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Abstract11

Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) is a softwood species that is12

becoming increasingly important in Europe. To improve the quality of products for13

certain specific outdoor uses, there is an interest in limiting the amount of sapwood, the14

non-durable part, and in enhancing the amount of heartwood.15

The aim of this work was to develop a model of heartwood distribution in Douglas16

fir stems, taking tree dendrometric characteristics and silviculture into account. Sev-17

eral statistical models of varying complexity were developed, using sampling data from18

silvicultural experiments in France. Cross-validation and validation on an independent19

dataset of commercial logs demonstrated the good performance of the models.20

Stem size at any height in the tree was the major predictor of the longitudinal heart-21

wood profile. The other dendrometric characteristics of the trees had only minor effects,22

suggesting limited silvicultural control of heartwood formation.23

Nevertheless, plausible model behaviour and interesting insights were found for two24

contrasting silvicultural scenarios, using a growth simulator. A more complete simulation25

study including additional wood quality criteria should be performed, in order to provide26

recommendations to forestry practice.27

Keywords28

Pseudotsuga menziesii; wood quality; longitudinal distribution; pipe model; sapwood;29

growth simulations30
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1. Introduction31

Originating from North America, Douglas fir (Pseudotsuga menziesii (Mirb.) Franco)32

is a species that is becoming increasingly important in Europe, covering more than 80033

000 hectares (Spiecker et al., 2019). Douglas fir has high productivity, desirable wood34

properties and is an interesting option for the future because it is less sensitive to drought35

than spruce (Nicolescu et al., 2023).36

In France, it is the main species found in 440 000 hectares of forest, mainly in private37

forests. It became a major species after a massive planting in the second half of the 20th
38

century, given that the area planted with Douglas fir was estimated at only 4 000 hectares39

in 1937 (Sornay, 1937). France has even become Europe’s leading producer of Douglas40

fir with 138 million cubic meters of standing volume, i.e. 5% of the total standing volume41

of French forests (IGN, 2023), and a high volume yield of 14.1 m3/ha/year1. Every year,42

4.4 million m3 of Douglas fir are harvested1.43

Its very good mechanical properties (Zeidler et al., 2022) and the natural durability44

of its heartwood (Blohm et al., 2014; Humar et al., 2022) make the wood of Douglas45

fir suitable for construction or outdoor uses. Moreover, compared with other softwoods,46

Douglas fir also has a slower moisture regain rate when humidity conditions vary fre-47

quently, which may also explain its good durability (Pollet et al., 2018). In contrast,48

its sapwood is not naturally durable due to the low amount of extractives (Donaldson49

et al., 2019). On the other hand, if the wood is to be chemically treated, sapwood may50

be preferable, as it is more impregnable (Osborne, 2015). Therefore, the amount of51

sapwood, and its distribution within the stem, can strongly influence the choice of the52

sawing pattern and the material yield, depending on the type of products desired.53

The amount and distribution of heartwood and sapwood in stems of Douglas fir are54

thus important criteria to guide silvicultural choices. Respective models should rely55

on dendrometric tree characteristics that can vary according to silvicultural scenarios56

applied in the field or generated using growth and yield simulators. Furthermore, the57

models should be in accordance with functional and theoretical knowledge.58

From a functional point of view, sapwood is the newly formed xylem through which59

raw sap flows to transport water and minerals from roots to leaves. In the sapwood, the60

1Portail OCRE - IFN (inventaires 2018-2022) https://ocre-gp.ign.fr/ocre/
3
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specific conductivity decreases from the cambium to the heartwood boundary (Spicer61

and Gartner, 2001), until it stops completely and the cells die. At the same time, the62

chemical composition of the cell walls changes and sapwood turns into heartwood. For63

some species, like Douglas fir, this chemical change results in a colour change that makes64

the heartwood clearly visible. This coloured heartwood is more resistant to fungal and65

insect attacks due to the presence of extractives (Taylor et al., 2002). The time necessary66

to convert sapwood to heartwood depends strongly on the species (Hillis, 1987). For67

Douglas fir the change seems to begin at a cambial age of 8-9 years (Cardoso and Pereira,68

2017).69

The pipe model theory proposed by Shinozaki et al. (1964) may partly explain the70

amount and distribution of sapwood. It suggests that within the stem, the active area of71

the pipes (water columns) is proportional to the leaf area above that height. Based on72

this and an additional “branch thinning” theory, Aye et al. (2022) have recently proposed73

a process-based model of sapwood and heartwood profiles. Moreover, the pipe model has74

been widely used in process-based forest modelling. However, its general validity may be75

questioned (Lehnebach et al., 2018).76

Nevertheless, from available theory, we would expect the amount of sapwood to in-77

crease with live-crown size, and the area of sapwood in the stem to be relatively constant78

between the crown base and the stem base at ground level. In turn, crown size depends79

on growing space as controlled through silviculture. Overall, this seems to be in accor-80

dance with literature results for Douglas fir. They suggest that the amount of sapwood81

increases as tree vitality, foliar mass or leaf area increase. Conversely, the amount of82

sapwood decreases as stand density increases. In particular, the (mostly interrelated)83

factors that influence the amount of sapwood or heartwood in Douglas fir are: tree age,84

height and diameter at breast height (DBH) (McDowell et al., 2002; Chaumet, 2020a),85

tree vitality and health status (Maguire and Kanaskie, 2002; Weiskittel et al., 2006), the86

amount of foliage (Granier, 1981; Long et al., 1981), and genetics (Chaumet, 2020a).87

Some of these factors are used in existing models to predict the amount of sapwood88

at 1.30 m of stem height (in terms of area, width or number of rings) (Grier and War-89

ing, 1974; Kendall Snell and Brown, 1978; Waring et al., 1982; Weiskittel et al., 2006).90

However, few models of the longitudinal heartwood/sapwood distribution are available91
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in the literature for Douglas fir (Maguire and Batista, 1996; Osborne, 2015; Chaumet,92

2020b). Particular attention has been paid to the latter type of models in this study,93

as it enables the entire commercial part of the stem to be characterised. The existing94

models are described in details and analysed in Section 2.4 and Appendix A1.95

The overall objective of this work was to quantify the relationships between dendro-96

metric variables and heartwood amount and distribution to propose a predictive sta-97

tistical model for Douglas fir in France. According to the literature and our initial98

observations, the heartwood profile is relatively parallel to that of the stem under bark99

and its amount is highly correlated with the diameter of the stem (Cardoso and Pereira,100

2017; Chaumet, 2020a). For this reason, in our approach we have chosen to model the101

amount of heartwood at a given height (rather than the sapwood), with the size of the102

cross-section at that height as the main driver. Dendrometric variables were modulated103

in particular by the stage of stand or tree development and stand density in our study.104

The specific objectives were:105

• To evaluate the suitability of models from literature Maguire and Batista (1996),106

Maguire (2014) and Chaumet (2020b) based on data from experimental sites in107

France;108

• To develop new models and evaluate their performance through comparison with109

literature models, cross-validation, and validation using an independent dataset;110

• To evaluate the best-performing model for its sensitivity to silvicultural scenarios111

of contrasting stand densities, based on a growth and yield simulator.112

Our analysis was guided by the following research questions:113

• What is the heartwood/sapwood distribution in stems of Douglas fir? In particular,114

is the sapwood area relatively constant along the stem below the crown base, as115

suggested by the pipe model theory?116

• What are the relationships between dendrometric variables and the amount of117

heartwood, and its distribution in stems of Douglas fir?118

• What is the influence of stand density, as controlled through silviculture, on the119

quality of Douglas fir stems in terms of the proportion of heartwood and sapwood?120

5
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2. Materials and Methods121

The abbreviations and units of the variables are summarised in the Appendix A2.122

2.1. Calibration dataset123

2.1.1. Study sites and sampling design124

Eighty-six Douglas fir trees were sampled in four experimental sites in France: Écou-125

ves, Grison, Quartier and Mélagues (Table 1). The Écouves site was sampled twice126

(in 2010 and 2021), Grison and Quartier in 2014, and Mélagues in 2017. These ex-127

perimental sites are part of two networks of silvicultural trials on Douglas fir in even-aged128

stands, one monitored by the French National Forestry Office (ONF) and the other be-129

longing to the French data cooperative on forest growth known as “GIS Coop” (Bédéneau130

et al., 2001; Seynave et al., 2018). The aim of these experimental trials is to compare dif-131

ferent and contrasting silvicultural scenarios (initial densities and thinning intensities).132

The selected sites for this study were all pure even-aged Douglas fir plantations aged133

between 23 and 74 years. In each site, we selected two or three experimental plots with134

various dynamics of stand density (Table 2), including a control (i.e., no silvicultural135

intervention). In each modality, 4 to 9 trees distributed across the entire diameter range136

were sampled to represent the different social statuses (Appendix A3). The most recent137

thinning was carried out 4 to 15 years before each sampling. The dominant heights (H0)138

indicated that all the sites were located in stands of medium fertility for Douglas fir,139

i.e., H0 = 33 m at 50 years (Angelier 2006). The sampling covered a wide range of140

initial planting densities from 2375 stems/ha to 341 stems/ha and diameters at breast141

height from 8 to 72 cm. A wide range of Relative Density Index (RDI) was also repre-142

sented with values starting from 0.3 at the sampling selection date, where RDI is the143

ratio between the density per ha of a given stand with an average diameter Dg to the144

maximum theoretical density that a stand could hold with the same Dg (Reineke, 1933;145

Ningre et al., 2016). Overall, the sampled sites were representative of current and past146

silvicultural practices of Douglas fir plantations in France as well as in Europe (Nicolescu147

et al., 2023).148
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Table 1: Characteristics of the sites from the calibration dataset.

Site Location
Altitude Installation Sampling Date of Age of

(m) date date last thinning trees

Écouves_2010
48.510 N, 0.080 E 300 1965

2010 2000 63

Écouves_2021 2021 2010 74

Grison 46.492 N, 4.755 E 210 1991 2014 1999 44

Quartier 46.149 N, 2.767 E 630 1994 2014 2010 23

Mélagues 43.713 N, 3.058 E 800 1988 2017 2002 50

Table 2: Characteristics of the experimental plots from the calibration dataset at sampling date. All

dendrometric variables are calculated on living trees before thinning when thinning occurs the year of

sampling.

