Ann. For. Sci. 66 (2009) 412
c INRA, EDP Sciences, 2009

DOI: 10.1051/forest/2009014

Available online at:
www.afs-journal.org

Original article

Temporal trends in the foliar nutritional status of the French, Walloon
and Luxembourg broad-leaved plots of forest monitoring
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Abstract
• Two decades after the launching of the monitoring program of forest ecosystems in Europe (ICP
forests), a unique data set is now available regarding the foliar nutritional status of the main broadleaved species growing in much-diversified sites (soil, climate).
• This study focuses on the foliar concentration time series (1993 to 2005) of the French (RENECOFOR), Walloon and Luxemburg broad-leaved plots. The aim is to show long-term trends while taking
the inter-plot and inter-annual variability into account.
• Two kinds of statistical processing were used to analyze the data on foliar chemistry: principal
component analysis (PCAs) and linear mixed models. In general, the main temporal trends reveal a
decrease in the foliar P concentration and a decrease in the foliar Ca concentration, except for European beech on acid soils.
• These temporal patterns confirm the trends previously observed and could be explained by the joint
actions of several processes that influence tree nutrition in the long term: tree age, N and S deposition,
harvesting and climate.
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Résumé – Évolution du statut nutritionnel foliaire des placettes de feuillus des réseaux français,
wallon et luxembourgeois de suivi des forêts.
• Deux décennies après le lancement du programme de suivi des écosystèmes forestiers en Europe
(ICP forests), un jeu de données unique est à présent disponible concernant le statut nutritionnel foliaire des principales essences feuillues implantées dans des stations très diversifies du point de vue
du sol et du climat.
• Cette étude se focalise sur les séries chronologiques de teneurs foliaires (1993 à 2005) des placettes
de feuillus de France, Wallonie et Luxembourg. L’objectif est de mettre en évidence la tendance à
long-terme tout en prenant en compte la variabilité inter-placette et inter-annuelle.
• Deux types de traitements statistiques ont été utilisés pour analyser les données de nutrition foliaire : l’analyse en composantes principales (ACP) et les modèles linéaires mixtes. Globalement, la
tendance principale est une diminution généralisée de la teneur foliaire en P and une diminution de
la teneur foliaire en Ca, sauf en ce qui concerne le hêtre sur sols acides.
• Ces tendances temporelles confirment celles déjà observées par le passé et pourraient être expliquées par l’action combinée de diﬀérents processus influençant la nutrition des arbres à long-terme
(vieillissement, dépôts azotés et soufrés, exploitation, fructification).

1. INTRODUCTION
The nutritional status of forest stands can be assessed by
chemical analysis of nutrient concentrations in foliar tissues
(Marschner, 1995). However, foliar chemistry varies from
* Corresponding author: Mathieu.jonard@uclouvain.be

species to species (Hagen-Thorn et al., 2004) and also depends
on tree genotype, developmental stage and social status, and
on leaf location within the tree crown (Luyssaert et al., 2002).
Foliar nutrient concentrations fluctuate throughout the vegetative period (Le Tacon and Toutain, 1973) and from year to year
depending on the climatic conditions (Hippeli and Branse,
1992; Schleppi et al., 2000).
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The long-term trends in foliar chemistry reflect tree aging
and the environmental eﬀects on tree nutrition, such as the impacts of air pollution and climate change. Nitrogen (N) and
sulfur (S) deposition caused by anthropogenic emissions (e.g.
fuel combustion, intensive agriculture) may induce or aggravate nutritional imbalances in nutrient-poor forest ecosystems.
Although tree nutrient demand augments with increased forest
productivity resulting from the fertilizer eﬀect of N deposition
(Mellert et al., 2004) and from certain changes in sylvicultural practices and in climate conditions (Lebourgeois et al.,
2001), the supply of P and base cations remains generally low
in forest soils and is likely to decrease with soil acidification
(Adams, 1999).
In order to show long-term nutritional trends, long time series are required. In the past, such data sets were scarce and
were obtained, for example, by using the control plots of fertilization or thinning trials (Mellert et al., 2004). Another option
consisted in re-sampling stands after a certain time lag (Alfani
et al., 2000; Duquesnay et al., 2000); however, this method
did not allow researchers to separate the long-term trends from
the inter-annual variability. At present, large data sets on forest functioning are available in Europe since forest monitoring
has started more than 20 years ago thanks to ICP forests and
the European Commission. Based on data analyzed at national
level, the temporal variation in foliar chemistry has already
been described for several regions (Flückiger and Braun, 1998;
Thelin et al., 1998; Luyssaert et al., 2004; 2005). Generally,
the temporal pattern is characterized by an increase in foliar
N concentration and a decrease in foliar phosphorus (P), calcium (Ca), magnesium (Mg) and potassium (K) concentrations
(Duquesnay et al., 2000; Flückiger and Braun, 1998; Luyssaert
et al., 2004; Mellert et al., 2004; Thelin et al., 1998).
This study focus on the foliar concentration time series
(1993 to 2005) of the French (RENECOFOR), Walloon and
Luxemburg broad-leaved plots of the level II network (ICP
forests and EC). The aim is to (i) detect any long-term trends
while taking the inter-annual and inter-plot variability into account and (ii) propose hypotheses which might explain the
temporal variations observed.

