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Abstract
• The objective of this study was to explore the distribution of major nutrients (N, P, K, Ca and Mg)
in the aboveground compartments of an intensively managed tree species (Pinus pinaster Ait.). A
total of 53 trees were cut down in even-aged stands respectively 8, 16, 26, 32 and 40 years old. The
nutrient concentrations of the aboveground compartments were analysed.
• Nutrient concentrations of foliage did not vary with any of the variables used, except needle age.
Nutrient concentrations of living branches, stem bark, stem sapwood, stem heartwood, stemwood and
stem decreased with increasing branch diameter, bark thickness, sapwood thickness and heartwood
thickness, respectively. Beyond a certain value of the predictive variable (stem diameter ≈ 15 cm;
branch diameter ≈ 2.5 cm), the concentration of all the nutrients stabilised.
• A 50 year-old pine stand was used to obtain a validation dataset for nitrogen concentration.
For this nutrient, the regression relationships gave satisfactory estimates for most compartments
(mean error = 12–25%) and particularly for the stem.
• A procedure is proposed to estimate the nutrient exports associated with harvests of Pinus pinaster
biomass.

Mots-clés :
nutriment /
dendrométrie de l’arbre /
exportation /
Pinus pinaster

Résumé – Établissement d’équations prédisant la concentration en nutriments des comparti-
ments de l’arbre en vue d’une amélioration des modèles d’exportation de nutriments par ré-
colte de biomasse.
• L’objectif de cette étude est d’explorer la distribution des éléments majeurs (N, P, K, Ca, Mg) dans
les compartiments aériens d’une essence gérée de manière intensive. Au total, 53 pins maritimes (Pi-
nus pinaster Ait.) ont été abattus parmi des peuplements équiennes de 8, 16, 26, 32 et 40 ans.
• Les concentrations en nutriments du feuillage ne varient pas pour une classe d’âge d’aiguilles don-
née. Les concentrations des branches vivantes, de l’écorce, de l’aubier et du duramen décroissent
lorsque le diamètre ou l’épaisseur du compartiment considéré augmente. La concentration de l’en-
semble des nutriments devient constante lorsque la variable prédictive (diamètre ou épaisseur) atteint
une valeur plateau.
• Un jeu de données de validation pour les concentrations en azote, provenant d’un peuplement
équienne de pins de 50 ans, permet de confirmer les performances satisfaisantes des modèles
construits (erreur moyenne = 12–25 %) et en particulier pour le tronc.
• Une procédure d’estimation des exportations de nutriments associées aux récoltes de biomasse de
Pinus pinaster est présentée.

* Corresponding author: laugusto@bordeaux.inra.fr

Article published by EDP Sciences

http://www.afs-journal.org
http://dx.doi.org/10.1051/forest:2008059
http://www.edpsciences.org


Ann. For. Sci. 65 (2008) 808 L. Augusto et al.

1. INTRODUCTION

Due to global warming, there is increasing interest in ener-
gies that have limited impact on carbon balance. Plant biomass
is an attractive energy source as the carbon emitted during the
production of energy has already been fixed by the vegetation.
The maximum biomass harvest is obtained by collecting all
the tree compartments: branches, foliage, stumps, coarse roots
and even litter. This high removal rate is now being applied
more and more frequently in forests that are already inten-
sively managed for wood production, for instance pine or eu-
calyptus stands (Nunez-Regueira et al., 2005).

Modifications in forest practices often have impacts on
the functioning and durability of the ecosystem concerned.
Even though the canopy represents a small percentage of the
aerial biomass, it contains a large proportion of tree nutri-
ents (Merino et al., 2005). Compared to stem-only harvesting,
whole-tree harvesting increases biomass exports only by a few
tens of percent, whereas nutrient exports are often increased
two to seven fold, particularly exports of nitrogen and phos-
phorus (e.g. Thompson et al., 1986). Consequently, export of
forest residues may have a negative impact on the nutrient bal-
ance of the ecosystem (Ranger et al., 2002) and subsequently
on soil chemical properties (Johnson et al., 1991). Accurate
estimation of nutrient removal based on the chosen strategy
of biomass export is therefore crucial to adjust forest manage-
ment to the resiliency of the site concerned.

An interesting method to reach this goal is to build direct
allometric relationships to relate tree nutrient content to den-
drometric variables (Thompson et al., 1986). However, tissue
nutrient concentrations vary with the type of tissue (Meerts,
2002) and tree dimensions (André and Ponette, 2003). Tis-
sue proportions and dimensions also vary with the age of the
tree (Porté et al., 2002) as well as with management (Ilomaki
et al., 2003). Therefore, when direct allometric relationships
between the stem diameter and the total nutrient content of
trees are used in a different context from where they were
built, they can only give broad estimates. Rodriguez-Soalleiro
et al. (2007) thus proposed coupling models of the biomass
production of each tree compartment with its mean nutrient
concentration. This method is based on the assumption that,
at the scale of the tree, nutrient concentrations in one tree
compartment do not vary significantly from site to site. This
hypothesis was validated on four tree species, provided that
stands were mature (Augusto et al., 2000). This limitation im-
plies that simple models underestimate exports of nutrients
from young stands, which have systematically higher concen-
trations than mature stands. Moreover, results of a previous
study showed that, while the mean concentrations of nutri-
ents in the stem bole (including bark) were relatively constant
among sites, those for total aboveground biomass were more
variable (Augusto et al., 2000). This scattering was possibly
due to some heterogeneity in the nutrient concentrations of the
canopy. Therefore, equations relating nutrient concentrations
in any tree compartment and at any age are essential to en-
sure the reliability of simple models for any life stage of the
stand. The objective of the present study was to build these
equations for a well-documented tree species, maritime pine.

