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a b s t r a c t
There are strong uncertainties regarding LAI dynamics in forest ecosystems in response to climate change.
While empirical growth & yield models (G&YMs) provide good estimations of tree growth at the stand
level on a yearly to decennial scale, process-based models (PBMs) use LAI dynamics as a key variable for
enabling the accurate prediction of tree growth over short time scales. Bridging the gap between PBMs
and G&YMs could improve the prediction of forest growth and, therefore, carbon, water and nutrient
ﬂuxes by combining modeling approaches at the stand level.
Our study aimed to estimate monthly changes of leaf area in response to climate variations from
sparse measurements of foliage area and biomass. A leaf population probabilistic model (SLCD) was
designed to simulate foliage renewal. The leaf population was distributed in monthly cohorts, and the
total population size was limited depending on forest age and productivity. Foliage dynamics were driven
by a foliation function and the probabilities ruling leaf aging or fall. Their formulation depends on the
forest environment.
The model was applied to three tree species growing under contrasting climates and soil types. In
tropical Brazilian evergreen broadleaf eucalypt plantations, the phenology was described using 8 parameters. A multi-objective evolutionary algorithm method (MOEA) was used to ﬁt the model parameters
on litterfall and LAI data over an entire stand rotation. Field measurements from a second eucalypt stand
were used to validate the model. Seasonal LAI changes were accurately rendered for both sites (R2 = 0.898
adjustment, R2 = 0.698 validation). Litterfall production was correctly simulated (R2 = 0.562, R2 = 0.4018
validation) and may be improved by using additional validation data in future work. In two French temperate deciduous forests (beech and oak), we adapted phenological sub-modules of the CASTANEA model
to simulate canopy dynamics, and SLCD was validated using LAI measurements. The phenological patterns were simulated with good accuracy in the two cases studied. However, LAImax was not accurately
simulated in the beech forest, and further improvement is required.
Our probabilistic approach is expected to contribute to improving predictions of LAI dynamics. The
model formalism is general and suitable to broadleaf forests for a large range of ecological conditions.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Global changes lead to increases in environmental stresses in
forest ecosystems. Forest managers have to deﬁne forestry policies
that combine economic constraints and ecosystem sustainability.
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Improving our comprehension of the factors that inﬂuence the
global functioning of forest ecosystems is a major challenge in
addressing global changes. Modeling tools are to be improved
to explicitly account for both silvicultural practices and the
environment in the predictions of forest productivities. A multidisciplinary approach is suggested by Reyer et al. (2013) to assess
vegetation responses to global changes.
Saint-André (2013) classiﬁed the current modeling approaches
in forest science into three disciplinary classes, highlighting their
strengths and limitations:
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Fig. 1. Flowchart of the integrative modeling approach used to introduce seasonality in growth & yield models and assessing the inﬂuence of stand growth, foliar biomass
and climate on the water cycle. The model combination was focused on eucalypt plantations and combines the growth & yield model E-DENDRO, the process-based model
of stand transpiration BILJOU and the Stand Leaf Canopy Dynamics model (SLCD). Climatic data drive both the BILJOU and SLCD. There is feedback between BILJOU and SLCD:
the seasonal leaf area index (LAI) is an input of BILJOU and drives the forest transpiration rate and, thus, the soil water content; then, the drought stress (DS) is calculated
and used in SLCD. This feedback provides a description of the inﬂuence of forest growth, climate and foliage dynamics on the water cycle. The work presented in this article
focused on SLCD calibration. DS was obtained from measurements. Future work will focus on the combination of BILJOU and SLCD.

• forestry and biometry with growth and yield models (G&YMs)
such as FAGACEES (Dhote, 1996) or E-DENDRO (Saint-André
et al., 2002; Saint-André et al., 2005; Saint-André et al., 2008).
These empirical models accurately estimate wood production
and nutrient allocation within tree components, are relevant over
long periods of time and account for silvicultural practices. However, climate, water cycling and the biogeochemical cycles of
nutrients are not explicitly considered. Their use is limited to the
sites and climates considered for the calibration, which is likely
to considerably limit their use in the context of climate change.
• ecophysiology using process-based models (PBMs) such as CASTANEA (Dufrene et al., 2005; Davi et al., 2005), G’DAY (Corbeels
et al., 2005a,b; Marsden et al., in press), BILJOU (Granier et al.,
1999) or BALANCE (Roetzer et al., 2010). These mechanistic
models simulate the coupling of carbon and water cycles. They
explicitly consider the climate but exhibit poor performance in
simulations of the effects of silvicultural practices on biomass
allocation within tree components.
• biogeochemistry and soil chemistry models such as SAFE
(Sverdrup et al., 2006), FORSVA (Arp and Oja, 1997; Oja and Arp,
1997) or FORNBM (Zhu et al., 2003a,b)). These models provide a
consistent description of soil biogeochemical processes (mineral
weathering, soil organic matter mineralization and soil solution
chemistry). However, the description of nutrient uptake and dry
matter allocation within trees is still under development.
These approaches consider a large variability in spatial and
temporal scales, which implies that a simple juxtaposition is not
sufﬁcient to model the functioning of the whole ecosystem. It is
therefore necessary to establish new modeling strategies to assess
forest sustainability under various climatic and silvicultural scenarios. This idea is already applied in the model FORSAFE in the
context of biochemistry (Wallman et al., 2005) or in the global vegetation model ORCHIDEE (Bellassen et al., 2010, 2011). These works
highlight the large number of interactions between cycles, which
generate feedback effects that are difﬁcult to model.
The Stand Leaf Cohorts Dynamics (SLCD) model was developed
in the context of improving G&YMs (Sainte-Marie et al., 2012).

