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Abstract

« Key message The Fagacées growth model was originally designed for application in the Northern half of France. It is a
robust model with potential applicability to a larger area, though this potential has not yet been verified. We added new
data to the original parameterization data set and our results show that the Fagacées formalism can be generalized.

+ Context The Fagacées growth and yield model was designed for the management of pure even-aged stands of European beech
and served as a prototype to build models for other tree species.

« Aims The objective of this study was to improve the growth components of the Fagacées model with additional data from
North-Western France to South-Western Germany.

« Material and methods Our model was calibrated on several forest inventory data sets. The first one (F) is the original data set
that was used to elaborate the equations in the Fagacées model. The second one (F+) is the original data set extended with
additional measurements on the same sites and on new sites in Northern France. The third (G) adds complementary data from a
forest network in Southwestern Germany. The last one (A) is the aggregate of all these data sets.

+ Results Fitting the original model equations on the extended F+ dataset led us to modify the equation for stand basal area
increment. This new equation also fit the German dataset well. The other equations could be applied to all datasets, some with the
same parameter values and some after recalibrating according to the dataset.

« Conclusion We conclude that the general form of the model’s equations is appropriate for application to other regions, but that
a recalibration of the equations is preferable in order to reflect local conditions. The advantage of our approach is that fewer data
are required to recalibrate an existing equation than to establish an entirely new one.

Keywords Fagus sylvatica L. - Growth model - Model calibration - France - Germany
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agement decisions and forestry research. Most of these models
are designed to predict stand and tree development and their
response to silvicultural treatments. They differ in the type of
forests studied (even/uneven-aged forests, mixed/pure
stands...) and in modeling approach (whole-stand, individu-
al-tree, distance-dependent/independent models...).

In fact, model design cannot be separated from the context for
which the models are built or from the user’s objectives (Vanclay
1994; Weiskittel et al. 2011). Unlike empirical models, mecha-
nistic approaches allow models to be directly applied to situations
different from those for which the parameterization was per-
formed since such models describe the ecophysiological process-
es leading to the observed effects (Guan et al. 1997; Parysow and
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Gertner 1997). In both cases, however, extrapolating the use of a
model to other contexts relies on the hypothesis that the under-
lying phenomena are regular enough.

It is therefore relatively common to find several models
developed for the same tree species. Reciprocally, once a
model has been designed for a particular species, it may be
extended to another species by retaining the general structure
of the model and the initial form of the equations. Many ex-
amples of these two cases can be found in the FORMODELS
database of the European Forest Institute (http://www.iefc.net/
fr/formodels_database forest modeles_liste/).

When adapting a model to a new species, the necessity to
recalibrate certain parameters is obvious. Another way to ex-
tend a model would be to adapt it to a given locality within its
original validity area. In this case, recalibration becomes an
integral part of the model’s development and evaluation
(Vanclay 1994). Methods such as cross-validation can be
used, notably to assess possible bias. However, sufficient in-
dependent data are necessary to guarantee the efficiency of
such methods and some concern has been expressed as to
whether cross-validation is an appropriate method for model
evaluation and improvement (Kozak and Kozak 2003).

A model can also be extended to a new geographic area. In
this case, not only should the parameter values be recalibrated,
the algebraic form of the equations should also be reconsidered
since the new area may have different forest conditions which the
former equations may no longer represent.

Nevertheless, the recalibration of a growth model for the pur-
pose of applying it to other regions is actually quite rare, even if
though it may be necessary (Vanclay and Skovsgaard 1997) or
possible (Albrecht et al. 2009; Albrecht et al. 2010; Lacerte 2006;
Schmid et al. 2006). The lack of available long-term tree data
based on frequent remeasurements is often the main obstacle.

The Fagacées growth and yield model was designed by
Dhéte during the 1990s (Dhote 1991) for the management
of pure even-aged stands of common beech (Fagus sylvatica
L.), which is the most important broadleaved tree species in
Central Europe (Koble and Seufert 2001).

The model incorporated all the data available at the time
from experimental trials located in northern France. These
data represent only a few sites but they are distributed over a
large geographical zone and a large part of the common beech
distribution range in France.

The model’s main originality is that individual-tree diameter
growth is organized in a top-down approach; that is, the main
equations are established at the stand scale (Le Moguédec and
Dhote 2012). This approach makes the model robust, i.e., it will
not have an aberrant behavior when it is extrapolated beyond the
domain for which it was originally validated.

Moreover, the Fagacées model served as a prototype to
build models for other tree species such as Quercus petraea
Liebl. (Dhote 1999), Abies alba Mill. (Bontemps et al. 2009)
and Eucalyptus (Saint-André et al. 2002). In each of these
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examples, the original growth equations were easily adapted
to other species with only minor modifications in the algebraic
form of the basic growth equations.

This family of forest models is frequently used by the French
National Forest Office (ONF) to establish silvicultural guidelines
(Jarret 2004; Pilard-Landeau and Simon 2008; Sardin 2008,
2012, 2013) and has more recently helped researchers study
carbon storage (Fortin et al. 2012), forest growth and windstorm
damage in beech forests (Fortin et al. 2014).

However, though the Fagacées model (in its version for Fagus
sylvatica L.) is applied in France beyond its original validity
zone—for example, in the Pyrenées Mountains (Sardin 2013)—
there are no long-term experimental data available in those regions
to locally recalibrate the equations. Thus, the performance of the
model under these conditions has never been assessed.

Our objectives were (i) to validate the model by adding
new data from different geographic regions to the original
parameterization data set, i.e., to assess whether the algebraic
form of an equation is still appropriate after fitting that equa-
tion to extended data and to improve the model by removing
potential bias in the original version; and (ii) to check whether
the parameter estimates changed significantly when the basic
equations were recalibrated with extended data sets from the
same geographic region.