Figure 1. Plot location. Plots where deposition and meteorology were
measured are surrounded by a circle.

each group are presented in Table I. Regarding the French plots, further details can be obtained on soil types (Brêthes and Ulrich, 1997),
soil chemical properties (Ponette et al., 1997) and stand characteristics (Cluzeau et al., 1998).

2.1. Leaf sampling
The sampling method, the sample treatments and the chemical
analyses were comparable in each country and are described in detail in Ulrich et al. (1994) and in Croisé et al. (1999). Sampling was
carried out between 15 July and 31 August. On all plots, branches
were taken from the upper third of the crown of 8 dominant trees
using a hunting gun. Leaves were then separated from twigs. The individual samples were oven-dried at 40 ◦ C and were pooled per plot.
In addition, the dry weight of 100 leaves (oven-dried at 80 ◦ C) was
determined.

2. MATERIAL AND METHODS
2.2. Element analyses
The data set available for this study comprises 57 monitored plots
(level II + Level III) from three countries (France: 50 plots, BelgiumWallonia: 5 plots, Luxemburg: 2 plots). In France, foliar sampling
was carried out every year from 1993 to 1997, again in 1999, 2001
and 2005; in Wallonia, sampling was achieved in three successive
years 1996, 1997, 1999, then alternately in 2001, 2003 and 2005; the
two Luxemburg plots were sampled every year from 1994 to 1999,
then alternately in 2001, 2003 and 2005.
The plots were divided into 4 groups according to tree species and
soil pH (acid soils: pH H2 O in the 0–20 cm horizon < 5.5, eutrophic
soils: pH > 5.5); the four groups are pedonculate oak on acid soils,
sessile oak on acid soils, European beech on acid soils and European
beech on eutrophic soils (Fig. 1). Tree species and soil acidity are indeed the two factors that best explained the variability in foliar chemistry between plots (Jonard et al., 2008). The main soil properties of

Regarding the French and the Luxembourg networks, the elemental composition (P, Ca, Mg, K) of the leaves was determined by ICP
spectrometry after combustion in a muﬄe furnace at 450 ◦ C and ash
dissolution with HF (from 1993 to 1995 and in 2005) or after wet
digestion with a mixture of HNO3 , H2 O2 and HF (between 1996
and 2001). Foliar N concentration was determined by the Kjeldahl
method. Sulfur was determined by ICP spectrometry after wet digestion with a mixture of HClO4 and HNO3 (Croisé et al., 1999). Concerning the Walloon plots, the elemental composition (P, S, Ca, Mg,
K) of the leaves was determined by ICP spectrometry after wet digestion with a mixture of HClO4 and HNO3 . Foliar N concentration
was determined by the Kjeldahl method between 1996 and 2004 and
then with a CN analyzer. For the elements determined by diﬀerent
methods, comparisons ensured the consistency of the data set.
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Table I. Selected properties of the 0–20 cm horizon of the various plot groups (standard deviation).