We expect that introducing climate, phenology and biogeochemical cycles in these models can improve their capacity to simulate
soil–plant interactions and tree growth, along with considering
management practices and changes in the environment. Modeling
of canopy phenology is an essential step towards the development
of comprehensive models that include water and nutrient balances
in the predictions of tree growth. SLCD aims to (1) provide relevant
estimations of seasonal LAI to drive PBM such as BILJOU (Granier
et al., 1999); (2) introduce phenology in foliar biomass estimations
provided by G&YMs such as FAGACEES (beech) and E-DENDRO
(eucalypt); and (3) estimate the amounts of leaf production and
litterfall. This paper focuses on phenology and does not consider
the coupling of models. The association between G&YMs, PBMs
and phenological estimations forms the basis for further works.
However, to illustrate our global modeling method, we propose an
example of models combined with ﬂowcharts dedicated to eucalypt
plantations (Fig. 1).
Foliage dynamics play a key role in PBMs (e.g., G’DAY, CASTANEA). PBM simulations of carbon sequestration and tree growth
are very sensitive to leaf area index (LAI) variations and require reliable estimations of LAI to be used over long time periods. LAI is used
to drive forest transpiration models (e.g., Shuttleworth and Wallace
(1985), Chouhury and Monteith (1988), Granier et al. (1999), Fisher
et al. (2009), Jung et al. (2010)) and to determine the fraction of
photosynthetically active radiation (PAR) absorbed by the vegetation (e.g., Gower et al. (1999), Nouvellon et al. (2000)). LAI can be
measured in various ways (Breda, 1999), as follows: direct estimations by destructive sampling (Nouvellon et al., 2010), indirect
estimations by satellite remote sensing (le Maire et al., 2011) or
using optical devices such as LAI2000 (Licor) or hemispherical photographs.
In addition to the issue of the LAI estimate, litterfall production
is the main organic matter input in decomposition models (e.g.,
Bosatta and Agren (1996), d’Annunzio et al. (2008)). Litterfall simulation is essential for enabling further modeling developments that
incorporate nutrient cycling.
Chabot and Hicks (1982) and Kikuzawa and Lechowicz (2011)
showed that canopy renewal can be considered the result of
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forest growth optimization and carbon-use efﬁciency. Therefore,
the optimization of photosynthetic activity would be driving
canopy dynamics through rapid changes in leaf expansion and leaf
mortality rates. In this approach, each leaf has a photosynthetic
potential that declines over time (Kitajima et al., 1997, 1997,
2002). Senescence processes are initiated if the leaf photosynthetic
potential is lower than the cost of leaf attachment. Independent of
this optimization theory, abiotic stresses such as frost (Silva et al.,
2009) and drought (Chabot and Hicks, 1982) and biotic stresses
such as herbivory (Lowman and Heatwole, 1992) are likely to
cause premature leaf fall or disappearance.
Recently, phenology modeling was initiated under climate
change pressure and is still under development (Richardson et al.,
2013). While climatic factors driving boreal and temperate phenology are well identiﬁed, the modeling of tropical phenology is
poorly studied and understood. Satellite data-based studies (Botta
et al., 2000; Jolly et al., 2005; Stoeckli et al., 2008) proposed global
climatic indicators to predict phenology. Simple climatic indexes
are associated with climatic variables (vapor pressure deﬁcit, photoperiod, minimum temperature) and are used to identify the most
limiting factor in canopy dynamics.
In this study, we aimed to simulate LAI dynamics and litterfall at the stand level with a modeling tool that takes advantage
of the large diversity of modeling approaches in forest science.
We developed a new method to simulate LAI dynamics and litterfall production based on sparse measurements taken on a
few days. We hypothesized that a simple probabilistic model
(hereafter named SLCD) based on monthly leaf cohort dynamics
had sufﬁcient ﬂexibility for accurately simulating LAI dynamics
and litterfall production for both fast-growing evergreen plantations and deciduous temperate forests. SLCD is, by construction,
designed to enable further developments by considering feedback
from water and nutrient cycles. SLCD includes functions that consider leaf appearance, growth and fall, thereby accounting for the
environment.
Our modeling approach was applied at three sites covered by
tropical evergreen eucalypt plantations in Brazil and temperate
deciduous forest in France essentially composed of beech (Hesse
site) and oak (Barbeau site).
2. Materials & methods
2.1. Description of the SLCD model
Table 1 provides a summary of the model variables.
2.1.1. Model inputs
According to G&YM time scales, SLCD has a monthly time step
k ∈ N∗ for the stand age, but to ensure a connection with PBMs such
as BILJOU, we used daily climatic data to drive the leaf phenology.
The time variable d is used when daily data are considered.
The required climatic data for each site are detailed below.
In addition, to account for the advantages of growth and yield
models (sound principles based upon Eichhorn’s rule, Assmann’s
yield level theory and Langsaeter hypothesis), the trend of biomass
with stand age (denoted B), without seasonal variations, is used as
an input variable in the SLCD model (Fig. 1). Information on the
individual leaf mass (m) and individual leaf surface (s) is required
to estimate the model outputs. These data were obtained from
measurements in this study and may depend on leaf age (see Section 2.2.3) and forest age.
2.1.2. Leaf population dynamics
Foliage turnover is a combination of three successive processes:
(1) bud burst/leaf emergence; (2) leaf expansion; and (3) leaf senescence/abscission. SLCD considers the foliage to be a population

123

Table 1
List of variables, types (T), symbols and units used to execute and calibrate SLCD.
The variables are classiﬁed in 3 types: I, input variable; S, state variable; and O,
output variable. Variables with no type speciﬁed are mentioned in the article but
not explicitly used in SLCD.
Variable

T

Symb.

Unit

(a) Climate and soil water
Daily mean temperature
Drought stress
Global radiation
Monthly mean temperature
Photosynthetic active radiation
Photoperiod
Relative extractable water

I
I
I
I
I
I
I

T
DS
Rg
Tm
PAR

REW

◦
C
–
MJ m−2 month−1
◦
C
MJ m−2 month−1
h day−1
–

(b) Canopy
Foliar biomass trend
Leaf mass
Leaf mass area
Leaf mean mass
Leaf mean surface
Speciﬁc leaf area
Dead leaf population of age i
Leaf population
Leaf age
Leaf population of age i
Maximal leaf population
Production pressure on leaf fall
Space available for new leaves
Stand age
Seasonal foliar biomass
Leaf area index
Litterfall
Normalized Difference Vegetation Index
Plant area index

