), and average girth incre-
ment {g). The calibration equation is =& + 8, X X; + g, wherex; is an observationy; is a prediction®, andd, are the parameters to be

estimated, and, & a random error.

Cycle Model Site type df MSE St 0(d) 5, x0(d) R?
3 ihg (M yr?) H, M, D 98 2.87 1.43+0.77 0.94 +0.04 0.87
2 igo (cm yr?) H 408 88.4 3.19+1.19 0.70+0.03 0.47
2 igo (cm yr?) M 357 106.4 6.93+1.52 0.54 +0.04 0.32
2 igo (cm yr?) D 127 87.7 3.42+1.82 0.65+0.06 0.45
3 igo (cm yr?) H 540 169.4 15.43+1.93 0.55+0.04 0.26
3 igo (cm yr?) M 553 189.2 19.62 +2.07 0.49+0.03 0.22
3 igo (cm yrY D 171 91.9 1043+2.15 0.54+0.04 0.42
2 ig (cmyr?) H 407 18.40 1.28+0.43 0.89+0.02 0.87
2 ig (cmyr?) M 357 24.23 2.78+0.58 0.86+0.02 0.81
2 ig (cmyr?) D 126 21.02 2.73+0.77 0.79+0.04 0.75
3 ig (cmyr?) H 540 18.37 1.22+041 0.92+0.01 0.89
3 ig (cmyr?) M 550 20.22 2.11+0.45 0.93+0.01 0.88
3 ig (cmyr?) D 171 10.07 0.14+0.53 0.96 +0.02 0.92

H: humid land, M: mesophyl land, D: dry land.

Table V. Accuracy and precision of estimates derived from the calibrated growth modelBYiasd variance of predictions for domi-
nant height incrementh(;), dominant girth incrementg,) and average girth incremeig)

Year Model Land type n B Variance
1988 ihy (M yr?) H, M, D 30 0.088 0.65
1978 ig, (cm yr?) H 103 -2.1303 86.91
1978 ig, (cm yr?) M 85 -0.0696 88.12
1978 igo (cm yrd) D 36 1.8770 56.49
1988 ig, (cm yr?) H 139 -0.8660 113.31
1988 ig, (cm yrY) M 135 1.0477 119.51
1988 igo (cm yrd) D 40 —-0.4447 160.75
1978 ig (cm yr?) H 103 0.3643 21.99
1978 ig (cmyr?) M 85 0.8255 23.57
1978 ig (cmyr?d D 36 0.1996 14.57
1988 ig (cm yr?) H 139 0.4592 63.83
1988 ig (cm yr?) M 134 0.7959 22.02
1988 ig (cmyr?d) D 40 -1.5243* 16.03

*Bias is significant ap = 0.05
H: humid land, M: mesophyl land, D: dry land.

Table VI. Accuracy of the aggregation methods for predicting height growth with the calibrated rE@c(eéspectiyeI)Em):gverage
discrepancy between NFI values and 5-years (resp. 10-years) predictions, when prediction precedes plot adgey égsstida, ): av-
erage discrepancy between NFI values and 5-years (resp. 10-years) predictions, when prediction follows plot aggregation.

Method Bias (m) Variance (f
= -0.102 0.586
E, -0.011 0.549
Ey 0.247 0.770
E 0.347 0.560

it
o
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Figure 6. Residuals of the model before and after calibration.
Top: dominant height, the dispersion of points was lower after
the calibration of the model (right plot); the prediction was car-

ried out over a ten-year period. Bottom: basal area increment of

the average tree in the stang,j. Left plot, a trend was observed
on the uncalibrated model. The uncalibrated model underesti-

R. Salas-Gonzalez et al.

3.2.2. Calibrated model

The results of the calibration equation (Eq. 4) are
given intable IV. In this equation, the observed value of
ig, was estimated using the predictions derived from the
original Lemoine’s model. The calibrated model was
then validatedté@ble \): the estimations oig, were not
significantly biased anymore; the average overestima-
tion was reduced to 1.36 cr (respectively 0.77 cin
yr) for the 2nd (resp. 3rd) survey. In some cases, the
variance of estimation of the calibrated model was less
than half of the variance of estimation of the non-cali-
brated model.