Pedonculate oak acid soils
Sessile oak acid soils
European beech acid soils
European beech eutrophic soils

pH H2 O∗

9
22
18
8

4.8 (0.3)
4.5 (0.2)
4.5 (0.2)
7.0 (0.7)

C
(g kg−1 )
24.2 (9.2)
24.1 (7.3)
36.1 (22.8)
54.6 (26.4)

N
(g kg−1 )
1.7 (0.6)
1.4 (0.4)
2.2 (1.3)
3.7 (1.8)

Exch-Ca∇
(cmolc kg−1 )
4.05 (4.39)
0.57 (0.35)
0.78 (0.82)
27.76 (14.06)

Exch-Mg∇
(cmolc kg−1 )
0.84 (0.71)
0.25 (0.21)
0.20 (0.18)
0.78 (0.23)

Exch-K∇
(cmolc kg−1 )
0.20 (0.11)
0.13 (0.06)
0.13 (0.03)
0.18 (0.09)

Rainfall (mm)

500
400
Rainfall
Air temperature

300
200
100
0

-1

600

20
18
16
14
12
10
8
6
4
2
0

-1

700

Mean fruit fall (kg ha yr )

Soil solution ratio 1:5;  CHN analyser; ∇ BaCl2 method.

Air temperature (°C)

∗

n

1993 1995 1997 1999 2001 2003 2005
Figure 2. Temporal variation of rainfall and mean air temperature
during the growing season (25 March to 5 October).

2.3. Additional data
In order to interpret the temporal trends in foliar nutrition, we used
additional information on rainfall, air temperature, fruit fall and atmospheric deposition. Measurements of rainfall and air temperature
were obtained from the exposed meteorological stations located in
the vicinity of the 10 level III plots (Fig. 1). Rainfall was measured
weekly using manual rain gauges from 1993 onwards and air temperature was measured hourly with thermocouples as of 1995. The
inter-annual variations of rainfall and mean air temperature during
the growing season (25 March to 5 October) are described graphically in Figure 2.
Acorns and beechnuts were collected in 10 litter traps per plot
placed according to a systematic design (interception area of a trap:
0.5 m2 ). Litterfall was collected four times per year. The collected
samples were air-dried and sorted into leaves, branches and fruits of
the dominant tree species. All components were oven-dried at 105 ◦ C
during 24 h and weighed. The inter-annual variations of fruit fall between 1993 and 2005 are presented for each plot group in Figure 3.
Atmospheric deposition of N (N_NO3 and N_NH4 ) and S (S_SO4 )
was evaluated at the 10 level III plots (Fig. 1) based on throughfall
deposition for oak and on throughfall plus stemflow deposition for
beech. Throughfall was collected in three gutters (total interception
area: 0.85 m2 ) connected to a polyethylene barrel. Stemflow was collected using flexible troughs (in polyethylene foam) placed around
the trunk of two trees per plot and connected to polyethylene barrels.
Every week from 1993 to 2005, water volume was determined by
measuring the water height in the barrels and a water sample was
collected. Throughfall and stemflow samples were stored at 4 ◦ C
and pooled together by 4-week periods before processing to chemical analyses. NO−3 , NH+4 and SO2−
4 concentrations were determined
by ion chromatography. Annual throughfall/stemflow deposition was

900
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Sessile oak on acid soils
European beech on acid soils
European beech on eutrophic soils
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Figure 3. Temporal variations of fruit fall for the diﬀerent groups of
plots.

calculated by multiplying ion concentrations by throughfall/stemflow
volumes of 4-week periods and by summing it over the year. The
temporal trends in N and S deposition are presented in Figure 4.

