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Abstract: An individual distance-independent girth incrememiodel for pure stands of Douglas-fir
(PseudotsuganenziesiiiMIRB.) FRANCO), comprising two equations, is pretal. The data used to fit the
model were collected from 1007 trees in 42 plostaited in regularly stocked and even-aged stanckstéd in
Wallonia (southern Belgium). Both equations predjicth increment from individual girth, dominantigkt,
basal area per hectare, stand mean girth and egitibked to site fertility. These last variabla® the site
index H50 in the first equation, and a combinatafnmean annual rainfall and altitude in the secchide
coefficient of determination ranges from 0.434 t481 and the root mean square error ranges fro86d.7
0.8194 cm yeal. Estimated increments of 224 Douglas-fir treed 2ndifferent and independent stands were
used to validate the model, which is expected twide reliable predictions for most of the pure Dlas-fir
stands located in the study area.
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1. Introduction

Pure stands of Douglas-fir (Pseudotsuga menzieiRB.) FRANCO) cover about 11,000 ha in Wallonia
(southern Belgium), and may reach 15,000 ha imedecades, given the extension of young mixed Damifjt
spruce stands, which should become pure after ot thinnings (Lecomte et al., 2003). Douglaswias
brought to Belgium in the late 19th century, bugé&scale plantations only started after the miadlthe 20th
century (Crahay, 1900; Anonymous, 1920; AFOCEL, 7t9®ris, 1975). Before 1964 genetic provenance was
generally unknown and phenotypes were very varidiavadays the genetic quality of the plants isstgverior
(Nanson, 2004), and P. menziesii offers severahmihges that appeal to foresters: it has a very igwth
rate, it provides high added-value timber (espbciafter the first thinning) and it may replace @pe (Picea
abies KARST.) advantageously in many places in BalgiHowever, Douglas-fir has mostly been planted on
fertile, appropriate soil, with suitable drainatyiliunlike spruce, which has been planted in a beoad range of
sites (Claessens et al., 1996). In Belgium silvizel applied to conifers still strongly emphasispruce stand
management, and often maintains higher densities tim other European countries (e.g..France). The
productivity of Belgian Douglas-fir stands was sagby Claessens et al. (1996), who gave produgtivirves,
and by Rondeux and Thibaut (1996), who construgield tables based on a stand model. Through alvari
density yield table, this model presented the ailkural pathways for Douglas-fir in Belgium, bticbnsidered
only average stand growth and so could not estirtteeeffects of a wide range of silvicultural tmaants
(Rondeux et al., 1991). The key to successful mamegt of Douglas-fir stands is a proper understandi
growth processes. One of the most appropriate rdsethm simulate and evaluate silvicultural altewesi is
based on predicting the basal area, diameter thr igicrement of individual trees (Biging and Dokiber1992;
Lee, 1967; Ek and Monserud, 1974; Monserud, 195kigart et al., 1987; Pukkala, 1989; Monserud and
Sterba, 1996; Schroder et al., 2002; Pretzsch,)2002ch research has been done on modelling thetgrof
Douglas-fir throughout its natural dispersion antrdduction area (Newnham, 1964; Arney, 1972; Mitth
1975; Curtis et al, 1981; Wykoff et al., 1982; Wkd 986; Ottorini, 1991; Wimberly and Bare, 1936ann
and Hanus, 2002; Hann et al., 2003).

In even-aged stands growth modelling, the effecsitef quality is often accounted for by using sitdex or
numerical expression which relates stand dominaight to stand age (Lee et al, 2004; Diéguez-Araetda,
2006).

Another approach assesses site quality from enviemtal causal factors (Porte and Bartelink, 20@2rk& and
Monserud, 1997). Some authors are also using niltggression analysis with height or site indextlas
dependent variable and a set of environmental ctexistics such as edaphic, climatic, topograpic, (Louw
and Scholes, 2006) as the independent variables.
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The purpose of the present study is to developtwe Douglas-fir stands in Wallonia, an individudistance-
independent periodic annual girth increment modesield on available dendrometrical data derived mdiom
girth and top height.

