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a b s t r a c t

Leaf mass per area (LMA) is a key leaf trait, which conditions the assessment of carbon bal-

ance and the adaptation of the species to their environment. LMA decreases exponentially

within the canopy at a lower rate coefficient (kLMA) than the extinction coefficient (kPAR) of

photosynthetically active radiation (PAR); consequently the canopy is not fully optimized

for the carbon balance. A new algorithm to simulate LMA in forest canopies is developed.

The algorithm is based on a relationship between LMA of leaves at a given canopy depth

and PAR, that they absorb, during leaf growth. The LMA sub-model is then tested against

independent experimental data to demonstrate its validity to assess (i) the LMA vertical

distribution inside the canopy, (ii) its evolution during the season and (iii) the variability

observed between sites, years and species. Then, the LMA sub-model is coupled with a
odelling

arbon

agus sylvatica L.

uercus petraea (Matt.) Liebl.

process-based model simulating carbon, water and energy balances in forest ecosystem.

The coupled model is applied to a sensitive analysis for a case study in a beech forest.

© 2007 Elsevier B.V. All rights reserved.
uercus ilex L.

. Introduction
eaf mass per area (LMA) is defined as the ratio between leaf
ass and leaf area; it is the inverse of the specific leaf area

SLA). LMA strongly conditions leaf photosynthesis and carbon
ptake by plant canopies. For that reason, LMA is a key param-
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4914 Avignon Cedex 9, France. Tel.: +33 4 32 72 29 99; fax: +33 4 32 72 2

E-mail addresses: hendrik.davi@avignon.inra.fr (H. Davi), cbarb
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eter of process-based models simulating plant growth (Bertin
and Gary, 1998; Gracia et al., 1999; Wirtz, 2000; Dufrêne et al.,
restières Méditerranéennes, Domaine Saint Paul, Site Agroparc,
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2005; Davi et al., 2006). Moreover, it is a main leaf trait that
characterizes the species adaptation to environmental condi-
tions and its ecophysiological properties (Castro-Dı́ez et al.,
2000; Green et al., 2003).
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Two additional sites were used to test the models gen-
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1.1. LMA profile inside a canopy

Plants grown in high light generally have thick leaves with high
LMA (Björkman, 1981) caused by extra layers of palisade mes-
ophyll or longer palisade cells (Hanson, 1917). Light and LMA
decrease exponentially within the canopy. Field (1983) showed
that for a maximal carbon gain by a canopy, the nitrogen dis-
tribution per surface area (Na = LMA × Nm) within the canopy
must exactly follow the distribution of light. The relative accli-
mation of leaves to the irradiance can be taken into account
through LMA, because within the forest canopy, the nitrogen
content (Nm expressed per mass unit) is often found con-
stant (Jayasekera and Schleser, 1988; Evans and Poorter, 2001)
or showing a slight increase from top to bottom (Niinemets,
1995). But this acclimation is not fully optimized (Gutschick
and Wiegel; Hollinger, 1996; Warren and Adams, 2001; Meir
et al., 2002; Kull, 2002). While the light shows an exponential
decrease within the canopy with a coefficient ranging between
0.6 and 0.7, the LMA acclimates with a smaller rate ranging
between 0.14 and 0.20. In other words, either sun leaves are
too thin or shade leaves too thick to allow a full optimization
of the carbon gain.

1.2. Variations of LMA between site and species

Interspecific variation in LMA has been described for a wide
range of both herbaceous and trees species. LMA is an
important determinant of interspecific variation in relative
growth rate (Lambers and Poorter, 1992; Garnier, 1992) and
correlates with a suite of other traits (Poorter and Evans,
1998; Wright et al., 2004, 2005). These variations can be
explained in terms of (i) drought adaptation since high LMA
increases the water use efficiency (WUE) or (ii) trade off
between cost and leaf span (Chabot and Hicks, 1982); the
evergreen species having generally higher LMA (Reich et al.,
1997).