Site
Density Initial & final densities Thinning RDI ratio Basal area Dominant Dominant Final Spacing Number of DBH range of Plot

treatment (tree.ha-1) intensity of last thinning (m2.ha-1) height (m) diameter (m) RDI factor sampled trees sampled trees (cm) area (ha)

Écouves_2010

high 2083 855 none 1 88.65 39.8 0.54 1.153 9.2 9 23-47

0.12medium 2083 433 moderate 0.84 70.68 41.3 0.57 0.812 12.5 9 24-52

low 2083 285 heavy 0.79 65.03 41.3 0.63 0.682 15.4 9 25-48

Écouves_2021

high 2083 666 none 1 94.25 45.5 0.60 1.125 9.2 9 22-57

0.12medium 2083 197 moderate 0.75 63.43 46.5 0.71 0.607 16.5 6 43-62

low 2083 168 heavy 1 66.81 46.9 0.76 0.604 17.6 6 51-72

Grison

high 1460 1045 none 0.92(*) 67.60 30.7 0.41 0.997 10.8 5 15-31 0.22

medium 1200 446 moderate 0.68 45.50 28.7 0.44 0.592 17.7 5 23-41 0.22

low 1110 167 heavy 0.7 31.90 29.2 0.53 0.351 28.5 5 32-44 0.21

Quartier

high 2375 2117 none 1 33.38 15.9 0.22 0.720 14.7 5 8-18 0.13

medium 1071 494 moderate 0.56 16.43 16.0 0.26 0.290 30.2 5 12-23 0.17

low 341 341 none 1 18.64 16.1 0.32 0.288 36.1 5 16-30 0.19

Mélagues
high 1119 733 none 1 73.55 36.5 0.49 0.963 10.9 4 21-43 0.11

low 946 141 heavy 0.65 38.00 32.0 0.62 0.381 28.2 4 43-64 0.16

(*) RDI decrease due to windfalls in 1999

2.1.2. Field measurements149

For each sampled tree, the following measurements were collected in the field: The150

circumference at breast height (used to calculate DBH), the height of the lowest living151

whorl (with at least 3/4 of the branches being alive) assumed to correspond to the base152

of the living crown (HLC) and the total tree height (H).153

2.1.3. Calculating tree and stand variables154

We used the monitoring measurements regularly carried out on all these experimental155

sites since their installation (Table 1) (i.e., circumference measurements for all trees and156

total height measurements for a sub-sample of trees) to calculate several stand-level157

variables that were tested as model inputs. These variables were calculated at the time158
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of sampling on living trees and before thinning if any. These were: basal area (G), H0159

(average height of the 100 largest trees in diameter per hectare), D0 (quadratic mean of160

diameters for the 100 largest trees in diameter per hectare), RDI (see definition above),161

and the Spacing Factor (SF ) of Hart-Becking (ratio of average distance between trees to162

dominant height). We also introduced a variable to characterize the intensity of the last163

thinning (RDIratio), calculated at that time as the ratio between the RDI after and the164

RDI before the thinning. RDI ratio values of 1 can be observed in low density plots,165

which generally involve heavy thinning or low planting density. This was the case at166

Écouves_2021, where the final density was already reached at the previous thinning167

at the age of 63, or at Quartier, where the plantation density was very low from the168

outset and did not require thinning. In addition to the stand data we calculated for each169

sampled tree its social status as the ratio of DBH to D0 and its slenderness (measure of170

stability and level of competition) as the ratio of H to DBH171

Finally, the candidate variables at tree level tested to build the models were : H,172

HLC , LLC , LLC/H, DBH , H/DBH , age, RW , RW5 and DBH/D0.173

And the candidate variables at stand level tested to build the models were as follows:174

G, H0, C0, SF , RDI, RDIratio and final stand density.175

2.1.4. Optical measurements at the laboratory176

According to the protocol used during the sampling campaign, 11 to 15 wood discs177

were sampled at regular intervals along the stem of each tree, including one disc imme-178

diately below the base of the living crown and three other discs at three fixed heights:179

0.3 m, 0.8 m and 1.3 m. For the two last campaigns, 15 discs per tree were sampled with180

three discs positioned at fixed heights at the bottom of the stem and the other 12 evenly181

distributed above.182

Annual ring widths were measured along four orthogonal radii on each disc in the183

fresh state. For a given annual ring, its average width was calculated as the difference184

between the root mean square of its four outer radii and its four inner radii. For each185

tree, the following variables were calculated from breast height measurements only: The186

average ring width (RW ) and the average width of the last five rings (RW5) at the187

sampling date.188

The radii of the disc (under-bark) and of the heartwood were also measured along the189

8

Page 8 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



four orthogonal radii on all the discs taken from a tree. The heartwood was delineated190

here based on the colour change observed between the coloured heartwood and the lighter191

sapwood. Measurements of heartwood radius were performed in the fresh state except192

for Grison and Quartier, which were measured in the air-dry state. In the latter cases,193

heartwood radius in the fresh state was estimated by multiplying the measured radius by194

the ratio between fresh and dry under-bark disc radii. We assume here that the shrinkage195

is radially homogeneous. This constitutes a source of error, but in our view it is largely196

acceptable. For each disc, the average radii of the disc under-bark (RUB) and of the197

heartwood (RHW ) were calculated as the root mean square of the four respective radii.198

Stem profiles including the distribution of heartwood and sapwood are given for each199

tree in the sample in the Appendix A4.200

2.2. Validation dataset201

The TreeTrace_Douglas dataset (https://doi.org/10.15454/YUNEGL) was used202

to validate the models. This dataset includes measurements on 52 butt logs (approxi-203

mately 12.5 m long) from 52 Douglas fir stems at four unidentified sites, named A, B,204

C and D, in the Bourgogne-Franche-Comté Region of France (Longuetaud et al., 2022).205

The average number of growth rings counted at the base of the butt logs (used to approx-206

imate the age of the trees) was 52, 53, 52 and 58 for sites A, B, C and D, respectively.207

Each butt log was cut into three shorter logs (approximately four metres long) allowing208

four discs to be sampled per tree, located between the shorter logs and at both ends of209

the butt log, i.e. 208 discs in total. Optical measurements of ring widths, heartwood210

radius and under-bark disc radius were made on each disc along four orthogonal radii in211

the same manner as for the calibration dataset.212

As the logs were sampled from a sawmill log yard, tree related data, in particular213

diameter at breast height and tree height, were not measured. Breast height position214

along the butt logs was estimated assuming that the bottom of the logs was 30 cm above215

ground level. DBH was therefore estimated by linear interpolation of the diameters of216

the two lowest discs located approximately at 0.3 m and 4.5 m. This is a potential217

source of error, but even when measurements are taken on standing trees, the accuracy218

of the diameter measurement at 1.30 m is not guaranteed and errors are always possible.219

DBH distribution is shown in Appendix A5. The ratio of H to DBH (slenderness) was220
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estimated from the slenderness measured over the first 12 metres of the log by fitting a221

linear regression on the calibration dataset (see details in Appendix A6) and by using the222

fit to predict slenderness on the validation dataset. The other variables, especially crown223

variables, could not be estimated for this data set. Appendix A7 shows how these four224

sites compare with those in the calibration set (Section 2.1) and also with the simulations225

(Section 2.3).226

2.3. Use of the model to predict the quantity of heartwood at the output of a growth227

simulator228

2.3.1. The growth simulator used: SimCoP229

The simulations were carried out using the SimCoP simulator, initially developed230

by Ottorini (1991, 1995) to evaluate and define silvicultural scenarios (initial density,231

thinning, pruning) for pure and even-aged Douglas fir stands. SimCoP is a distance-232

dependent tree model whose construction principles are inspired by the work of Mitchell233

(1975a,b). Since 2011, SimCoP has been implemented in the Capsis forest growth simu-234

lation platform (Dufour-Kowalski et al., 2012).235

At the start of the growth process (SimCoP always starts at the seed stage), each236

tree is assigned a height growth potential, the value of which depends on site fertility237

and is modified by crown competition. Each tree thus has its own vigour (ratio between238

the height of the tree and the dominant height of the stand) derived from a normal239

distribution. Growth in height determines the lateral expansion of the crown, with the240

constraint that the crowns of neighbouring trees do not interpenetrate. The resulting241

dimensions of the crown, in particular the effective foliar volume depicting photosynthetic242

efficiency and needle retention, are then used to assess the increase in bole volume.243

Finally, this increase is distributed along the bole in such a manner as to ensure that244

the annual ring area follows Pressler’s law (Lehnebach et al., 2018). In comparison245

with empirical growth and yield models, SimCoP can be considered as a semi-functional246

model due to its biologically explicit representation of tree development and growth.247

We therefore expect that SimCoP can be used to evaluate a wide range of silvicultural248

scenarios reflecting various growth conditions.249

SimCoP has different sources of randomness: Initial seed vigour, the mortality model250

(selection of trees to be removed) (Ningre et al., 2016) and the thinning algorithm (se-251
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lection of trees to thin). Thus, for a given silvicultural scenario, 50 simulation runs were252

performed to take account of the stochasticity of the model and the resulting variability253

of the model outputs.254

The thinning algorithm is based on a fraction of trees to be harvested, by diameter255

class of the simulated distribution. These fractions change for each thinning operation.256

In accordance with current silvicultural practices (Nicolescu et al., 2023), the algorithm257

results in thinning being carried out mainly from above, especially the first ones.258

The SimCoP simulator can be used to build trees with a known growth history. The259

stacking of growth rings is available, as well as the final shape acquired by the stem over260

time (taper). The characteristics of the crown are also known. It was therefore possible261

to reconstruct the variables to be used as inputs to our heartwood models.262

2.3.2. Case studies263

We tested two contrasted silvicultural scenarios: One without intervention to max-264

imise competition between trees with only natural mortality and one with heavy thinning.265

We chose an initial planting density of 1111 stems/ha (3 m × 3 m grid), well represen-266

tative of current planting densities in France. The scenario with heavy thinning is based267

on a decrease in the number of stems, as proposed in the Douglas fir silviculture guide268

(Sardin, 2013). It corresponds to a target RDI around 0.45, which means that the stand269

is approximately maintained at 45% of their maximum stem density. Furthermore, the270

thinning algorithm implemented leads to G and RDI dynamics that are fully consistent271

with the simulations proposed by the French National Forest Office (ONF) for Douglas272

fir silviculture in France (Fournier et al., 2022). A common rotation period of 55 years273

was set for the final cut.274

The dominant height growth, which drives tree and stand growth, corresponds to the275

second-class fertility curve (33 m at 50 years according to Angelier (2006)). For the heavy276

thinning scenario, five thinning operations were carried out during the rotation period.277

For SimCoP simulations we set a plot size of 60 m × 60 m. The density per hectare at278

the final cut at 55 years was 219 for the heavy thinning scenario and 823 for the scenario279

without intervention. Further information on the simulation of the two scenarios can be280

found in the Appendix A8. In terms of initial and final densities, the two scenarios with281

and without interventions were quite close to Mélagues stands with low and high final282
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densities, respectively. DBH distribution for each scenario is shown in Appendix A5.283