In this study, we focus on the Fagacées equations for height
and diameter increment, which are at the core of the model.

2 Materials and methods
2.1 Data description

The data used in this study come from mostly pure even-aged
stands of naturally regenerated common beech (Fagus
sylvatica L.). The studied stands were selected from two net-
works of permanent thinning trials located at similar latitudes
in Northern France and South-Western Germany (Fig. 1)
(Dhote 1996; Hein et al. 2007; Kladtke 2002).

Altogether, the data cover a significant east-to-west gradi-
ent and a wide range of biogeographical and ecological con-
ditions (Table 1).

Climatic conditions in the study area vary from an oceanic
climate in Normandy to a semi-continental climate in Lorraine
and Baden-Wiirttemberg with an intermediate climate in
Picardy and the North-Eastern Paris Basin, the latter charac-
terized by lower precipitation than the other climates and high
average atmospheric humidity (Dhéte 1996).

The two networks (French and German) mainly differ in alti-
tude, with only slight differences in average annual temperatures
and in May-to-September temperatures and precipitation. The
French network ranges from 140 to 440 m in altitude and the
German network from 237 to 671 m. The average annual tem-
perature is 8.9 °C for France and 7.8 °C for Germany. The
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Fig. 1 Geographical location of the inventoried French and the German stands

average May-to-September temperature is 14.8 °C in France and
14.4 °C in Germany. The average May-to-September precipita-
tion is 485 mm in France and 449 mm in Germany.

Both the German and French networks present similar, and
relatively high, levels of site index, revealing high general
productivity conditions (Bontemps et al. 2007; Hein 2007).
The French network presents much higher variability, espe-
cially in terms of age range, plot area (Table 2a), and silvicul-
tural treatment (Fig. 2).

All the data used in this study include the same information
collected on identified individual-trees: species, status (alive,
dead, dry, windfall, [...], thinned, missing, ...) and diameter
[...] at breast height (dbh); in addition, trees height was mea-
sured on a subsample on each plot.

The original data used to build the Fagacées model included all
the inventories carried out before 1990 in the 13 original plots
located in five forests (Eawy, Retz, Haye, Souilly, and Darney)
ranging from Northwestern to Northeastern France (Table 2a). The
new enlarged data set includes the inventories carried out on these
same original plots after 1990, and inventories on 48 additional
plots located in the same forests. Thus, the total French network
was brought up to 61 plots (11 trials). Within this network, the
number of inventories carried out between 1904 and 2009 differs
among plots (from one to 22 inventories with intervals ranging
from 1 to 16 years). In this paper, we refer to the original data set as
“F” and to the extended data set (original + additional measure-
ments on the same sites and on new sites) as “F+".

The German network is composed of 26 plots from two
experimental networks, called “Altherr” and “Merkel” after
the founders of the experiments, both located in
Southwestern Germany. The Altherr network is composed
of 20 plots and the Merkel network is composed of six plots
(Table 2b). As in the French network, the number of invento-
ries differs among plots: between 1949 and 2009, 8 to 11
inventories with intervals ranging from 2 to 8 years were car-
ried out. We refer to this German data set as “G”.

We compiled four data sets from these raw data: the orig-
inal data set from which the Fagacées model was established
(“F”), the same data completed with additional measurements
(“F+”), the separate German data set (“G”), and all the data
grouped together (“A”).

For the French “F+” network, a total of 105,166 dbh mea-
surements and 5,051 height measurements (4.9% of the dbh
measurements) were collected on 14,982 beech trees. For the
original “F” data set, there were 48,228 dbh and 2,315 height
measurements. For the German network, a total of 40,613 dbh
measurements and 12,104 height measurements (30% of the dbh
measurements) were carried out on 7,947 beech trees (Table 3).

2.2 Fagacées growth model structure and equations
In this study, we focus only on the growth components of the

Fagacées model, a detailed presentation of which can be found
in Dhoéte (1991) and Le Moguédec and Dhote (2012).

INRAD & sorne



(2021) 78:84

Annals of Forest Science

Page 4 of 18

84

«6ET ng»

90¥ 49! L8L T8 (433 JoexR0Ig
«g€T ng»
LIL 1€l 6291 0°8 €65 [e3sIoNed-ped
«LeT ng»
06% 91 (438! L'6 LET S[RJuLI0Y
«1¢gg ng»
1294 L€l L16 0L L8S WIUOPIOH
«0gg ng»
154 L€l 916 0L 119 wioyqusploy
«67T ng»
8t L€l L06 'L 1L9 Meussue]
«g7T ng»
347 L€l L06 I°L 759 neuosue|
«L7z ng»
194 8¢l 668 TL 199 neuosue
«97z ng»
¥44 S'el 616 69 919 WequIa)s
«Gzz ng»
43 v'Sl 8 88 743 WIoys[apy
«pzz ng»
ILE 1Sl 768 98 943 WIRYS[opY (Sroquuopmpy
0L¢ €Sl 768 L8 £pe «ggTng» WIdysPpy -uopeq) Auewion
(wur) wonyeydroard raquoydag-AeIn (D,) drmyerodwd) roqueydog-Ae|
[enuue UBdA [enuue ued}y (wu) uoneydioald enuue uesly (D) dImeIddwd) [enuue UedJA (W) opmny  dUS [ejudwLRdxy uonedo] Anunop)
Iy 671 6SL ¥'6 981 «eg» 29y Qusty
60% 43 0¢L 96 Sel «ORAUURNOIYD» ZJoY Qusty
«sImaugiog
60 €SI LTL L'6 i} sod 1d» A9y QusIy
Iy 49! I€L 96 0S1 QIJIUOIN» 739y dusty
€28 ! 156 '8 €0y «seooldg» oAl Q[[OSOIN-}O-OUHNOA
¥4 144! S¥6 €8 ST8e «Kugiaeyd» okey  O[[ASOIN--0UMNAA
s vyl L¥6 '8 L6€  «ouBewn[rey)» okeH  O[[oSON-JO-OUNBIN
8S¢S I°s1 666 88 T6€  «UR AQureS» Asureq S2TSOA
«syord
LLS 8yl 6€01 S8 (47 0z: [eur;y» Keure $93SOA
65t (4 SL8 1I'6 081  «uossn)dure)» Ameg SUILIB]A-OUIdS
ses Syl 1L6 98 SIe Ajimog 9SO AueuLon
() 30)
uvonejrdroord roquoydag-Aey arnjerodwo) roquioydog-Aen () (Do) (ur) (quaumreda(q)
[enuue uesA [enuue ueajN uopendoard [enuue uedly  armeroduwio) [ENUUER UBSJA opmny s [epuowLIddxg uoned0] Anuno))