2.4. Statistical analyses
Two kinds of statistical processing were used to analyze the temporal pattern of nutrient concentrations (N, S, P, Ca, Mg, K) and the
mass of 100 leaves: principal component analysis (PCAs) and linear
mixed models.
For each plot group, detrended PCAs were carried out with the
SPAD software (version 4.51, CISIA-CERESTA, Paris, France) on
the annual foliar concentrations from which the plot mean was first
subtracted in order to show the inter-annual variations more precisely.
For all the plot groups, a linear mixed model was used to evaluate
the temporal trend (linear fixed eﬀect) as well as the inter-plot and the
inter-annual variability (random eﬀects):
Y = a + b N_year + χ(0, σ2χ ) + θ(0, σ2θ ) + ε(0, σ2ε )

(1)

where Y is the independent variable (foliar concentrations, mass of
100 leaves), N_year is the number of years since 1992, a and b
are model parameters, χ is the random eﬀect “year” whose variance
(σ2χ ) reflects the inter-annual variability, θ is the random eﬀect “plot”
whose variance (σ2θ ) reflects the inter-plot variability within a group
of plots, ε is the residual term and σ2ε is the associated variance. The
model was adjusted on the full data set taking all the available years
into account and on a restricted data set considering only the years
1993, 1997, 2001 and 2005 in order to get a balanced sampling design and avoid leverage eﬀects; the fitting was carried out with the
MIXED procedure of the SAS software (version 9.1; SAS institute

412p3

Ann. For. Sci. 66 (2009) 412

Pedonculate oak on acid soils
Sessile oak on acid soils
European beech on acid soils

25
N deposition (kg ha-1yr-1)

20
S deposition (kg ha-1yr-1)
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15
10
5
y = -0.4319x + 872.11
R 2 = 0.1987, p < 0.0001

0
1992 1994 1996 1998 2000 2002 2004 2006

y = -0.0359x + 81.311
R 2 = 0.0012
p = 0.7092

20

Pedonculate oak on acid soils
Sessile oak on acid soils
European beech on acid soils

15
10
5
0
1992 1994 1996 1998 2000 2002 2004 2006

Figure 4. Temporal trends in deposition of S (S_SO4 ) and N (N_NO3 + N_NH4 ) under oak and beech on acid soils.
Table II. Mean leaf mass and foliar nutrient concentrations of the various plot groups (standard deviation). Groups without common letters are
significantly diﬀerent (α = 0.05, Tukey multiple comparison test). Threshold values are given for comparison (Bonneau, 1995; Croisé et al.,
1999; Van den Burg, 1985; 1990).
n Mass of 100 leaves (g) N (mg·g−1 ) S (mg·g−1 )
Pedonculate oak acid soils
9
21.8 (3.1)b
25.8 (1.5)a 1.60 (0.06)ab
Sessile oak acid soils
22
30.1 (2.5)c
24.5 (1.9)a 1.47 (0.15)a
European beech acid soils
18
13.3 (1.7)a
25.5 (2.0)a 1.60 (0.15)b
European beech eutrophic soils 8
13.4 (2.6)a
25.2 (1.9)a 1.57 (0.15)ab
Deficiency
15
1.0–1.3
Critical
20
1.3–1.5
Optimum
22-23

Inc., Cary, N.C.). In general, the foliar nutrient concentrations were
distributed normally, except the foliar Ca concentration for which the
natural logarithm was used to adjust the linear model.

3. RESULTS
3.1. Foliar nutrient status
According to the threshold values mentioned by Croisé
et al. (1999) and adapted from Bonneau (1995) and Van den
Burg (1985, 1990), the mean foliar N, S and Ca concentrations
are above the optimum while the mean foliar P concentration
is between the critical and the optimum levels for all broadleaved groups. The Mg nutrition level is critical for European
beech on acid soils; it is above the optimum for the oak groups
and just below the optimum for European beech on eutrophic
soils. The mean foliar K concentration is at (or above) the optimum for the oak groups and is just above the critical level for
the beech groups (Tab. II).
Pedonculate oak on acid soils diﬀers from the other groups
by a higher foliar K concentration; sessile oak on acid soils by
a lower foliar S concentration; European beech on acid soils by
a lower Mg concentration; and European beech on eutrophic
soils by a higher foliar Ca concentration (Tab. II).

