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Abstract 

 

Ø Water content in living vegetation (or live fuel moisture content, LFMC), is increasingly 

recognized as a key factor linked to vegetation mortality and wildfire ignition and 

spread. Most often, empirical indices are used as surrogates for direct LFMC 

measurements.  

Ø In this paper, we explore the functional and ecophysiological drivers of LFMC during 

drought at the leaf and canopy scale using the SurEau-Ecos model, and a three years 

dataset of leaf and canopy scale measurements on a mature Quercus ilex forest, 

including an extreme drought. The model is based on forest hydrology and plant 

hydraulics and allows to simulate temporal variations of water potential and content at 

a daily time step. At leaf level, it simulates the relationship between water potential and 

water content by separating the apoplasm and the symplasm. Symplasm water content 

is modeled using the pressure volume curve theory, and apoplasm water content is 

modelled using the xylem vulnerability to cavitation. Fuel moisture content was 

upscaled to the canopy level by accounting for foliage mortality estimated from drought 

induced cavitation.  

Ø The model was parameterized either with site-measured traits or using a calibration 

procedure, and compared with water potential and LFMC measured at leaf level, and 

NDVI variation measured at canopy level and taken as a surrogate for foliage mortality.  

Ø At leaf level, LFMC prediction using measured hydraulic traits could be improved by 

considering year-to-year osmotic adjustments. At canopy level, foliage mortality due to 

drought induced cavitation was a key driver of LFMC decline during the most extreme 

drought.  

Ø A sensitivity analysis showed that parameters driving soil water balance (leaf area 

index, soil water capacity, and regulation of transpiration) and parameters determining 

pressure volume curves are key traits driving LFMC dynamics at leaf level. At the 

canopy level, parameters that drives hydraulic failure were the most sensitive and 

included, both soil water balance parameters and hydraulic traits (the leaf vulnerability 

to cavitation) were the main drivers of LFMC decline during extreme drought.  

Ø We also showed that under normal historic weather conditions, most variation of LFMC 

are linked to reversible symplasm dehydration, however under future, hotter and dryer 

conditions, most variations are due to the decline canopy of LFMC driven by foliage 

mortality. 
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Introduction 

 

Water content in vegetation is a key components of ecosystem responses to drought. Recent 

studies proposed it is likely to be related to drought induced mortality, a crucial outcomes of 

ongoing climate change (Martinez-Vilalta et al. 2019). One of the metric of water content or 

moisture content of plant is defined as the ratio of water mass to the dry mass. In the context of 

wildfire studies it is referred to as Live Fuel Moisture Content (LFMC), a variable that is is 

increasingly recognized as a critical factor in wildfire behavior (Rossa et al. 2016; Pimont et 

al. 2019a), hazard and activity (Dennison and Moritz 2009; Yebra et al. 2013; Ruffault, Curt, 

et al. 2018; Pimont et al. 2019b). Furthermore, being strongly determined by drought 

conditions, LFMC is one of the factors that might be responsible for observed and projected 

increase in wildfire hazard because of the increase in the frequency of drought event due to 

climate change. 

Despite LFMC is important for our understanding of wildfire regime features and changes, in 

particular in foliage-fueled ecosystems, the precise role of LFMC is not well-established. A 

large part of these knowledge gaps is undoubtedly due to the fact that LFMC dynamic remain 

poorly understood and difficult to predict. Most studies that explore the drought-fire 

relationships do not consider explicitly the role of fuel moisture content in wildfire dynamics 

(Abatzoglou and Williams 2016; Turco et al. 2018; Ruffault et al. 2020). Instead, they rely on 

physical drivers of fuel moisture dynamics such as the vapor pressure deficit (VPD), or on 

empirical drought indices that are correlated with FMC, including dead FMC (Resco de Dios 

et al. 2015) and live FMC (Ruffault, Martin-StPaul, et al. 2018). Thus, approaches based on 

climate only account for climate, neglect sites and species physiological features, and hence, 

their performance for LFMC predictions is limited (Soler Martin et al. 2017; Ruffault, Martin-

StPaul, et al. 2018).  

In recent years, increasing attention has been paid to the understanding of the physiological 

drivers of live fuel moisture content, opening a field that has been called the “pyro-ec-

ophysiology” by (Jolly and Johnson 2018), which should lead to the development of process-

based approaches to predict fuel moisture content that should be valid under drought. This idea 

is supported by empirical findings showing the close relationships between LFMC and drought 

indices derived from functional approaches (Nolan et al. 2018; Ruffault, Martin-StPaul, et al. 