2.4. Statistical modelling284

Statistical analyses and modelling were carried out with R software (R Core Team,285

2021) using mainly packages stats, nlme (Pinheiro and Bates, 2000; Pinheiro et al.,286

2017) and minpack.lm (Elzhov et al., 2016). The lm function was used to fit linear287

regressions and study slopes when testing the pipe-model theory. The nlme function was288

used to fit the mixed models. The pairs function was used to visualize the relationships289

between parameters and candidate variables.290

2.4.1. Models from the literature291

The model of Maguire and Batista (1996) allows to predict sapwood area at a given292

height h in the stem. It is described in Appendix A1.1. Firstly, the sapwood area at293

breast height is predicted as a function of DBH , H and LLC/H. Secondly, the sapwood294

area profile along the stem is modelled from the sapwood area at breast height using295

a variable exponent model as proposed by Kozak (1988). The exponent of this model296

depends on h/H, H, LLC , DBH/H and LLC/H. In our implementation, heartwood297

radius was therefore obtained through sapwood area and RUB .298

The model of Maguire (2014) allows to predict heartwood diameter at a given height299

h in the stem from DBH , H, LLC , DBH/H and LLC/H. It is described in Appendix300

A1.2.301

Chaumet (2020b) has proposed two models to predict the rate of heartwood on the302

radius or diameter of the cross-section (Appendix A1.3). The first takes the age of the303

tree as input as well as the ratio between the diameter of the cross-section and the DBH304

in the form of a polynomial of degree 3. The second does not take the age as input to the305

model, but the ratio between the diameter of the section and the DBH in the form of a306

polynomial of degree 3 (as in the model with age) and H/DBH as well as the under-bark307

diameter of the cross-section (i.e., 2 × RUB).308

2.4.2. New modelling approach309

At first approach, Fig. 1 shows an excellent correlation between RHW and RUB ,310

whatever the height in the stem. A simple linear regression explained 98% of RHW311
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variability and that is the reason why we have chosen to build our model based on this312

relationship.313

When analysed in more detail, tree by tree, the variation of RHW with RUB was314

similar to a growth curve with a horizontal segment starting at 0 until heartwood appears,315

then an almost linear portion, and finally an inflection for the larger discs (Appendix A9).316

After testing several equations from growth models (Zeide, 1993), a segmented model317

starting with a horizontal segment followed by a Chapman-Richards growth function318

was used to model this relationship (Equation (1)):319

RHW =

0 if RUB ≤ R0

a
(
1 − e(−b(RUB−R0)))c if RUB > R0

R0 = es

(1)

where a, b, c and s are model parameters to be fitted.320

For the smallest cross-sections of the stem, there is no heartwood, then from a certain321

diameter in the stem, the heartwood appears. This threshold is modelled by R0 which322

represents here the radius of the stem cross-section (RUB) from which the heartwood323

appears and which must be strictly positive. We set R0 = es to guarantee this condition.324

Then, to build the model and test the effect of other variables, we followed the325

approach proposed by Pinheiro and Bates (2006): We started with a mixed-effect model326

with no explanatory variable other than RUB , and we used plots of the estimated tree327

random effects versus the candidate tree or stand variables to identify the relationships of328

interest to be modelled. The model was thus built step by step by modelling one by one329

some parameters (starting with a, b, c and s) according to the candidate variables. This330

step-by-step procedure resulted in Models (A) to (D) (detailed below), ranging from the331

least complex to the most complex (i.e., containing the largest number of explanatory332

variables). The Akaike Information Criterion (AIC) was used to select the best model333

at each step of the process. The step-by-step construction of the model is illustrated in334

Appendix A10. Analyses of residuals were also performed to help selecting the relevant335

variables.336

To avoid convergence problems due to too many parameters to adjust, a diagonal337
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positive-definite matrix was used by specifying pdDiag in the nlme function. To build338

the model, the calibration dataset containing 1241 observations from 86 sample trees was339

used.340

0.0 0.1 0.2 0.3 0.4

0.
0

0.
1

0.
2

0.
3

Stem radius (m)

H
ea

rt
w

oo
d 

ra
di

us
 (

m
)

Heartwood radius = 0.85 * Stem radius − 0.02
R² = 0.98

Calibration dataset
Validation dataset

Figure 1: Average heartwood radius (RHW ) as a function of the average under-bark stem radius (RUB).

On the plot there are several points per tree representing the different measurement heights along the

stem.

Model (A). Parameters a and b were found to vary clearly with DBH , but not in the341

same way, allowing to propose the following equations in addition to Equation (1) as342

Model (A):343

a = a1 + Da2
BH

b = b1 + b2 · DBH

(A)

where a1, a2, b1, b2, c and s are model parameters.344

Model (B). By fitting mixed models with tree random effects on the parameters of Model345

(A), a better estimate of a could be obtained by using RW5 in addition to DBH , leading346

to the following equations in addition to Equation (1) as Model (B):347

a = a1 + Da2
BH + a3 · RW5

b = b1 + b2 · DBH

(B)
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where a1, a2, a3, b1, b2, c and s are model parameters.348

The use of RW instead of RW5 gave about the same results.349

Model (C). By fitting mixed models with tree random effects on the parameters of Model350

(B), parameter c appeared to depend on the ratio of H to DBH , leading to the following351

equations in addition to Equation (1) as Model (C):352

a = a1 + Da2
BH + a3 · RW5

b = b1 + b2 · DBH

c = c1 + c2 · H/DBH

(C)

where a1, a2, a3, b1, b2, c1, c2 and s are model parameters.353

This model, which takes three tree-level variables as input, has been implemented in354

the SimCoP growth simulator.355

Model (D). Finally, parameter s was found to vary in relation with the length of the356

living crown (LLC), leading to the following equations in addition to Equation (1) as357

Model (D):358

a = a1 + Da2
BH + a3 · RW5

b = b1 + b2 · DBH

c = c1 + c2 · H/DBH

s = s1 + s2 · LLC

(D)

where a1, a2, a3, b1, b2, c1, c2, s1 and s2 are model parameters.359

3. Results360

3.1. Validity of the pipe-model theory on our data361

Variations in sapwood area and width between 1.30 m and the base of the crown362

were studied. Linear regressions were fitted of sapwood area and then sapwood width as363

a function of height in the stem (keeping only measurements in this part of the stem).364

There was therefore one slope value and its associated p-value per tree. The slopes365

obtained are shown in Appendix A11 in boxplots by site and density treatment. The366

slopes for the sapwood area varied between about -35.8 and -0.2 cm2/m. The slopes for367
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the sapwood width varied between about -0.3 and 0.2 cm/m and remained around 0,368

with no clear tendency to be positive or negative. For sapwood area, 84.5% of the trees369

had a negative slope significantly different from 0, while for sapwood width, only 13.1%370

of the trees had a slope significantly different from 0, four being negative and seven being371

positive (for two young trees the p-values could not be calculated because the number372

of observations between 1.30 m and the base of the crown was too low). On average,373

for the trees in the calibration dataset, the area of sapwood decreased by 49% between374

1.30 m and the base of the crown. Hence, the sapwood area was not constant under the375

crown, but the sapwood width was much more stable.376

3.2. Models from the literature377

The model of Maguire and Batista (1996) with 9 parameters fitted on our calibration378

dataset (by 10-fold cross-validations; Section 3.4) performed well with an average RMSE379

of 10 mm and an average relative RMSE of 12.2% (Table 3).380

The model of Maguire (2014) with 10 parameters gave slightly poorer results on our381

data with an average RMSE of 11 mm and a average relative RMSE of 13.5% (Table 3).382

3.3. Adjustment of new models383

Analysis of our data showed that the heartwood radius at a given height essentially384

depended on the stem radius at that same height (Fig. 1). The radius or diameter of the385

stem was therefore the most important factor to take into account to correctly predict386

the amount of heartwood at any height in the tree. This was followed by DBH , RW5,387

H/DBH and LLC as the model became more complex.388

The five models of increasing complexity (Equation (1), Models (A) to (D)) were389

fitted to the calibration dataset. The AIC, which was the criterion used to select the390

variables and models, is given in Table 4. The parameters of the models are also given391

in Table 4.392

According to the linear regression of Fig. 1, the heartwood began to appear when393

the stem reached a diameter under bark of 4.6 cm on average. From the fitted models,394

the diameter at which the heartwood appeared (calculated from the estimated value of395

R0) varied from 1.8 to 5.1 cm, depending on the model (Equation (1) to Model (C)). In396
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Model (D), the parameter regulating this diameter varied according to LLC (the larger397

LLC is, the larger the diameter of the section at which the heartwood appears is).398

Depending on the model, heartwood begins to appear when the under-bark diameter399

of the stem reaches around 1.8 to 2.7 cm (values obtained for Models (A) and (C),400

respectively, from the parameter s and Equation (1) ; Table 4). Model (D) shows that401

the value at which heartwood begins to appear increases with the length of the living402

crown.403

3.4. Cross-validation404

The average of the results of 1000 10-fold cross-validations was used to evaluate and405

compare the proposed models with each other (Table 3). The RMSE for predicting RHW406

varied from 10.2 mm to 6.4 mm depending on the complexity of the model, corresponding407

to relative RMSE between 12.27 and 7.70 %. We observe a clear reduction in RMSE for408

the Quartier and Mélagues sites with the addition of the variable RW5 in Model (B)409

(Fig. 2). Then, by further increasing the number of parameters, the gain in RMSE was410

relatively small.411

Table 3: Comparison of the different models by 10-fold cross-validations on the calibration dataset. The

values in the table are averages obtained from 1000 cross-validations.

Model p RMSE (m) Relative RMSE (%) Bias (m) R2

Maguire and Batista (1996) 9 1.0049e-02 12.21 1.7483e-04 0.98

Maguire (2014) in Osborne (2015) 10 1.1214e-02 13.52 -3.9849e-04 0.97

Chaumet (2020b) with age 6 6.9309e-03 8.36 1.6924e-04 0.99

Chaumet (2020b) without age 7 7.6190e-03 9.19 5.9601e-04 0.99

Equation (1) 4 1.0179e-02 12.27 -1.2517e-04 0.98

(A) 6 8.8231e-03 10.64 4.1320e-05 0.98

(B) 7 7.1201e-03 8.59 5.7839e-05 0.99

(C) 8 6.8019e-03 8.20 1.3800e-06 0.99

(D) 9 6.3882e-03 7.70 -1.3066e-04 0.99

3.5. Validation on an independent dataset412

Equation (1) and Models (A), (B) and (C) were applied to the 208 observations from413

the 52 trees of the validation dataset TreeTrace_Douglas (Fig. 3 and Appendix A12).414
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Table 4: Estimated parameters and their standard deviation in brackets for the total calibration dataset

(n = 1241). p is the number of parameters. The AIC and RMSE are also given.