The species and the nutrients we studied are the same as those
studied by Rodriguez-Soalleiro et al. (2007), namely maritime
pine, nitrogen, phosphorus, potassium, calcium and magne-
sium. Coupling the two works could extend the range of tree
age for which the models give accurate and reliable estimates
of nutrient exports.

2. MATERIALS AND METHODS

2.1. Study species and study region

The natural area of maritime pine (Pinus pinaster Ait.) is mainly
the Atlantic and Mediterranean coasts of Europe. Monospecific
stands of maritime pine represent a surface area of approximately
4 Mha in Europe, mostly in Spain, France, and Portugal, and to a
lesser extent, in Italy. Due to its ability to grow on very poor soils, this
species has been widely introduced in some areas of the world with
unfertile soils, provided that the climate is appropriate. These areas
account for around 0.25 additional Mha, mainly in South Africa, New
Zealand, Australia and Chile. In many of these areas, Pinus pinaster
stands are intensively managed for wood production.

The present study was conducted in south-western France, where
close to 0.90 Mha of even-aged stands of maritime pine constitute
the ‘Landes de Gascogne’ forest. The parent material of the soils
is the uppermost geological layer of the study region and is almost
completely composed of coarse sand. Soils are poor, acidic and quite
organic. They vary from typic haplorthod spodosols to haplohumod
spodosols (or umbric endoaquod spodosols; USDA classification),
depending of the depth of the water table. The regional site classi-
fication shows four main classes, the wettest (wet moorland) being
the most frequent class.

2.2. Study sites and trees

The study was carried out in three even-aged Pinus pinaster stands
(BERG-I; BERG-II; BRAY). BERG-I and BERG-II were located
next to one another (N 44◦ 45’ 52"; W 00◦ 49’ 12") in Berganton,
approximately 20 km southwest of the city of Bordeaux. BRAY was
located about five kilometres from the other stands. The stands were
originally sown on previously ploughed and fertilised soil (120 kg-
P2O5.ha−1). Management was similar in all stands (target rotation
length � 40 years preceded by four commercial thinnings). The three
stands were located on the same soil type (typic haplohumod spo-
dosols) and site class (wet moorland). Soils were sandy (sand ≥ 91%;
coarse sand ≥ 81%), acidic (pH-H2O = 3.9–4.3, in the topsoil hori-
zon), with a low base saturation of the cationic exchange capacity
(upper horizons = 28–38%; deeper horizons = 4–17%). The soils
were similar in all the stands and representative of the study region
(data not shown). According to yield tables for French forests and
the mean height of our stands (Tab. I), we concluded that BERG-I,
BERG-II and BRAY had a similar growth rate and that these stands
represented a valid chronosequence.

Five samplings were carried out. BERG-I stand was sampled at
16, 32 and 40 years-old for determination of nutrient concentrations
(B16, B32 and B40 samplings; see Lemoine et al., 1988 for more
details on B16). BERG-II and BRAY were sampled at 8 and 26 years-
old respectively (B08 and B26). All samplings were carried out in
wintertime since concentrations of foliage nutrients undergo seasonal
variations during the growth period (Wyttenbach and Tobler, 1988).
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Table I. Characteristics of the sampled stands and sampling operations. CBH = circumference at breast height; Bk = stem bark; Phl =
stem phloem; SpWd = stem sapwood; HtWd = stem heartwood; DBr = dead branches; LBr = living branches; Ndl1 = one-year-old needles;
NDl2+ = needles more than one-year-old; Bd = buds; Co = cones. Values: mean ± 1 standard error.

Sampled Sampling Age at Year of Number of Stand Mean Mean Compartments analysed Number
stand operation sampling sampling trees density height CBH (number of samples) of

(y) sampled (tree.ha−1) (m) (cm) Bk Phl SpWd HtWd DBr LBr Ndl1 NDl2+ Bd Co samples
BERG-I B16 16 1979 11 817 11.8 ± 0.3 59 ± 3 62 . 62 . 11 89 89 77 88 . 478

B32 32 1995 10 337 21.9 ± 0.4 122 ± 5 68 68 70 55 30 48 48 48 26 17 478
B40 40 2003 8 . 23.8 ± 0.5 139 ± 7 70 . 62 47 . . . . . . 179

BERG-II B08 8 2003 10 1574 6.1 ± 0.2 28 ± 2 20 . 20 . . 10 10 10 . . 70
BRAY B26 26 1995 14 621 17.0 ± 0.3 82 ± 4 52 22 63 51 . 101 39 74 . . 402
BILOS B50 50 2000 12 223 20.7 ± 0.4 118 ± 5 32 32 36 27 4 14 14 27 12 . 198

At each site, the circumference at breast height (CBH) of all living
trees was measured and 8–14 trees representing all the dimension
classes were cut down. Total tree height was measured. Along the
stem, “annual shoots” (the vertical fraction of the stem formed during
one growing season) were measured along with their length and their
mid-length circumference. The cambial age of each annual shoot was
determined by numbering them in ascending order from the top of
the tree (cambial age = 1) to the soil (cambial age = age of the tree).