sjord uewan) 10§ (QMQ)

ISURIPISNA A\ JoydsINd pue sjofd youar 10§ (1107 ‘Te 10 pueniog) sIensiq 9seqejep : se0Inos "06-1961 pouad oY) I0A0D SI[qELIEA dIEWI) SIS [EUSWILIdAXS JO uondLosap [eJUOWIUONAUY | djqe]

2 s INRA



Page 50f 18 84

(2021) 78:84

Annals of Forest Science

jo1d [euonippe py :sepoede] pimnq o3 pasn joid jeuwduQ O

001-86 S61-590¢ 78 S1 611-S¢  900C—Ctol 0 10 14
001-86 0€T-ST¢eT 78 St 611-S€  900C—TT61 0 10 €
001-86 01T-S9%C 78 Sl 611-6¢€  900T—<C6l  TO 10 [4
L€ 001-L6 061-SSTC 78 S1 611-S€  900T-TT61 0 10 I «AMNERL » Z1Y austy
9668 9L-8LS 9¢ 01 81179  8L6I-CTTOI 0] PV 14
6688 [435m43Y 9s 01 81179  8L6I-TT6I  STO PV €
96-T8 961-89% 9¢ 0l 811-¢9 8L6I-TT6I  STO PV [4 «opduuenAIyD
¥'9¢ 001-26 021-809 9s 01 811-79  8L6I-TT6I  STO PV I » 7199 dusty
« sINJU3IAg
8'¢e 86—56 SOT-L¥C 9 6 ELI-LTT  8961-CC61 I 124 I so( 91d » 219y dusty
6'8C 001-96 Se—6el 9t 6 112691  8961-CTT61 I PV [ «IJPHON » 230y dusty
66-8L Pre-0vel 01 (44 0ST-8%  900T+061  STO PV €
LS 89-C€S 201 (44 0ST-8%  900C+061  STO PV [4
01¢ 001-9L ¥81-CS6 01 [44 0S1-8%  900C+061  STO 124 [ « se001df] » oARH  Q[[OSOIN-1R-OUMNRIN
001-L6 SSI-S6C1 16 81 8CI-Ly  S661-1061 0 10 [4
o€ 001-S6 STTO8Y1 16 81 8CI-Ly  S661—F061  TO 10 [ «AuSiaey) » 9AeH S[[2SOIN-12-0YMNaIN
001-26 Pre-918I 201 0t IS1-6%  900T+061  STO 10 €
001-L6 9S1-¢Ts¢l €6 81 -6y  L661+061  STO 10 [4 « duSewoprey)
6'¢e 001-¥6 CECTTLY] €6 81 -6y L6606l  STO 10 I » okeH O[[SSON-1-YHNIN
€8-¢€8 61S—ET1 8 € 8L0L  9961-8S61 I PV €
6L 8¢9 0 ! YL 961 I PV [4 « LR
0'¢e vL 6€9 0 I 8L 9961 I PV I aures » Aoure( S93S0A
900C «sjord
VI¢ 66—86 0r-0vL LT 8 16719 —6L61 S00 PV 0T 0T 0T: [eur) » Aoure(y SOTSOA
600¢
L6=56 161-1SL 8L 4! 6CI-18 —1¢61 I 10 14
600¢
001-86 18-T¥C 8L 4! 6CI-18 —1¢61 I 10 €
600¢
001-66 8S1-508 8L 4! 6CI-18 —1g6l I 10 [4
600C « EmeﬂUQE.NU
0'¢e 001001 L8-01S 8L 4! 6CI-18 —lgol I 10 I » Ameq SUIRLIB]N-OUIOS
600C (4
0'8¢ 96-66 SL8I-560S 143 91 18-L¥ —SL6l 80 PY oaDd
600C (4
9'8¢ L6716 0v6-5T8¢ 143 91 18-LY —SL61 80 PY 9 DD
600C (4
L'LE 818 0TET-STI9 143 91 18-LY —SL61 80 pPY ang
600¢ (4
6'v¢ 66-16 S0S—SLOE 123 91 18-L¥y —SL61 80 PY ODV Aqmog OSION oouel]
(s1e0k A1o1u9AUT K10ju9AUT
007 e 1y31oy doy) JSE[-)SITJ AIOJUOAUI JSB]  SIBOA SOLIOJUOAUT  ISB[-)SIJ pouad (ey)  sord (uaumredo(q)
(wr) xopur IS Je Yodog Jo oSejuodrod  -isayg Je (drepoy 1od) Aisueg  eypg JO JoquinN je 98y ApmS ozis10|d JO10S  Jo[d NS [epudwLedxy uonedo] Anuno)