Model p a or a1 a2 a3 b or b1 b2 c or c1 c2 s or s1 s2 AIC RMSE (m)

Equation (1) 4 1.3704e+00 – – 7.6826e-01 – 1.0538e+00 – -3.6702e+00 – -7895.65 1.00e-02

(4.4239e-01) – – (3.0940e-01) – (4.0350e-02) – (6.7626e-02) –

(A) 6 2.5261e-01 3.2880e+00 – 1.0652e+01 -9.8774e+00 2.0542e+00 – -4.6989e+00 – -8272.885 8.59e-03

(1.1825e-02) (6.0060e-02) – (6.8626e-01) (7.3918e-01) (9.4744e-02) – (2.0576e-01) –

(B) 7 2.7436e-01 3.0276e+00 -1.4572e+01 1.0745e+01 -1.0044e+01 2.0487e+00 – -4.6689e+00 – -8843.71 6.82e-03

(1.0044e-02) (4.2542e-02) (7.2523e-01) (5.4235e-01) (5.8800e-01) (7.3738e-02) – (1.5638e-01) –

(C) 8 2.5880e-01 2.9777e+00 -9.3168e+00 1.0417e+01 -9.6691e+00 2.2180e+00 -3.2765e-03 -4.3156e+00 – -8953.942 6.51e-03

(9.0526e-03) (4.1165e-02) (7.6384e-01) (5.1718e-01) (5.5956e-01) (7.7879e-02) (3.2458e-04) (9.9501e-02) –

(D) 9 2.7698e-01 2.7653e+00 -8.7760e+00 8.4150e+00 -7.7407e+00 1.7279e+00 -1.8914e-03 -4.2977e+00 4.5625e-02 -9130.068 6.06e-03

(1.1775e-02) (4.5886e-02) (8.1018e-01) (5.4183e-01) (5.8225e-01) (6.1717e-02) (2.3990e-04) (7.3349e-02) (3.0613e-03)

4 5 6 7 8 9

0.
00

6
0.

00
8

0.
01

0
0.

01
2

Number of model parameters

R
M

S
E

 (
m

)

All sites
Ecouves 2010
Ecouves 2021
Grison
Melagues
Quartier

Figure 2: Evolution of the RMSE of RHW as a function of the number of model parameters. The

values presented are those obtained by 1000 10-fold cross-validations on the calibration dataset. The

4-parameter model corresponds to Equation (1). The 6-, 7-, 8- and 9-parameter models were obtained

when adding the variables DBH (Model (A)), RW5 (Model (B)), H/DBH (Model (C)) and LLC (Model

(D)), respectively.

Model (D) could not be tested because it required tree crown length (LLC), which was415

not available in our validation dataset. Equation (1) and Models (A), (B) and (C) gave416

equivalent results (Table 5), meaning that using DBH , RW5 or H/DBH did not improve417

the predictions for this dataset and did not degrade them much either. The RMSE for418

predicting RHW varied from 13 mm to 15 mm depending on the complexity of the model,419

corresponding to relative RMSE between 7 and 8 %. The relative RMSE was lower than420

for the calibration dataset because the trees in the validation dataset were larger on421

average. In the validation dataset, these three variables showed a much lower variability422
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than in the calibration dataset and this is probably why their use in the models did423

not change the predictions very much. The trees of the validation dataset came from424

the log yard of a sawmill and had all reached exploitable breast height diameters and425

therefore showed little variability in their DBH . They have also all grown relatively426

quickly compared with the trees of our calibration dataset, which was made up of trees427

from experimental plots with varying growth conditions. The coefficients of variation428

of DBH were 41% and 13% for the calibration and validation datasets, respectively, for429

RW5 they were 63% and 32%, respectively, and for H/DBH they were 25% and 16%,430

respectively. And, DBH and RW5 presented rather high values compared to those of the431

calibration dataset (Appendix A7).432

0.0 0.1 0.2 0.3 0.4

0.
0

0.
1

0.
2

0.
3

0.
4

Equation 3

Predicted heartwood radius (m)

O
bs

er
ve

d 
he

ar
tw

oo
d 

ra
di

us
 (

m
)

A
B
C
D

R² = 0.91

Figure 3: Observed values as a function of predicted values for heartwood radius modelled with Equation

(1) for trees in the validation set. One point represents one height level for a given tree. The y = x line

is shown in black and the linear regression of the scatter plot in red. The points circled in red represent

the largest tree in the dataset (DBH = 0.81 m) which is outside the validity limit of the model in terms

of DBH and under-bark stem radius (RUB). The results obtained for Models (A), (B) and (C) are given

in Appendix A12.

3.6. Sensitivity analysis of the model433

A sensitivity analysis of the models is presented in Fig. 4 for Models (A) and (B) and434

in Appendix A13 for Models (C) and (D). For each variable in the models, we look at435

the predictions by varying its values between µ − 1.5 × σ and µ + 1.5 × σ, with µ and σ436
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Table 5: Comparison of the performance of the different models for predicting heartwood radius on the

validation dataset.

Model p RMSE (m) Relative RMSE (%) Bias (m) R2

Chaumet (2020b) with age 6 1.4109e-02 7.62 -4.3884e-03 0.90

Chaumet (2020b) without age 7 1.8962e-02 10.24 9.6845e-03 0.89

Equation (1) 4 1.3354e-02 7.21 4.4942e-03 0.91

(A) 6 1.4520e-02 7.84 2.6065e-03 0.89

(B) 7 1.5390e-02 8.31 -5.9155e-03 0.88

(C) 8 1.4968e-02 8.08 -1.2135e-03 0.87

the mean and standard deviation of the corresponding variable, respectively, as observed437

in the calibration dataset. For DBH , µ was 36 cm, and for RW5, µ was 2.3 mm.438

Figure 4 shows that Models (A) and (B) predict a greater amount of heartwood for439

trees with the lowest DBH compared to the prediction for similar stem sections of larger440

trees. However, in this case, these small sections can be located as well at the bottom of441

trees with a small DBH as at a higher level in trees with larger DBH .442

Figure 4 on the right shows that trees with a lower RW5 tend to have more heartwood443

on the stem section whatever the height in the tree.444

3.7. Use of the model in a growth simulator445

To calculate the amount of heartwood here, we used Model (C), which was the most446

complete model that could be straightforwardly used with SimCop. Indeed, it does not447

include a crown size variable (unlike Model (D)), because the definition of the crown448

base in SimCoP, linked to the size of the crown, is probably not perfectly equivalent to449

the field measurement used for the calibration dataset (Appendix A7). Appendix A14450

illustrates the variability of two of the input variables of Model (C) for the two simulated451

scenarios. The graph shows the difference in values of these two variables per diameter452

class between the two scenarios (i.e., lower H/DBH and higher RW5 for the scenario with453

heavy thinning compared to the one without intervention) and also a greater variability454

for the scenario with heavy thinning.455

Table 6 summarizes the results of the two scenarios simulated with the SimCoP456

growth simulator. The total stem volume of living trees did not vary drastically in the457
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simulations, with 721 m3/ha for the scenario without intervention and 759 m3/ha for the458

heavy thinning scenario when including the volume of final cut and thinnings.459

The total volume of wood larger than 14 cm in diameter (corresponding to commercial460

volume) was also relatively similar between the two scenarios with 37 m3/ha more for461

the heavy thinning scenario. Contrary to previous volumes, the volume of heartwood462

was 9 m3/ha higher in the trees from the scenario without intervention.463

Figure 5 shows the relation between the proportion of heartwood in volume and the464

commercial volume of the stem (i.e., above 14 cm in diameter) for the simulated trees465

from the two scenarios. Overall, trees from thinning operations (in red), which were466

younger, had a lower proportion of heartwood (generally much lower than 50%) and a467

much larger variability than trees from final cuts. The greatest variability was observed468

for trees with a volume of less than about 1 m3, which were more numerous in the first469

thinning operations. The proportion of heartwood in final-cut trees (in blue and green)470

was high for the smallest trees (< 1 m3), then decreased, reaching a minimum for trees471

of around 1.5 m3 before increasing steadily to a maximum for trees of around 4 m3, after472

which a decline appears to begin. These trends observed for the trees from the final cut473

were similar for the two scenarios, with a slightly and rather constant difference between474

them, but with greater variability in the proportions of heartwood for the scenario with475

thinning. On average, this proportion ranged from 49% for the dynamic scenario to 53%476

for the scenario without intervention (see Table 6).477

In the scenario with thinning, the final cut logically included trees with larger diame-478

ters than in the control plot (without intervention), but in insufficient numbers to achieve479

a comparable volume of heartwood (Fig. 6 and 7). Considering also the trees that were480

thinned, the total volume of heartwood produced was relatively equivalent between the481

two scenarios, excluding dead trees.482

The noticeable decrease in heartwood proportion observed in the largest trees in483

volume (> 4 m3), i.e. beyond the calibration data, was significantly more pronounced484

for the final cut of the dynamic scenario (green curve in Fig. 5). This result is also visible485

in Fig. 7, where the volume of heartwood appears to stabilize beyond 70 cm in DBH ,486

leading to a decrease in its proportion.487
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Table 6: Growth simulations. Number of trees (excluding dead trees), total above ground volume,

volume of wood above 14 cm in diameter (i.e., commercial volume) and volume of heartwood in the

commercial part of the stem predicted by Model (C) in harvested trees for the two scenarios studied.

The differences between the total number of trees harvested and the initial density of 1111 stems/ha

correspond to dead trees.

Scenario
Number of trees Stem volume Volume > 14 cm Heartwood volume

(stems/ha) (m3/ha) (m3/ha) (m3/ha)

Without

intervention
Final cut 823 721 655 348

With thinning

Thinnings 866 294 244 106

Final cut 219 465 447 233

Total 1086 759 692 339
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RW5 = 2.3 mm
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Figure 4: Heartwood radius (RHW ) predicted by Models (A) and (B) in relation with stem radius (RUB)

and different values of DBH and RW5. The gray curves in the figure on the left show the values observed

on the 86 trees from the calibration dataset. The range of variation of each variable was set to the mean

value ± 1.5 times the standard deviation (here for DBH on the left and for DBH and RW5 on the right).