The two previous approaches have been used foessipg site quality effect: site index itself apedfic site
factors in order to avoid the problem of site inéstimation when age is unknown. For the lattey eakiables
that were available from regional GIS databases h&en considered such as elevation, main soiacteaistics
and average climatic parameters. Such a limitdimsbeen decided in order to make the resultingeireabily
usable by forest managers (Chumachenko et al.,)2003

Table 1: Stand characteristics of construction and validatdata sets

Variable Model construction M odel validation
42 plots, 1007 trees CV (%) 12 plots, 224 trees CV (%)
Mean Min M ax Mean Min M ax

Age (year) 32 13 64 38.2 34 14 64 44.4
Girth (1.3 cm) 88.3 22.0 215.0 42.0 87.2 22.0 246.0 49.0
Mean girth (cm)  89.0 36.4 197.7 39.0 87.3 39.1 169.4 43.7
Top height (m) 235 9.4 34.9 30.1 23.0 9.9 34.9 36.1
Density (tree/ha) 905 186 2586 76.9 831 140 1500 54.2
Basal area (fha’) 36.3  10.6 74.3 29.3 36.5 18.4 71.8 42.1
Site index (m) 33 20 40 8.3 32 26 36 6.2

2. M aterials and methods

The main body of data come from 40 permanent pieasured at intervals of 3-6 years from 1978 tei2@6d
concerning a total of 1032 trees. Additional datswbtained from 14 plots of the permanent regiforast
inventory (Rondeux and Lecomte, 2001), measurethaga2005 (intervals of 3-8 years) to obtain imoent
data on 199 trees. The plots were distributed utrern Belgium from 50°02'27.26"E to 50°13'47.3'l drom
5°31'0.69"N to 5°17'41.32"N, roughly correspondiaghe Douglas-fir presence area in Belgium. Atitplwere

in even-aged and pure or almost pure stands (rhare80% of basal area represented by Douglasafig,the
decrease in the number of trees per hectare betw@emeasurements, at least 3 years, never exc&8dédin
each plot, tree girth was measured at 1.3 m abwwegtound with a tape and dominant height was astidh
from VERTEX® height measurements (Rondeux and PEyvi®97) on largest diameter trees. Plots ranged
from 50 to 1000 rin area and contained 6-47 Douglas-fir trees.

The data was split into two parts: 12 plots (inghgdan amount of 224 trees) were randomly choserihfe®
model validation, while the 1007 remaining trea®iff 42 other plots) were used for the model corstn.
Table 1 gives stand characteristics for both setata.

Multiple least-square estimation was used to bilielgrowth model. First, different variables andnbinations
of variables were tested using a STEPWISE proceufiad those most closely correlated with gimieriement.
Second, a selection was made considering sevarat®s such as model structure, biological impiicet of
each term €.g., sign of the estimates), variable availability amoegisting inventories and validation
possibilities.

2.1. Dendrometrical growth model

The dependent variable of the model was the girtheiment outside bark at 1.3 m from ground levglcfin
year’). The tested variables for model building werekdid to stand competition, stand development, stand
structure, site fertility, individual tree size amtividual social ranking. Stand competition wasasured by
density (estimated number of trees per hectarédafal area per hectare (G na') and the crown competition
factor (CCF) of Krajicek et al. (1961). Stand deyghent was represented by the age (Age, yearfidhenant
height (Hdom, m), the dominant girth (Cdom, cm) &inel mean stand girth (¢, cm). The structure ofstiamd
was characterized by the girth variance (VAR 2crite fertility was described by the site indé#50, m),
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defined as dominant height reached at 50 years.ifdieidual tree size was represented only by tinth dc,

cm), measured at 1.3 m from ground level, givenilabke data. Individual social ranking of each trise
fundamental for an individual tree growth model.eTtlifferent non-spatial indices that were considéia

model construction are presented below:

_ c c _ ¢
Crel.¢q = a, Crel Cdom = cdom’ Crelc = =
Crel Hdom = — EPG = —©
- " Hdom’ T 4nG’
Zg >(gg) X 107 000 S
gsup = ( su)rf , gsup.rel = %

wherez, is the quadratic mean stand girth (cmjhe individual basal area @mat 1.3 m above ground level, surf
the plot area () and s is the notation for the considered tree.