2.3. Tree sampling for nutrient analysis

An intensive study of carbon concentration in Pinus pinaster con-
firmed the relevance of a sampling design that split the stem into ho-
mogeneous tissues (Bert and Danjon, 2006). Indeed, based on the
knowledge of the concentration of one element at the tissue scale,
such an approach enables the average concentration of the stem to be
determined. A similar sampling design was thus used in the present
study.

Stems were sampled either by cutting a 5- to 10 cm-thick disk
in the middle of the annual shoot, or, in the case of B32, by col-
lecting several wood cores (in the N, W, S, E directions) in the mid-
dle of the annual shoot using a Pressler’s increment borer (diameter
= 5 mm). Stem annual shoots were sampled either at regular incre-
ments of cambial age (B08 and B32) or at the same distance from
each other (2.0–2.5 m; B16, B26 and B40). Stem samples were split
into heartwood, sapwood, phloem and bark, then oven-dried at 65 ◦C
to constant weight.

Living branches were collected along the stem either at regular
increments of cambial age or at regular intervals. The diameter of liv-
ing branches was measured 10 cm from their base. The wood, phloem
and bark of living branches were not separated and from now on, all
are referred to as “living branches” (LBr). The whole branch was har-
vested except in the case of B26 where only the apex of each living
branch was sampled (the diameter was measured 10 cm from the cut).
In BERG-I, no branch from the B40 sampling was analysed because
the tree canopy was exposed to intense sunlight due to the windthrows
that had occurred three years previously, which we considered being
likely to introduce a bias.

Keay et al. (1968) and Monge (1970) showed that nutrient con-
centrations in one-year-old needles differed significantly from those
in older needles. We consequently split needles into two groups: one-
year-old needles (Ndl1), and needles that were more than one year
old (Ndl2+), the latter group mainly comprised two-year-old needles
(Porté et al., 2000).

In B16 and B32 sampling operations, some dead branches (DBr),
buds (Bd) and cones (Co) were also collected for analysis. Individual

samples of dead branches were bulked into one composite sample per
tree.

2.4. Chemical analyses

A total of 1607 samples were prepared for the determination of
total N, P, K, Ca and Mg concentrations (Tab. I). Except for buds
and needles, the samples were first crushed (mesh size � 1 cm) and
then homogenised. Then an aliquot (10–300 g) from each sample was
ground (mesh size = 0.5 mm) before analysis.

N concentration was determined by thermal conductimetry. For P,
K, Ca and Mg, the analyses were performed by dry nitric acid di-
gestion followed by ICP spectrophotometry quantification calibrated
with certified references. For all elements, the quality of the analy-
ses performed in the laboratory (INRA–USRAVE) was checked by
participating to a few laboratory ring tests (ICP-FOREST; IPE). All
the tests (n = 108) for the nutrients considered in our study were cor-
rect:

⌊(
xring − xlab

)/
σring

⌋
< 2. The samples analysed in the 1980s

(B16) were digested with perchloric acid, except for the samples used
for determination of N, which were digested with sulphuric acid.
N and P were quantified using a colorimetric method. K, Ca and
Mg were quantified with an atomic absorption spectrometer. Some
of the 1980s samples (mainly wood P concentration) were between
the limit of quantification and the limit of detection and were con-
sequently discarded. Results of P concentrations obtained after per-
chloric acid mineralisation (B16 sampling) rather than after nitric
acid mineralisation (B08-B26-B32-B40 samplings) were slightly cor-
rected (–12%) based on the results of an intercalibration test (Daniel
et al., 1993). Sampling stemwood with the increment borer method
has been shown to introduce some bias in the estimation of nutrient
concentrations (Augusto and Bert, 2005). The concentration values of
sapwood and heartwood were consequently corrected (from –12% to
+15%) when the increment borer method was used (B32 sampling).
As the corrections were of low magnitude and concerned only a few
compartments in two samplings, their impact on the final mean con-
centrations was slight (e.g. sapwood: N = +2.4%, P = +5.4%, K
= +2.5%; heartwood: Ca = –4.1%; Mg = –3.4%; stem bark: P =
–4.5%). The parameters of the regression relationships were not sig-
nificantly modified by the corrections of the concentrations (data not
shown).

2.5. Measurement or estimation of the dimensions
of the stem compartment

The image of one transversal section of each stem disk was digi-
talized for half of the stem samples. Heartwood thickness (Theartwood),
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sapwood thickness (Tsapwood), phloem thickness (Tphloem), and bark
thickness (Tbark) were measured in the N, W, S, E direction (stem ra-
dius = Theartwood + Tsapwood + Tbark + Tphloem) using dedicated software.
Mean quadratic thickness was calculated for each type of tissue of the
disk. Measurements were carried out on half of the samples. For the
other half of the stem samples, Theartwood, Tbark, and Tphloem were es-
timated according to allometric relationships fitted and validated in
the study region (Bert, unpublished data; Appendix 1). Tsapwood was
simply estimated according to stem circumference under the bark and
Theartwood. The estimates were then validated using the set of measured
values: no significant deviation was observed between estimated and
measured values.

For each stem sample, the mean concentration of each nutrient was
calculated for stem and stemwood. Here, “stem” is defined as the disk
section of the trunk that included all tissues (heartwood + sapwood +
phloem + bark) whereas “stemwood” consisted of the same section
but only included the wood tissues (heartwood + sapwood). Before
calculating the mean nutrient concentration, the concentration of each
compartment was weighted according to its density and volume in the
sample.