The mean values of DBH and RW5 measured on the calibration dataset were respectively: 36 cm and

2.3 mm. The DBH varies between 14 cm and 58 cm (on the left), and for each DBH value, RW5 varies

from 0.2 mm to 4.5 mm (on the right). Stem radius at ground level was estimated by 1.25 times half of

DBH .
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Figure 5: Heartwood ratios predicted by the Model (C) as a function of stem volume above 14 cm in

diameter obtained for the two contrasted scenarios from growth simulations: Trees harvested during

thinning operations in red (“with intervention” scenario), trees harvested at final cut in green (“with

intervention” scenario) or blue ( “without intervention” scenario). Each dot represents a tree from one

of the 50 simulations. Solid lines show Loess smoothing.
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Figure 6: Heartwood/sapwood volumes predicted by the Model (C) from growth simulations for both

scenarios: Volumes of dead trees, volumes of stem below 14 cm in diameter, volumes of sapwood and

heartwood collected during thinning operations and at the final cuts.

23

Page 23 of 99 Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



Without intervention With intervention

final cut final cut thinningsmid−density_without−intervention (coupe finale)

diameter class (cm)

S
te

m
 v

ol
um

e 
ab

ov
e 

14
 c

m
 d

ia
m

et
er

 (
m

3)

0
1

2
3

4
5

6
7

0−10 20−30 40−50 60−70 80−90

Volume above 14cm
Sapwood
Heartwood

0
20

0
40

0
N

/h
a

mid−density_with−intervention (coupe finale)

diameter class (cm)

S
te

m
 v

ol
um

e 
ab

ov
e 

14
 c

m
 d

ia
m

et
er

 (
m

3)

0
1

2
3

4
5

6
7

0−10 20−30 40−50 60−70 80−90

0
20

0
40

0
N

/h
a

mid−density_with−intervention (éclaircies)

diameter class (cm)

S
te

m
 v

ol
um

e 
ab

ov
e 

14
 c

m
 d

ia
m

et
er

 (
m

3)

0
1

2
3

4
5

6
7

0−10 20−30 40−50 60−70 80−90

0
20

0
40

0
N

/h
a

Figure 7: Heartwood/sapwood volumes predicted by the Model (C) from growth simulations for each

diameter class and both scenarios: Boxplots of the total stem volume above 14 cm in diameter (grey),

sapwood volume (orange) and heartwood volume (red) collected during thinning operations and final

cuts. The blue line corresponds to the number of stems per hectare.
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4. Discussion488

4.1. Pipe model theory489

The “pipe model” theory (Shinozaki et al., 1964) suggests that the area of active490

pipes at any height in the stem is proportional to the foliage area above that height.491

Consequently, the conductive sapwood area below the crown base should be more or less492

constant. This was not the case for our Douglas fir data. Rather, the sapwood width was493

approximately constant below the crown base, as also shown by Longuetaud et al. (2006)494

for Norway spruce. If the width of the sapwood is constant, its area is generally not, due495

to the more or less pronounced taper of the stem. Both sapwood width and area can496

only be constant below the crown base when the stem is cylindrical. Accordingly, from497

our data we could observe that sapwood area was least variable along the stem (i.e., with498

a slope near 0) in the high density stands (Appendix A11), whatever the site, i.e., for499

silvicultural treatments resulting in the most cylindrical stems. Overall, sapwood area500

clearly decreased by an average of 49% between the height of 1.30 m and the base of the501

crown. Such a decrease was also observed for Douglas fir by Waring et al. (1982) who502

reported a value of 36%, and by Hein et al. (2008) for young trees (24-34 years of age).503

However, the “pipe model” refers to active pipes, which may not represent the en-504

tire area of the visible sapwood measured in our study. To our knowledge, methods are505

lacking that would allow converting a visible sapwood area (whose limit is defined on506

the basis of the colouration of the heartwood) into a truly conductive area. Rust (1999)507

compared several methods of measuring the sapwood/heartwood boundary in Scots pine508

and concluded that X-rays can detect sapwood based on its water content as the “con-509

ductive zone” of the trunk, whereas the staining method detects an additional transition510

zone that is relatively dry but chemically unaltered. A Master’s thesis (Billard, 2017)511

based on our data compared the positioning of this boundary based on a change in colour512

(coloured heartwood vs light sapwood) and a change in water content (X-rays). The re-513

sults presented in Appendix A15 show that the radius of the heartwood (if considered514

here as a dry, non-conductive area) is underestimated by an average of approximately515

4 mm when using the colour difference method and therefore that the two methods516

generally correspond well, with the exception of this slight shift.517

Nevertheless, the limited validity of the “pipe model” theory has already been revealed518
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for many other species and reported in the review by Lehnebach et al. (2018). In the519

lack of a consistent theory, the development of statistical models for the distribution of520

sapwood and heartwood becomes even more important.521

4.2. Modelling of the longitudinal heartwood profile522

Our models and those available in literature differ with respect to (1) the predicted523

variable of heartwood or sapwood size, (2) the way the longitudinal profile of heartwood524

or sapwood is depicted, and (3) the further tree- or stand-level explanatory variables.525

Sapwood area and heartwood diameter as a function of height in the tree are modelled526

by Maguire and Batista (1996) and Maguire (2014), respectively. Models by Chaumet527

(2020b) predict the ratio of heartwood diameter to stem diameter, where the heartwood528

profile is related to the longitudinal variation in stem size (stem diameter divided by529

DBH) rather than height, similar to our approach. In turn, the best-performing of530

the two models by Chaumet (2020b) relies on tree age as further explanatory variable,531

suggesting an effect of ontogeny. By contrast, in our models, variables related to tree532

vigour, social status and growth dynamics as controlled through silviculture (DBH , RW5,533

H/DBH and LLC) provided better predictions than age. This was in accordance with534

the models by Maguire and Batista (1996) and Maguire (2014). The latter models rely535

on DBH , as our Models (A) to (D), and on crown size as our Model (D). Crown size,536

and other proxies of tree vitality, are known to be linked to the quantity of sapwood537

(e.g., Grier and Waring (1974) for Douglas fir). Moreover, the predictors of our models538

were consistent with the main explanatory variables for sapwood thickness in Douglas539

fir found by Smith et al. (1966): Stem-section diameter, growth in the last decade, DBH540

and crown related variables.541

Referring to these relationships, our modelling approach suggested a clear hierarchical542

order. We found a very strong relationship between stem radius and heartwood radius543

at any height in the stem, which accounted for 98% of the variation (Fig. 1; Table 3).544

This suggests that heartwood formation was mainly determined by stem development,545

whatever the growth conditions (low to high stand densities; Table 2) and tree ages (23-546

74 years; Table 1) of our experimental sites. Nevertheless, introducing DBH and RW5547

as further predictors clearly reduced RMSE from about 12.3 to 8.6% (Equation (1) and548

Model (B) in Table 3). The introduction of RW5 especially allowed to reduce RMSE549

26

Page 26 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



for the Quartier site (corresponding to the change from 6 to 7 model parameters in550

Fig. 2) with the youngest trees of our calibration dataset (Table 1). We would therefore551

recommend using at least the 7-parameter Model (B), while Models (C) and (D), with552

H/DBH and LLC , only provided marginal improvements.553

However, crown morphology (e.g., LLC in our Model (D)) can be an important proxy554

for a larger assessment of wood quality, especially in complex stands for which limited555

knowledge is available in this respect (Pretzsch and Rais, 2016). In turn, tree age as a556

predictor is usually not available for complex, uneven-aged stands. This may limit the557

use of age-related models such as the one by Chaumet (2020b), which otherwise provided558

good results, comparable to ours. Another aspect is that the effect of age is sometimes559

difficult to dissociate from the site effect in experiments conducted in even-aged stands560

such as ours (see Table 1), and this can potentially affect the correct consideration of the561

age effect in models. In an industrial context, height in the tree may not be available,562

which would limit the use of models by Maguire and Batista (1996) and Maguire (2014).563

In this respect, our Equation (1) has the advantage of relying only on log radius (or564

diameter) and its longitudinal variation, which can commonly be assessed in sawmills.565

Evaluation of our models based on an independent dataset suggested that using Equation566

(1) alone may be sufficient to some extent, especially if logs come from trees with little567

variation in DBH and radial growth (Section 3.5).568

Moreover, this evaluation suggested good performance of our models even at the limit569

of their validity range (Fig. 3 and Appendix A12). Indeed, trees from the validation570

dataset had relatively large diameters and high growth rates compared to those from the571

calibration dataset (Section 3.5). However, a more detailed analysis of Model (A) (with572

only DBH as input variable) showed a questionable reduction in the amount of heartwood573

for large trees above about 75 cm DBH (Appendix A16). This is likely due to a lack574

of large trees in our calibration dataset, which was otherwise quite suitable for model575

development given its wide range of variations in the candidate input variables (Table576

2). Thus, we recommend using Models (A) to (D) with caution when trees exceed 75 cm577

DBH . Acquiring data for larger trees would likely allow to extend the scope of application578

of our models, by improving parameter estimation and possibly model formulation.579
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4.3. Effects of silviculture on heartwood and sapwood quantities580

Despite of the strong relationship between heartwood radius and stem radius, statis-581

tical model performance was improved to some extend by introducing further predictors582

(DBH and RW5, and to a lesser extent H/DBH and LLC), as discussed above. These583

predictors are influenced by growth conditions as controlled through silviculture. Thus,584

the simulation analysis with SimCoP should show to what extend this influence finally585

propagated on the quantities of heartwood and sapwood, after an entire silvicultural586

schedule (production cycle) of 55 years. For the reasons given above, we focus here on587

simulation results for trees less than 75 cm DBH .588

Concerning the heartwood ratio at the final cut, two stems of the same commercial589

volume had on average a slightly lower heartwood ratio for the scenario with intervention590

than for that without intervention (Fig. 5). This was in accordance with results by591

Chaumet (2020b), who also found small differences in heartwood ratio for two silvicultural592

scenarios that were quite similar to those we have explored. However, for young Douglas593

firs (24-34 years of age), Hein et al. (2008) did not find any statistically significant594

differences in sapwood area percentage between trees growing under contrasted initial595

stand densities (100, 200 and 1200 stems · ha−1).596

Interestingly, for each of our two scenarios, the heartwood ratio at the final cut firstly597

decreased and then increased with increasing commercial stem volume (Fig. 5). This598

model behaviour may also reflect effects of competition: Trees of low social status (i.e.,599

low commercial volume) had a low sapwood ratio (high heartwood ratio) associated with600

low tree vitality; Trees of high social status (i.e., high commercial volume) are supposed601

to have more sapwood associated with higher tree vitality and growth, and they also602

produced more heartwood due to their big stem size, resulting in a high heartwood ratio;603