2018; Pivovaroff et al. 2019). For instance, Ruffault et al. (2018) showed that soil water content 

was likely to be at least as good as empirical drought indices to predict LFMC dynamics. Others 

went further and showed that plant water potential is a good predictor of LFMC (Nolan et al. 

2018; Pivovaroff et al. 2019). 

Although water and carbon cycles in plants both dictate the variation of LFMC over the year 

(Jolly et al. 2014; Jolly and Johnson 2018), the mechanisms associated to the water cycle are 

the most influential drivers of live fuel moisture content dynamics over the course of a seasonal 

drought, whereas carbon cycles processes are particularly crucial during organ growth and 

development. Carbon-cycle processes influence LFMC through the phenological and 

physiological mechanisms that drive dry matter accumulation during growth, including 

photosynthesis, respiration and carbon allocation. Growth mostly occurs out of the dry season 

and, under drought conditions growth and photosynthesis generally ceased rapidly (Muller et 

al. 2011; Lempereur et al. 2015). It is thus reasonable to neglect these processes under extreme 

drought conditions in a first instance, and therefore assume that dry matter is constant during a 

strong drought.  
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Broadly speaking, water cycles processes involve different biophysical mechanisms that dictate 

water flows through the Soil Plant Atmosphere Continuum and within the plant. Mechanisms 

with a higher effect on LFMC during drought can be separated in two types. On the one hand, 

the forest hydrology processes that dictate how a given climate influences the soil water content 

and, therefore, the soil and plant water potential. This typically includes rainfall interception, 

infiltration and percolation, watershed hydrology, evaporation from the soil surface and plant 

transpiration. Leaf area of the stand and soil water-holding capacity, and the physiological 

processes involved in plant transpiration regulation (stomatal closure and minimum 

conductance, (Martin-StPaul et al. 2017; Cochard 2019; Duursma et al. 2019)) are key variables 

regulating these processes. On the other hand the plant dehydration mechanisms that dictate 

how plant dehydrates or desiccate at a given level of plant water potential. This later processes 
can be represented by separating the plant (or plant organ) into two main water reservoirs: the 

apoplasmic reservoirs (made of xylem conduits and call walls) and the symplasmic reservoir 

(made of living cells) (Tyree and Yang 1990; Martin-StPaul et al. 2017; Cochard et al. 2020). 

Each of them has a its own dynamics during decrease water potential that occurs during drought. 

For the symplasmic reservoir, water content dynamic is determined by the pressure volume 

curve theory, which states that water content dynamic during decreasing water potential 

essentially depends on cell wall elasticity and leaf osmotic potential (Tyree and Hammel 1972; 

Dreyer et al. 1990). In contrast, the water content dynamic of the apoplasm depends on the 

process of cavitation that leads to the change phase of water from liquid to gas (Tyree and Yang 

1990; Hölttä et al. 2009; Martin-StPaul et al. 2017; Cochard et al. 2020). As water potential 

decreases and the amount of cavitation events in the xylem vessels increases, the amount of 

water in the apoplasmic tissue decreases.  

At the canopy level, an additional effect of drought that influences canopy water content and 

that should be considered is the fact that leaves can progressively turn from live to dead under 

as a result of disconnection from the hydraulic system. Such foliage mortality would lead to a 

sharp drop in water content as dead foliage have very low moisture content values, between 5 

and 20 % according to vapor pressure deficit and in the absence of rainfall (De Dios et al 2015). 

The processes that lead to foliage mortality could be linked to drought induced cavitation 

(Barigah et al. 2013; Urli et al. 2013) albeit this is a matter of research (Choat et al. 2018).  

In this paper we explore the key parameters that drives fuel moisture content at the leaf and the 

canopy level during drought at the scale of a dry season. We used both a long term monitoring 

dataset at the leaf an canopy level and mechanistic model including the process described 

earlier.  