I
I
I
I
I
I
S
S
S
S
S
S
S
S
O
O
O
–
–

B
m
LMA
m̄
s̄
SLA
NFi
N
i
Ni
Nmax
ı

k
Bseason
LAI
LF
NDVI
PAI

kg m−2
kgleaf
kgleaf m−2
leaf
kgleaf
m2leaf
m2leaf kg−1
leaf
leaf
leaf
month
leaf
leaf
–
leaf
month
kg m−2
m2leaf m2soil
kg m−2
–
m2vegetation m2soil

of leaves that are distributed by monthly classes of age i named
cohorts. Leaf age is deﬁned as the difference between the current
month and budburst month. After falling, the age of the leaf is
deﬁned as the duration between emergence and abscission. Note
that the age i of a leaf is always less than or equal to the stand age
k.
The population N(k) ∈ N of leaves carried by the forest at month
k is given by
N(k) =



N i (k)

(1)

i≥1

where N i (k) ∈ N is the number of leaves of age i at month k. We
also introduced the number NFi (k) of leaves of age i that fell during
month k. Seasonal simulations of foliar biomass (Bseason ), litterfall (LF) and leaf area index (LAI) are obtained by coupling cohort
dynamics and single-leaf surface and mass.
Two successive modeling steps, for each month k, are used to
model cohorts’ dynamics (Fig. 2). The iteration of these two steps
establishes a probabilistic dynamic model for the foliage demography. This model is a branching process with immigration (Harris,
1963; Olofsson, 1996).
2.1.2.1. Leaf mortality. It is necessary to determine the probability
that each leaf is abscised or maintained on the tree. A probability is
assigned to each cohort, and the fall probability for a leaf of age i at
month k is denoted piF (k).
For each study site, a phenological hypothesis is required to
deﬁne fall probabilities that may depend on leaf age, forest age,
senescence processes and climatic and environmental variables. A
major issue is determining how to formalize and combine all of
these factors.
First, a function named fall index is deﬁned for each phenological
process involved in leaf fall. Each fall index function generates a real
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We also deﬁne the mean leaf mass m̄(k) as follows:
m(k) =

 N i (k)m(i, k)
N(k)

.

(6)

i≤1

Then, the term B(k)/m(k) corresponds formally to a number of
leaves, and we assume its proportionality with Nmax (k). Because
B(k)/m(k) is an average estimate of the leaves held in the tree
crown, Nmax (k) may exceed B(k)/m(k). Thus, we introduce the positive constant , and then
Nmax (k) = 

B(k)
,
m(k)

(7)

where  . is the nearest integer function.
Then, it is possible to deﬁne the space available for new leaves.
It is denoted as  and is calculated as the difference between the
maximal number of leaves and the total number of leaves attached
to the trees:



(k) = max

0, Nmax (k) −





i

N (k)

.

(8)

i≥2

Fig. 2. Iterative process of the SLCD model. Successive processes driving canopy
dynamics are denoted in italics. Leaf fall and aging result from fall probabilities. The
creation of new leaves occurs after leaf aging, when the total number of leaves still
attached has been estimated. Leaf production is driven by the non-seasonal biomass
time series B given by growth & yield models and the foliation function ϕ.

number included in [0, 1]. The number and the type of functions
vary among the study sites (see below).
Second, fall indexes are combined to deﬁne the fall probability.
For a cohort of age i, let us consider q fall indexes (pij (k))
. Then,
j∈{1,q}

the probability piF (k) is deﬁned as follows:
piF (k) = f (pi1 (k), pi2 (k), . . ., piq (k)),

(2)

where f : [0, 1]q → [0, 1] is the combinatory function deﬁned as follows:
f (p1 , . . ., pq ) = 1 −

q




˛

1 − pj j .

(3)

j=1

It is necessary to determine when this available space is ﬁlled
with new leaves. To integrate our assumptions on leaf creation
processes, we deﬁne a foliation function, denoted as ϕ (see Sections 2.2.4 and 2.3.1). It expresses the proportion of the available
space used to create new leaves. Its value is included in [0, 1]
and depends on our foliation assumptions. When the environmental conditions are more favorable to foliation, the value of ϕ is
higher. The combination of  and ϕ yields the production of young
leaves:
N 1 (k) = (k) ϕ(k) .

The expression N1 (k) (Eq. (9)) is a feedback loop inﬂuenced
by environmental conditions. The maximal number of leaves constrains the leaf production by saturation of the tree crown.
2.1.3. Model outputs
To obtain Bseason , LAI and LF, we used information on the mean
leaf mass (m) and surface (s) in every cohort:
Bseason (k) =

The positive real numbers ˛1 , . . ., ˛q are parameters used during model ﬁtting to optimize the combination of fall indexes. The
combinatory function satisﬁes



N i (k) m(k, i),

LAI(k) =



N i (k) s(k, i),

(11)

NFi (k) m(k, i).

(12)

i≥1

LF(k) =


i≥1

If information on m or on s are lacking, additional variables such
as the leaf mass area (LMA) can be used to ﬁll in the missing data
as follows:

ber of fallen leaves NFi−1 (k − 1), which satisﬁes the following
equality:

m(k, i) = LMA(k) s(k, i) =

NFi−1 (k − 1) + N i (k) = N i−1 (k − 1).

2.2. Tropical evergreen eucalypt plantations

(5)

2.1.2.2. Leaf production. The production of new leaves N1 (k) is
determined for each month k. First, we assume that the total number of leaves attached in the forest crown is limited by the crown
size. Second, we assume that the maximal number of leaves is linked
to the trend of stand foliar biomass per meter square B(k). Let us
denote the maximal number of leaves that can hold forest crown
as Nmax (k). Depending on the season, the total population N(k) may
be lower than or equal to Nmax (k).