Trees of intermediate social status would form the turning point of this relationship.604

Note that beyond about 4 m3 of commercial volume, trees pass the model validity limit605

of about 75 cm DBH (see Fig. 7 for the relationship between commercial volume and606

DBH class).607

The thinned trees in Fig. 5 showed a similar pattern than those of the final cut, but608

with clearly lower heartwood ratios. Thinned trees reached a given commercial volume609

more rapidly as they were younger, implying higher vitality and related sapwood ratio610

28

Page 28 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



(lower heartwood ratio).611

From a silvicultural point of view, the scenarios with and without intervention had612

similar total volume for production of exploitable stems (Table 6; Fig. 6). On the613

one hand, the scenario with intervention produced trees with an overall slightly lower614

heartwood ratio at the final cut (Fig. 5). Furthermore, at the final cut, the bigger trees of615

60-70 cm DBH (and to a lesser extent those of 50-60 DBH) had similar sapwood volume616

but somewhat lower heartwood volume in the scenario with intervention (Fig. 7). This617

may be explained by the last thinning before the final cut, resulting in a change in RW5618

compared to the scenario without intervention. On the other hand, the scenario with619

intervention resulted in a higher number of big trees of 60-70 cm DBH and in a lower620

number of smaller trees of 40-50 cm DBH at the final cut (Fig. 7). The former had a621

higher heartwood ratio than the latter, due to the increase in heartwood ratio between622

about 1.5 m3 and 4 m3 of commercial volume (Fig. 5).623

Overall, these results suggested a plausible behaviour of our heartwood model in the624

simulation analysis, with insights into the effects of silviculture through the explanatory625

variables selected (DBH , RW5 and H/DBH).626

In the French context, sawmills equipped with chipper canter technology, aiming at627

mass-production of timber from medium-sized logs, do not always distinguish between628

heartwood and sapwood. In contrast, companies using band-saws can respond to specific629

orders of sapwood-free timber from big logs of overall high quality. Given our results, a630

silvicultural strategy for the production of high-quality, large Douglas fir trees may be:631

To grow them not too fast at the beginning in order to limit the quantity of juvenile wood632

and branch size (Barrette et al., 2023), then to accelerate growth to limit rotation length633

and related risks (storms, diseases, insect attacks), and to slow it down towards the end.634

Thus, the quantity of heartwood during the last years of the production cycle may be635

optimised (effect of RW5). We would expect the changes in growth rate to have little636

impact on wood density as another important quality criterion. Indeed, there is only a637

moderate relationship between ring width and wood density in Douglas fir (Fabris, 2000).638

However, a more complete simulation study should be performed in order to provide639

final recommendations to forestry practice, considering several contrasted silvicultural640

scenarios and additional wood quality criteria. To this end, our heartwood models may641
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contribute to the development of simulation tools that link tree growth, wood properties642

and product characteristics of Douglas fir (e.g., Poschenrieder et al., 2016).643

5. Conclusion644

In this study, models of various degrees of complexity were developed to predict the645

amount of heartwood and its longitudinal distribution in Douglas fir stems in France. The646

amount of heartwood at a given height depended essentially on stem size (i.e., diameter647

of the stem cross-section at that height and DBH), and to a lesser extent on tree growth648

dynamics. Validation on completely independent data, with trees whose characteristics649

were at the limit of validity in relation to our calibration set, showed that the models650

performed well. However, it seems reasonable, at this stage, not to use these models for651

trees with a diameter at breast height greater than 75 cm. One of the proposed models652

was implemented in a Douglas fir growth-quality simulator (Model (C) taking DBH , RW5653

and H/DBH as inputs). Simulations were carried out for two contrasting silvicultural654

scenarios. They suggested overall small differences in heartwood amount. Nevertheless,655

plausible model behaviour and interesting insights for silvicultural management were656

found. A more complete simulation study should be performed in order to provide657

final recommendations to forestry practice, considering several contrasted silvicultural658

scenarios and additional wood quality criteria. For a valid application of the models on659

larger trees, the calibration set should be completed in this sense. It would be interesting660

to test the developed models on other independent data that exhibit greater variability661

in diameters and growth rates in order to better assess the added value of the different662

input variables.663
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3 Observed values as a function of predicted values for heartwood radius839

modelled with Equation (1) for trees in the validation set. One point840

represents one height level for a given tree. The y = x line is shown in841

black and the linear regression of the scatter plot in red. The points circled842

in red represent the largest tree in the dataset (DBH = 0.81 m) which is843

outside the validity limit of the model in terms of DBH and under-bark844

stem radius (RUB). The results obtained for Models (A), (B) and (C) are845

given in Appendix A12. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19846

4 Heartwood radius (RHW ) predicted by Models (A) and (B) in relation847

with stem radius (RUB) and different values of DBH and RW5. The gray848

curves in the figure on the left show the values observed on the 86 trees849

from the calibration dataset. The range of variation of each variable was850

set to the mean value ± 1.5 times the standard deviation (here for DBH851

on the left and for DBH and RW5 on the right). The mean values of DBH852

and RW5 measured on the calibration dataset were respectively: 36 cm853
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for each DBH value, RW5 varies from 0.2 mm to 4.5 mm (on the right).855
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above 14 cm in diameter obtained for the two contrasted scenarios from858
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(“with intervention” scenario), trees harvested at final cut in green (“with860
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smoothing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23863

6 Heartwood/sapwood volumes predicted by the Model (C) from growth864
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7 Heartwood/sapwood volumes predicted by the Model (C) from growth868

simulations for each diameter class and both scenarios: Boxplots of the869

total stem volume above 14 cm in diameter (grey), sapwood volume (or-870

ange) and heartwood volume (red) collected during thinning operations871

and final cuts. The blue line corresponds to the number of stems per872

hectare. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24873
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Appendices

Modelling the heartwood profile of Douglas fir in France
based on the stem profile and other tree dendrometric
characteristics – insights from experimental sites and

commercial log data

UMR Silva
Université de Lorraine, AgroParisTech, INRAE, Silva, 54000 Nancy, France
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APPENDIX A1

Models from the literature

A1.1 Model of Maguire and Batista (1996)

The model of Maguire and Batista (1996) is as follows. A first model allows to
predict the sapwood surface at breast height:

SSWBH =
π

4
(b1DBH)

2 ·
(
1− exp

(
−b2

LLC

H

))(b3H)

The sapwood surface profile can then be predicted using the variable exponent
model proposed by Kozak (1988):

Z =
h

H
, p =

HBH

H
, X =

1−
√
Z

1−√
p

C = k1Z + k2
√
Z + k3

DBH

H
+ k4LLC + k5

LLC

H
+ k6(H − LLC)

SSW = SSWBH ·XC (A1.1)

where h is the height of the disc, HBH the breast height (1.37 m for Maguire and
Batista (1996) and 1.30 m in our case), H is the total tree height, LLC the length of
the living crown, SSWBH the surface of sapwood at breast height, SSW the surface
of sapwood at height h, DBH is the diameter at 1.30 m and b1, b2, b3, k1, k2, k3,
k4, k5 and k6 are fixed-effect parameters.

In order to estimate the mean heartwood radius (RHW ) with the sapwood
surface model of Maguire and Batista (1996) the following equation was used:

RHW =

√
R2

UB − SSW

π
(A1.2)

The model was tested after refitting on our calibration dataset. The fitting
can be performed directly using Eq. (A1.2) or using Eq. (A1.1) then applying Eq.
(A1.2) on the predicted results. The first method, which gives a better estimation
of RHW , was used here.
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A1.2 Model of Maguire (2014)

The model of Maguire (2014), as described by Osborne (2015), can be summarized
as follows:

HHW =
H

1 + exp(k1 + k2 · log(LLC

H
) + k3 · log(LLC) + k4 · H

DBH

DHWBH = k5 ·D
k6·H+k7·log(

LLC
H

)+k8·log(LLC)

BH

X =
h− h0

HHW − h0

K =
0.5 ·HCB − h0

HHW − h0

Z =
K −X

K − 1
W =

X − 1

K − 1

I1 =

{
0 if K ≤ 0 or (K > 0 and X ≤ K)

1 otherwise
I2 =

{
0 if K ≤ 0

1 otherwise

Y1 = I2 · (X + I1 · (W · (1 + Z)− 1))− (X − 1) · (X − I2 ·X)

Y2 = I2 · (X + I1 · (W · (X +K · Z)−X)− (X − 1) · (X − I2 ·X))

Y3 = I2 ·
(
X2 + I1 · (K ·W · (2 ·X −K +K · Z)−X2)

)
RHW =

DHWBH

2
·
(
1−X + Y1 +

(
k9 · exp

(
DBH

H

))
· Y2 +

(
k10 · exp

(
H

DBH

))
· Y3

)

A1.3 Models of Chaumet (2020b)

Chaumet (2020b) proposed two formulas for modeling diameter heartwood ratio,
with and without using tree age. Both models are based on a diameter ratio RD

used in the form of a polynomial of degree 3 in the models and calculated as
follows:

RD =
dOB

DBH

× 100 (A1.3)

� The model including tree age is as follows:

RatioHW = a+ b ·RD + c ·R2
D + d ·R3

D + e · RD

age
+ f · R

2
D

age
(A1.4)

where dOB is the over-bark stem diameter at a given height, age the tree age,
and a, b, c, d, e, and f are parameters.

� The model without tree age is as follows:

RatioHW = a+b·RD+c·R2
D+d·R3

D+e· H

DBH

+f ·DUB+g ·RD ·DUB (A1.5)

where DUB is the under-bark stem diameter at a given height and a, b, c, d,
e, f and g are parameters.
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In our case, since over bark diameter was not measured, RD was computed as
the ratio of under-bark diameter to over-bark diameter at breast height:

RD =
DUB

DBH

× 100

The models were readjusted using our calibration set. The heartwood radius
was then calculated as the product of RatioHW by under-bark radius (RUB).
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APPENDIX A2

List of abbreviations used in the article

Table A2.1: Dendrometric variables used in the article.