The modelling approach includes both leaf level and canopy level water cycling processes, and 

bridges the gap between plant water balance model and plant hydraulics. It develops the links 

between plant water content and plant water potential by using the simplified version of the 

plant hydraulic model SurEau (Martin-StPaul et al. 2017; Cochard et al. 2020), and it uses a 

daily stand water balance model to predict soil water content by accounting for climate, soil 

properties and stand leaf area index (Rambal 1993; Granier et al. 1999; Ruffault et al. 2013; 

Cáceres et al. 2015).  

The outputs of the model were tested on the experimental site of Puéchabon, a Quercus ilex 

coppice from which micro-meteorology, plant functioning, including leaf water potential and 

leaf water content data were collected and used to validate the model in details. We then propose 

a sensitivity analysis of the model to a few key traits and to climate change scenario to assess 

the potential impact of climate change on LFMC dynamics in Mediterranean forests. 
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Materials and methods 

General approach  

 

Our aim is to use a data-model analysis to explore the relevant processes that determines the 

dynamic of leaf and the canopy level moisture content under extreme drought. For this purpose, 

we present SurEau-Ecos, a model coupling a stand water balance model following the principle 

of previous models (Rambal 1993; Granier et al. 1999; Ruffault et al. 2013; Cáceres et al. 2015) 

and a simplified version of the soil-plant hydraulic model SurEau to simulate plant dehydration 

and desiccation (Martin-StPaul et al. 2017; Cochard et al. 2020). The stand water balance model 

is used to compute evapotranspiration, interception, soil water content, and soil water potential 

in the rooting zone. The SurEau model is used to compute plant water potential and live fuel 

moisture content at the leaf and canopy level as well as leaf mortality.  

At leaf level we assumed that dominant processes include the relationships between plant water 

potential and water content, based on the theory of the pressure volume curves and for the 

symplasm and cavitation for the apoplasm. At canopy level we assume that the leaf mortality 

was caused by drought and could be related to cavitation. The main principles that dictate the 

dynamics of foliage desiccation are presented Figure 1. In the current stage, the model considers 

the desiccation of existing mature foliage and does not consider processes involved foliage 

growth and dry matter accumulation and carry over effect. Therefore, foliage and water 

transport capacity are re-initialised every year to their initial values.  

In the following model descriptions, for clarity reasons, we separate  the processes involved in 

(i) the water balance part of the model, (ii) the coupling between the plant hydraulic model and 

the water balance, and (iii) the computation of shoot level live fuel moisture content, the foliage 

mortality and the canopy level fuel moisture content. Afterwards, we present the data collected 

on the long term monitoring site of Puéchabon that are used to explore our underlying 

assumptions. We also carried out a sensitivity analysis of LFMC to ecological and physiological 

traits, as well as an exercise of stand canopy projections of LFMC under future climatic 

conditions. 

 

Model description 

 

Overview of the water balance model and its coupling with the hydraulic model  

 

The daily stand water balance model used in this study is based on equations previously 

developed for the SIERRA model (Mouillot et al. 2001; Ruffault et al. 2013), which follows 

the design principles of a previous water balance model (Rambal 1993; Granier et al. 1999; 

Cáceres et al. 2015). The detailed equations and principles having been published many times 

and provided into details in (https://vegmod.ctfc.cat/frames/medfatebook/), we only present the 

basic principles and the coupling with the hydraulic model SurEau. The model updates soil 

water content at a daily time step based on the water balance between precipitations (P) and 

water outputs : 

 !"#$ = !"#$&' + 	P 2 	In	 2 	D 2 	E	3 	T 
(1)  

Where the amount of precipitation intercepted by the canopy (In), the soil evaporation (E), the 

transpiration of vegetation (T) and the drainage (D), are all expressed in mm. Soil is represented 

by a 3-layer bucket model which sizes can be parameterized to represent the available water 

capacity of the location of interest. Drainage from one layer to the other, and out of the system, 

occurs when the field capacity is overpassed. The interception of rainfall by the canopy is 

computed using the Gash equations (Gash et al. 1995). The soil evaporation is computed 
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following (Mouillot et al. 2001), by considering soil surface potential evapotranspiration 

according to the Ritchie model (Ritchie 1972). Soil surface PET is obtained by dampening bulk 

air PET according to canopy leaf area index (LAI, m2 m-2) using an exponential decay (Mouillot 

et al. 2001). PET is computed using with the Priestley–Taylor equation as in (Ruffault et al 

2013). 