1.3. Why and how simulated maximal LMA during a
year and its dynamics?

Many complex models in ecology require an estimation of
leaf mass per area to simulate carbon or water exchange in
canopies and soil or to model competition between different
types of plants. In the literature many models that require
LMA assume that this variable is constant inside a species or
a functional group (Friend et al., 1997; King, 2005) or is forced
by measurements (Simeoni et al., 2000; Dufrêne et al., 2005).
Recent studies have shown that using an average value of
LMA could potentially have a strong impact on NPP (Vose and
Bolstad, 1999; Davi et al., 2006).

Some models simulate the leaf mass or leaf mass per area
using different methods:

(1) Some object-oriented models simulate development of the
phytomers, whose elongation depends on temperature,

and is not influenced by the current assimilate supply
(Groot and Lantinga, 2004). This architectural approach
is too time-consuming to be used in complex ecosystem
models acting at stand or regional level.
2 1 1 ( 2 0 0 8 ) 339–349

(2) Other models deduce leaf mass from the carbon budget
simulated by a process-based model using allocation rules
(Bossel, 1996; Kätterer et al., 1997; Running and Coughlan,
1998; Gracia et al., 1999). This method presents two major
problems: (i) if the carbon budget depends of LMA dynam-
ics and if LMA depends in return of carbon budget, the
model can show strong drifts. (ii) When leaf unfolding
occurs, during more than a week, the tree uses not assim-
ilation from leaves, but from reserves. Consequently, a
strict relationship between assimilation leaf growth, is
false.

(3) One other solution consists in using models (Wirtz,
2000) under the hypothesis of an optimal distribution
of leaf traits. They simulate not only the LMA pro-
files but also the nitrogen allocation between chlorophyll
and RUBISCO pools (i.e. investment in light absorption
versus carboxylation). This solution assumes a strong
hypothesis (optimal distribution), not reported by the
measurements.

(4) Some authors use empirical decrease of LMA with increas-
ing irradiance (Niinemets and Kull, 1995; Niinemets et
al., 2004), to deduce relationships between incident irra-
diance during growth and LMA (Niinemets, 1995). Without
drought, the leaf expansion can be determined by irra-
diance by the means of various mechanisms: direct
effect of the light (Andersson and Aro, 1997), phy-
tochromes (Rousseau et al., 1996; Van Volkenburgh, 1999),
or cytokinins transported in the transpiration stream (Pons
et al., 2001). Since foliar carbohydrates are correlated with
cell division (Chapin, 1991; Van Volkenburgh, 1999), they
could also be a mediator of leaf acclimation (Niinemets,
1999). In all cases, the sum of the global radiation absorbed
by the leaf during its growth is probably an efficient way
to simulate the LMA.

Many of these models simulate only leaf mass growth,
other simulate the LMA at maturity but not the dynamics. No
model simulates simply directly LMA, both growth and value
at maturity with the same algorithm. The main objective of
this paper is to propose and to test a generic algorithm, which
depends not linearly on the radiation interception, to simu-
late LMA profile inside the canopy, its seasonal dynamics and
its variability between sites and years. Secondly, a sensitive
analysis of the model is done.

2. Material and methods

2.1. Study sites

The sites used in this work are briefly described in Table 1.
Three sites characterize a climatic gradient from East-
ern to Western Europe covering the distribution area of
beech (Fagus sylvatica L.): Solling in Germany, Hesse located
in eastern France, Fougères located in western France.
eral applicability to other species: Champenoux for sessile
oak (Quercus petraea (Matt.) Liebl.) in Eastern France and
Puéchabon for holm oak (Quercus ilex L.) in South-Eastern
France.
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Table 1 – Description of the study sites used for the LMA sub-model parameterization and evaluation

Hesse Fougères Solling Champenoux Puéchabon

Land France France Germany France France
Latitude 48◦40′N 48◦67′N 51◦82′N 48◦44′N 43◦44′N
Longitude 7◦05′E 1◦40′W 9◦47′E 6◦14′E 3◦35′E
Altitude 300 m 500 m 237 m 270 m
Mean annual

precipitations
820 mm 900 mm 1048 mm 744 mm 883 mm

Mean annual
temperature

9.2 ◦C 12.9 ◦C 6.8 ◦C 9.2 ◦C 13.58 ◦C

Species Fagus sylvatica L. Fagus sylvatica L. Fagus sylvatica L. Quercus petraea
(Matt.) Liebl.