3.3. Prediction of average basal area incremenig)

3.3.1. Validation of non-calibrated model

The increment of the basal area of the average tree was
also overestimated. This bias was significant for humid
sites at the 2nd survey, and for humid and dry sites for the
3rd survey. The average overestimation was 0.84ycrh
(respectively 0.57 cAyr?) for the 2nd (resp. 3rd) survey

mates igo in young stands whereas it overestimates this incre-(table III).

ment in mature and old stands. After the calibration the model
did not show a tendency in residuals (right).

the plot-by-plot projection. Both projection-aggregation
methods gave similar predictions over 5 and 10 years;
nevertheless, it seems that the 2nd method (i.e. aggreg
tion followed by projection) slightly reduces the bias and
variance of the predictions. This method was utilized for
forecasting the evolution of forest resources.

3.2. Prediction of dominant basal area increment

(ig,)

3.2.1. Validation of the non-calibrated model

a,

3.3.2. Calibrated model

This model was calibrated using equation 4 (results
are given intable IV). In this equation, the observed
value ofig was estimated using the predictions derived
from the original Lemoine’s model. The calibrated
model was then validatedaple V): the predictions ofg
were not biased any more, but for the dry sites at the
3rd survey (the overestimation was 1.52%gyr?). The
variance of estimation was not really improved by the
calibration procedure: it globally decreased for the
2nd survey, while it increased for the 3rd survey.

3.4. Forecasting available wood resources in the
‘Landes de Gascogne’

The increment of the basal area of the average tree was

always significantly overestimated. The average bias
was + 1.94 crayr (respectively + 6.89 chyr™) for the
2nd (resp. 3rd) surveytdble 1ll); the predictions of the

3.4.1. Retrospective evolution of the forest between
1978 and 1988

We used this period for jointly testing the adequacy of

model were thus more biased for the 3rd survey than for
the 2nd survey. The errors of estimation were correlatedthe method of calibration and the validity of the
with stand variables, including age: for example, the silvicultural regimes. For that purpose we compared the
overestimation was evident in mature starfitsufe 6). results of simulations with data recorded by the NFI.
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Mean annual increment and mean volume cycle, the mean annual increment was estimated at

9.4 Mn?yr (respectively 9.1 Mriyr™?) for S (resp. Sl),
as compared to 7.5 Minyr™ reported by the NFI in
|1984—1988.

Between 1978 and 1988, the global behavior of the
two scenarios Sl and Sll was fairly similar. Nevertheless,
S| simulated a lower harvest and a higher mean annua
volume incrementf{gures 8and9). At the end of the
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Figure 8. Top: Evolution of simulated thinnings during the pe-
riod 1978-1988 (left) and 1988-1998 (right). Bottom: Evolution
of simulated final harvest during the period 1978-88 (left) and

1988-1998 (right).—— Sl = scenario +—{1— SlI = sce-
nario Il.

Figure 9. Top: Evolution of the simulated total volume in the
studied area during the period 1978-1988 (left) and 1988—-1998
(right). Bottom: Evolution of the volume increment in the stud-
ied area during the period 1978-1988 (left) and 1988-1998
(right). Despite the increment in wood taken in cuts, the wood
seems to accumulate in the regior4— Sl = scenario |,
—{— Sl = scenario Il.

Because of the intensity of the final cuts (both ob- Values observed by the NFI, and it must be considered
served and simulated), the total volume of stands olderthat almost all the wood present in the ‘Plateau Landais’
than 40 years was reduced. In contrast, there was an accuwas included, even the trees with a girth lower than NFI
mulation of wood in the age classes younger than 40 census threshold.
years. It seems that the thinnings were not regular and not

intense in these age classégires 7and8).