Abbreviation Unit Meaning Scale
Dg m Average diameter of a stand

stand level
D0 m Dominant diameter
C0 m Dominant circumference
H0 m Dominant height
RDI without Relative Density Index
RDIratio without Ratio between RDI after and RDI before the last thinning
G m2/ha Basal area
SF % Spacing factor of Hart-Becking
DBH m Diameter at 1.30 m

tree level

H m Total tree height
HLC m Height to the base of the living crown
LLC m Length of the living crown
RW m Average ring width at breast height
RW5 m Average ring width of the five last growth years at breast height
h m Height in the stem of a disc

disc levelRUB m Average under-bark stem radius at a given height
RHW m Average heartwood radius at a given height
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APPENDIX A3

Additional informations on the forests and trees sampled

Tables A3.1 and A3.2 shows the usual dendrometric variables for each tree of the
calibration dataset.
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Table A3.1: Mean tree measurements in Écouves forest. DBH is the diameter
at breast height, D0 the average diameter of the dominant trees, H the total tree
height, HLC the height of the base of the living crown, HLLB the height of the
lowest living branch, LLC the length of the living crown, RW5 the average ring
width of the five last rings at breast height. NA means not available.

Forest Density Tree Age DBH H HLC HLLB LLC RW5 DBH

treatment ID (year) (m) (m) (m) (m) (m) (m) /D0

Écouves 2010

high

E10 63 0.23 31.0 24.9 22.1 6.1 0.0002 0.48
E11 63 0.43 40.3 28.9 26.1 11.4 0.0029 0.91
E12 63 0.30 35.3 26.2 26.2 9.1 0.0010 0.63
E13 63 0.33 36.5 27.6 26.5 9.0 0.0014 0.70
E14 63 0.38 38.0 25.5 23.0 12.5 0.0024 0.76
E15 63 0.28 31.8 24.0 21.5 7.8 0.0006 0.59
E16 63 0.30 37.7 27.3 26.0 10.4 0.0015 0.61
E17 63 0.47 37.5 28.8 25.9 8.7 0.0030 0.95
E18 63 0.29 32.6 25.1 24.5 7.5 0.0005 0.59

medium

E01 63 0.52 40.8 28.0 26.1 12.8 0.0046 1.01
E02 63 0.24 31.2 22.8 17.9 8.4 0.0003 0.46
E03 63 0.41 39.1 27.7 26.0 11.4 0.0036 0.78
E04 63 0.50 40.6 25.2 24.2 15.4 0.0035 0.99
E05 63 0.28 35.6 24.6 23.5 10.9 0.0010 0.55
E06 63 0.35 40.0 27.5 26.3 12.6 0.0018 0.66
E07 63 0.33 36.9 29.6 26.2 7.3 0.0014 0.64
E08 63 0.46 41.7 25.0 24.3 16.7 0.0026 0.91
E09 63 0.26 33.0 25.1 25.1 7.9 0.0008 0.48

low

E19 63 0.28 33.6 24.9 23.2 8.7 0.0007 0.50
E20 63 0.25 32.3 22.9 19.1 9.3 0.0004 0.46
E21 63 0.45 40.7 25.6 23.7 15.1 0.0019 0.85
E22 63 0.35 39.2 24.7 21.6 14.6 0.0018 0.61
E23 63 0.35 35.5 22.4 19.8 13.1 0.0015 0.63
E24 63 0.48 40.1 25.5 24.6 14.6 0.0025 0.86
E25 63 0.47 39.6 24.7 23.0 14.9 0.0030 0.83
E26 63 0.41 38.5 26.0 25.1 12.6 0.0027 0.72
E27 63 0.41 39.5 27.8 26.6 11.8 0.0021 0.73

Écouves 2021

high

A5-38 74 0.36 40.7 30.9 26.3 9.8 0.0036 0.65
A5-75 74 0.45 43.7 29.4 22.9 14.3 0.0020 0.85
A5-86 74 0.41 44.1 30.2 29.1 13.8 0.0019 0.77
A5-88 74 0.48 46.4 32.4 30.8 14.0 0.0020 0.91
A5-109 74 0.53 41.8 30.4 27.3 11.4 0.0019 0.97
A5-116 74 0.30 39.3 30.1 29.2 9.2 0.0005 0.54
A5-139 74 0.24 36.9 33.9 32.7 3.0 0.0001 0.45
A5-142 74 0.22 35.1 31.8 27.6 3.4 0.0000 0.42
A5-168 74 0.57 46.2 31.8 30.5 14.4 0.0029 1.15

medium

C7-57 74 0.43 41.5 30.2 25.1 11.3 0.0029 0.67
C7-86 74 0.61 45.1 29.6 26.5 15.6 0.0033 0.99
C7-90 74 0.52 44.6 29.3 26.8 15.3 0.0026 0.84
C12-54 74 0.50 42.2 29.2 NA 13.0 0.0025 0.80
C12-116 74 0.43 41.0 35.5 NA 5.5 0.0018 0.68
C12-150 74 0.62 46.2 29.0 27.6 17.2 0.0043 0.96

low

D6-19 74 0.51 45.1 29.2 26.9 15.9 0.0022 0.75
D6-57 74 0.63 47.0 30.9 26.6 16.1 0.0021 0.93
D6-85 74 0.72 46.8 30.5 26.0 16.2 0.0033 1.13
D10-36 74 0.72 50.8 32.1 25.4 18.7 0.0039 1.04
D10-61 74 0.57 45.9 31.9 23.8 14.1 0.0023 0.85
D10-67 74 0.64 46.1 27.6 24.2 18.4 0.0024 0.97
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Table A3.2: Mean tree measurements inGrison,Quartier andMélagues forests.
DBH is the diameter at breast height, D0 the average diameter of the dominant
trees, H the total tree height, HLC the height of the base of the living crown, HLLB

the height of the lowest living branch, LLC the length of the living crown, RW5

the average ring width of the five last rings at breast height.

Forest Thinning Tree Age DBH H HLC HLLB LLC RW5 DBH

intensity ID (year) (m) (m) (m) (m) (m) (m) /D0

Grison

high

GT1 44 0.15 19.8 17.2 15.2 2.5 0.0000 0.38
GT2 44 0.21 22.1 17.9 17.6 4.2 0.0001 0.54
GT3 44 0.23 27.8 19.5 18.9 8.3 0.0017 0.63
GT4 44 0.29 26.0 20.6 16.5 5.4 0.0020 0.75
GT5 44 0.31 27.0 18.3 17.6 8.7 0.0021 0.85

medium

GI1 44 0.23 21.6 16.6 15.2 5.0 0.0008 0.58
GI2 44 0.27 22.9 15.0 11.0 7.9 0.0018 0.67
GI3 44 0.28 25.0 10.4 10.4 14.6 0.0027 0.72
GI4 44 0.34 25.7 13.2 13.0 12.5 0.0034 0.82
GI5 44 0.41 27.9 13.0 11.9 14.9 0.0041 1.01

low

GD1 44 0.32 25.3 15.6 4.3 9.7 0.0024 0.67
GD2 44 0.38 28.2 18.2 16.6 10.0 0.0024 0.79
GD3 44 0.40 30.3 14.2 11.0 16.1 0.0038 0.82
GD4 44 0.42 29.3 12.9 12.7 16.4 0.0038 0.87
GD5 44 0.44 28.8 14.7 12.7 14.1 0.0040 0.93

Quartier

high

QT1 23 0.08 11.0 5.3 4.5 5.7 0.0004 0.40
QT2 23 0.11 12.3 5.3 4.5 6.9 0.0016 0.55
QT3 23 0.13 12.7 8.6 4.7 4.1 0.0004 0.63
QT4 23 0.14 13.8 7.2 6.2 6.6 0.0014 0.69
QT5 23 0.18 14.7 6.2 5.3 8.4 0.0021 0.92

medium

QI1 23 0.12 11.4 3.7 2.2 7.7 0.0014 0.48
QI2 23 0.14 14.3 4.1 3.3 10.2 0.0030 0.60
QI3 23 0.17 14.4 4.7 3.0 9.8 0.0027 0.71
QI4 23 0.19 15.6 4.3 2.6 11.3 0.0049 0.79
QI5 23 0.23 17.8 4.6 3.3 13.2 0.0063 0.98

low

QD1 23 0.16 10.2 1.9 1.1 8.3 0.0027 0.55
QD2 23 0.20 13.9 3.9 1.6 10.0 0.0048 0.69
QD3 23 0.24 12.6 2.8 1.9 9.8 0.0053 0.80
QD4 23 0.24 13.9 2.7 1.0 11.2 0.0066 0.86
QD5 23 0.30 14.7 4.4 2.3 10.3 0.0053 0.98

Mélagues

high

D5 50 0.21 27.2 24.1 17.8 3.1 0.0000 0.48
D6 50 0.43 31.8 20.6 18.9 11.2 0.0022 0.98
D7 50 0.29 30.6 20.4 18.1 10.3 0.0010 0.68
D8 50 0.29 31.2 19.1 17.6 12.1 0.0010 0.65

low

D1 50 0.51 30.7 13.9 11.1 16.8 0.0038 0.92
D2 50 0.43 34.1 14.0 10.4 20.1 0.0031 0.75
D3 50 0.47 26.6 10.5 8.2 16.1 0.0036 0.85
D4 50 0.64 33.6 12.2 8.9 21.4 0.0039 1.06
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APPENDIX A4

Under-bark stem radius and heartwood radius profiles for

each tree of the calibration dataset

The following graphics show the patterns of heartwood (red) and sapwood (yellow)
for each tree in the calibration dataset. The title of each page indicates the dataset
(Écouves 2010, Écouves 2021, Grison, Quartier, Mélagues) and the density treat-
ment (low, medium, high). Tree names are given in the top-right corner of each
individual plot. The green lines represents the base of the living crown (solid line)
and the lowest living branch (dotted line).
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Écouves_2021 − medium density

sapwood
heartwood
crown base
lower living branch
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Écouves_2021 − high density
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Grison − low density

sapwood
heartwood
crown base
lower living branch
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Grison − medium density

sapwood
heartwood
crown base
lower living branch

19

Page 56 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

GT1

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

GT2

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

GT3

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

GT4

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

GT5

Grison − high density

sapwood
heartwood
crown base
lower living branch
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Quartier − low density

sapwood
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crown base
lower living branch

21

Page 58 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

QI1

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

QI2

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

QI3

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

QI4

0.0 0.1 0.2 0.3 0.4

0
10

20
30

40
50

Radius (m)

H
ei

gh
t (

m
)

QI5

Quartier − medium density
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APPENDIX A5

DBH distributions for the different datasets
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Figure A5.1: Diameter distributions at 1.30 m for trees in the different data sets:
calibration set, validation set and simulated data with the two scenarios, without
and with interventions. For the simulated data, the trees from the 50 different
simulations are shown together.
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APPENDIX A6

Estimation of slenderness for trees in the

TreeTrace Douglas validation dataset

For trees in theTreeTrace Douglas validation dataset, the slenderness (H/DBH)
was estimated from the slenderness12 by fitting a linear regression on trees from
the calibration dataset.
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Figure A6.1: Ratio of H to DBH (slenderness) as a function of the slenderness
measured over the first 12 metres of the log (slenderness12).
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APPENDIX A7