Quercus ilex L.

Phenology type Deciduous Deciduous Deciduous Deciduous Evergreen
Average LAI 6.5 8.0 5.4 6.0 2.3
Stand age 30 30 135–140 45 58
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Density stem (ha ) 3482 4260
Soil Luvisol Alocrisol luvisol
References Granier et al. (2000) Lebret et al. (2001)

.2. Measurements

n Hesse, Fougères, Champenoux and Puéchabon, vertical pro-
les of photosynthetically active radiation (PAR), of leaf area

ndex (LAI) and of LMA were measured for forest canopy
n towers every half meter (in Puéchabon) or meter (for the
ther sites). Vertical profiles of PAR were measured for eight
rientations around the scaffolding, using Li191-SA (Li-Cor,
incoln, NE, USA) sensor or Sun Scan Canopy Analysis System
Delta-T Device, Cambridge, England). Vertical profiles of LAI
ere measured for the same orientations, using PCA-LAI2000

Li-Cor) with three rings (Welles and Norman, 1991; Dufrêne
nd Bréda, 1995; Olthof and King, 2000). Note that for each
eight, there not in all cases measurements for all the ori-
ntations could be taken since for a given height sometimes
here was no branch for a given orientation. For each height
nd each orientation, one sample of 10 leaves was taken to
stimate leaf nitrogen content and LMA: their surfaces were
easured and then the leaves were dried (48 h, 65 ◦C) and
eighted to obtain leaf dry mass. Grounded leaves were used

o estimate the nitrogen content with an elementary anal-
ser. In Solling, LAI and LMA only of sun and shade leaves
ere measured from 1986 to 1988 (see Schulte, 1993 for more
etails).

.3. The process-based model

ASTANEA is a model simulating the carbon, water and
nergy balances in forest stands. Tree structure is represented
y a combination of five functional compartments: leaves,
tems, branches, coarse and fine roots. A reserve compart-
ent is also represented but not physically located in the
odel.
The canopy is assumed to be horizontally homogeneous

nd vertically subdivided into a variable number of layers
i.e. multi-layer canopy model). Each layer contains the same
mount of leaf area (typically less than 0.1 m2 m−2). For each

ayer, three different radiative balances are calculated, in the
AR [400–700 nm], in the global radiation [400–2500 nm], and
n the thermal infrared. Incident light is split into direct
nd sky diffuse radiation using equations given by Spitters
50 2553 8500
ambisol Luvisol Calcareous fersiallitic
chulte (1993) Bréda et al. (1995) Hoff et al. (2002)

(1986). In the thermal infrared, the diffuse atmospheric radi-
ation is computed from air temperature according to Idso
(1981). The radiation extinction and diffusion are based on
the SAIL model (Verhoef, 1984, 1985). In the thermal infrared,
the radiation extinction is based on Beer’s Law and the
diffuse atmospheric radiation is computed from air tem-
perature according to Idso (1981). The canopy clumping is
taken into account using a clumping factor (Davi et al.,
2006).

Half-hourly gross photosynthesis of canopy is calculated
following Farquhar et al. (1980) coupled with a stomata con-
ductance model of Ball et al. (1987). Leaf nitrogen effect on
photosynthesis is taken into account assuming a linear rela-
tionship between the maximal carboxylation rate (Vcmax) and
leaf nitrogen content per unit area (Na), whose slope is ˛Na. A
fixed ratio (ˇ) between Vcmax and the potential rate of electron
transport (Jmax) is used (Leuning, 1997). Because leaf nitrogen
concentration (per mass) Nmleaves (gN g−1

DM) is assumed to be
constant inside the canopy, Na (gN m−2

leaf) is calculated for each
layer (L) directly from LMA profile (LMAL):

NaL = LMALNmleaves (1)

Photosynthesis is calculated for each layer, on sunlit (leaf
area intercepting diffuse and direct PAR) and shaded (leaf area
intercepting diffuse PAR only) foliage separately.