sonsujoeIeyd jord [ejuowiodxe pue so)s Apnys YouoI,]

ez 3|qel

INRAD & sorne



(2021) 78:84

Annals of Forest Science

Page 6 of 18

84

L6—8C Y1196 9 I L6—1S  LO0T-1961  STO [4
6'CE 001-S¢ 0C1—8811 9 It 96-05  L00T-1961  €TO I «oetcng» [oe3201§
6'C¢ 001-88 YII-0S1 9 0l Y6—LY S661-8761  8T0 I «gegng» [e1s192d-pedq
001—-1¢ LET—E9€ (94 6 S01—2¢9 LOOTH961  1t°0 €
vo—Ce 06C0911 194 6 S01—¢9 LOOTH96I 10 [4
96 001-6C 001-19¢ 94 6 S01-29 LOOTH961  £€°0 [ «Legnd»  [RN - S[Jualoy
001-96 STC—SYL 8¢ 8 9I1-8L 600C-IL61  T0 [4
8'6¢ €6L8 00¥—STL 8¢ 8 911-8L 600C-IL61  TO I «legng»
001-66 LLS09T1 8¢ 6 9C1—88 600C—IL61 €0 4
98¢ 001-86 L8Y—€801 8¢ 6 9C1—88 600C—IL61 €0 [ «occng» wieyusploy
8616 081-92L 6¢ 6 601-0L 600T-0L61 S0 C
Iee 66—16 ¥96-676C 6€ 6 601-0L 600C0L61  +0 I «eccngd»
66768 9er—0SLY 13 6 101-¢9 600C0L61 S0 €
001-06 LSOT—=LY¥1 6€ 6 101-29 600C0L61  L¥O C
vye 66—C6 0ve—86¢€l1 6€ 6 101-29 600C-0L61 S0 I «geng»
001-06 0ST901 8¢ 6 LOT=69 600C-1L61  9¢€°0 [4
£ee 001-16 £0€-C68 8¢ 6 LOT=69 600C-1L61  9€0 [ «Lggng» neuogue ]
L6—v6 Y0CT—CIL 8¢ 6 911-8L 600C—IL61 S0 €
66-16 Yee—Cs9 8¢ 6 9I1-8L 600C-IL61 S0 C
¥'0¢ 001-96 887808 8¢ 6 9I1-8L 600C-IL61 S0 I «9cgng» wsyuisls
66796 0lc—€cs 8¢ 8 ClI—¥L 600C-1L61  +70 4
0ve L6768 8y 1—€0¢ 8¢ 8 ClI=vL 600C-1L61  +°0 [ «ggeng»
£6—06 8Cy—88I11 (Ui% 6 86—8S 600C-6961  ST0 C
vl £6-06 §ST566 oy 6 €01—€9 600C—6961  ¥'0 I «ygeng»
888 LOE901 (114 6 vo—¥S 6006961 V10 4 (Sroquuonmy
(433 L6178 LST9801 (Ui% 6 Y6—¥S  600C-6961  ¥1°0 I «ggeng» LOyy  WISYS[EpY -uopeq) AueuLon
(s1eok K1oyuoAut K1oyuoAut
001 e 3ySiey doy) JSE[-)SI1) KIOJUOAUT ISB]  SIBOA SOLIOJUAAUL  }SB[-)SII pouad (ey) s
(ur) Xopur 9JIS Je [099q JO a8ejuad1od  -IsIij Je (arepoay Jod) Aisuo  eie Jorqumny  je a3y ApmS 9z1S 10[d 10[d [eIueWILIddXT SHOMION uonedo Anuno)

sonsujoeIeyd joid [eyuswniodxo pue sayis Apmys UBWIDD g d|qel

2 s INRA



Annals of Forest Science (2021) 78:84

Page 7 of 18 84

Fig. 2 Comparison of changes in
stand basal area in the French
(blue dashed lines) and German
(red solid line) networks
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The Fagacées model has a simple organization (see Fig. 3),
defined by a limited set of equations with few variables and
parameters. All the notations and definitions of the equation
variables and parameters are presented in Table 4.

Stand growth is mainly driven by the top-height curve,
which is unaffected by thinning (except for very low stand
density). An important assumption of the model is that the
top-height curve is almost independent from forestry prac-
tices. However, this curve is parameterized by its value at
age 100, that is used as a site index.

The main originality of the Fagacées model is that it pre-
sents a top-down organization with two levels: the whole-
stand level and the individual-tree level. At stand level stand
growth, or the sum of the individual-tree basal area increment
values, is defined by the product of the stand area (S) and the
stand basal area increment (AG). After that, stand growth is
distributed among the trees within the stand by an intermedi-
ate Eq. (1) where dg is the individual basal area increment.
ﬁﬂéﬁg(a) =AG-S (1)

This equation depends on a parameter o, that represents the
minimum diameter for radial growth. This threshold is numer-
ically adjusted at every step to balance global growth and the
sum of the individual growths as in Eq. (6).

2.2.1 Stand basal area increment

In the Fagacées model, basal area growth (Eq. 2) is modeled
using the potential x modifier method (Reed et al. 2001). The
potential f; expresses the maximum potential stand growth

1940 1960 1980 2000

and the multiplicative modifier f, expresses the reduction in
maximum growth related to density index. In Eq. (4) below,
only trees whose diameter exceeds a given threshold are used.
The density index is computed as the sum of those diameters
divided by the plot size (Eq. 5).