2.2. Integration of ecological variables

Available ecological quantitative data were consdeas potential-independent variables in the madtiude
(ALT, m), soil depth (SD, cm), average annual raiinfRAIN, mm year’) and vegetation period (PVEG, day
year’) were set, along with the dendrometrical varighieshe STEPWISE regression. ALT was derived fram
digital elevation model, SD from the digital soiapof Wallonia (Veron et al., 2005), and PVEG ahd/PY
from climatic maps of Poncelet and Martin (194 Hrotigh the use of a GIS (Lejeune, 1993). The piatlent
benefit of these variables was to replace theisitex H50 in the regression equation. This standmpater was
not always known with precision, and often requitieel use of the productivity curves of Claessera.€1996).

A site index-independent equation was thus neddd8Q appeared in the main equation.

Residuals of the regression equation were therysedlwith a one-way ANOVA, the tested factor bethg
main regions of southern Belgium. These qualitatigta distributed stands, from North to South Siity area”,
"Condroz", "Fagne and Famenne", "Basse Ardenne§utél Ardenne”, "Moyenne Ardenne" and "Jurassic
region”. The database was unfortunately unbalafmethese variables, and regions were thereforeemgged

as "Condroz", "Basse Ardenne", "Haute and MoyenrdeAne" and "Others" to contain comparable numbgrs
trees.

2.3. M odel evaluation and validation

The model was quantitatively evaluated by examirhmeg distribution of residuals, and by testing figes and
precision to determine the accuracy of model estima (Vanclay, 1994; Soares et al., 1995; Gados ldui,
1998; Mabvurira and Mina, 2002). Absolute and netabias and root mean square error were calculased
follows:

bias = M bias% = 1OOM,
" > iin

A_A‘z 1/2
RMSE — {M} ,
n—1

4_A.2 — 1/2
RMSE% =100 {Z(}h )71) /(Tl 1):|

> Ji/n

where y is the observed girth increment valge the predicted girth increment value amds the number of
trees.

The model was also tested for validation using $ké of independent increment data for 224 trees (12
independent plots). The validation needs the redsdof the model on this database, calculatedeaslifference
between the observed and the estimated incremeriie ton average equal to zero. Also, the re-cdkdla
coefficient of determination/f), defined as the complement to unity of the qumtief residual variance and
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observed variance, must be sufficiently close tat tbalculated at construction (Dagnelie, 1992).alyn
correlation of residuals of the validated modelhwebme non-entering variables was calculated ad@dsissed
below.

3. Results
3.1. Dendrological growth model

Several models were set up by STEPWISE regressioy(fain or transformed) by more than 40 independent
variables of interest (plain and transformed). Shkected equation (Eq. (1)), presented in Tableadarsense
from a biological approach point of view (includisije fertility and stand density variables). Itsaaso best for
validation on the independent database (see belmsagdjusted coefficient of determination was éqo#.481.
When girth increment estimations were negativey ihere replaced by a null value. Fortunately, tiiecerned
very few data (0.6% of the construction data set).

The selected variables entering the multiple resjoesequation indicate influence of stand compmtitisite
fertility, stand development and social rankingt bat directly individual tree size or stand sturet It is to be
noted that the model is age-independent, as stewglabment is expressed by mean girth.

Partial coefficient of determinatiorR?Q)amap for independent variables measures the margioafribution of
each variable when all the remaining variablesaready in the equation. Competition level in thand is
expressed by & showing an increment reduction when basal aréage. This variable explains a smaller part
of the increment variabilityRpatia ~ 0029) than In(c/Hdom), which expresses the saaigking of each tree in a
stand and is the most explicative varial#,{, = 0.396). For a given dominant height, girth imeat will be
greater when trees are bigger, but the relatiomoislinear, as logarithmic transformation is us8de index
logarithm is moderately explicative, with a parti#lof 0.052. Stand development, through mean girttihés
least explicative part of the model with a parRalof only 0.003. Girth increment is positively cdated to site
fertility, and decreases with mean girth.