The mean concentration of nutrients in the stem (heartwood + sap-
wood + phloem + bark) was also calculated at the tree scale. To this
end, the mean concentration of nutrients in all annual shoots of the
stem was calculated. To take into account the contribution of the dif-
ferent annual shoots to the stem biomass, the concentration of each
annual shoot was weighted by the shoot biomass for the calculation of
the mean concentration. As the nutrient concentration was not mea-
sured in all the annual shoots, the mean concentration of the stem at
the tree scale was calculated according to the regressions established
for at the annual shoot scale (R1 regressions: see below).

2.6. Statistical analyses and evaluation

The statistical analyses were computed with SAS-STAT software
(SAS Institute Inc., NC-USA). Analysis of variance (ANOVA) was
performed to assess tree age, tissue dimension and individual tree ef-
fects and interactions. Since values of nutrient concentration may be
nested (e.g. by individual tree), we then used a mixed linear model
with tree age, tissue dimension and age × dimension effects as fixed
effects and individual trees as random effects. The outcome of both
the generalised linear model (ANOVA) and the mixed linear model
were very similar, but we preferred the mixed linear model in order
to account for a possible nesting effect of the concentration values.
The Bonferroni adjustment in the Least Squares Means Differences
procedure was used to assess the differences between classes for a
given variable. The significance levels cited throughout this paper re-
fer to these Bonferrroni adjusted P levels.

Independent variables used to predict nutrient concentrations were
tree dimensions (height; circumference at breast height), tree social
status defined as ‘tree CBH / mean CBH of the stand’, dimensions
of the tree compartments (basal branch diameter; compartment thick-
ness), cambial age, and the position of the sample in the tree (sample
height; relative height; distance to the tree top).

Two types of regression were built.
R1: [nutrient] = α1 · (dendrometric variable)β1

with α1 > 0 and β1 < 0

R2: [nutrient] =
(α2 · (dendrometric variable) + β2)

((dendrometric variable) + γ2)
The R1 regression can be fitted for most regular non-linear curves, but
it gives unrealistic nutrient concentrations (0 and + ∞) for extreme

dendrometric values (+∞ and 0). Conversely, the R2 regression en-
ables calculation of acceptable concentration values (α2 and β2/γ2)
for extreme dendrometric values (+∞ and 0).
The regression efficiency (RE) was quantified as follows:

RE = 1 −
∑

(yi − ŷi)
2

∑
(yi − ȳ)2

where ȳ is the mean of observed values, y is the observed value and ŷ
the simulated value.

RE ranges from 0 (regression not better than ȳ) to 1 (perfect rela-
tionship).

An independent validation dataset of N concentration was used for
validation. The set was taken from unpublished data from a previous
study (Bert and Danjon, 2006). Briefly, the dataset included 198 mea-
surements of nitrogen concentration in 12 Pinus pinaster trees grow-
ing in a 50-year-old stand (BILOS stand; B50 sampling; Tab. I). This
stand was also located on wet moorland but was less productive. The
error of prediction was calculated for each compartment as follows:

Error =

∣∣∣ [N]predicted − [N]measured

∣∣∣
[N]measured

× 100·

3. RESULTS

3.1. Nutrient concentrations

3.1.1. General ranking of the tissues

Mean concentration values per compartment are presented
in Table II. Based on their nutrient concentrations, the above-
ground compartments generally ranked as follows: buds >
needles > (phloem; branches; cones; stem bark) > stemwood.

3.1.2. Stem and stem tissues

No significant relationship appeared between the nutri-
ent concentration of the stem phloem and any variable (or
any combination of variables) tested, namely tree dimensions
(height; circumference at breast height), tree social status, the
dimension of the tree compartment (phloem thickness), cam-
bial age, and the position of the sample in the tree (sample
height; relative height; distance to the top of the tree).

For the other stem tissues (bark, sapwood and heartwood),
the concentrations of the five nutrients investigated varied with
increasing stem tissue thickness (Figs. 1 and 2; mean values
in Tab. II). Globally, concentrations decreased with increas-
ing stem tissue thickness. Logically, aggregating tissues into
composite compartments (stemwood and stem) also showed
decreasing nutrient concentrations with increasing stem diam-
eter (Fig. 3). No clear effect of tree age or cambial age was
detected, even if some interactions with tissue dimension were
significant. However, these interactions were mostly due to a
site effect and were not confirmed by the validation dataset.

One notable observation was that nutrient concentrations
stabilized at a certain stem diameter, even when the stem di-
ameter continued to increase. This plateau value was reached
for a stem diameter of around 10 cm and 15 cm for stemwood
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and stem (mean plateau values for stem: 0.94±0.03 mg-N.g−1;
0.061±0.003 mg-P.g−1; 0.73±0.03 mg-K.g−1; 0.94±0.02 mg-
Ca.g−1; 0.32±0.01 mg-Mg.g−1), respectively. This limit corre-
sponded to a distance from the top of the tree of around 4.5 m
and 8.0 m for stemwood and stem, respectively.

3.1.3. Living branches

As was the case in stem tissues, nutrient concentrations
in living branches decreased with increasing branch diameter
(Figs. 1 and 2; mean values in Tab. II). Variations in nutri-
ent concentrations were more pronounced in branches than in
stem tissues. Nutrient concentrations in living branches were
clearly not correlated with the cambial age of the stem but with
branch diameter (see for example N concentration in Fig. 4).
No clear effect of tree age was detected.