All phenological events and growth are calculated with
a daily time-step depending on degrees-days and day dura-
tion. Maintenance respiration depends on temperature and
nitrogen content of various organs (Ryan, 1991), while growth
respiration depends on fixed construction cost depending on
the organ type (Dufrêne et al., 2005). Water balance (Dufrêne
et al., 2005) and heterotrophic respiration (Parton et al., 1987)
are also estimated. A complete description of the model is
given in Dufrêne et al. (2005) and the different sub-models
were validated in 1997 in the Hesse site (Davi et al., 2005) by

comparison with local (respiration chambers and branch bags)
and integrated fluxes (eddy covariance techniques measure-
ments). The complete parameterization of the model is given
in Dufrêne et al. (2005).
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2.4. LMA algorithm

The duration of the leaf growth (leaves formation in the
canopy and leaves expansion) was assumed to be depen-
dant on degree-days, while LMA is directly a function of
the absorbed PAR. As other phenological events simulated in
the CASTANEA model, the LMA growth is calculated with a
daily time-step. The phenological events (budburst, full leaf
area development, full leaf maturity, start of leaf yellow-
ing, complete canopy yellowing) depend on degree-days and
daylength. The complete leaf maturation is achieved, when
the temperature sum for leaf mass growth (SfrcLMA) reaches
the critical value FcritLMA (Eq. (2)):

SfrcLMA =
DLMAmax∑

DBB

T (2)

DBB is budburst day and NLMAmax the day when LMA reaches
its maximum value. The LMA algorithm was conceived in a
way to allow for the simulation of the LMA distribution inside
the canopy and its seasonal dynamics. The choice of the algo-
rithm was theoretically based on the observed LMA and PAR
profiles in comparison to the LAI profiles. The PAR profile
approximately follows the Lambert-Beer law (Monsi and Saeki,
1953) and the absorbed PAR (m−2 leaves) by a given LAI layer
(Ilayeri) is modelled by the following equation:

Ilayer i = ˛Iref exp(−kPARL)
1 − exp(−kPARε)

ε
(3)

with L the leaf area index above the layer i, Iref the measured
PAR above the canopy, ˛ the layer absorbance and ε the LAI
layer thickness. If ε is small enough Eq. (3) becomes:

Ilayer i = kPAR˛PARref exp(−kPARL) (4)

The same equation may be written as follows:

L = − 1
kPAR

ln

(
Ilayer i

kPAR˛Iref

)
(4a)

On the other hand, the LMA profile may also be expressed
with an exponential relationship (Rambal et al., 1996).

LMAlayer i

LMAsunleaves
= exp(−kLMAL) (5)

With LMAsunleaves the LMA of sun leaves. By combining Eqs.
(4a) and (5), a relationship between LMA and PAR was deduced.

LMAlayer i = LMAsunleaves

(
Ilayer i

kPAR˛Iref

)kLMA/kPAR

(6)

Eq. (6) gives only the form of a possible relationship between
LMA of a canopy layer i, and the absorbed PAR by the same

layer. To simulate both LMA decrease within canopy and LMA
dynamics with time (including the value of LMA at maturity
of leaves), LMA of the layer I (LMAlayer i) was linked to the sum
of PAR absorbed by the layer during the leaf growth period. Eq.
2 1 1 ( 2 0 0 8 ) 339–349

(6) is thus reformulated as follows:

LMAlayer i [day d] = �LMA

(∑
Ilayer i

)�LMA
(7)

�LMA (without unit) and �LMA (gDM MJ−1) are two parame-
ters and Ilayer i, the sum of the PAR absorbed by the LAI layer i,
from the budburst to the day d. In this way, we show that a rela-
tionship reproducing the LMA profile based on absorbed PAR is
not linear if kLMA differs from kPAR, i.e. �LMA = kLMA/kPAR �= 1; in
other words when the LMA profile differs from the PAR profile,
what implies an imperfect acclimation for canopy carbon bal-
ance. In this equation, for a given LAI, �LMA controls the total
foliar biomass, while �LMA drives more its distribution in the
canopy depth. �LMA represents a factor of energy conversion
from PAR to dry matter produced, while �LMA quantifies the
level of acclimation of the LMA profile to the light.