P (mg·g−1 )
1.36 (0.22)a
1.27 (0.19)a
1.21 (0.19)a
1.20 (0.20)a
0.8
1.1
1.5–2.0

Ca (mg·g−1 ) Mg (mg·g−1 ) K (mg·g−1 )
7.5 (1.1)a
1.7 (0.20)b
9.4 (1.3)b
6.6 (1.1)a
1.6 (0.27)b
8.5 (1.0)ab
6.2 (1.9)a
1.0 (0.25)a
7.5 (1.5)a
12.9 (2.0)b
1.4 (0.18)b
7.4 (1.1)a
3
0.8–0.9
4–5
5
1.2
6–7
1.4–1.5
8–9

3.2. Temporal trends
In most cases, the model fitting provides similar results with
both types of data sets (full and restricted), indicating no systematic leverage eﬀects associated with the unbalanced design
(Tab. III). As a precaution, we only retain the temporal trends
detected with the restricted data set.
The fitting of the model (Eq. (1)) reveals a general decrease
in foliar P concentration (Fig. 5), a decrease in the foliar Ca
concentration for the oak groups and for European beech on
eutrophic soils, a decrease in the foliar N, Mg and K concentrations for sessile oak and an increase of the leaf mass for
European beech on acid soils (Tab. III). These temporal trends
generally account for less than 15% of the total variability (not
shown).
For each plot group, the temporal variations of the foliar
nutrient concentrations are also illustrated, using detrended
principal component analysis (Fig. 6). To interpret these four
principal component analyses, it is useful to look to both representations (variables and individuals) simultaneously. The
coordinates of the variables (foliar nutrient concentrations) in
their graph represent the correlation of the corresponding variables with the factorial axes. For each plot group, the foliar
concentrations of all elements are correlated with each other
and with the first factorial axis. This axis accounts for 35 to
48% of the variability and is strongly correlated with the foliar P concentration (Pearson correlation: 0.72 to 0.90). When
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Figure 5. Temporal trends in foliar P concentration. Threshold values are from Croisé et al. (1999).

Table III. Temporal linear variations (1993 to 2005) of the foliar concentrations for the various plot groups. The slope sign is given by “+” and
“–” and the degree of significance is codified as follows: P < 0.1: (+) or (–), P  0.05: + or –, P  0.01: ++ or – –, P  0.001: +++ or – – –.
Pedonculate oak
acid soils
Sessile oak
acid soils
European beech
acid soils
European beech
eutrophic soils
1

n
9
22
18
8

Data set1
full
restricted
full
restricted
full
restricted
full
restricted

Mass of 100 leaves

N

(+)
–
(–)
(–)

+
(+)

S

P
–
–––
––
––
–––
–––
––
––

Ca
–
–

Mg
(–)

K

–

(–)
–

–

–
–

The model was adjusted either on the full data set (all available years) or on a restricted data set (only the years 1993, 1997, 2001 and 2005).

looking to the relative position of the individuals, a similar
temporal pattern is observed for each plot group: the scatter of
points moves from year to year along the first axis in a direction opposite to that corresponding to an increase in the foliar
nutrient concentrations (Fig. 6). It is worth mentioning that the
sign associated with the factorial axes is of no importance to
interpret these figures and that only the relative position of the
individuals has to be taken into account and interpreted based
on the representation of the variables. The foliar mass was included in the principal component analyses as an illustrative
variable. Although it cannot be taken into account for the oak
groups, this variable is well represented on the factorial plane
of the beech groups and is negatively correlated with the foliar
concentrations.

3.3. Variance partitioning
The comparison of the total variance with the variances of
the random eﬀects indicates that the inter-plot and inter-year
variations account for a large part of the total variability (not
shown). Regarding the foliar P and Ca concentrations, the variance of the random eﬀect ‘plot’ is generally much higher than
the variance of the random eﬀect ‘year’. For the leaf mass and
for the N, S, Mg and K concentrations, the plot eﬀect is still
generally larger than the year eﬀect; however, the two random
eﬀects are often of the same order of magnitude. The residual
variance can be divided by the total variance to obtain the proportion of unexplained variability, which amounts on average
to 40%.