AG = f1(AHp) - f>(3o) (2)
With

f1(AHy) = p| +p, - AH, (3)

f2(8,) = 1-e )% (4)

Y, = %dezgdm (5)

where AH, is the top height increment, and py, p, 1, >, and r3
are parameters to be estimated.

2.2.2 Individual-tree basal area increment

The basal area increment for a given tree is expressed
by Eq. (6).

0g = v - max(dy30—0;0) (6)
With
y=f1(AHo) - (r3 +r1 - e (7)

Only trees whose diameter exceeds the threshold o at the cur-
rent step will grow (Fig. 4). The ~y parameter represents the poten-
tial maximum diameter increment of a given tree. In the model,
individual-tree basal increment is computed in 3-year steps.

INRAD & sorne
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Table 3 Number of measurements performed on the France (F),
extended France (F+) Germany (G) and All (A) data sets

France (F) France Germany All (A) all data
original (F+) ()] sets grouped
calibration data together

Plots 13 61 26 87

Inventories 173 753 235 988

dbh 49139 112669 52702 165371

Beech only 48228 105166 40613 145779

Height 2315 5152 12641 17793

Beech only 2315 5051 12104 17155

2.2.3 Individual-tree height

The tree height is computed from the tree diameter following
the allometric relation below (Eq. 8):

Table 4 Main notations and units used in this article

Symbol  Description Unit
di3o Tree diameter at 1.30 meters cm
h Height of a tree m
H, Top height of the stand m
G Basal area of the stand m® ha!
g Basal area of the tree cm?
[ Threshold diameter for individual growth cm
p Density index cm ha™!
Y Maximum potential diameter increment cm
Ya Annual maximum potential diameter cm year '
increment
AH, Top height increment m year |
AT Time interval year
AG Annual stand basal area increment m® ha ! year!
og Annual tree basal area increment cm? year!
S Plot size ha
Parameters used for the allometric
relation for individual height
qi mem !
Q2 -
Parameters used for increment of basal area
p1 m? ha ! year'
P2 mha’
Ps mha ! year
r tors ha cm™
143 ha cm™
Io cm
L m™!
1, yearm™!
1 year!
@ Springer IN RA@

o(d130)—+/0?(d130)—47q,9,(Ho—1.30).d 130 (8)
2q,

with Oz(dno) =Hy—1.30+ 7q, - di3o (9)

h=130+

2.3 Statistical methods

All graphic and statistical analyses were performed with the
statistical software R version 3.1.0 (R Core Team (2014)).

2.3.1 Calibration of the equations

We calibrated our model with single-tree height and dbh in-
formation from the French and German inventories. Top
height (H,), diameter threshold (o), density index (3,), and
maximum growth in diameter (y) were determined from these
individual tree data.

We used nonlinear regressions (nls) to estimate our growth
model equation parameters. We used the parameter values from
the original version of the Fagacées model as initial values to fit
the model. For stand level equations (Eq. 2, Eq. 3, Eq. 4), the
observations were weighted by plot area. We tested the quanti-
tative part of the model (including verifications for normality,
homoscedasticity, and independence of residuals) according to
graphical criteria and set the level of significance at o = 0.05 for
statistical tests. Due to heteroscedasticity, Eq. (7) was fitted on
log-transformed data. Log-transforming makes it possible to es-
timate and test parameters but a bias correction must be applied
when using the model for predictions on back-transformed data
(Baskerville 1972).

All the equations were successively and independently
fitted to all our data sets.

At each inventory date, we obtained an estimate and the
standard deviation for o' and y from Eq. (6). This allowed us
to weight y by its precision (more exactly by the squared
inverse of the standard deviation) in order to adjust Eq. (7).

2.3.2 Top-height estimation (H,)

The measurements cover a period from 1904 to 2009. The first
height measurements were mainly of felled trees, but the mea-
surement method gradually shifted to standing trees and this
became the only method by the mid-twentieth century. Of
course, bias and precision may have changed as a result, but
we did not detect any real difference.

The main consequence of the change in methodology con-
cerns the representativeness of the trees measured in height, as
they are only those that have been thinned. For this reason, we
did not use the top height indicated in the data (when avail-

" The & parameter was numerically adjusted to balance Eq. (1). We used the
bootstrap method to estimate the standard deviation of the parameter o.
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Fig. 3 Diagram of the Fagacées
model. The three boxes represent
the growth component of the
model: basal area increment,
individual-tree increment and the
allometric height-diameter
relationship. Source: Le
Moguédec and Dhote 2012
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able) but instead used another methodology based on simula-
tions of the height of all trees for all plots according to the
observed relationship between individual height and diameter.

We applied a standard definition of top height, that is the
average height of the 100 largest-diameter trees per hectare.
As a consequence, if the stand size was n ares, only the n
biggest trees were used for the top-height computation.

For each plot, individual height measurements were used to
fit a non-parametric regression (LOESS method), with stand
age and individual diameter as predictors. This model was
then used to simulate a height with respect to the prediction
variance for each tree for which no height measurement was
available at a given date. We thus obtained a height value,
either measured or simulated, for each tree at each date. The
top height at each date was then computed from these values.

3 Results

The parameters of the equations are interdependent. First, we
computed all the variations between two successive invento-
ries (0g, AG, AH,). Then the corresponding o and -~y values
were numerically adjusted at each step according to Eq. (1)
and Eq. (6). From these values, we fitted the stand basal area
increment model according to Eq. (2) and its dependencies.
We then used the result to fit the individual basal area incre-
ment (Eq. 7). Finally, we fitted the Eq. (8) for individual
height-diameter relationships.