This equation is modified to take into account two biolog-
ical phenomena. Firstly, when budburst occurs, leaves have
a thickness and a LMA different from zero. To take into
account for this phenomenon, a constant is added to the
relationship, which is considered a species-specific parame-
ter (LMAbasic). Secondly, the temporal dynamics is corrected
using the ratio between temperature sum (SfrcLMA) and the crit-
ical value (FcritLMA) in order to reproduce the “growth curve” of
LMA from budburst to leaves maturity. This ratio depending on
degree-days goes from 0 at budburst to 1 when leaf maturity
is achieved (i.e. when LMA has reached its maximum value).
This ratio reproduces a smaller mass growth rate at the begin-
ning of growth and takes also into account the temperature
effect on LMA dynamics with time.

Finally the proposed LMA algorithm is:

LMAlayer i [day d]

= LMAbasic + SfrcLMA

FcritLMA
�LMA

(∑d

budburst
Ilayer i

)�LMA

(8)

Then, the LMA sub-model is coupled with the CASTANEA
model. Instead of using a constant value of LMA for the sun
leaves and a decreasing exponential relationship to assess the
LMA profile (Dufrêne et al., 2005), the LMA in each layer of
canopy is calculated every day (according to Eq. (8)), using the
sum of the absorbed PAR calculated by CASTANEA.

2.5. Parameterization and validation of the LMA
sub-model

Four parameters were to be estimated: the critical value of the
temperature sum (FcritLMA) and the three other parameters of
the final Eq. (7): �LMA, �LMA and LMAbasic.

Few data were available for LMA dynamics during leaf mat-
uration phase on mature beech trees: measurements in the
Italian site of Collelongo in 1995 (Matteucci, 1998), a study
from Schulte (1993) in the German site of Solling (1986–1988),
an unpublished experiment on mature trees during 1998 in

Orsay (France) and a monitoring in Hesse in 1998 (Montpied,
personal communication). The critical value of state of forcing
(from budburst to leaf maturity) is determined by averaging
results from all experiments (424 ◦C day ± 81).
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Table 2 – Extinction coefficients of light (kPAR) calculated using the simulated and measured profiles of PAR in the canopy
in Hesse (1997)

Julian day (1997) Solar elevation (GMT) r2 N Measured kPAR Simulated kPAR

217 14h56 0.74 45 0.63 0.66
223 8h41 0.55 73 0.69 0.72
223 10h07 0.43 73 0.65 0.61
223 11h46 0.66 73 0.64 0.61
232 12h47 0.80 75 0.67 0.66
232 14h45 0.68 78 0.59 0.66

Mean 0.65 0.65
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Measurements were made for different days and solar elevations. The
and the fitted exponential function and the sample size (N) are given

The �LMA is estimated in 1997 in Hesse, knowing both the
easured kLMA and kPAR. The LMAbasic is fixed respectively to

0, 20 and 130 gDM m−2 for beech, sessile oak and holm oak to
eproduce the variability between the species based on litera-
ure and our measurements (Davi, 2004). Finally, the �LMA, was
educed from Eq. (8) for the sun leaves at maturity in Hesse

n 1997, knowing �LMA, LMAbasic and the sum of the absorbed
AR during the period.

For LMA simulation at maturity, the LMA sub-model (�LMA,

LMA, LMAbasic) is only calibrated, using profiles from Hesse
n 1997. Data from Hesse in 1998, and 1999, Fougères in 1998
nd 1999 and Solling from 1986 to 1988 were independent of
ata from Hesse 1997 and allow an independent validation.
he profiles in Puéchabon and Champenoux allow for an eval-
ation of the algorithms generality. Two kinds of results are
resented in this paper:

The profiles of simulated and measured LMA in Hesse in
1997, where the LMA sub-model is parameterized, in Hesse
(1998, 1999) and Fougères (1998, 1999), where a validation
of the LMA sub-model is assessed, Puéchabon (1999) and
Champenoux (1999), where the generality of the LMA sub-
model is estimated.