412p5

Ann. For. Sci. 66 (2009) 412

M. Jonard et al.

Pedonculate oak

Sessile oak

European beech

European beech

Figure 6. Principal component analyses carried out on the foliar concentrations after removal of the plot eﬀect. In the variable representations
(left), dashed lines are for illustrative variables; in the individual representations (right), the centers of gravity of the various years (illustrative
variable) were positioned and connected to each other.
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4. DISCUSSION
In this study, two complementary statistical methods are
used to characterize the temporal variations of the foliar concentrations. The linear mixed model enables us to evaluate the
significance of the linear trend while accounting for the interplot and the inter-annual variability by using random eﬀects.
However, there is a drawback to this method because the interactions between nutrients are not taken into account since
the model is adjusted independently for each nutrient. In contrast, the principal component analysis illustrates the temporal
variation of all foliar concentrations simultaneously, but this
technique is mainly descriptive (Schleppi et al., 2000).
As a rule, the main temporal trends detected with these statistical analyses are a general decrease in the foliar P concentration of all the plot groups and a decrease in the foliar Ca
concentration of all groups except European beech on acid
soils (Tab. III and Figs. 5 and 6). Concerning sessile oak on
acid soils, the foliar concentrations of all nutrients except S
decrease with time (Tab. III). The nutrients for which temporal
changes are significant exhibit a relatively small inter-annual
variability; a longer observation period will be necessary to detect the potential trends associated with those nutrients having
a larger inter-annual variability.
These temporal patterns confirm the trends previously observed (Duquesnay et al., 2000; Flückiger and Braun, 1998;
Luyssaert et al. 2004; Mellert et al., 2004; Thelin et al., 1998)
and can be explained by the joint actions of several processes
that influence tree nutrition in the long term: tree age, N and S
deposition, harvesting and climate.
Leaf nutrient concentrations vary with tree age: older trees
have lower foliar macronutrient concentrations than younger
ones (Cole and Rapp, 1981; DeBell and Radwan, 1984). The
decline in leaf nutrient concentrations with age may be attributed to nutrient storage in stems and branches, which decreases the nutrient availability in the soil. In parallel, increasing internal redistribution reduces the nutrient demands of the
trees (Kimmins, 1997). In this study, the magnitude of the decrease in foliar P concentration seems too great to be explained
only by tree aging (Fig. 5).
During the observation period, the annual N deposition
in France, Wallonia and Luxemburg remained stable and
amounted on average to 10 kg ha−1 y−1 (Fig. 4). In many
places, N deposition probably exceeded critical loads and contributed to ecosystem eutrophication (Party et al., 2001). In
contrast, S deposition strongly decreased from 12 kg ha−1 y−1
in 1993 to 6 kg ha−1 y−1 in 2005 (Fig. 4); however, the acidifying eﬀect of past S deposition could still be impacting on
retentive soils with gradual sulfate desorption (Alewell et al.,
1997; Van Breemen et al., 1983; Wesselink et al., 1995).
The atmospheric N and S depositions are likely to aﬀect
tree nutrition in diﬀerent ways (Luyssaert et al., 2005; Pearson
and Stewart, 1993). During the first stage of the N saturation
process, N-limited forest ecosystems respond to regular N inputs by a higher growth rate (Aber et al., 1998). However,
since these forests are generally located on nutrient-poor sites,
the increased forest productivity results in dilution eﬀects and
leads to nutrient:N imbalances (Mellert et al., 2004). In ad-