In living branches, nutrient concentrations reached a
plateau value at a branch diameter of around 2.5 cm (mean
plateau values for living branches: 2.48 ± 0.07 mg-N.g−1;
0.22 ± 0.01 mg-P.g−1; 1.45 ± 0.05 mg-K.g−1; 3.22 ± 0.08 mg-
Ca.g−1; 0.66 ± 0.02 mg-Mg.g−1). This diameter class was ob-
served 2–6 m below the top of the tree.

3.1.4. Needles, buds, cones and dead branches

Among needles, one-year-old needles (Ndl1) were signif-
icantly richer in N, P and K than older needles (Ndl1/Ndl2+

ratio: N = 1.12; P = 1.30; K = 1.32), while the opposite result
was obtained for calcium (ratio = 0.61). The concentration of
magnesium did not vary with needle age.

No significant relationship was observed between the nutri-
ent concentration of each needle age class and any variable (or
combination of variables) tested. The same results were ob-
tained for buds and dead branches. Consequently, the nutrient
concentrations of these compartments were considered to be
constant in our study context. The concentrations of P, K and
Mg in the cones increased from the bottom to the top of the
crown (data not shown).

3.1.5. Comparison of the two types of regressions

The two types of regressions were adjusted as a function of
branch diameter or compartment thickness. In most cases, the
R2 regression type was very slightly more efficient than the
R1 regression type. However, in the case of a very steep rela-
tionship slope, R2 parameters were not adjustable. In certain
other cases, R2 gave illogical parameters such as negative α2.
In these latter cases, we retained R1 while in the other cases,
we preferred R2 to R1. The parameters of these regressions
are summarized in Table III. The shape of the relationship
varied with the nutrient. Nitrogen, phosphorus and potassium
concentrations decreased steeply with increasing tissue dimen-
sions (Figs. 1 and 2) resulting in very negative β1 parameters.
The variations in calcium concentrations were slight (Fig. 2),
except in stem bark. Magnesium concentrations displayed in-
termediate behaviour between calcium and other nutrients.
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Figure 3. Relationships between nutrient concentration (mg g−1) of
the stem (all stem tissues combined) of an annual shoot and the stem
diameter (m) of the same annual shoot. (a) Measured P concentra-
tion = closed circle; measured Mg concentration = open triangle; re-
gression function for P = solid line; regression function for Mg =
dashed line. (b) Measured N concentration = closed circle; measured
K concentration = open triangle; measured Ca concentration = grey
square; regression function for N = solid line; regression function for
K = dashed line; regression function for Ca = dotted line. The param-
eters of the regression functions are summarized in Table III.

3.2. Validation of the nitrogen results

We used the independent 50-year-old tree dataset to evalu-
ate our regression relationships for N concentrations. For the
branch, stem bark and sapwood compartments, the previously
established regressions were mainly correct (mean error of
prediction = 20%, 14% and 23%, respectively). The N con-
centrations in the heartwood in the validation dataset showed
values around the upper limit of the confidence interval (mean
error = 32%). The regression relationships established for N
concentration in aggregated compartments (stem and stem-
wood) were consistent (mean error = 19% and 28%, respec-
tively) with the validation dataset (Fig. 5).

For compartments with constant concentrations, compar-
ison of the validation dataset with the calibration dataset
(Tab. II) gave quite satisfactory results for buds (validation
dataset: 15.25±0.77 mg-N.g−1), one-year-old needles (10.37±
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Figure 1. Relationships between P or Mg concentrations of living branches or stem tissues (bark, sapwood or heartwood) and the dimensions
of the same compartment. Measured P concentration = closed circle; measured Mg concentration = open triangle; regression function for P =
solid line; regression function for Mg = dashed line. Dimensional predicting variable = branch diameter (m) or stem tissue (bark; sapwood;
heartwood) thickness (m). Branches were analyzed at the complete branch scale whereas the stem tissues (bark; phloem; sapwood; heartwood)
were analyzed at the annual shoot scale. Nutrient concentration values are expressed as mg g−1. The parameters of the regression functions are
summarized in Table III.
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Figure 2. Relationships between N, K or Ca concentrations of living branches or stem tissues (bark, sapwood or heartwood) and the di-
mensions of the same compartment. Measured N concentration = closed circle; measured K concentration = open triangle; measured Ca
concentration = grey square; regression function for N = solid line; regression function for K = dashed line; regression function for Ca = dotted
line. Dimensional predicting variable = branch diameter (m) or stem tissue (bark; sapwood; heartwood) thickness (m). Branches were analyzed
at the complete branch scale whereas the stem tissues (bark; phloem; sapwood; heartwood) were analyzed at the annual shoot scale. Nutrient
concentration values are expressed as mg g−1. The parameters of the regression functions are summarized in Table III.
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Figure 4. Relationship between N concentration of living branches
and branch diameter in 32 year-old trees. Cambial age of the stem
section supporting the living branch: 3 y = open circle, 6 y = open
diamond, 9 y = grey diamond, 12 y = closed diamond, 15 y =
closed square. Dimensional predicting variable = branch diameter
(m). Branches were analyzed at the complete branch scale. Nutrient
concentrations are expressed as mg g−1.
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Figure 5. Validation of regression function predicting the N con-
centration of the stem compartment at the annual shoot scale from
the stem diameter of the same annual shoot. Stem compartment =
all stem tissues combined. N concentration of the stem measured in
annual shoots from the Bilos stand (50-years-old) = closed circle; re-
gression function predicting the N concentration (mg g−1) of the stem
at the annual shoot scale (established on the five other stands) = solid
line; 95% confidence interval of the regression = dotted line.