The temporal dynamics of LMA through the year in Hesse
(1998) and Solling (1986). Only the form of the dynamics is
validated. The date of leaf maturity (i.e. when LMA reaches
to its maximum value), is not validated since it is calculated
using FcritLMA calculated with these data plus others.

Table 3 – Review of the leaf area index (LAI), leaf mass per area
leaves, and the corresponding exponential decrease coefficient

Site Species Year LAI (m2 m−2) LMAsun

Hesse Fagus sylvatica 1997 5.3
Hesse Fagus sylvatica 1998 7.0
Hesse Fagus sylvatica 1999 5.9
Fougères Fagus sylvatica 1998 8.2
Fougères Fagus sylvatica 1999 7.8
Solling Fagus sylvatica 1986 5.1
Solling Fagus sylvatica 1987 6.2
Solling Fagus sylvatica 1988 5.4
Champenoux Quercus petraea 1999 3.9
Puéchabon Quercus ilex 1999 2.3

a From Schulte (1993); probably an average value higher than for the lowe
lation coefficient (r2) of the relationship between the measurements

2.6. Sensitivity analysis

Using the data parameterization described above, a sensitiv-
ity analysis is done by changing simultaneously both �LMA

and �LMA values. In this analysis, �LMA varied from 0.1 to
1 with a step of 0.05 and �LMA from 2 to 40 using a step
of 2. These bounds were chosen to allow the simulation
of a sufficiently large range of LMA. The sensitivity analy-
sis was done for the Hesse site from 1997 to 2003: a period
of 7 years representing a large range of weather variabil-
ity, including a hot summer with a strong drought in 2003.
Two simulated outputs of the coupled model (LMA sub-model
and CASTANEA model) were investigated: the LMA of the sun
leaves and the canopy carbon net gain (Cnet) defined as the
difference between the gross primary production (GPP) and
the canopy cost: sum of biomass growth (GBleaves), growth
respiration (RGleaves) and maintenance respiration (RMleaves)
of leaves.

Cnet = GPP − GBleaves − RMleaves − RGleaves (9)

3. Results
3.1. Synthesis of measurements

The relationship between the PAR and the LAI was a negative
exponential, whose extinction coefficient (kPAR) was 0.65 on

(LMA) measurements in gDM m−2 for sun and shade
(kLMA)

leaves (gDM m−2) LMAshadeleaves (gDM m−2) Fitted kLMA

95 38 0.19
102 25 0.17
115 29 0.18
101 25 0.19
100 25 0.19
105 47a

103 58a

98 51a

106 55 0.18
244 172 0.14

r leaves in the canopy.
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Fig. 1 – Measured leaf nitrogen content (in mgN gDM
−1) in
344 e c o l o g i c a l m o d e l l

average (Table 2). Although the relationship was always signif-
icant, the amount of explained variance was relatively variable
(ranged between 43 and 80%).

The measured LMA for sun (LMAsunleaves) and shade
(LMAshadeleaves) leaves and the rate of the negative exponen-
tial relationship fitted on the measured LMA profile (kLMA) are
summarized for all sites and years in Table 3. The LMAsunleaves

of beech and deciduous oak varied little from 95 to 106 gDM m−2

between sites and years, except in Hesse in 1999 (115 gDM m−2).
The LMAshadeleaves showed more variability. If only data mea-
sured on an entire profile were kept, this variability was
explained by the measured LAI (r2 = 0.84). The higher the LAI,
the lower was LMAshadeleaves, because shade leaves receive
less light. The LMA of the holm oak, which is an evergreen
species, was much higher than the LMA of the deciduous
species.

In Hesse, the measured nitrogen content per biomass unit
(i.e. concentration gN gDM

−1) showed little variation within the
canopy (Fig. 1). For the three years of study in Hesse, the
nitrogen content was slightly lower in the upper part of the
canopy. As opposed to this, in Puéchabon (holm oak) the nitro-
gen content per unit mass was independent of the canopy

depth (data not shown). In Hesse, the whole nitrogen con-
tent in the canopy, per soil surface unit, varied from 8.25,
8.92 and 9.46 gN in leaves m−2

soil, respectively for 1997, 1998
and 1999.