dition, the higher N availability may also reduce the proportion of carbon allocated to roots (Flückiger and Braun, 1998;
Mohren et al., 1986), which intensifies the nutritional stresses.
In this study, the hypothesis of N saturation is supported by the
fact that foliar N concentration increased with increasing N deposition while foliar Mg concentration decreased (Fig. 7). In
contrast, foliar P concentration was not significantly correlated
to N or S depositions. Given the limited number of observations (n = 10) and the complexity of the relationships linking
deposition and P nutrition, we can however not conclude that
foliar P concentration was not aﬀected by deposition.
The increased harvesting intensity that followed the storm
of December 1999 a long with the resulting canopy opening
could have aﬀected tree nutrition by altering the forest floor
(Jonard et al., 2006). Indeed, ground skidding has probably
partially buried the forest floor into the mineral soil (Yanai
et al., 2003) and the changes in ground climate resulting
from canopy opening possibly accelerated litter decomposition (Prescott et al., 2000). The forest floor plays a major role
in P nutrition (Jonard et al., submitted). The accumulation of
decomposing litter creates a medium with low P-sorption capacity that allows the close coupling of P mineralization and
root uptake. A deterioration of the forest floor could limit this
biological control on P availability and promote the transfer
of P from the forest floor to the underlying mineral horizons
where inorganic P in solution is generally low since most of
the available P is adsorbed on soil constituents (Compton and
Cole, 1998; Northup et al., 1995; Paré and Bernier, 1989a;
Wood et al., 1984). In addition, the soil acidification caused by
N and S deposition may also reduce P availability in the mineral horizons by increasing the P-fixing capacity of the soil
(Mohren et al., 1986; Paré and Bernier, 1989b). In the case
of the base cations, the migration from the forest floor to the
mineral horizons would also occur (Bonneau et al., 2000) and
could lead to losses when combined with soil acidification. Indeed, the base cations released by mineralization are likely to
leave the rooting zone accompanied by nitrate (Adams, 1999).
The temporal patterns in foliar nutrition could in theory be
partly explained by the climatic variations that directly influence the two processes responsible for nutrient transport towards the roots (diﬀusion and mass flow). Diﬀusion is indeed
an increasing function of soil water content (Barber, 1995) and
mass flow depends closely on tree transpiration regulated by
potential evapo-transpiration and soil water reserve (Granier
and Breda, 1996). Considering all the plot groups together,
a positive relationship was observed between the foliar Ca
concentration and the rainfall of the growing season (Fig. 7).
Consequently, the decrease in foliar Ca concentration may be
partly attributed to the fact that the observation period started
with two wet years and finished with three dry years of which
one was particularly warm (Fig. 2). Regarding P, no rainfall effect was detected (not shown). Climatic variations can also indirectly aﬀect foliar nutrition due to climate control over fructification. Among others eﬀects, a dry warm summer is known
to promote seed production the following year (Overgaard
et al., 2007; Piovesan and Adams, 2001). As seed production
requires large N and P amounts, translocation from leaves to
fruits could occur in case of masting and result in a decrease
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Figure 7. Eﬀect of deposition and rainfall on foliar chemistry.

in foliar N and P concentrations (Yasumura et al., 2006). In
this study, a higher seed production was observed in 1995 and
2001 for pedonculate oak, in 2003 for sessile oak and in 1995,
2000, 2002 and 2004 for European beech on acid soils and in
1995, 1999 and 2004 for European beech on eutrophic soils
(Fig. 3). Unfortunately, the foliar sampling does not always
coincide with the years of higher fructification. Therefore, it
was diﬃcult to establish a direct link between the decrease in
foliar P and the higher seed production observed at the end of
the study period (Fig. 3). In the future, an increased frequency
of masting associated with climate changes (Overgaard et al.,
2007) could however contribute to alterations in foliar nutrition.

The temporal patterns observed in this study suggest that
foliar nutritional status is deteriorating. However, where Ca is
concerned, the temporal trend depends on the inter-annual climatic variations and could probably be reversed after several
consecutive wet years. As for P, the temporal pattern is not
directly linked to these inter-annual climatic variations and is
probably due to increased frequency of masting and/or to disruptions in soil-plant nutritional relationships caused by deterioration of the forest floor and by atmospheric deposition of
eutrophic and acidifying compounds. To verify the hypotheses
proposed and evaluate their respective contributions, we think
that mechanistic modeling approaches would be worthwhile.
In parallel, the continuation of forest monitoring is necessary
to confirm the trends already observed and to detect new ones.

5. CONCLUSIONS
Twenty-three years after the launching of the monitoring
program of forest ecosystems in Europe (ICP forests), we now
have a unique data set enabling us to analyze the temporal variation (1993 to 2005) of the nutritional status of the main broadleaved species growing in much-diversified sites in France,
Wallonia and Luxembourg.
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