0.57 mg-N.g−1) and older needles (10.24 ± 0.34 mg-N.g−1),
but not for dead branches (1.60 ± 0.18 mg-N.g−1). For stem
phloem, the validation dataset showed N concentrations which
decreased with increasing phloem thickness. This negative re-
lationship contrasted with the constant value calculated from
the calibration dataset. This discrepancy was due to the too
narrow range of the predicting variable in our calibration
dataset (phloem thickness = 1.5–3.0 mm) compared to the val-
idation dataset (phloem thickness = 0.8–3.1 mm).
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Figure 6. Relationship between the average N concentration of the
stem (all stem tissues combined) at the tree scale and stem diameter
at breast height. closed diamond = average N concentration of the
stem at the tree scale estimated according to regressions established
for stem at the annual shoot scale; regression function between the
N concentration of the stem at the tree scale and the stem diameter
at breast height (DBH) = solid line (see Tab. IV for details on the
regression function and its parameters); average N concentration of
the stem (non weighted arithmetic mean of all N concentration data
for stems at the annual shoot scale of the study) = dotted line; average
plateau value of the N concentration in stem sections (annual shoot
scale; only samples with a diameter of the stem ≥ 15 cm) = dashed
line. Concentration values are expressed in mg g−1. Range of validity
of the regression: DBH = 0.06–0.55 m.

3.3. Prediction of nutrient concentrations in the stem
at the tree scale

In most reports found in the literature, the authors only con-
sidered the mean nutrient concentration of the tree stem. Using
the present dataset, we compared our mean nutrient concen-
trations (global mean values (Tab. II); mean plateau values
(Fig. 3)) with the concentration calculated at the tree scale.
The concentration calculated at the tree scale decreased with
increasing stem diameter at breast height (for example of N,
see Fig. 6). As the mean concentrations of all stem sections
(Tab. II) were calculated for all samples but without weighting
by the section biomass, they overestimated the mean nutrient
concentrations in the tree stem (dotted line; Fig. 6). The devi-
ation was almost nil for 8-year-old pines (–3 to –7%; mean
deviation per nutrient) but increased steeply for older trees
(40-year-old pines: +72 to +106%). On the other hand, the
mean plateau values tended to underestimate nutrient concen-
trations in the tree stem (dashed line; Fig. 6) for small trees (8-
year-old pines: –41% to –61%) because they did not take into
account the young sections of the stem. This shift decreased
with increasing stem diameter until consistency was reached
at around 26–32 years and older (–16% to +15%). The re-
lationships between the nutrient concentration in the stem at
the tree scale and the stem diameter at breast height were re-
gressed according to the R1 regression form (Tab. IV). No con-
fidence interval is given for the regression parameters because
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Table IV. Values of the parameters for regression functions simu-
lating at the tree scale the relationship between the average nutrient
concentrations of the stem and the diameter of the stem at the breast
height (DBH). Regression functions were as follows: [nutrient] =
α × DBHβ. DBH = stem diameter at breast height (m). The nutri-
ent concentration values (mg g−1) of the stem compartment (stem =
bark, phloem, sapwood and heartwood combined) were calculated at
the tree scale according to the concentration values of each annual
shoot which were estimated with the regression functions established
at the annual shoot scale (Tab. III).

Nutrient α β

N 0.6208 –0.4066
P 0.0466 –0.5036
K 0.4275 –0.4431
Ca 0.5389 –0.4890
Mg 0.2020 –0.4500

the concentrations of the stem were already estimated accord-
ing to the regressions established at the scale of the annual
shoot (Tab. III).

4. DISCUSSION

4.1. Distribution of nutrients among and within tissues

4.1.1. Distribution among tissues

As has already been shown (Merino et al., 2005), nutri-
ent concentrations vary greatly among tree tissues: (canopy;
stem bark and phloem) > stemwood. Even within the stem,
tissues ranked by nutrient concentration (Penninckx et al.,
2001; André and Ponette, 2003) showed sapwood to contain
higher concentrations than heartwood, at least of N, P and K
(Meerts, 2002). Differences between sapwood and heartwood
can mainly be explained by the lack of physiological activity
in heartwood and by the structural and chemical changes that
occur during the formation of heartwood (Bergstrom, 2003).
Generally speaking, there was a gradient of nutrient concen-
trations among tissues from the almost dead and very nutrient-
poor heartwood to very active and nutrient-rich buds. The
same hypothesis of a decrease in physiological activity (War-
ren, 2005) may also explain the differences in N, P and K
among needle age classes (Seillac, 1962; Wyttenbach and To-
bler, 1988). Conversely, Ca concentrations in foliage increased
from one-year-old to two-year-old needles (Ndl1 < Ndl2+),
suggesting a general accumulation of this rather immobile
nutrient with increasing needle age (Wyttenbach and Tobler,
1988). All these results are probably the consequence of the
translocation behaviour of the nutrients concerned (see below).