For each set of equations, we first fitted the original Fagacées
model equations on all the data sets (including the original one),

then checked for potential fit problems on the new data sets (“F+
”, “G” and “A”). In some situations, we had to modify the orig-
inal equation. In these cases, we verified that the new equations
could be applied to the original data set “F”.

3.1 Stand basal area increment (Eq. 2)

Equation (2) expresses the stand basal area increment AG as the
product of a potential growth (f;, Eq. 3) and a modifier (5, Eq. 4).

Simply observing Eq. (4) reveals that the model is over-
parameterized; the 7| and r; parameters cannot be estimated
independently. In practice, to fit f5, we first merged the », and
ry parameters into one parameter 71,3 (Eq. 10). This Eq. (10)
fits all the data sets well. Parameter values remained within the
same order of magnitude (Table 5). Parameters 7, and r3 can
then be separated only later, in Eq. (7)

[2(85) = 1-e )% (10)

We then fitted Egs. (3) and (10) using Eq. (2). The resulting
parameters are significant for all our data sets. However, the
graphical examination of the residuals for top height showed a
clear negative linear tendency for all cases other than the orig-
inal data set "F", (Fig. 5 shows the residuals for data set “F+).
Since this trend did not occur with the original Fagacées cal-
ibration data set “F”, we added the variable top height to Eq.
(3), which represents the potential part of the basal area incre-
ment function of Eq. (2). Therefore, Eq. (3) was replaced by
Eq. (11).

INRAD & sorne



84  Page 10 of 18

Annals of Forest Science (2021) 78:84

og 1

0 ) di30

Fig.4 Modeling individual-tree basal area increment (6g) in relation with
diameter. Source: Le Moguédec and Dhote 2012

f1(AHo, Hy) = py + p, - AHo=p; - Hy (11)

Finally, Eq. (11) for f; and Eq. (10) for f> were used to fit
the basal area increment. The model performance improved:
as no residual trends are visible. Graphical examination of the
residuals showed that they follow a normal distribution and
show no systematic bias (Appendix Fig. 10 and Appendix Fig.
11). All the p values were significant (p < 1077) except for
parameter p, (p = 0.417) in data set “G” (Table 5). For param-
eters py, p», and ps, the standard errors associated to the data
set “G” were systematically larger than those associated to the
data set “F+”. This was due to the small number of inventories
in the data set “G”. We suppose that with a similar number of
inventories, the standard errors would have been comparable
between estimations from data sets “G” and “F+”.

The parameter values (Eq. 10 and Eq. 11) estimated for the
data sets “F+” and “G” were not significantly different. We
used the bootstrap method (Huet et al. 1992) to examine the
differences in parameter values between these two data sets.
However, without recalibration, Eq. (2) for the data set “G”
would have resulted in a systematic bias of 0.06 m? ha™'
year ' on average (or an 8% relative bias), which would have
led to systematic underestimations at the stand level (Fig. 6).
Figure 12 in Appendix compares the predictions from both
parameterization with observed values.

3.2 Individual-tree basal area increment

Individual-tree increment is dependent on the potential maxi-
mum diameter increment 'y and the threshold diameter for
individual growth o.

In addition, the 'y coefficient defined by Eq. (7) is dependent
on the density index, top height growth, and three other param-
eters (7, 72, r3). We therefore fit individual tree increment by

2 s INRA

adjusting y. We used the result of Eq. (10), which gives an
estimation of the parameter 7 . 3, as a constraint to fit Eq. (7).

The v coefficient was originally fitted for use in simula-
tions with a 3-year time-step. Due to the irregular time inter-
vals in our datasets (1 to 16 years), we also fitted an annual
maximum potential diameter increment -y, (Eq. 12).

We found no clear tendency between y, and the predictor
variables implicated in Eq. (7) of the original model for any of
our datasets. However, graphical examination of the relation
between 'y, annual increment and various other predictor var-
iables revealed a relation between vy, and the time interval
between inventories AT (Fig. 7).

This finding led us to replace the original expression of the
~ parameter (Eq. 7) with a new Eq. (12), which depends on top
height Hy, top height increment AH,, and time interval be-
tween two successive inventories A7. Four new parameters
L, Iy, [}, and [, were then estimated.

ol -Ho+-AHy

W‘FE (12)

’Ya:l()'

We then fitted this new equation to the “F+” and “G” data sets
separately. The model fit converged in both cases and the resid-
uals followed a Gaussian distribution. We detected no clear
trends or heteroscedasticity for the residuals (results not shown).

The estimated parameter values for the two data sets were not
significantly different (Table 6) (for the same reasons mentioned
previously for the parameters of Eq. 10 and Eq. 11).

As noted earlier for Eq. (2), not recalibrating Eq. (12) for
the German data would have resulted in a systematic bias of
0.008 cm/year on average (23.4% of the relative bias) (Fig. 8).

3.3 Height-diameter allometric relationships

Height versus diameter showed a nonlinear relationship within
all data sets (Fig. 9). The different scatterplots could be
superimposed, with the same central tendency and a similar dis-
persion, although the German data seem more concentrated
around the tendency. The fitted models confirmed this observa-
tion; they produced parameter values very close to each other in
the different adjustments (Eq. 8, Table 7). The height-diameter
relationship was very similar across the different data sets.
However, because of the large number of data at the tree level,
the parameter values were significantly different.

4 Discussion

The objective of this study was to improve the growth com-
ponent of the Fagacées model by including additional data
from North-Western France and South-Western Germany.
The additional data contains three times as many dbh
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Fig. 5 Residuals of the original
Fagacées stand basal area o
increment (Eq. 2) adjusted for the
French data set (F+), versus top
height (the circled areas are
proportional in size to the weight
of the points in the regression)
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Residuals

0.0

00

-02

-04
1

measurements as the original data, which strengthens the reli-
ability of the tested relationships.