Plant canopy transpiration is computed by following the empirical bulk canopy limitation of the 

potential evapotranspiration (PET) proposed by (Granier et al. 1999). In addition, we introduce a 

stomatal regulation to drought through plant water potential (234567), and a term of residual 

transpiration (Emin, corresponding to losses through the leaf cuticle) computed as the product of 

the minimum conductance (89:6) and the air vapor pressure deficit (VPD), assuming leaf and 

air temperature are equal. Both processes are key components of the dynamic of plant 

desiccation emphasized in this model. Averaged daily canopy transpiration rate (;<, in mmol.m-

2.s-1) then expresses as : ;< = max	 @0	;	;C4:9 ; E234567 2 2C4FGHIJ + ;9:6 

 
(2)  

Where 2C4FGH  is a parameter corresponding to the water potential causing stomatal closure 

(taken as 95% of stomatal closure), ;9:6 is computed as the product of 89:6 and vapor pressure 

deficit, and ;C4:9 is the boundary climatic transpiration, without stomatal regulation taken from 

(Granier et al. 1999) : 

 

 ;C4:9 =	 K
L;M × OPQR S

PQR ; TU ; V 
(3)  

 

Where M the molar mass of water (kg.l-1) and dl day length (in seconds), and O : 
 

 
O = 20.006	PQRY + L8Z[\	PQR + 0.036 

 
(4)  

L8Z[\ is the Granier parameter that set the maximal transpiration per unit LAI that can be 

tuned if transpiration and LAI data are available. 

 

The stomatal control on transpiration computed with E234567 2 2C4FGHI is considered through the 

coupling with the plant hydraulic model SurEau. In this study, the preliminary version of 

SurEau (Martin-StPaul et al. 2017), originally dedicated to compute mortality due to “hydraulic 

failure” was used to compute plant water status, foliage water content and foliage mortality. As 

showed in the most recent developments, SurEau can also be applied to compute water quantity 

and desiccation under extreme drought (Cochard et al. 2020). In brief, it calculates soil-plant 

water transfer using water potential gradient and Fick’s law, and accounts for dynamic changes 

in hydraulic conductance with water potential decline due to drought induced cavitation. Then 

plant water content is computed by using the mechanistic links water potential to tissue water 

content.   First, the Fick’s law can be applied to stand transpiration as : 

 

 
;< = 	 Ĝ&_ × E2GF:4 2 234567I  

 
(5)  

Where ; is the average transpiration rate, 2GF:4 and 234567  are soil and plant water potential.	 Ĝ&_ 

is hydraulic conductance of the system (from soil to leaf). Soil water potential is computed from 

soil water content derived from the water balance model using the pedo-transfer function 

(Campbell 1974) : 
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 2GF:4 =	2H × K!"#$!"#GS
&`

 

 

(6)  

Where 2H is the air entry water potential (MPa), !"#$  and !"#G are the actual and saturation soil 

water content respectively (in mm as in Equation 1) and b is the power exponent of the soil moisture 

function. Note that this equation is generally expressed using fractional volumetric water content (a in 

cm3.cm-3), as referred in Table 1. ̂ G&_ has been simplified to consider the soil hydraulic conductance 

( ĜF:4) and the plant hydraulic conductance ( 3̂4567  ) in series : 

 Ĝ&_ = 11
ĜF:4 + 1

3̂4567
 

(7)  

With ( ĜF:4) being computed by scaling the unsaturated conductivity equation of (Campbell 1974) with 

the Gardner-Cowan formulation (Gardner 1964; Cowan 1965) for accounting for the distance between 
soil and roots as in (Martin-StPaul et al 2017) : 

 
ĉF:4 = ĉ57 2eP5

ln	 g 1Zhe	Pij
; K!"#$!"#GS

(Y`lY)
 

 

(8)  

with La and Lv the fine root length per soil area and soil volume, respectively and r the fine root radius.  

 
Equaling ;< from equation 2 and 5 because of water mass balance and rearranging terms leads to the 

following solution for 234567: 

 
234567 =	 Ĝ&_ × 2GF:4 + ;C4:9 × LC4FGH 2 ;9:6;C4:9 + Ĝ&_  

 

(9)  

However, when this solution leads to ;C4:9 ; E234567 2 2C4FGHI < 0, corresponding  to full stomatal 

closure, only the cuticular losses drive the flux and 234567  write:  

234567 =	2GF:4 2 ;9:6
Ĝ&_  

 

(10)  

In practice, equations are solved as follows. ;C4:9 is first computed from equation 3 and the day 

length (i.e. corresponding to the transpiration rate without considering stomatal closure),	2GF:4 
and Ĝ&_ are taken from the previous time step, so that 234567  can be computed using equation 

9 and reinjected into equation 2 to compute the plant transpiration TR. At the end of the 

procedure,	234567  is used to compute the loss of hydraulic conductance due to cavitation as 

well as dehydration involved in LFMC computation (see next section).  