(10)

i≥1

ifitexists j ∈ {0, q} suchthat pij = 1, then f (pi1 , . . ., piq ) = 1. (4)
This property ensures leaf fall if a lethal event occurs (i.e., at least
one fall index is equal to one).
The number of leaves Ni (k) of age i ≥ 2 is obtained
i−1
from
the population N

 (k − 1) using the binomial law
B N i−1 (k − 1), pi−1
(k
−
1)
.
This law also provides the numF

(9)

s(k, i)
.
SLA(k)

(13)

Over the last twenty years, the intensive monitoring of biomass
dynamics in eucalypt plantations (Laclau et al., 2000; Stape et al.,
2004) has led to the design of several biomass models (e.g., EDENDRO (Saint-André et al., 2002), G’DAY (Corbeels et al., 2005a)
and CABALA (Battaglia et al., 2004)). The biomass predictions of
these models combined with leaf traits and SLCD may contribute
to the improvement of the PBMs used to manage these plantations
(Fig. 1).
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This article considers the phenology of Brazilian eucalypt plantations. A review was used to establish parametric functions
simulating leaf emergence and abscission. Parameters were ﬁtted
on monthly litterfall measurements and remote sensing estimates
of LAI (see Laclau et al. (2010), le Maire et al. (2011) and le Maire et al.
(2013) for details). Given the high number of parameters, a multiobjective evolutionary algorithm method (MOEA) was chosen for
model ﬁtting (Van Veldhuizen and Lamont, 2000). Model validation
was performed for an independent data set obtained from a second
stand situated nearby.
2.2.1. Study site 1: Eucalyptus, Itatinga, Brazil
The Itatinga Experimental Station (23◦ 02 S and 48◦ 38 W) is
covered with Eucalyptus grandis (W. Hill ex Maiden) plantations.
The mean annual rainfall spanning the 15 years before our study
was 1360 mm. The average annual temperature was 20 ◦ C. The
seasonal cold period occurred from June to September, with an
absolute minimum of 4.8 ◦ C recorded in July 2000, along with minimum temperature values below 5 ◦ C for a few days each year. The
relief was typical of the western plateau of São Paulo, with a gentle
wavy topography. The experimental site was located on a hilltop
(slope <3%) at an altitude of 850 m. The soils were very deep Ferralsols (>15 m) developed on Cretaceous sandstone, Marília formation,
Bauru group, with a clay content ranging from 14% in the A1 horizon
to 23% in deep soil layers. This study focused on two experimental
plantations, E101 and E137, as described in Laclau et al. (2009) and
le Maire et al. (2013), respectively. The same mono-progeny of E.
grandis seedlings was planted in April 2004 in E101 and May 2003
in E137. The stocking density was slightly lower in E137 than in
E101 (1111 vs 1666 trees ha−1 ), and nitrogen (N) fertilizers were
not applied in E137, whereas they were applied at 120 kg N ha−1
for the ﬁrst 1.5 years after planting in E101. The other silvicultural
practices were similar in the two experiments. The positive effect of
fertilizers on biomass production was only signiﬁcant the ﬁrst two
years after planting at our study site, and the total aboveground
biomass produced was similar in E101 and E137 at the end of the
rotation (unpublished data).
2.2.2. Climatic and environmental data
Global radiation (Rg ) measurements were obtained from UNESP
university at Botucatu (30 km from the study site). Other climatic
data used in SLCD were measured at the Itatinga experimental
station (a distance <1 km from the E101 and E137 experimental
sites).
An estimate of the monthly drought stress DS was deﬁned based
on the soil water content measurements. Its deﬁnition is based on
the daily relative extractable water (REW). REW is the ratio between
the amount of water available in soil and the maximal amount of
water extractable from the soil.
REW was computed from soil water content measurements collected every 1–7 days down to a depth of 3 m with TDR probes
(Time Domain Reﬂectometry, Trase soil moisture, CA, USA). Granier
et al. (1999) deﬁned a critical threshold REWc = 0.4 under which the
ecosystem is submitted to drought limitation. Each day d in month
k, if REW(d, k) ≥ REWc , the daily drought stress is REWc − REW(d, k).
DS on month k is deﬁned as the sum of daily stresses occurring in
month k:
DS(k) =



max (0, REW c − REW (d, k)) .

(14)

d ∈ month(k)

2.2.3. Foliage measurements
The same methodology was used to estimate stand LAI in E101
and E137 and is fully described in Laclau et al. (2010).
Measurements of Bseason and LAI were obtained once a year at the
end of the rainy season, with destructive sampling over the 6 years
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of the rotation cycle. An additional measurement was performed
seven months after planting. The variations in LAI were interpolated between these annual LAI ﬁeld measurements using satellite
images, as in le Maire et al. (2013). Brieﬂy, MODIS reﬂectances in
red and NIR wavebands, at a resolution of 250 m and a frequency
of 16 days, have been used to invert a canopy reﬂectance model
and retrieve LAI, as in le Maire et al. (2011). The MODIS pixel chosen in the present study belongs to a large eucalyptus stand of the
same age and clonality, which was near the E101 experimental site.
This inverted LAI time series was then normalized to ﬁt the annual
ﬁeld measurements taken in E101 (see le Maire et al. (2013)). As
a consequence, the seasonal dynamics of LAI between two ﬁeld
measurements could be estimated fairly well.
LF was collected monthly.
Changes in leaf mass throughout the leaf life span were measured in E101 by Laclau et al. (2010) for our E. grandis seedlings,
which led to the following empirical relationship:





m(i) = 3.5 × 10−4 1 − e−0.82.i ,

(15)

where i is the monthly leaf age.
SLA was estimated in E101 annually at the end of each rainy
season from destructive measurements of LAI using the following
relationship:
SLA =

LAI
.
B

(16)

Missing monthly data were predicted using a cubic spline interpolation.
2.2.4. Phenology and model formulation
2.2.4.1. Leaf production. In tropical evergreen forests, radiation
peaks and drought effects were identiﬁed as the major driving force
behind the tropical ecosystem phenology (Bradley et al., 2011).
Monitoring of Australian eucalypt forests (Pook, 1984a,b, 1985;
Pook et al., 1997) highlighted a strong correlation among leaf production, leaf loss and water availability.
We assumed that drought stress slowed foliation. When the
drought stress DS exceeded a critical threshold DScrit , foliation
decreased proportionally to DS. The foliation function ϕ was given
by the following expression:



ϕ(k) =

1,

if DS(k) ≤ DS crit ,

max (0, 1 − DS (DS(k) − DS crit )) ,

(17)
else,

where DS and DScrit were two positive parameters to be adjusted.
Wright and Van Schaick (1994) also associated leaf production
to peaks of irradiance. Simulations including this effect were also
performed, with poor results (unpublished data).
2.2.4.2. Leaf aging. Leaf traits are inﬂuenced by seasonality, forest
age and nutrient availability (Hikosaka, 2005; Laclau et al., 2009;
Pornon et al., 2011). SLA decreases with tree age (England and
Attiwill, 2006; Nouvellon et al., 2010), which corresponds to an
increase in self-shading in the crown. The dynamics of the SLA values measured in E101 over the entire rotation period exhibited this
tendency. Variations in the leaf mass m are given by Eq. (15).
2.2.4.3. Leaf fall. According to the carbon balance optimization
theory, a favorable light regime speeds up leaf fall (Reich et al.,
2004; Vincent, 2006). Moreover, photosynthesis is enhanced during favorable temperature periods (Battaglia et al., 1998), which
accelerate leaf fall.
Self-shading among leaves was observed in tropical forests
(Ackerly and Bazzaz, 1995; Ackerly, 1999) and eucalypt plantations
(Whitehead and Beadle, 2004). An increase in LAI led to an increase
in self-shading, which delayed leaf fall at the bottom of the crown.
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This vertical gradient is associated with an increase in leaf thickness at the bottom of the crown. Thus, the variability in the leaf
lifespan was inﬂuenced by the leaf position in the crown, and a
faster renewal of foliage occurred at the top of canopy.
Reductions in stomatal conductance during droughts slow
down photosynthetic activity and delay leaf fall (Kikuzawa and
Lechowicz, 2011), while severe droughts cause litterfall peaks.
Under water shortage conditions, leaf shedding seems to be a complex and adaptative behavior to hydrous stress: a study of the
eucalypt response to two drought periods Pook (1986) showed that
the trees protected themselves by promptly shedding some of their
leaves.
We deﬁne a unique fall index pRg for the effect of radiation
on leaf fall, calculated as the quantity of energy received by the
tree crown at month k i months (i ≤ k) from the time series of
Rg . The Beer–Lambert law for radiation extinction through the
canopy was used to estimated the inﬂuence of LAI on the amount of
energy received. We assume that drought stress reduces the energy
received. We deﬁne the amount of energy absorbed by the foliage
at month k over a period of i months as follows:
E i (k) =

k

Rg (j)(1 − e−0.48 LAI(j) )
j=k−i

1 + ˇDS DS(j)

,

LAI(k − 1)
LAI(k)
−
.
B(k) SLA(k)
B(k − 1) SLA(k − 1)

(19)

The product B × SLA is equivalent to a leaf area index trend
depending on the plantation age. We chose to divide LAI by B and
SLA to normalize the variations in LAI. ı is an index without unit.
Finally, we assume that a minimal amount of energy Emin had to
be reached before leaf fall occurred and that the fall index pRg was
deﬁned by
piRg (k) = min(1, ˇRg

max(0 , 1 + ˇPP ı(k − 1) ). . .
SLA(k) max(0, E i (k) − Emin )),

Param.

Value

Res. int.

Unit


DS
DScrit
ˇDS
ˇPP
ˇRg
Emin
˛Rg

1.0563
0.2203
1.5709
0.7544
7.4423
2.5493 × 10−5
308.17
1.3310

[1, 1.3]
[0, 1]
[0, 8]
[0, 10]
[0, 10]
[0, 5 × 10−4 ]
[0, 104 ]
[0, 10]

–
–
–
–
–
kgleaf MJ−1 month
MJ m−2 month−1
–

regularity of the splines, the obtained time series B was assumed
to be equivalent to the G&YM predictions.
Surfaces of leaves s were obtained each month using Eq. (15)
and SLA estimates.

2.2.5.2. Fitting method. Model ﬁtting was performed on LF and LAI
measurements simultaneously. We selected an objective to minimize for each one:

(18)

where ˇDS is a parameter to be ﬁt. The extinction coefﬁcient value
(0.48) was determined based on previous studies (Roupsard et al.,
2008). We assume that the effect of radiation on leaf fall increased
proportionally with the energy received. Furthermore, the leaf
traits changed over the whole rotation. Because SLA decreased in
both experiments, the leaves were thicker at the end of the rotation.
According to the carbon balance optimization theory, we assume
that the thick leaves positioned at the bottom of tree crown were
more likely to have a higher lifespan than thinner leaves.
In addition, litterfall peaks were observed when LAI increased.
We assume that new incoming leaves were accelerating the fall
of older leaves. Rather than using a simple difference in LAI values between two successive months, we estimated the production
pressure on litterfall (noted ı) using
ı(k) =

Table 2
Model adjustment results (Site 1): parameter values, research interval & units.

(20)

where ˇRg and Emin were two parameters to be ﬁt.
2.2.5. Model ﬁtting
Model ﬁtting was performed on a dataset collected from E101.
We simulated an entire rotation from the ﬁrst leaf fall one year
after planting, in April 2005, to a few months before harvesting in
September 2009.
2.2.5.1. Input variables. The model was designed to be driven by the
biomass time series B given by a G&YM. When these data were missing, we replaced them by a time series that had the same features,
namely, the stand age-related estimates of foliar biomass without
seasonal variations. We chose to set B as the annual measurements
of Bseason and to predict missing data using cubic spline interpolation. Considering the annual gap between measurements and the

LAI mea − LAI sim

2

=

 n


1/2
(LAI mea (k) − LAI sim (k))

2

,

(21)

k=1

LF mea − LF sim

4

=

 n


1/4
(LF mea (k) − LF sim (k))

4

,

(22)

k=1

where n = 72 was the number of measurements. A classical l2 norm
was tested, and the resulting LF ﬂushes were underestimated. We
chose to consider the l4 norm for LF for simulations considering the
large LF ﬂushes.
The existence of a unique group of parameters minimizing both
objectives simultaneously was very unlikely. Indeed, a group of
parameters minimizing one objective may not necessarily minimize the other. Thus, the notion of Pareto efﬁciency was used to
determine the set of simulations that was considered to be the best
compromise among the objectives to minimize. The set of simulations that were Pareto efﬁcient, i.e., the set of best compromises,
is called the Pareto front. A genetic algorithm method was used to
evaluate the Pareto front. This method described by Van Veldhuizen
and Lamont (2000) is classiﬁed as a multi-objective evolutionary
algorithm method (MOEA) and is implemented in the MATLAB
optimization toolbox.
Eight parameters were ﬁtted with multi-objective optimization.
Three parameters were related to foliation: , DS and DScrit . A single fall index for radiation effect pRg was deﬁned by 4 parameters:
ˇDS , ˇRg , ˇPP and Emin . Recall that a combinatory function (Eq. (3))
introduced an additional parameter ˛Rg . We used this parameter to
optimize model ﬁtting, although a unique fall index was deﬁned.
Each parameter was researched in a relevant interval with regard
to the associated variables (Table 2).
The Pareto front was obtained, and the efﬁciency of the simulations (R2 ) for both LAI and LF was considered to exclude irrelevant
groups of parameters. Finally, we selected the best estimate of the
cumulative LF production over the whole rotation.