The additional French data were not only limited to addi-
tional inventories on the original plots, but also included mea-
surements from new plots, representing a broader range of
environmental conditions (for example, higher altitudes in
the Darney sites) and of stand development stages (see the
Retz “Mortefert” site characteristics).

On average, the German plots are located at higher altitudes
than the French plots and cover a greater range of altitudes.
This is not surprising since the Fagacées model was originally
designed for lowland beech forests. However, for other char-
acteristics such as stand age and silvicultural treatment, the
German stands were less diverse than the French ones, al-
though the diversity remained important. Both the French

20 25 30 35 40

Top height (m)

and German stands had quite high site index values. This is
not that surprising since silviculture often focuses on
potential-high-yield areas.

In the German and French networks, silviculture is un-
doubtedly the most important factor, above genetics or the
environment. The Fagacées model was based on the assump-
tion that the interactions between silviculture and the environ-
ment were secondary (Dhote 1991). This is still the case for
the updated version including our additional data.

The targeted improvements to the original Fagacées model
concern the growth equations as much as their parameters. The
results we obtained can be classified according to three situations.

The first situation corresponds to the height-diameter allometric
Egs. (8) and (9). The form of these equations remained the same
and the parameter values were very similar between the “F,” “F+”,

Fig. 6 Comparison of the
residuals of the stand basal area
increment equation (Eq. 2) for the
German data set according to
parameterization (the red point is
the center of gravity of the point
cloud, the circle areas are
proportional in size to the weight
of the points in the regression)
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Fig. 7 Annual potential maximal diameter increment (y,) versus the time between two successive inventories, on a linear scale (a) and a log-log scale
(b). “Additional France” corresponds only to the additional measurements in F+ data set

“G”, or “A” data sets. Due to the large number of data, however,
the parameter values were significantly different. Therefore, if
enough data are available, it may be better to recalibrate the allo-
metric equations. Yet, the allometric height-diameter relationship
appears to be transferable to new regions without recalibration.

Table6 Parameter values and associated standard errors (Std Error) and
residual standard deviation (o.) of the annual maximum potential
diameter increment (y,) equation (Eq. 12) fitted by R function "nls"

This important result suggests either that our different data
sets were quite homogeneous regarding climatic or site con-
ditions, or that the basic allometric assumptions correctly
accounted for the changes in climatic and site conditions in-
cluded in the enlarged French-German data. It should be noted

(nonlinear least squares) on the extended France (F+), Germany (G)
and All (A) data sets. For parameter units refer to Table 4

Parameter 1 Ip L I o,

Dataset France (F+) value  lower 1.01 2128 x 102 227x 102  0.38x 1072 —
) cstimate 1.04 23.6x 102 —1.96x 102 10.19x 102 528 x 107

upper 1.07 26.15% 102 -1.64x 102 19.89 x 1072 —

Std Error 1.46 x 107 1.24 x 1072 1.60 x 107 5.05 x 1072 —

p-value 856 x 10737 184x 10°%"  529x 107 0.044 —

Germany (G) value lower 0.83 228x102  -3.09%x102 —12.07 x 1072

"} estimate 0.94 2894 % 102 —231x102  1233x102  62x107

upper 1.05 36.64x 102 -154x102  36.61 x 107 —

Std Error 5.64 x 1072 348 x 1072 3.95x 107 12.33 x 1072 —

p-value 6.5% 1077 126 107 1.94x 1078 0.3183 —

All (A) value  lower 0.95 1965x 102  —2.02%x102 591 x1072

all data sets grouped together — {*}  ¢gtimate 0.98 2189x 102 -1.69x 102  1633x102  652x10°

upper 1.01 2436 x 102 —137x107%  26.64 x 10> —

Std Error 1.57 x 1072 122 %1072 1.68 x 107 543 x 1072 —

p-value 988 107 19x 10 146x 107 2.7 % 107 —

{*} Approximate 95% confidence intervals
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Fig. 8 Comparison of the
residuals of the y, equation (Eq.
12) for the German data set
according to parameterization (the
red point is the center of gravity of
the point cloud, the circle areas
are proportional in size to the
weight of the observations in the
regression)
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that the stand densities represented in our data were mostly
medium values, with a few extreme densities for the French
data (Fig. 2). Indeed, many authors have demonstrated the
influence of stand density on height-diameter allometric sta-
bility (Lopez Sanchez et al. 2003; Castado Dorada et al. 2005;
Sharma and Parton 2007; Fortin et al. 2009).

The second situation corresponds to the basal area incre-
ment Eq. (2). This equation is the most important one in the
model since it drives all stand growth. In the original version
of the Fagacées model, basal area increment was computed
from Egs. (3) and (10).

Equation (10) fits all the data sets well, and the parameter
values remained within the same order of magnitude.

0.00

Residuals of model with

T
0.02

issued from "F+" data set

0.04

The extension of data set “F” to “F+”, required to introduce

a new variable (top height) to the f1 potential (Eq. 3), which
led to Eq. (11). This modification was based on the graphical
investigation of the residuals and can be seen as a simple
extension of the original equation. Interestingly, this new
equation is identical to the one used for oak in the original
version of the Fagacées model (Le Moguédec and Dhote
2012). Equation (11) fits the “G” data set data well and pro-
duces parameter values in the same order of magnitude as the
“F+” data set. Especially for young stages of stand develop-
ment, including top height avoids a substantial underestima-
tion of stand basal area increment (around 20% for stands with
a 17-m top height).