For this period, the predictions made by Maugé [28]
overestimated by 16% the total volume (116-124%m

Final harvest

During the first six years, the average annual simu-
lated harvests was 2.5 million?mgr (Mm?® yr-%), while

and he predicted a mean annual increment between 9.40r the rest of this period it raised up to 3.9 Miyr™.

and 9.4 Mnmiyrin the region. In general, his predictions There was a'sllght dlffgren'ce between the two proposed
of volume increment were higher than ours and than the SCenarios, with the main differences observed at the be-
observed increments. Partial statistics of the regional 9inning and atthe end of the period. Partial statistics col-
timber production [30, 31] estimated an annual average |€cted by the Ministry of Agriculture indicated that the
of thinnings of 1.7 MmMyr"and an annual average of fi- annual average harvest exploited during the first six
nal cuts of 2.1 Mryr™. Our predictions were 1.4 Min  Years was actually 2.6 Mhyr~and that it then increased

yr-for the thinnings and 3.0 Mayrfor the final cuts. ~ UP to 3.1 Mni yr* [30]. The harvests recorded by the
Ministry of Agriculture were very regular with a

smoothly tendency to increasing trend at the end of the
region was 102 Mrhin 1988, while Sl and Sll scenarios  period. In contrast, as shown figure 8, our predictions

respectively predicted 104 Mrand 102 Mmi (figure 9). of the final harvests were very irregular: as already men-
The total predicted volume was not far from the actual tioned, this is due to the deterministic nature of the crite-

According to NFlI, the total volume of the stands in the
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ria. Furthermore, a tendency to intensify the volume (figure 9), a figure which is higher than the predictions
harvested in final cuts was also observed. that Maugé had made (9.2 Mmr™). During the period
The simulated clearcut area followed a similar from 1988 to 1998, the two scenarios were similar until
pattern. It increased with time, from 5,000 ha'yro the 6th year. The higher final cut simulated by SlI after
13,000 ha yT at the end of the period. As a result, the 1994, resulted in a lower total stan_ding volume aljd an-
proposed scenarios almost eliminated all the older nual increment at the end of the period. For the region in-

stands. On the contrary, in 1988, NF still recorded more ¢luded in this study, the final total volume was 118 Rm
than 2% of the timber in old stands. for SIl and 124 Mni for SI (figure 9). Despite the in-
creasing intensity of final cuts and thinnings, the simula-
Thinnings Fions indicated that wood resources continued to increase
in the ‘Landes de Gascogne’ during 1988-1998.
The deterministic criteria chosen for the silvicultural
scenarios yielded irregular cuts in the first five years.  Final harvest

Consequently, the average simulated thinned volume in . . ,
the first six years was very low, with 0.35 Mryr-: The simulated volume harvested in the final cuts ex-

for SI, and 0.61 Mrayr-for SII. At the end of the cycle, hibited an increasing trend with time; the cuts raised up

—1 .
the simulated thinned volume of cuts raised up to to 410 5 Mnt yr* at the enq of the period. For Sll, the
3.0 Mn? yr for SI, and 3.2 M yr* for SII. Partial simulated cuts were higher in the 4 last years than for SlI.

In both cases, the area and average volume of stands over

50 years increased from 1978 to 1998: the area increased

by 45% for Sl and 37% for Slifigure 8), while the stand-

ing volume increased by 90% for Sl and 80% for SII.
here was thus an accumulation of older stands that

could be clearcut in the future.

Maugé [28] had suggested a scenario to attain the de-
lay of the final harvest, rather than follow with the tradi-
tional practices for the final cut. Nevertheless, the total

fom S1 and SI scenaros in 1966, The simuated (PN SIS T was o oher e P
thinnings were more intense than the observed ones in prop )

) ry of Agriculture [30] estimated for 1998, an annual
the older stands: surfaces and volumes were reducea{/oIume of final harvest of around 5 Mhyr-* for all the

markedly in the age classes older than 50 years. In con- . . . . i
trast, in the 30- and 40-year age classes, simulated VOl'nglTjdeSd gr&sngmr—ll?o:h; arr?glgr&)ln%/vhrllffot)rusrlIS|muIat|ons
ume and surface were slightly higher than those reportedy y y :

statistics of the Ministry of Agriculture [30] indicated
that the average volume of thinnings increased from
1.6 Mn? yr*to 1.8 Mn? yr* over this period. In overall
there was a good agreement between observed thinning
and thinnings simulated with SllI, but the simulated trend
was much too sharp.