Fig. 2 – Measured and simulated leaf mass per area (in gDM m−2
leav

index (LAI), in Hesse in 1997, 1998 and Fougères in 1998 and 199
function of the canopy depth expressed in leaf area index
(LAI), in Hesse in 1997, 1998 and 1999 for beech.

3.2. Model calibration and validation
The model calibration was done with data from the Hesse site
in 1997. The coefficients of the exponential decrease within
the canopy were 0.65 for PAR extinction and 0.19 for LMA

es) in function of the canopy depth expressed in leaf area
9 for beech. Error bar are indicated.
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Table 4 – Summary of the parameterization of the LMA
sub-model

Symbol Unit Value Species

FcritLMA
◦C 424 All

�LMA – 0.29 All
�LMA gDM MJ−1 21 All
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Fig. 4 – Measured and simulated leaf mass per area (in
gDM m−2

leaves) in function of the canopy depth expressed in

F
i

LMAbasic gDM m−2
leaves 10 Fagus sylvatica

LMAbasic gDM m−2
leaves 20 Quercus petraea

LMAbasic gDM m−2
leaves 130 Quercus ilex

ecrease (Table 3). From these estimates, a value for �LMA of
.29 (0.19/0.65) was deduced. The �LMA value was then calcu-
ated by inverting Eq. (7) for the sun leaves at maturity in Hesse
n 1997. The simulated growth length was 34 days in 1997 and
t the end of the growth period the sum of the PAR absorbed by
he sun leaves was 163 MJ m−2

leaves. This resulted in a �LMA value
f 21. The complete parameterization of the LMA sub-model

s summarized in Table 4.
Fig. 2 shows the results of this parameterization on the

imulated LMA profiles in Hesse in 1997 and 1998 and in
ougères in 1998 and 1999. In all cases, the simulated LMA
as very close both to the measurements and to the fit-

ed exponential relationship. The LMA sub-model was also
ble to accurately reproduce the LMA profiles for the sessile
ak and the holm oak (Fig. 3). However, the model was not
ble to reproduce one LMA profile at our disposal (Fig. 4).
or Hesse in 1999, following a thinning during the win-
er 1998–1999, the model did not reproduce the high LMA
alue, measured on the leaves located in the upper part
2/3) of the canopy. The simulated LMA values of sun and
hade leaves reported in Table 3 fitted well the measure-
ents (Fig. 5), and the LMA sub-model accurately simulated

he variability in LMA canopy profiles across species and
ites.

The ability of the model to describe the LMA dynamics

uring the season was also tested (Fig. 6). Both in Hesse (in
998) and in Solling (in 1986), the LMA sub-model properly
imulated the LMA evolution. In Hesse during 1998, the leaf
rowth period lasted 30 days and the peak of the simulated

ig. 3 – Measured and simulated leaf mass per area (in gDM m−2
leav

ndex (LAI), in Puéchabon and Champenoux in 1999 respectively
leaf area index (LAI), in Hesse in 1999 following a forest cut
in winter.

LMA growth rate was met at the 17th day after the budburst.
Subsequently the rate diminished until the end of the leaf
growth period.

3.3. Sensitivity analysis

The results of the sensitivity analysis for the two parameters
(�LMA and �LMA) are presented in graphics that correspond to
a projection of 3D graphics on a plane (Fig. 7). The param-
eterized �LMA and �LMA in Hesse 1997 constituted a couple of

values (�LMA, �LMA) = (0.29, 21) that is indicated by a white cross
in the four graphics. When �LMA and �LMA increase (Fig. 7a),
LMAsunleaves increases from LMAbasic to up to 300 gDM m−2. The
yearly canopy carbon net gain (i.e. canopy production minus

es) depending on the canopy depth expressed in leaf area
for holm and sessile oaks. Error bar are indicated.
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Fig. 5 – Measured versus simulated leaf mass per area (in
g m−2 ) of sun and shade leaves for all sites and years
DM leaves
reported in Table 3.

canopy cost) was maximised for an area of (�LMA, �LMA) couples
ranging between (0.4, 15) and (0.9, 4). The couple measured
in Hesse in 1997 was not included in this area and was not
optimal in terms of carbon gain (Fig. 7b).