2.2.5.3. Model validation. The methodology used to determine
model inputs was identical to that used in the E101 experiment.
The ﬁtted set of parameters was tested on the dataset collected in
E137 from 36 to 59 months after planting. The lack of REW data
shortened the validation period.
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2.3. Deciduous temperate ecosystems
In the case of French forests, monthly leaf production, expansion
and fall probability were established using phenological submodules of the daily-based PBM CASTANEA. The parameters used
were taken from previous studies (Davi et al., 2008; Delpierre,
2009; Delpierre et al., 2009), and no calibration was required. These
simulations aimed to assess the formalism suitability of SLCD and
its compatibility with PBMs and daily-based models. SLCD validation was performed on LAImax (beech) and foliage dynamics
measurements (beech and oak).
2.3.1. Phenology and model formulation
In deciduous temperate ecosystems, foliation and senescence
are essentially triggered by variations in the photoperiod. The inﬂuence of the latter depends on altitudinal and temperature gradients.
A warm spring accelerates foliation processes, and senescence is
favored by cold autumnal temperatures. Water availability is also
a limiting factor (Delpierre et al., 2009; Fracheboud et al., 2009;
Lebourgeois et al., 2008; Vitasse et al., 2009a, 2009, 2009c).
2.3.1.1. Bud burst. Delpierre (2009) deﬁned a three-parameter
model to determine the date of bud burst.
The end of winter dormancy day was noted as DstartBB . After this
date, the model considers the daily mean temperature T exceeding
the base temperature TbaseBB :
RBB (d) = T (d) 1{T (d) ≥ TbaseBB } ,

(23)

and cumulates them:
SBB (d) =

d


(24)

RBB (j).

j = DstartBB

The date of bud burst DBB is obtained when SBB reaches the critical
value FcritBB .
This daily CASTANEA sub-model was used to deﬁne the foliation
function with a simple formulation:
ϕ(k) = 1{DBB ∈ month(k)} .

(25)

2.3.1.2. Leaf expansion. Davi et al. (2008) described the CASTANEA
sub-model used to simulate leaf expansion.
The leaf growth was assumed to be proportional to the cumulative daily temperature after bud burst. The full expansion is reached
when the sum equals the critical value Fcritexp :

⎛

Sexp (d) = min ⎝Fcritexp ,

d


⎞

T (j)⎠ .

(26)

j = DBB

The value used in the SLCD model for leaf expansion each month
is the value of the ratio Sexp /Fcritexp at the end of the month.
2.3.1.3. Leaf senescence. The CASTANEA senescence sub-model was
described by Delpierre et al. (2009).
Senescence processes are initiated when the daily photoperiod
(d) is lower than a threshold startsen . It deﬁnes the day Dstartsen
that corresponds to the beginning of senescence processes.
Rsen (d) = (Tbasesen − T (d))

⎛
Ssen (d) = min ⎝Fcritsen ,

x

(d)
startsen
d


j=Dstartsen

y

1{T (d)<Tstartsen }

(27)

⎞

Rsen (j)⎠

(28)

127

Table 3
Parameters of the CASTANEA sub-models used for sites 2 and 3: parameters, values,
& origin.
Parameter
(a) Bud burst
DstartBB
TbaseBB
FcritBB

Site 2
91
4.6
190

(b) Leaf expansion
424
Fcritexp
(c) Leaf senescence
startsen
12.5
Tbasesen
25
x
2
y
2
Fcritsen
5160

Site 3

Unit

Source

55
4
410

day
◦
C
◦
C

Delpierre (2009)
Delpierre (2009)
Delpierre (2009)

424

◦

Davi et al. (2008)

14.5
26.5
2
0
10,178

C

day
C
–
–
◦
C
◦

Delpierre et al. (2009)
Delpierre et al. (2009)
Delpierre et al. (2009)
Delpierre et al. (2009)
Delpierre et al. (2009)