We analyzed the actual distribution of forest by age
classes in the ‘Plateau Landais’ in 1978 and 1988
(figure 7). We also featured the predictions obtained

by NFI. I
Y Thinnings
3.4.2. Forecast of forest evolution between 1988 and ~ The intensity of thinnings increased by at least 50%
1998 during this period. Nevertheless, the wood continued to
accumulate during this period. Sl scenario was more reg-
Mean annual increment ular than Sl and finally slightly more wood was thinned

in SI. The accumulation of wood observed during

The simulated mean annual increment was higher dur-1978-1988 in the age classes under 50 years, was the
ing this cycle than during the previous one. This may be main reason for which the thinnings increased during
partially explained by the fact that NFI had observed an 1988-1998f{gure 8).
increase in standing volume in each age class between
1978 and 1988. This indicates that the age structure of the
forest and the present silvicultural treatments were not
balanced: the simulated cuts were less than the increment
and wood accumulated.

According to the two scenarios proposed in the  Lemoine’s model (Eq. (1-3)) performed better predic-
current study, the average annual increment was esti-tions after it had been calibrated with a simple linear re-
mated as being higher than 10.5 Mg in the region gression model, which fitted the predicted and observed

4. DISCUSSION AND CONCLUSIONS
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values (Eg. (4)). This simple method had demonstratedbecause of census threshold), that these biases could be
its usefulness in other sciences such as physics, and moreorrected, the variablé¢ G andc, were corrected before
recently in mathematics and agriculture [4, 8, 18, 36, 37]. testing the original model of the basal area increment of
dominanttrees (Eq. (2—2.2)). However, its 5- and 10-year
predictions were significantly biased: the model overes-
timated the observeid,. The same simple linear regres-
sion method was used for calibrating the model: it
resulted in better predictions for this variable.

Original Lemoine’s model underestimated the height
growth. Note that this bias was only statistically signifi-
cant for 10-year predictions: the larger is the lap of the
forecast, the more important is the error of estimation.
Three explanations are possible for this discrepancy: ) ]
(i) sampling errors: the original height growth modelhad  For the basal area increment of the average fige (
been built on the basis of the stem analysis of dominantthe biases were much smaller. Again, the previsions were
trees. In contrast, the dominant height was estimated byimproved with the same calibration method.

NFI on small sample plots, which might resultin asimi-  Yaussy [46] indicates that empirical models are accu-
lar underestimation problem [35] yet described f@gr  rate only when they are used in the range of data for
[40]. However, this bias, if any, is likely to be small; which they were developed. Because the sampling
(i) measurement errors: NFI measures height incre-scheme of NFI is fairly different from the experimental
ments on standing trees by counting whorls and shootsdesigns used to derive the model (i.e., plot size, but also
and measuring (from the ground) the length of the shoots:silvicultural regimes and stand generation), we had to
this method is not very precise for tall trees, and an over- calibrate the models. In addition, the competition or den-
estimation is possible. Nevertheless, in this region mari- sity indices and functions are only valid for the condi-
time pine can bear 2 shoots per year (polycyclism); in tions in which the model was created. Estimatesggf
such cases, the main risk is to under-estimate periodicfrom the original Lemoine’s model were thus highly
height increments. Anyway, this error only applies to di- variable because of the large diversity of management
rect height increment measurements, not to height incre-methods used in the ‘Landes de Gascogne’, and also be-
ments obtained as the difference between 2 successiveause of the variability of site quality across the region.
measurementsiii) climatic variability: Lemoine’s model  This is easily observed iiigure 6, where the overestima-
describes the average height growth over tree life, tion is systematically observed in stands over 50 years;
whereas 5-year and 10-year heightincrements may be althe stands of that age that remain uncut are in general,
tered by climatic events such as droughts. The only way those with the lower fertility. In contrast, the young

to cope with this problem would be to replace this empiri- stands were underestimated, in agreement with reasons
cal model by an environment-sensitive height growth proposed by Salas et al. [40].

model and to develop regional environmental indices for

o . The two silvicultural scenarios that were tested were
maritime pine [46].