Table 7 Parameters values and
associated standard errors (Std
Error) and residual standard
deviation (o) of the individual
height growth equation (Eq. 8)
fitted on the extended France (F+
), Germany (G) and All (A) data
sets. All p-values are far smaller
than 0.01. For parameter units
refer to Table 4

2 s INRA

Parameter ql q2 (o8
Dataset France (F+) value {*}  lower 416 x 107! 9.79 x 107! —
estimate 42x10" 9.8 x 10" 1.79
upper 424 %107 9.82x 107" —
Std Error 179 x 107 725 %107 —
p-value <223x107°%  <223x10°% —
Germany (G) value {*} lower 432 %107 9.81x 10"
estimate  4.34 x 107 9.82x 107" 1.58
upper 436x 107" 9.83 x 107! —
Std Error 12x10° 466 x 107 —
p-value <223x107°%  <223x10°%
All (A) value {*}  lower 427 %107 9.8 x 107!
all data sets grouped estimate 429 x 10" 9.81 x 107! 1.66
together upper 431 %107 9.82x 107" —
Std Error 1.01 x 1073 3.99 x 107 —
p-value <223x10°%  <223x10°% —

* Approximate 95% confidence intervals
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Original data (F)

Additional french data German data (G)

Fig. 9 Scatter plot of height
versus diameter at breast height
(dbh) for the original calibrated
data set (F), the additional France
data set, and the German (G) data
set. “Additional France”
corresponds only to the additional
measurements in the F+ data set.
Black line represents the result of
a nonparametric adjustment
(LOESS method) on the data
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Since Eq. (11) contains one additional term compared to
Eq. (3), it can be seen as a generalization of Eq. (3). Equation
(11) was adapted to all the data sets, including the original one
“F”. Again, parameter values remained within the same order
of magnitude.

In this situation, the equations remained unchanged but
their parameters, although not significantly different, had to
be recalibrated when the model was applied to a new region;
otherwise, a bias would have been introduced. The same result
was obtained by Albrecht for the SILVA model (Albrecht
et al. 2009).

The third situation concerns the adjustment of the potential
maximum diameter increment v (Eq. 7). In this case, we had to
build an entirely new equation including the time interval
between two inventories to fit all the data sets (Eq. 12). The
adjusted equation models an average annual maximum poten-
tial diameter increment rather than a maximal growth efficien-
cy in 3-year-time-steps as defined by Dhote (1991) in the
original Fagacées version. This adjustment was necessary be-
cause the additional French data contained many short time
intervals between two successive inventories. This type of
situation was rare for the original data set “F”.

These short measurement intervals were not a reaction to
thinning operations so the observed trend for vy, is not linked
to thinnings. Annual maximum potential diameter increment
Y. stabilizes after 3 years. This justifies a posteriori the 3-year
time-step used in our simulations. Shortening this time inter-
val would imply modifying the Fagacées equations
accordingly.

In this third situation, even the algebraic form of the equa-
tion had to be modified. Parameter values for the different data
sets were of the same magnitude and not significantly

T T T T T T T T T T T T
[ 20 40 60 80 100 0 20 40 60 80 100

Diameter at 1.30m (cm) Diameter at 1.30m (cm)

different. Hence, a new calibration was necessary for each
data set to avoid introducing an unacceptable relative bias.

In all three situations, different adjustments were made for
the different datasets. It was only preferable in the first situa-
tion but necessary for the last two. We unsuccessfully
attempted to model the parameter variations with global stand
characteristics such as geographical position (Western-
Eastern gradient, altitude) and climatic variables (average tem-
peratures, annual, and May-to-September precipitation). No
trend was found for local variations in parameter values.
This means that, even if the same equations can be general-
ized, parameter values should be adjusted for the specific geo-
graphical area considered.

We suppose that no clear trend was found because the
model already included top height, and changes in top height
over time could reflect local variations. For example, top
height at age 100 is classically used to determine the fertility
or site index, and, in itself, summarizes the local pedoclimatic
conditions.

Including top height in the Fagacées model is an advantage
since this variable already reflects most of the pertinent infor-
mation on growth conditions. Even so, as we have shown,
Fagacées equations with top height must still be recalibrated
when they are applied outside the origin model’s zone.

The biases related to our new equations seem weak in terms
of absolute values. If linear functions are applied, the cumu-
lated bias after several iterations would only be proportional to
the total length of the simulation period. However, if the func-
tions are nonlinear and present convexities, the cumulated bias
can become much more accentuated.

Since basal area is regulated in the model by growth at the
stand level, the bias would have no consequences on average
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individual-tree growth, only on growth distribution among all
the stems in the stand.

These biases are therefore not insignificant and equations
should be recalibrated fort each new situation.

5 Conclusion

The results of our investigation support the robustness and
reliability of the growth component of the Fagacées model.
We established that it is possible to parameterize the original
equations for different site conditions. Indeed, even though
the new data sets included large variations in site index, age,
and stand density, the algebraic form of the equations could be
kept and the estimated parameter values remained within the
same order of magnitude.

The ease with which we were able to adapt the Fagacées
model to the Baden-Wiirttemberg stands makes us optimistic
about its possible extension to other regions. However, a new
calibration would be necessary in each case.

As soon as data from inventories for different development
phases or new sites are available, the models can be
recalibrated. Data from national forest inventories could be
used for such a purpose.
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The Fagacées model has also successfully been adapted to
several other species (sessile oak, silver fir, eucalyptus).

Its adaptability both to other regions and to other species
indicates that the Fagacées formalism should be considered as
very generic for applications to growth and yield modeling of
pure even-aged stands.
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