Along a dry season, Kplant can decrease according to level of drought induced cavitation 

(Cruiziat et al. 2002). This process corresponds to a phase change of water from liquid to gas 

that lead to an air embolism in the xylem which precludes sap circulation and empty the vessels 

from water. Kplant is computed as a function of initial (pre-drought) plant conductance (Kplantini) 

and the fractional loss of conductance (LC) due to drought induced embolism : 

 
 3̂4567 =	 3̂4567:6:	(1 2 P#) (11)  

The fractional loss of conductance of the plant xylem is assumed proportional to the level of 

drought-induced Embolism in the xylem. It occurs when water potential drops below the 

intrinsic capacity of the plant xylem to support negative water potential. Embolism is 

computed by using the sigmoidal function (Pammenter and Vander Willigen 1998) : 

 

 
;opqUrso = 1

1 + tgG4F3HYu Evwxyz{&|}~Ij 
(12)  
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Where P50 (MPa) is the water potential causing 50% loss of plant hydraulic conductivity and 

Slope (%/MPa) is a shape parameter describing the rate of embolism spread per unit water 

potential drop at P50. To simplify the resolution of water potential and transpiration regulation, 

LC assumed to be constant during a time step. Kplantini	is	reinitialized	to	its	maximum	value	at	 the	beginning	of	each	year,	assuming	that	 tissue	growth	reestablished	the	transport	capacity	of	the	plant.	
 

Modelling Live fuel moisture content at the leaf and canopy scale 

 

a- Live fuel moisture content at the shoot level 

The water content at the shoot level is computed from static relationships between water 

potential and water content (Martin-StPaul et al. 2017; Cochard et al. 2020). The model 

considers that foliage has two main different water reservoirs -apoplasmic and symplasmic 

(Tyree and Yang 1990) , each of them having its proper response to yplant.  

The relative water content of the symplasmic compartment (ì"#G), decrease as î34567  becomes 

more negative according to the well-known pressure volume curves equations (Tyree and 

Hammel 1972). PV curves depends on two main parameters, the osmotic potential at full turgor 

(p0, MPa) and the elasticity of cell walls (e % / MPa). Importantly these parameters can be easily 

obtained from laboratory measurement datasets, available for many species (Bartlett et al. 2012; 

Martin-StPaul et al. 2017). ì"#s is the minimum values of the two possible solutions, when 

the leaf is still turgid (î > î743 , the turgor loss point) : 

ì"#G = 1 2
¿
»2Eî34567 + eò 2 ôI 3 õEî34567 + eò 2 ôIY 2 4ôî345672ô 	

£
¿	 (13)  

Alternatively, when 	îüU[\ f î Uü (if water potential has overpassed the turgor loss point), the 

solution is: 

 ì"#G = 1 2 g1 2 eòî34567)j	 (14)   

Then, the relative water content of the apoplasmic compartment (i.e. extracellular water 

contained in the xylem, ), declines in response to plant water potential (î34567) according to 

the level of embolism. It is obtained from the vulnerability curve to cavitation (Equation 11) 

that can estimated for the organs of different species through the percent loss of conductivity in 

response to water potential (Choat et al 2012; Martin-StPaul et al 2017). We assume that RWCa 

increases proportionately with the rate of embolism and consider that embolism is not reversible 

at the scale of a dry season : 

 

 ì"#5 = 12 ;opqUrso		 (15)   

 

To obtain the live fuel moisture content on a dry mass basis, we expressed LFMC as the sum 

of the water content in the symplasm and the apoplasm relative to the dry mass weighted by 

they respective volumetric fraction : 

 P¢V#	 = P¢V#G57 ; (Qü¢Z[£	ì"#5 + (1 2 Qü¢Z[£)	ì"#G)	 (16)  

With ApFrac the fraction of apoplasmic tissue of the shoot (that can be derived from pressure 

volume curves) and P¢V#G57 the live shoot moisture content at saturation (in g H2O. g-1). For 
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an easier parameterization, P¢V#G57 can be derived from more classical traits such as LDMC 

or leaf succulence (S, in g H2O.m-2) and leaf mass per area (LMA, in g dry matter .m-2).  