close to the current average silviculture practiced in the

Although the causes of the discrepancies in height region. For instance, in the period 1978-1988, the simu-
growth projections cannot be traced exactly, it seems thatlated harvest by clearcuts and thinnings was comparable
there is a global increase in the apparent fertility in the to the values recorded by the Ministry of Agriculture
stands. This trend has been detected in NFI data of all[30]. However, the simulated cuts were more irregular
stands forPinus pinasterin the ‘Landes de Gascogne’ than the actual ones. This is due to the deterministic na-
[41]. NFI has also observed such an apparent change irfure both of the model and the scenarios.

site fertility in other regions and species in France, e.9.  The total volume estimated with our simulation proce-
for Picea alba The literature concerning the growth  qure was similar to that recorded by the NFI. The dis-
ations[3], and human management [26], such as the pecause we did not consider regeneration or because we
silvicultural treatments and genetic selection of trees. At reconstituted the fraction of stands neglected by the NFI

this stage, the increase in height growttPaius pinaster  (pelow census threshold). Our simulations could there-
cannot be attributed only to environmental factors or to fore be considered as realistic, also because the

long-term changes in management regimes [42]. silvicultural practices did not strong change in the last
Since Salas et al. [40] had demonstrated that NFI sam-Y®arS-
pling scheme resulted in biased estimates,gtinderes- Between 1978 and 1988, wood accumulated in the re-

timation due to plot sizeN andG (for young stands only  gion: this was observed by NFI and simulated by our
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model and scenarios. Between 1988 and 1998, the harWe also thank the two reviewers for their comments and
vests increased, and it seems that during the periodsuggestions.

1998-2008 available wood in the region should be main-
tained at a high level. The mean annual increment was
higher than the harvest: this is due to the current trend to
retain a higher level of biomass, and to the apparent in-
crease of fertility caused by intensive silviculture.

Within the same age class and site class, we observed [1] Afocel-armef., Mieux produire : une nécessité pour les
that the stand characteristics observed by NFI were peuplements de pin maritime issus de ligniculture, Informations
highly variable. This is due to both the variability of the foret 1 (1988) 17_24'. )
silvicultural regimes practiced in the ‘Landes de _ [2]AckerS.A, SabinT.E., GanioL.M., McKee W.A,, Deve-

) : . : .. lopment of old-growth structure and timber volume growth
Gasgogne’ and the technical variability associated with trends in maturing Douglas-fir stands, For. Ecol. Manage. 104

NFI sampling design (i.e. small plots). The method of (199g) 265-280.

plot aggregation was therefpre useful. Aggregated plots [3] Becker M., Réponse des arbres aux variations du climat
represent the average conditions of a class of stands ang s 1Est de la Erance. Sécheresse 4 (1993) 241-244.

can be considered as homogenous strata, as those used in [4] Brown P.J., Multivariate calibration, J. R. Statis. Soc. B.

sampling theory. 44 (1982) 287-321.

Our method of simulation based on the calibration of  [5]Cremiére L., Chaperon H., Alvarez-Marty S., La sylvicul-
the Lemoine’s model was a reasonable approach to evalture pratique du pin maritime, Afocel, France, 1994, 145 p.
uate the mid-term impact of the proposed management (6] Chuanzhong L., Mathematical models in forest resource
scenarios in the ‘Landes de Gascogne’. As signaled bymanagement planning. Ph.D. Thesis, Swedish University of
Wei et al. [45], it is sometimes difficult to validate the Agricultural Sciences, 1988.
previsions generated by simulation methods. In our case [7] Chevrou R.B., La placette sol d’inventaire formée de plu-
we had the possibility to globally test our simulation pro- sieurs cercles concentriques, Schwei. Z. Forstwes. 144 (4)
cess, i.e.the calibrated model, the scenarios and the?71-296.
method of aggregation, between 1978 and 1988. Accord- [8] Faivre R, Goffinet B., Wallach D., Utilisation de données
ing to the results, this global method is operational. How- intermédiaires pour corriger la prédiction de modeles mécanis-
ever it would be interesting to test other methods of t€S: Biometrics 47 (1991) 1-12.
aggregation and other ways of designing silvicultural re-  [9] Garcia O., Growth modellig— a (re)view, N. Z. For. 33

gimes, including stochastic criteria. (1988) 14-18.
[10] Gadow von K., Hui G., Modelling Forest Development,
wer Academic Publishers, Amsterdam, 1999.
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