3.2. Integration of ecological variables

As the site index appeared in the dendrological ehaal second equation was built in which the sitkek was
replaced by direct ecological quantitative variabl€hese variables were included in the new equat&ng
STEPWISE selection, with other dendrometrical Jada already present in the first model. Only agera
annual rainfall (PLMOY) and altitude (ALT) were fod to be significant with logical estimate sign$heT
second equation is presented in Table 3 (Eq. 8)adjusted coefficient of determination is equaa.434.

Table 2: Equation form, parameter estimates and relatedsttes for dendrometrical growth model

Equation

i — a0+ ol In(cHdom )+ o2 In(HS0) + 03G ! 4 wdt Eq. (1)
Variable Par ameter Estimate SE. t p>t R’artia VIF
Intercept a0 -12.64100 1.1410000 -11.08  0.000
In(cHdom?) a1 2.930600 0.1059000  27.68 0.000 0.396 1.3
In(H50) a2 3.048200 0.3051000  9.990 0.000 0.052 1.2
G* a3 23.84700 3.1990000  7.460 0.000 0.029 1.3
(o ad -0.002259 0.0008901 -2.540  0.011 0.003 1.5
Source d.f. S MS F p>F Adjusted R?  Residual S.D.
Regression 4 577.960 144.49 233.29 0.000 0.481 0.7870
Error 1002 620.580 0.6200
Total 1006 1198.54

@ S.E.: standard error; t: statistic for testing tli-hypothesis that a single parameter is zpro; probability that a t-statistic would obtain a
greater value than that observed given that the parameter is zero; VIF: variance inflation fartbf.: degrees of freedom; SS: sum of
squares; MS: mean square; F: statistic for tegtirgnull-hypothesis that all parameter are zer@pixéor the intercegt>F: probability of
getting a greater F-statistic than that observéefnull-hypothesis is true; residual S.D.: realdstandard deviation.



Published in: Ecological Modelling (2008), vol.218s.3-4, pp.472-479
Status: Postprint (Author’s version)

The analysis of the residuals of both models regkdhat the qualitative ecological variable affdcteem
(oneway ANOVA: d.f. = 3; F=38.39; p = 0.000 and. &f3; F = 46.81; p = 0.000, respectively for Ed9.and
(2)) after aggregation of ecological areas. Thes$aArdenne" region showed a significantly largeamgirth
increment than all the others for both models. T®@endroz" region came second (significantly diffgrérom
first and third, for both models, at the 0.05 Ig¢yvahd was followed by "Moyenne and Haute Ardentigdn by
"Others". This result has to be interpreted withitm, given the structure of the data set. Agessgda and
silvicultural conditions were not evenly distribdteamong regions, and some very similar plots weoated
very close together. For example the region "Basskenne", which was found to present the higheghgi
increment, was mainly represented by young steanat$ four plots younger than 25 years were foundteted
in a 1.5 kn area. Representativity of each region was theeefiot constant, and differences can be explained
by reasons other than ecological area.

3.3. M odel evaluation and validation

The residuals of both models displayed, globallgoad fit for most girth classes as shown in FigNa clear
heteroscedastic tendency appears in Graphs a ahthts figure, although slightly higher residualsrrespond
to small trees. Respectively for Egs. (1) and {2, absolute bias values were -0.0457 and 0.00869ear,
and the RMSE were 0.7857 and 0.8193 cm Ye@ihe relative bias was equal to -1.98% and 0.16%h the
relative RMSE value was 34.0% and 36.3%, respdytifioe Eqs. (1) and (2). Seeing that measuremerds a
generally made to the nearest centimetre, andtti geriodic increments are considered over aaafitly long
time (3 years or more), these values seem reasanbbé variance inflation factors (VIFs) shown iables 2
and 3 to quantify multicollinearity are all belowet critical threshold of 5 suggested by Van La@9().
Multicollinearity among the predictors is thus colesed negligible (see Marquardt, 1970; Pachecoghiss,
1991).