P¢V#G57 	= 	 1¢§V# 2 1 = !PVQ	 (17)  

 

Equations 12 to 17 allow to link water content and water potential and can be applied to field 

empirical measurement, or by using pressure volume curves and vulnerability to cavitation (see 

below). Note that we assume that the “bulk plant water potential” modelled is the same in the 

apoplasmic and the symplasmic compartments. In order to compare model output with field 

data (see below), we used the simulated soil water potential (îGF:4) as predawn water potential 

and î34567  as a midday water potential. 

b- Canopy scale fuel moisture content and foliage mortality  

The total canopy scale fuel moisture (or total canopy water load, M¢VC56, gH2O.m-2) can be 

computed by summing the amount of water in live and dead foliage: 

 M¢VC56 	= 	P¢VC56 +	§¢VC56 	 (18)   

 

Where P¢VC56 is the live canopy scale fuel moisture (or live canopy water load, g H2O.m-2) and §¢VC56 is the dead canopy scale fuel moisture (or dead canopy water load, g H2O.m-2). P¢VC56 

is computed daily by scaling leaf level live fuel moisture content to the canopy dry mass by 

using the leaf area index (LAI) and the leaf mass per area (LMA).  

 P¢VC56 	= 	P¢V# × PQR × PVQ	 (19)   

Whereas LMA is assumed constant (as growth process and dry mass accumulation are ignored); 

LAI can decrease during a dry season due to foliage mortality in case of extreme drought. In 

order to account for this phenomenon, we included a leaf mortality curve in the model to update 

living LAI and to compute the dead foliage. This phenomenon also induced a decrease in 

moisture content of the total canopy as dead leaf moisture content can reach values as low as 5 

to 10 % during dry conditions and follows a dynamic imposed by air vapor pressure deficit 

(Resco de Dios et al. 2015).  

To model leaf mortality, we made the parsimonious assumption that drought induced embolism 

leads to a proportional increase in leaf mortality, in agreement with many previous studies on 

forest trees showing a concordance between canopy mortality and hydraulic failure (Blackman 

et al. 2010; Barigah et al. 2013; Urli et al. 2013; Li et al. 2015). In practice, leaf mortality is 

computed at each time step as a fraction of the maximum leaf area index and the variation of 

embolism between the current and the previous time step : 

 PV7 = "H9`F4:G9 ; PQR95¶ 	 (20)   

Where PV7 (in m2.m-2) is the leaf mortality computed at each time step, PQR95¶ is the maximum 

yearly value of LAI and "H9`F4:G9  is the variation of embolism between two consecutive time 

steps (i.e. during one day). Because a native level of embolism on the order of 5% is frequently 

recorded in this species (Martin-StPaul et al. 2014), the effect of embolism on leaf mortality is 

not accounted below this threshold. The PV7 is then used to update the actual leaf area index 

and the dead leaf area compartment : 

 PQR7 = PQR7&' 2 PV7 	 (21)   
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With LAIt and LAIt-1, the LAI of the current and previous day respectively. The dynamic of dead 

leaf area index (§PQR) is also computed as : 

 §PQR7 = §PQR77&' + PV7 	 (22)   

With DLAIt and DLAIt-1, the dead LAI of the current and previous day respectively. Then the 

fraction of moisture of dead fuel (§¢V#, % of dry mass) can be modelled as a function of 

vapor pressure deficit (VPD) with the semi-empiric model of Resco De Dios et al (2015), and 

used to compute the total dead fuel moisture content of canopy assuming that dead leaves stay 

on the tree.  