4. Discussion

Several authors have already proposed to use incident or
absorbed PAR to drive the leaf mass growth (Niinemets, 1995).
However, linear relationships were often used (Niinemets,
1995; Niinemets et al., 2004) and the same algorithm could

not predict vertical LMA distribution, seasonal dynamics
and average values for various sites, year and species at
the same time. For all empirical canopy profiles presented
here, PAR decreased more steeply than LMA. Consequently,

Fig. 6 – Measured and simulated leaf mass per area (in gDM m−2
leav

1986 (the last redrawn from Schulte, 1993).
2 1 1 ( 2 0 0 8 ) 339–349

a linear relationship between absorbed PAR and LMA can-
not reproduce the observed LMA profiles. Rosati et al. (2001)
arrived at the same conclusion; they found a good relation-
ship between the square root of daily interception of light
and LMA in aubergine (Solanum melongena L.). Meir et al.
(2002) investigated the relationships between maximum car-
boxylation capacity (Vcmax) and the incident irradiance (Q)
for several forest species. They found a linear relationship
between ln(Vcmax) and ln(Q). In CASTANEA, Vcmax is linearly
related to the nitrogen per unit surface area and to the
LMA (Eq. (1), with nitrogen concentration being constant per
mass unit within the canopy). Consequently, our algorithm
to simulate the LMA (Eq. (8)) is consistent with the results
of Meir et al. (2002).

A strict linear relationship between absorbed PAR and LMA
did not lead to model outputs that describe all the variability
of LMA between stands receiving the same amount of light.
And yet, in neighbouring beech stands, LMA of the sun leaves
showed a spatial variation of more and less 10% between trees
for a same year (Bouriaud, 2003; Davi et al., 2006). These vari-
ations were probably correlated to the soil fertility or the tree
age. Using a LMAbasic that varies according to the site, the year
or the species, allows to easily take into account these multiple
sources of variability. The irradiance of the previous year can
affect LMA of the current year (Eschrich et al., 1989; Uemura et
al., 2000) through complex ways. For beech, the number of cells
in palisade parenchyma was determinated in the buds at the
middle of the summer of the previous year. This phenomenon
can partly elucidate why in Hesse with the same parameteri-
zation used in 1998 and 1997, the measured profile could not
be explained in 1999 by the LMA-sub-model. Between the sum-
mer 1998 and spring 1999, some shade buds were exposed to
the sun following the thinning. Consequently, the model over-
estimated the LMA at the middle of the crown (Fig. 4), because
it does not take into account that these leaves were formed as

shade leaves in the buds (with few layers of cells). In addition,
the model strongly underestimated the LMA for the sun leaves
likely because the carbon, not used for the shade leaves, was
probably re-allocated to the sun leaves. To conclude, the sensi-

es) in function of time in Hesse in 1999 and in Solling in
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Fig. 7 – Sensitive analysis of the simulated (a) leaf mass per area of sun leaves (LMAsunleaves), and (b) canopy carbon net gain
(canopy production minus canopy cost), to the �LMA (gDM MJ−1) and �LMA (without unit) parameters in Hesse from 1997 to
2
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ive analysis indicate that as already found in previous studies
Evans and Poorter, 2001), the LMA distribution measured on
orest canopies was shown to be not fully optimized for the
arbon gain.
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en Sciences forestière, ENGREF, 240 p+annexes.

ossel, H., 1996. TREEDYN3 forest simulation model. Ecol. Modell.
90 (3–1), 187–227.

astro-Dı́ez, P., Puyravaud, J.P., Cornelissen, J.H.C., 2000. Leaf
structure and anatomy as related to leaf mass per area
variation in seedlings of a wide range of woody plant species
and types. Oecologia 124, 476–486.

Chabot, B.F., Hicks, D.J., 1982. The ecology of leaf life spans. Annu.
Rev. Ecol. Syst. 13, 229–259.

Chapin, F.S., 1991. Integrated responses of plant to stress.
Bioscience 41, 28–36.

Davi, H., 2004. Développement d’un modèle générique simulant
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