Considering parameter estimates in Eq. (1) it wasd that when the site index (H50) increased Iy, rom

the third to the first productivity class (Claesset al., 1996), all the other variables remairéngstant, girth
increment increased by 0.556 cm yeaFor the social rank term, a double variation simmes appeared
depending on ¢ and Hdom. However, in a single staugd,a 50-year-old stand with Hdom equal to 33 m (mean
productivity class), a 150 cm tree would grow b{8B cm yedf more than a 100 cm tree considering this term.
This indicates a strong influence of social rankouglas-fir growth, as is generally observed tn.s6tand
competition, through & enhanced increment variations, depending on kmsal extreme values. Thus these
variations may be greater in old stands, where @edds on more numerous thinnings. Considering rere
values in the construction database (Table 1), 40 74.3 rh ha', the stand competition term induced an
estimated girth increment variation of 1.925 cmryedlevertheless, such differences in G are not comover

a few years. Mean girth induced an increment viariabf 0.365 cm yedr Dendrometrical variables in Eq. (2)
enhanced variations in girth increment estimatiwat tvere comparable to those in Eq. (1) given éséimates
belong to the same range of values. The new vasaBILMOY and ALT, induced increment variation®@&13
and 0.414 cm yedr respectively, extreme values in the constructiamabase being 758 and 1200 mm for
average annual rainfall and 140 and 510 m foralét

Both models were used to estimate girth incremehtthe 224 validation database trees, and validatias

successful. Residuals had a normal distributiora(Rgnd Joiner test: p > 0.1 for both equations)aat on

average significantly equal to zero (t-tgsts 0.055 and 0.692, respectively for (1) and (ZJ)e re-calculated
coefficients of determination (when using the medel predict increments of the 224 validation tyessre

0.539 for (1) and 0.544 for (2), which are evenhkigthan for the construction data set. It is tonb&ed that
increments estimations were positive for all 22&4:

Correlations were also calculated between residofal®th equations and some non-entering varialbiag;h
are linked to stand development and stand structune did not appear in the model. The Pearsonfglation
coefficients showed that the only significant ctatiens for (1) are with girth variance and statdigture, but
the coefficient is very lowrE 0.072). For (2), the only significant correlatimwith the stand age, but the
coefficient is also very lowr€ -0.091) and the linear relation between residaat$ stand age is very loose. The
age-independent model was thus appropriate to atémuDouglas-fir girth increment.
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Table 3: Equation form, parameter estimates and relatedsttes for growth model with ecological variables

Equation

i — a0+ ol In(cHdom ) + a2G 1 4 3 & + w4 PLMOY + a5 ALT Eq. (2)
Variable Par ameter Estimate S.E. t p>t R%artial VIF
Intercept a0 -2.08380 0.3025000 -6.89 0.000
In(cHdom") a1l 2.753100 0.1099000 25.06 0.000 0.354 1.3
G* a2 17.28700 3.2630000 5.300 0.000 0.016 1.2
C a3 -0.004184 0.0009316  -4.490 0.000 0.011 1.6
PLMOY o4 0.00116 0.0003623 3.210 0.001 0.006 2.6
ALT ab -0.001118 0.0004330 -2.580 0.010 0.004 2.5
Sour ce df. SS MS F p>F Adjusted R>  Residual S.D.
Regression 5 523.130 104.63 155.06 0.000 0.434 0.8214
Error 1001 675.410 0.6700
Total 1006 1198.54

2 S.E.: standard error; t: statistic for testing tlil-hypothesis that a single parameter is zgrt; probability that a t-statistic would obtain a
greater value than that observed given that the parameter is zero; VIF: variance inflation fartbf.: degrees of freedom; SS: sum of
squares; MS: mean square; F: statistic for tegtirgnull-hypothesis that all parameter are zer@gixéor the intercegt>F: probability of
getting a greater F-statistic than that observégeiinull-hypothesis is true; residual S.D.: realdttandard deviation.

Fig. 1: Residuals (calculated as observed values minudgiegtivalues) obtained for Eq. (1) (a) and Eq. ((2)
vs. girth.
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4, Discussion

The selected variables entering the two modelscaramon and easily available from a traditional $bre
inventory. Age-independence is an advantage whaalating the development of any stand, as plamatare
sometimes spread over several years (in-filingd)e site index (H50) is the only variable that dam
problematic, for instance in young stands, becdtgsestimation depends on the precision of the ypetdty
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curves (Claessens et al., 1996) and of the measioetdnant height. Here the problem is avoided by th
possibility of adapting the girth increment preitios to the available data on ecological conditiaither site
index or ecological variables found from climatitdatopographic maps. Replacing H50 by ecologicahbties,
we found that site fertility could, in our case, ppartially linked to annual average rainfalls ariitiade. In a
specific study on this topic, conducted in middievation regions of the Massif Central area in EgrCurt et
al. (2001) found strong correlation between sitiein(H25, here defined as the dominant height et age
25 years) and (1) soil nutrient status and (2) mwiisture regime. However, in order to model the isidex, they
used elevation and water seepage index as indeperddable with available water storage capacstyil
nutrient status and exposure. In view of our abdélalata, we can thus underline the correspondeeteeen
this study and ours.