4.1.2. Distribution within each tissue

Some authors reported vertical variations in nutrient con-
centrations in foliage (Lopez-Serrano et al., 2005) related to

the effect of exposure to light (Warren and Adams, 2001). This
result was not confirmed in the present study. This difference
was probably due to the relatively low density of our pine
stands (< 1 600 stems.ha−1 versus 5 000–46 000 stems.ha−1

for Lopez-Serrano et al., 2005) which, in our case, resulted in
high light transmittance. Keay et al. (1968) did not observe
a vertical gradient in nutrient concentrations in needles in a
13 year-old Pinus pinaster stand comprising 1950 stems.ha−1.
Thus, in open pine stands, it appears that nutrient concentra-
tions in the foliage depend mainly on needle age, but not on the
vertical position of the needles, tree age or stem cambial age.
As this result depended on the local management of stands,
our constant values should be used with caution outside the
context of the present study.

In living branches, stem bark, and stemwood, there is a
global decrease in concentration with increasing diameter
or thickness of the compartment (André and Ponette, 2003;
Rytter, 2002). This decrease is more pronounced for N, P and
K than for Mg and particularly Ca (Finer and Kaunisto, 2000).
As already mentioned by Rytter (2002), it is difficult to distin-
guish the effect of tree age from the effect of tree dimensions
as the two are linked. However, in our study, when comparing
trees or compartments of the same age but of different size,
it appeared that nutrient concentrations were more related to
dimensions than to tree age or to cambial age (Fig. 4). Our
results indicate that nutrient distribution in the upper part of
the stem of old trees is similar to that of the whole stem of
younger trees of similar size. This is partially supported by the
B26 method of sampling of living branches: the nutrient con-
centrations of the extremities of branches of 26-year-old trees
were similar to those of complete branches of 8 to 32-year-
old trees of similar diameter (data not shown). In an intensive
study of the stemwood of a Eucalyptus hybrid, Saint-André
et al. (2002) showed that tree age influenced K and N con-
centrations. However, this result was mostly observed in the
one-year-old rings. As we only studied bulk samples of wood
for which the relative weight of the youngest ring was low, this
would explain why we observed almost no effect of tree age.

Negative relationships between nutrient concentration and
stem radius are commonly observed in trees (Rochon et al.,
1998). Several processes could explain such a distribution.
First, some compartments are composed of a few tissues that
have different nutrient concentrations. For instance, branch
bark presents much higher nutrient concentrations than branch
wood (Young and Guinn, 1966). As the proportion of bark
decreases with increasing branch diameter, concentrations in
the whole branch decrease mathematically along the same
dendrometric gradient. Secondly, some nutrients are highly
translocated from old wood rings to younger rings. This pat-
tern induces a decrease in nutrient concentration with increas-
ing compartment dimension. Ring to ring translocation oc-
curs mainly between the youngest rings (Colin-Belgrand et al.,
1996) which is concordant with the plateau of nutrient con-
centration observed for the largest dimensions of the compart-
ments (Figs. 1 and 2). Translocation concerns N, P, K and –
to a lesser extent – Mg more than Ca (Colin-Belgrand et al.,
1996). The main hypothesis explaining the difference in be-
haviour between N, P and K on one hand and Ca on the other
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hand is that the former are mostly located in mobilizable forms
whereas the latter is mostly sequestered in permanent struc-
tures such as cell walls or lignin (Meerts, 2002) and presents
a low solubility in phloem vessels. Beyond a certain value
of the compartment dimension, at which the proportion of
tissues was quite stable and nutrient translocation was in-
significant, the mean nutrient concentration became relatively
constant (“plateau value”). The mean value of the nutrient
concentration can thus be directly used to estimate the nutri-
ent content of the compartment. Mean plateau values should
be used for adult trees instead of the α2 values for two rea-
sons: (i) it was not possible to calculate the α2 parameter in all
cases and (ii) α2 parameter is an extreme theoretical value and
hence not representative of the whole range of plateau values.
Indeed, the (plateau value/α2 value) ratio was 2–15 in most
cases and even higher in the other cases.

4.2. Validation of the predictive relationships

An independent nitrogen dataset was used to test the fit-
ted regressions and calculated constant concentrations. Results
were satisfactory for most of the compartments of the living
canopy and stem, showing that the estimated concentrations
were reliable.

However, for three compartments, our estimates of nutri-
ent concentrations could be still improved. For stem phloem,
it appeared that our conclusion concerning a constant nitrogen
concentration was due to the too narrow range of the predicting
variable in the calibration dataset. The validation dataset was
thus used to calculate the parameters of the R1 regression type
(α1 = 0.2123; β1 = −0.4608; r2 = 0.81; phloen thickness in
m). Estimates of the nitrogen concentration in stem heartwood
showed some variability among sampling operations and more
information on this compartment would improve the accuracy
of the predictive relationship. Finally, the sampling design for
dead branches appeared to be far too simple, as no compart-
ment dimension was recorded (see Material and methods sec-
tion). This was probably the main reason for the discrepancy
between estimated and measured values and additional work
is necessary concerning this compartment.

4.3. Range of validity of the approach

A preliminary study (Dumery, 1973) compared the nutri-
ent concentration of Pinus pinaster stands in the various site
classes in the same region as ours. This author did not ob-
serve any systematic and significant difference among the site
classes. In our study, the stand used for the validation dataset
was outside the range of age of the calibration dataset (50 y
and 8–40 y, respectively) and had a very different growth rate.
We can thus conclude that our results are reliable in different
contexts in south-western France. Average nutrient concentra-
tions for our stands are generally similar to values reported
in literature for Pinus pinaster stands from other regions in
the world (Tab. II). We can thus assume that the present re-
gressions deliver reliable estimates of the nutrient contents of

Pinus pinaster in most pedological contexts and that nutrient
concentrations are not greatly modified by the soil nutritive
status.