The value used in the SLCD model for the monthly fall index psen
is the value of the ratio Ssen /Fcritsen at the end of the month.
2.3.2. Beech, Hesse, France (site 2)
2.3.2.1. Site description. The experimental plot was located in the
state forest of Hesse, France (48◦ 40 N, 7◦ 05 E, elevation 300 m),
which was (90%) composed of beech (Fagus sylvatica L.). The other
tree species present were Carpinus betulus, Betulaalba, Fraxinus
excelsior, Prunus avium, Quercus petraea and Larix decidua. The
understorey vegetation was very sparse. The annual precipitation was 820 mm, and the average annual temperature was 9.2 ◦ C.
The soil type was intermediate between a luvisol and a stagnic
luvisol. The clay content ranged between 25 and 35% within a
0–100 cm depth and was approximately 40% below 100 cm. A complete description of the site is given by Granier et al. (2000).
2.3.2.2. Input data. Climatic data required to perform simulations
included the calculated daily photoperiod  (method described by
Allen et al. (1998)) and the daily mean temperature T obtained from
in situ ﬂux towers (Longdoz, personal communication).
In the case of deciduous forests, the spring foliar biomass production equals the autumnal litterfall. In the case of the Hesse site,
annual LF measurements were recorded. Because the study focused
on phenological phases in French sites, we chose to deﬁne B based
on annual LF measurements.
The leaf mean surface at full expansion (10.7 cm2 leaf−1 ) and the
mean LMA (80 g m−2 ) were measured (Granier, Personal communication). Eq. 13 was used to determine the leaf mean mass m at full
expansion.
2.3.2.3. Model validation. Foliage dynamics were simulated from
January 1997 to December 2008. The model performance was
assessed using the maximal annual LAI measurements and estimates of forest cover dynamics. The parameters used in the
phenological functions are given in Table 3.
The forest cover dynamics was estimated using the Plant
Area Index (PAI). PAI was estimated using the inversion of the
Beer–Lambert law for radiation absorption Rgsoil = Rg exp(−kRg ×
PAI). Daily radiations at the soil level Rgsoil and above the tree crown
Rg were obtained from in situ ﬂux towers. The maximal values of
PAImax were modiﬁed to compare the phenology of the measured
PAI and the simulated LAI.
2.3.3. Oak, Barbeau, France (site 3)
2.3.3.1. Site description. The plot is located in Barbeau, France
(48◦ 28 N, 2◦ 46 E) and is composed of oak (Q. petraea). The annual
precipitation was 670 mm, and the average annual temperature
was 10.8 ◦ C. The soil type was a leached soil with pseudogley. The clay content was 15% within a 0–30 cm depth and was
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Fig. 3. Comparison of the measured and simulated data in the E101 plantation (site 1) over the whole rotation: litterfall (LF) (above) and leaf area index (LAI) (below).

approximately 30% for the entire proﬁle. The site is described by
Delpierre (2009).
2.3.3.2. Input data. The climatic data required to perform simulations were the calculated daily photoperiod  (method described
in Allen et al. (1998)) and the daily mean temperature T obtained
from in situ ﬂux towers.
In this study site, no LF data were obtained to measure the foliar
biomass trend B. The annual maximal LAI values were obtained
from measurements (2009) and modeling results (2006–2008). The
annual B was estimated using the relationship:
B = LAI max LMA.

(29)

Davi et al. (2008) obtained LMA from a top canopy LMAmax
measurement and a Beer–Lambert extinction proﬁle equation
depending on LAI and the extinction coefﬁcient kLMA = 0.187:
1 − e−kLMA LAI
LMA = LMAmax
.
kLMA LAI

(30)

The leaf traits mean leaf surface (20.37 cm2 leaf−1 ) and LMAmax
(105 g cm−2 ) were measured.
2.3.3.3. Model validation. Foliage dynamics were simulated from
January 2005 to December 2009. The parameters used in the phenological functions are given in Table 3. The model performance
was assessed using measurements of PAI dynamics. Using a similar method as that used for site 2, PAI data were calculated from
measurements of PAR extinction through the tree crown.

(the 12th, 36th and 57th). The measured LF followed an annual pattern marked by annual peaks since the age of 36 months. A similar
pattern was observed in the LF simulations over the whole rotation
(Figs. 3 and 4).
The simulated annual mean leaf lifespan increased from 3.1
months between 1 and 12 months after planting to 9.06 months
between 49 and 60 months after planting. A lower mean lifespan (5.5 months) was simulated between 61 and 72 months after
planting.
The simulated annual maximal leaf lifespan increased from 15
months during the ﬁrst year after planting (the seedlings were ﬁve
months old at the time of planting) to 32 months during the 6th
year after planting. These elevated values were related to small leaf
populations remaining attached to trees for several years.

3.1.2. Model validation
The periodicity of the LAI predictions (R2 = 0.698, RMSE = 0.449)
was respected over the validation period (Fig. 5). The average LAI
simulated over the whole validation period was 4.27, compared to
4.06 for the average measurements, representing an overestimation of 6.55%. The amplitude of the simulated LAI time series was
smaller than the measured amplitude of LAI (Fig. 6).
The periodicity of the LF production peaks was respected
(R2 = 0.4018, RMSE = 221.41). Two production peaks around the
37th and 57th months were overestimated, and the total LF production was overestimated by 37% over the whole validation period.

3.2. Beech, Hesse, France (Site 2)
3. Results
3.1. Eucalyptus, Itatinga, Brazil (Site 1)
3.1.1. Model adjustment
Eight parameters were ﬁtted on the E101 stand data (Table 2).
LAI was simulated with good accuracy (R2 = 0.898, RMSE = 0.144).
LAI was slightly overestimated (2.8%).
The periodicity of LAI was well simulated, with a slight decay
between the measured and simulated time series (Fig. 3).
LF was rendered with lower accuracy (R2 = 0.562, RMSE = 40835).
The total LF production over the whole rotation was underestimated by 17.8%, due to inaccurate estimations for a few months

The measured yearly maximal LAI was well estimated in most
cases. However, it was strongly overestimated in 2006 (35.32%) and
underestimated in 1998 and 2008 (18.25 and 14.29 %, respectively).
Smaller differences were observed in 1999, 2001 and 2007 (Fig. 8).
Measurements of the LAI dynamics exhibited a gap in 2000,
2001, 2002, 2003 and 2005 (Fig. 7). In the remaining years, the LAI
dynamics simulations corresponded to the measurements, except
in 1998 and 1999, where an offset of one month was observed in
senescence. Besides, the leaf emergence and growth were simulated with good accuracy.
The data highlighted two LAI increase phases. The ﬁrst phase
was fast and simulated accurately. The second phase was slow
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Fig. 5. Comparison of the measured and simulated data in the E137 stand (site 1):
litterfall (LF) (above) and leaf area index (LAI) (below).
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Fig. 4. Comparison of the measured and simulated data in the E101 stand (site
1): ﬁrst-order linear regression for litterfall (LF) (above) and leaf area index (LAI)
(below).

4.1. Evergreen eucalypt plantation (Brazil)
Several attempts were made to determine the most inﬂuent
factors involved in the phenology of these plantations.
Limiting effects on foliation due to low temperatures and low
radiation levels were tested, as was the water availability effect. We
ﬁnally excluded these effects, which did not speciﬁcally improve
the simulations. The main factor driving foliation is the water availability, as suggested by Pook’s studies (Pook, 1984a,b, 1985; Pook
et al., 1997).