Variability of candidate explanatory variables between sites

and between silvicultural modalities within sites

For SimCop simulations, only the final cut trees for the 50 simulations are shown,
i.e. 14 815 trees for the treatment without intervention and 3950 for the treatment
with intervention.
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Figure A7.1: Variability of tree size: Diameter at breast height (DBH) (on the
left) and total tree height (H) (on the right). Tree height was not available for the
TreeTrace Douglas validation dataset (sites A, B, C and D) that involved logs
measured on a log yard.
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Figure A7.2: Variability of radial growth: Average ring width (RW ) (on the left)
and average width of the last five rings (RW5) (on the right).
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Figure A7.3: Variability of crown size: Length of the living crown (LLC) (on the
left) and relative length of the living crown (on the right). Crown length was not
available for the TreeTrace Douglas validation dataset (sites A, B, C and D)
that involved logs measured on a log yard.
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Figure A7.4: Variability of slenderness: Ratio of tree total height (H) to diam-
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over the first 12 metres of the stem (on the right). H/DBH was estimated from
slenderness12 for the TreeTrace Douglas validation dataset (sites A, B, C and
D) as explained in Appendix A6. slenderness12 was not calculated for trees sim-
ulated with SimCop.
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Figure A7.5: Variability of heartwood size: Percentage of heartwood surface at
1.30 m (on the left) and percentage of the volume of heartwood in relation to the
total volume under-bark of a 12 m long log (on the right). A log length of 12
m from 0.30 m to 12.30 m high in the stem was chosen because this is what was
available in the validation data.
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APPENDIX A8

Simulations with SimCop

Two silvicultural scenarios were simulated using the SimCop simulator imple-
mented in the Capsis platform. The initial density was set at 1111 stems/ha
in both cases. In the “no intervention” treatment, no action was taken until the
trees were harvested at 55 years of age. In the “with intervention” treatment, five
thinning operations were simulated in order to maintain the RDI at around 0.45
before final harvesting at 55 years of age. Fifty repetitions of each scenario were
simulated. Figure A8.1 shows the evolution over time of several stand variables
in both cases. Figure A8.2 shows the volumes obtained during thinning and final
cutting using the (D) model to predict the proportion of heartwood.
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Figure A8.1: Evolution of basal area, dominant circumference, volume of standing
trees, total volumetric production (volume of standing trees + cumulated volume
of cut and dead trees) and RDI with time for both scenarios. The red lines show
the maximal and minimal values obtained over 50 repetitions.
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Figure A8.2: Heartwood/sapwood volumes predicted by the model (C) from
growth simulations by diameter classes for the two studied scenarios: Volumes
of sapwood (brown) and heartwood (red) collected during thinning operations
(hatched lines) and final cut (plain colour) considering only the stem part above
14 cm in diameter, total above ground volume below 14 cm in diameter (yellow)
and volume of dead trees (black).
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APPENDIX A9

Heartwood radius as a function of under-bark stem radius for

each tree of the calibration dataset

The following graphics show the relationship between heartwood radius (RHW ) and
under-bark stem radius (RUB) for each tree in the calibration dataset. The title
of each page indicates the dataset (Écouves 2010, Écouves 2021, Grison, Quartier,
Mélagues) and the density treatment (low, medium, high). Tree names are given
in the top-left corner of each individual plot. The red lines correspond to the
4-parameter model (Equation (1)) fitted with tree random effects on parameters
a, b and c and depending only on the under-bark stem radius. In this way it was
possible to estimate tree specific values for a, b and c. Parameter s was let fixed
for convergence problems. The blue lines correspond to the 9-parameter model
(Model (D)) where parameters are predicted by using tree variables.
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APPENDIX A10

Step-by-step construction of the model

A10.1 Step #1: Construction of Model (A)

After studying the plots of the relationships between parameters and candidate
variables with the pairs function (Fig. A10.1), we chose to model parameter
a as a function of DBH (Fig. A10.2 on the left) since the correlation was the
highest with 0.82. Then, the mixed model was fitted again after integrating this
relationship between a and DBH into the equation and the relationships between
the parameters and candidate variables were again studied. This time the most
interesting relationship was between parameter b and DBH (Fig. A10.2 on the
right). This new relationship was integrated into the equation to give Model (A).
At each step we verified that the AIC has been reduced.
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Figure A10.1: Relationships between the parameters of the mixed-effect model
corresponding to Equation 1 and the candidate variables.
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Figure A10.2: Relationships selected between parameters a and b on one side and
the respective candidate variables on the other side for the construction of the
Model (A).

A10.2 Step #2: Construction of Model (B)

We sought to further refine the model by adding new variables. At this stage,
adding variables does not drastically improve the model but it allows trends to be
highlighted and certain mechanisms to be understood. The new relationship given
in Fig. A10.3 was integrated into the equation to give Model (B) and so the AIC
has been further reduced.
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Figure A10.3: Relationship selected between the previous parameter a1 (as defined
in Fig. A10.2 on the left) and the candidate variable RW5 for the construction of
the Model (B).
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A10.3 Step #3: Construction of Model (C)

We continue the process by looking for the next variable of interest. The new
relationship given in Fig. A10.4 was integrated into the equation to give Model
(C) and so the AIC has been further reduced.
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Figure A10.4: Relationship selected between parameter c and the candidate vari-
able H/DBH for the construction of the Model (C).

A10.4 Step #4: Construction of Model (D)

This last step enabled us to obtain the Model (D).
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Figure A10.5: Relationship selected between parameter s and the candidate vari-
able LLC for the construction of the Model (D).
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APPENDIX A11

Longitudinal variation in sapwood surface and sapwood width

between 1.30 m and the base of the crown for the trees in

the calibration dataset
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Figure A11.1: Boxplots illustrating the variability of estimated slopes for variations
in sapwood surface between 1.30 m and the base of the crown by site and density
treatment.
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Figure A11.2: Boxplots illustrating the variability of estimated slopes for variations
in sapwood width between 1.30 m and the base of the crown by site and density
treatment.
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APPENDIX A12

Validation on an independent dataset
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Figure A12.1: Observed values as a function of predicted values for the modelled
heartwood radius. Models (A), (B) and (C) were applied to predict heartwood
radius at four heights for each tree in the validation dataset. Consequently, one
point represents one height level for a given tree. The y = x line is shown in
black and the linear regression of the scatter plot in red. The points circled in
red represent the largest tree in the dataset (DBH = 0.81 m) which is outside the
validity limit of the model.
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Figure A12.2: Observed values as a function of predicted values for the modelled
heartwood radius. Models from Chaumet (2020b) (with and without age) were
applied to predict heartwood radius at four heights for each tree in the validation
dataset. Consequently, one point represents one height level for a given tree. The
y = x line is shown in black and the linear regression of the scatter plot in red.
The points circled in red represent the largest tree in the dataset (DBH = 0.81 m)
which is outside the validity limit of the model.

57

Page 94 of 99Canadian Journal of Forest Research (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

IN
R

A
E

 o
n 

12
/0

7/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



APPENDIX A13

Effect of variations in input variables on the heartwood radius

predicted by Models (C) and (D)
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Figure A13.1: Graphs showing the effect of variations in input variables on the
heartwood radius predicted by Models (C) and (D). The range of variation of each
variable was set to the mean value ± 1.5 times the standard deviation. The mean
values of DBH , RW5, H/DBH and LLC measured on the calibration dataset were
respectively: 36 cm, 2.3 mm, 94 and 11 m. The maximal disc radius (at ground
level) was estimated by 1.25 times half of DBH.
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APPENDIX A14

Model (C) input variables for SimCop simulated data as a

function of diameter class at 1.30 m

50

75

100

125

150

10−20 20−30 30−40 40−50 50−60 60−70 70−80 80−90

Diameter class (cm)

H
/D

B
H

 (
sl

en
de

rn
es

s)

Stand density

L

H

0.000

0.002

0.004

0.006

10−20 20−30 30−40 40−50 50−60 60−70 70−80 80−90

Diameter class (cm)

A
ve

ra
ge

 w
id

th
 o

f t
he

 la
st

 5
 r

in
gs

 a
t 1

.3
0 

m
 (

m
)

Stand density

L

H

Figure A14.1: Variables H/DBH (on the left) and average width of the last five
rings, RW5 (on the right) as a function of diameter class at 1.30 m for the two
simulated scenarios.
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APPENDIX A15

Determination of the sapwood/heartwood boundary

Figure A15.1 shows that the sapwood measured by colour difference is wider than
the sapwood measured by X-ray scanner (i.e., water content, as the scans were
performed in fresh state). These results are consistent with Rust (1999) findings
on Scots pine, showing an additional sapwood zone for the staining method because
the zone in question no longer conducts (i.e., it is less moist and therefore classified
as heartwood by the X-ray scanner method) but is still chemically unaltered (i.e.,
it has not yet undergone duraminisation and is therefore classified as sapwood by
the staining method). We can see that when plotting the line y = x, our points are
close to this line but shifted upwards. This allows us to conclude that the methods
are broadly equivalent. We observe a systematic average bias of 4.32 mm for the
width of sapwood and therefore also for the radius of the heartwood. The surface
area seems to give better results, but the scale is not the same, and for a given
sapwood area at different heights in the stem, we do not have the same sapwood
width since the diameter varies with height. The same sapwood area corresponds
to a smaller width at the bottom than at the top of the stem.
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Figure A15.1: Relationship between sapwood width measured by colour (y-axis)
and moisture content (X-ray scanner; x-axis) (on the left) and relationship between
sapwood area measured by colour (y-axis) and moisture content (x-axis) (on the
right).
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APPENDIX A16

Behaviour of Model (A) when it is used in extrapolation for

DBH values to predict the amount of heartwood at 1.30 m
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Figure A16.1: Heartwood radius under-bark (on the left) and percentage of heart-
wood surface (on the right) at 1.30 m as predicted by Model (A) as a function of
DBH . We assumed that the proportion of bark in surface at 1.30 m was 15% in or-
der to estimate a bark thickness dependent on the DBH . Here from point to point
both the DBH and the under-bark radius of the stem section at 1.30 m change.
But the observed decrease can only be due to the effect of the DBH , because when
the trunk section increases, the heartwood radius can only increase. The dotted
vertical line corresponds to a DBH of 70 cm, which indicates approximately the
limit of validity of the model in relation to the calibration data used to build it.
A DBH of up to 75 cm is considered reasonable, but not beyond.
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