One can also question the sensitivity of the nutrient concen-
trations of the tree to management of stand nutrition. Stem-
wood nutrient concentrations measured in adult trees through
bulk sampling were found to be not significantly modified
by NPK fertilization (Finer and Kaunisto, 2000; Heilman and
Gessel, 1963), liming (Houle et al., 2002) or experimental soil
acidification (DeWalle et al., 1999). This reveals a high degree
of homeostatic control of tree chemistry for most elements
(Smith and Shortle, 2001), even though some exceptions ex-
ist (e.g. Watmough et al., 1999). Conversely, fertilization has
often been shown to have a significant effect on the nutrient
composition of foliage and sometimes of branches and stem-
bark (Heilman and Gessel, 1963; Nilsson and Wiklund, 1995).
Overall, intensive nutrition management seems to mostly mod-
ify the canopy of a tree but to only slightly modify its trunk.
Therefore, we can conclude that the reliability of our regres-
sions probably follows the same pattern, and estimated nutri-
ent concentrations of Pinus pinaster trunk are thus reliable and
accurate, even though some slight interactions with the soil
properties may exist. On the other hand, our regressions for
the canopy should be used with caution.

4.4. Estimation of the nutrient content of aboveground
tree compartments

Some compartments of the canopy (needles; buds) did not
show any explainable variation of their nutrient concentra-
tions. Hence, the stand nutrient content of these compart-
ments can be estimated using constant concentration values
and biomass estimates at the stand scale (e.g. for tree needles,
Porté et al., 2000). For the other aboveground compartments,
more detailed data on tree dimensions are required. Nutrient
content of living branches can be estimated providing that the
diameter of all branches is given by a branch model. This vari-
able can be used to estimate both the biomass of the branch
(Porté et al., 2002) and its nutrient concentrations. Similarly,
the nutrient content of the trunk can be estimated if its diam-
eter is available for various heights. For maritime pine stands,
the tree growth model Pp3 (derived from Lemoine, 1991) cou-
pled with a stem profile model gives the dimensions of the tree
along the stem for all trees in the stand and at any age.

These proposals are an improvement on the model approach
proposed by Rodriguez-Soalleiro et al. (2007), notably for
young trees and for the canopy at any tree age. Indeed, our
results confirm that the largest branches (diameter ≥ 2.5 cm)
and stem segments (diameter ≥ 15 cm) have a fairly con-
stant nutrient concentration. As these compartments represent
the main contribution to the total aboveground biomass of the
adult tree, logically the mean nutrient concentration at the tree
scale should also be relatively constant. However, in the case
of young trees, the proportion of tissues with a constant con-
centration is lower. Therefore, using a single value for nutrient
concentration leads to significant errors in estimation (up to
106% in our case). Using the relationships described in the
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present study would improve the accuracy of estimates of the
nutrient content of Pinus pinaster stands. For this species, we
also proposed regressions to estimate the mean concentration
in the stem at the tree scale (Tab. IV). The reliability of the lat-
ter regressions is not certain in contexts that are different from
ours as the distribution of the stem biomass among the annual
shoots depends on at least the stand management (see com-
ments about the direct allometric relationships in the Intro-
duction section). Therefore, the dimensional relationship ap-
proach should be applied at the annual shoot scale (Tab. III), if
possible.

The objective of the present work was to link tree nutrient
concentration with easily accessible variables like tree dimen-
sions. Results showed that this goal was reachable. The relia-
bility of the regressions appears to be satisfactory for above-
ground nutrient content of Pinus pinaster. More field work
and analyses are required to determine similar relationships
for belowground tree compartments. The study of Gordon and
Jackson (2000) already supported the hypothesis that negative
relationships also exist between root diameter and root nutri-
ent concentrations. More generally speaking, the dimensional
relationship approach seems to be applicable to most woody
species. However, performing such a detailed study is costly
and very time consuming. It is consequently unrealistic to con-
clude that this approach should be used for all the tree species
of commercial interest. An intermediate solution between us-
ing a single concentration value and building complete dimen-
sional regressions could be estimating mean concentration val-
ues for a few dimension classes of each tree compartment.
For instance, André and Ponette (2003) proposed mean val-
ues of nutrient concentration for six diameter classes of living
branches in two hardwood species. Coupling such mean val-
ues with a model of biomass which also uses several classes
of branches as a function of their diameter (e.g. Bravo et al.,
2008 for Pinus pinaster) would enable estimation of the nutri-
ent content of the stand in a realistic and reasonable accurate
way.
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Appendix 1. Allometric relationships used to estimate
bark, phloem and heartwood thickness.

Tbark =

((
0.977 ×

(Dstem

DBH

))
− 0.082

)
× Tbark−BH

Tphloem = (0.00741×CUB) − (0.00025× AGEcambium)

− (0.00019 × Ht) −
(
5.88 · E−7 ×

(Httree

DBH

))
+ 0.00587

Theartwood = 0.099 ×
(
1 −
(
exp−24.903×(D2.6796

stem )
))

AGEcambium: Stem cambium age (y). CUB: Circumference un-
der bark (m). Dstem: Stem diameter (m). DBH: Stem diam-
eter at breast height (m). Ht: Height of the sample in the
stem (m). Httree: Tree height (m). Tbark: Bark thickness (m).
Tbark−BH: Stem bark thickness at breast height (m). Theartwood:
Stem heartwood thickness (m). Tphloem: Stem phloem thick-
ness (m).
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