1000
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2000

5

6

6
y =2.57 +0.396 x

3.3. Oak, Barbeau, France (Site 3)

5
LAI Simulated

4. Discussion

500
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and occurred between May and October in most years. This phenomenon was not taken into account in the simulation.

The bud burst and leaf growth patterns were respected. A onemonth delay was observed in leaf senescence in 2006 and 2007
(Fig. 9).
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Fig. 6. Comparison of the measured and simulated data in the E137 plantation (site
1): ﬁrst-order linear regression for litterfall (LF) (above) and leaf area index (LAI)
(below).
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Fig. 7. Comparison of the plant area index (PAI) dynamics measurements (•) and simulated leaf area index (LAI) (◦) in site 2.

Fig. 8. Comparison of the measured and simulated annual maximal values of the
leaf area index (LAI) in site 2. An elevated difference was observed in 1998, 2006 and
2008.

A unique fall index was used in this study. This restriction was
due to the limited amount of validation data. Nevertheless, a second fall index related to severe drought was tested (unpublished
data) and used to simulate the LF peak, which occurred in the 57th
iteration after planting on the E101 stand (Fig. 3). An extended validation set is required to validate this fall index. An estimation of the
soil water content over the whole E137 experimental site using the
BILJOU model is ongoing work. Note that the combinatory function
(Eq. (3)) was tested and was sufﬁcient for introducing additional
fall indexes.
Our model then conﬁrmed that the effects of both radiation (leaf
fall) and drought (foliation and leaf fall) were the major driving
forces behind tropical ecosystem phenology. It also highlighted a
strong internal regulation process of phenology. Indeed, LAI was
used to determine both the fraction of energy absorbed by the
tree crown (Eq. (18)) and the production pressure on litterfall (Eq.
(19)). Several possibilities without internal regulation processes
were unsuccessfully tested to estimate the impact of radiation on
LF. Some modeling attempts were also performed without considering the inﬂuence of a decrease in SLA on pRg , with poor results for
both LAI and LF.
2006 − 2009

8

PAI − LAI (m2 m−2)

7
6
5
4
3
2
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J FMAM J J A S O N D J FMAM J J A S O N D J FMAM J J A S O N D J FMAM J J A S O N D

Date (month)
Fig. 9. Comparison of the plant area index (PAI) dynamics measurements (•) and simulated leaf area index (LAI) (◦) between 2006 and 2009 in site 3. The phenology was well
predicted, except in autumn 2006, when the senescence occurred too early for prediction.
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Variations in the mean leaf lifespan correspond to the results
obtained by Laclau et al. (2009), which were close to the values
calculated using the 3-PG model (Almeida et al., 2004). Elevated
leaf maximal ages (>1 year) have been reported in the literature.
Whitehead and Beadle (2004) cited several studies on eucalypt
native forests, where a substantial portion of leaves survived for
up to 18 month or 2 years. In the case of Eucalyptus maculata native
forests, some leaves survived up to 3 years (Pook, 1984a).
The E101 and E137 experimental sites were strongly fertilized,
and nitrogen and potassium fertilization regimes inﬂuenced the
leaf longevity and leaf traits (Laclau et al., 2009). Further improvements in SLCD require investigations addressing the role of tree
nutrition on leaf longevity. In addition, the lower stocking density
in E137 than in E101 inﬂuenced the crown architecture, and the
resulting consequences on leaf longevity deserve further attention.
4.2. Deciduous ecosystem (France)
From the point of view of the SLCD formalism, considering deciduous ecosystems was easier than considering evergreen
ecosystems. The phenological phases were clear, and a simple adaptation of the phenological sub-modules of CASTANEA model was
sufﬁcient to render the phenology with good accuracy in both cases.
However, shifts in the maximal LAI simulation were observed
in the Hesse site. In this case, differences in the LAImax simulations
can be attributed to the constant leaf traits used during the whole
simulation.
4.3. Model development
In the case of the evergreen ecosystems, the phenology is difﬁcult to model. One strength of our approach is simultaneously
estimating litterfall production and LAI variations using a formulation that incorporates the tree physiology. We expect that our
model may be used to determine the main processes involved
in leaf production and the net primary production of evergreen
ecosystems.
This study highlights the need to investigate the interaction
between foliage and nutrient cycling to improve the SLCD model.
Indeed, SLCD is strongly sensitive to leaf traits, which are strongly
inﬂuenced by nutrient availability (Hikosaka, 2005; Pornon et al.,
2011). In addition, the impact climate on leaf traits has to be considered (Wright et al., 2005).
Due to its formalism, SLCD can be further enhanced with future
investigations. It is possible to perform model coupling with biogeochemical models in a manner similar to coupling with PBM.
Thus, introduction of the role of nutrients in foliage dynamics is
possible in the general modeling framework presented in the Introduction to this paper.
In every study site, LAI was simulated with a good accuracy.
Because stand transpiration is driven by LAI in a PBM such as BILJOU,
the efﬁciency of SLCD is sufﬁcient for performing a combination of
models, as shown in Fig. 1. In the case of deciduous ecosystems,
our study is in the preliminary phase of coupling G&YM FAGACEES,
PBM BILJOU and SLCD. Because SLCD predictions are dependent on
the annual foliar biomass estimation, the accuracy of such a coupling will strongly depend on annual biomass estimations given by
FAGACEES.
The development of a complex model results in an increase in
the number of required parameters. Furthermore, a complete monitoring of forest ecosystems is rare. Thus, modelers often face the
issue of sparse data from various compartments of a forest ecosystem. Our study demonstrates that MOEAs are able to ﬁt complex
models based on several variables. Recent developments in MOEAs
indicate good prospects for the future development of complex
forest ecosystem models.
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5. Conclusion
The SLCD model was designed for use in a coupling of models,
combining the advantages of G&YMs and PBMs at the stand level.
In Brazilian eucalypt plantations, LAI and LF were globally predicted
with good accuracy and may be improved by using complementary
validation data and introducing the inﬂuence of climate and nutrients on leaf traits. In deciduous forest ecosystems, the suitability
of the model formalism was established with the successful introduction of phenological sub-modules of the CASTANEA model. In
every case, SLCD opens new perspectives in the development of a
new generation of soil–plant models.
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