The data set in this study had some limitations ¢hased problems in the modelling work and mayg aféect
model predictions. For instance, the data was fitseitly representative of some ecological regianaking it
impossible to adapt predictions to particular ar@ad possibly leading to overestimation or undéregton in
regions underrepresented in the data set. In additnodel predictions are only defined in the raofyeariation
of the construction and validation data that cqroesl to trees of girth ranging from 22 to 215 cmtdrms of
age, the model predictions are defined betweennti364 years. Ancient stands are thus not concedrpetiis
study, which is no problem because in such staildsudtural decisions are based more on timbecgsiand
regeneration possibilities than on quantitativéhpatys.

Compared with other growth models developed for ddasHir, our models present a moderate precision
(Newnham, 1964; Arney, 1972; Mitchell, 1975; Wykeff al., 1982; Wykoff, 1986; Ottorini, 1991; Wimhber
and Bare, 1996; Hann and Hanus, 2002; Hann e2@03). The accuracy of the growth models develdpeée
has to be viewed within the constraints of the ddtae procedure applied in the calculation of ahnua
increments, based on successive measurements,essthahtree growth is constant during the intebetiveen
measurements. However, growth conditiorsg( annual rainfall) may vary over time and betweenrgea
Indeed, tree growth is not linear even over a singdar, which is not taken into account in thisdgtuFor
instance, the mean annual rainfall that appealEx]in(2) only limits tree growth during dry periodike summer,
and hardly plays any role during the rest of thery&hang et al., 2000).

The accuracy of the models is also linked to thigtance-independence, as data prevented the ai@bcubf
distance-dependent competition indices. Howevaer, literature suggests that precision gain whengusirch
indices is hardly worth the complexity of measurataseeded. Wimberly and Bare (1996), modelling ddas+
fir basal area growth on the southwest coast ofcdawer Island, showed that the additional effod arpense
needed to obtain spatially referenced stand datdeweeloping empirical forest growth models was joetified.
Studies carried out in a variety of other foregiety and species have also concluded that spatigbetdion
indices did not greatly improve the fit of basagéar girth and diameter growth models (Pauwels.e8D3;
Biging and Dobbertin, 1995; Tome and Burkhart, 1,988@niels et al., 1986; Martin and Ek, 1984; Lorime
1983). Nevertheless, the main interest of thosermadels lies in their flexibility of use regarditige nature of
the available data: if site index is known, thetfimodel (the most accurate) can be used. Indeediquation is
age-independent. Otherwise, the second is moreoppate. In this case, site productivity is chagsized by
basic ecological variables of which values are meitged from GIS data disseminated at the regioeall
Furthermore, a potential use of the second moddists in its linkage with climatic variables, tipaefigures an
approach in which the understanding of the dynamafcBouglas-fir should be useful to identify itssileence
and vulnerability to changes in climate (Nitschkel énnes, 2008).

5. Conclusion

The present study was based on selected data sp&ndent on the resources available for the task. A
individual age-independent and distance-independ@tih periodic annual increment model was built fo
Douglas-fir pure stands in southern Belgium. Twgression equations are presented. The first onessho
adjusted coefficient of determination of 0.481 @ntb be used as a priority. The second one i®tased when
the fertility index (H50) is unknown or not predigé&nown. It was built using direct ecological \alles and
presents a coefficient of determination of 0.43He Thodels can now be integrated in a silvicultsiadulation
software program. This study is the first step taisafurther research on Douglas-fir growth modegllin
Belgium which will extend to mixed stands, espdgialith spruce, which are more and more prevalarthe
area.
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