 §¢V#	 = 	§¢V0 + §¢V1 ; t(&9;ß|®) 	 (23)   

Where DFM0, DFM1and m that can be adjusted to empirical data or taken from Resco De Dios 

et al (2015). Knowing DFMC and §PQR7, the dead fuel moisture of the canopy (§¢VC56) is 

computed : 

 §¢VC56 	= 	§PQR7 ; PVQ ; §¢V#	 (24)   

 

Model application to a Quercus ilex canopy at the Puéchabon site 

The model was applied on the Quercus ilex forest stand of Puéchabon. The Puéchabon site is 

located 35 km north-west of Montpellier (southern France), on a flat plateau, in the Puéchabon 

State Forest (3°35’45”E, 43°44’29”N, 270 m ASL). The forest has been managed as a coppice 

for centuries and the last clear cut was performed in 1942. In 2011, the top canopy height was 

5.5 m on average. The stem density of Quercus ilex evaluated on 4 plots larger than 100 m² was 

4703 (± 700) stems ha-1. The climate is Mediterranean with a mean annual precipitation of 

903 mm and a mean annual temperature of 13°C (on average 1984-2011). The very shallow 

bed rock imposes a strong constraint on water availability : the volumetric fractional content of 

stones and rocks averages 0.75 for the top 0-50 cm and 0.90 below. The vegetation is largely 

dominated by a dense overstory of the evergreen oak Quercus ilex L., so that the application of 

our stand scale monospecific model is consistent. The site has historically been used to test 

functional models on forest stand in the Mediterranean (Reichstein et al. 2002; Davi et al. 2006; 

Keenan et al. 2011; Ruffault et al. 2013). 

 

Studied years spanned from 2016 to 2018, and included one of the most extreme drought 

recorded at the site (year 2017) that caused partial mortality and desiccation of the canopy. 

During the summer drought (May to October) of the studied period, the water potential and leaf 

fuel moisture content were measured at predawn and at midday on five trees at approximatively 

3 weeks intervals. Two or three leafy shoots per tree were sampled from the upper part of the 

canopy, sealed in a plastic bag in a cooler, and their water potential was measured within 2 

hours using a Scholander pressure bomb (PMS1000, Corvallis, Oregon, USA). Three to six 

leaves were collected concomitantly from the same trees for LFMC measurements, stored in 

sealed plastic bags right upon collection and kept in the cooler. At the laboratory, leaf samples 

were weighted fresh, and then dried an oven at 60°C for 48 hours and weighted again to 

compute LFMC. Leaf LFMC measurements on mature current year leaves only were used. 

Quercus ilex bud burst generally occurs at the end of March and the new shoots expand and 

maturate until early July. Consequently, at the beginning of each measurement season (May to 

June), it happened that only previous year leaves were available or that current year leaves were 

not fully mature which were not used for this study. Daily meteorological variables used to feed 

the model include rainfall, temperature, radiation, vapor pressure deficit, wind speed and were 

taken from the site meteorological station. Additional ecophysiological data used here also 
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include sap flow measurements, that have been continuously been recorded since 2003 

(Limousin et al. 2009; Gavinet et al. 2019). 

 

Parameterization of the water balance model 

Model parameters for the water balance part were taken from (Rambal et al. 2003; Ruffault et 

al. 2013) or adjusted with more recently available in situ measurements (Table 1). The leaf area 

index was initialized at a maximum value LAImax of 2.2. The total available water capacity was 

estimated at 145 mm by using eddy-flux measurements. The maximum soil depth of the soil 

layer of the water balance model was estimated to 4.6 m by taking into account the soil 

volumetric rock fraction. This value was used to calibrate the water balance model. The total 

hydraulic conductance was set using sap flow and water potential gradient (between predawn 

and midday) measurements (Gavinet et al. 2019). The water potential causing stomatal closure 

(Pclose) was set to -3.1 MPa based on concurrent measurements of leaf gas exchange 

measurements and water potential (Limousin et al. 2009; Martin-StPaul et al. 2012). Minimum 

leaf conductance (gmin) is considered here as a water balance parameters as it determines (along 

with VPD) the rate of water loss when stomata are close. It was estimated with data from 

pressure volume curves measurements (see below). The water balance component of the model 

has been explored previously, to complement prior validation for the studied years, we 

compared model outputs with in situ measurement of predawn and midday water potentials and 

sap flow.  

Model evaluation at the shoot and stand level 

In order to decompose the drivers of LFMC at the leaf level we first applied only leaf level 

LFMC equations (Equation 12 to 17) to field measurements of water potential and LFMC, and 

then evaluated the predictability of LFMC of the full coupled model.  

Two main types of hydraulic traits are needed to parameterize the set of equations that 

determines the relationship between water potential and live fuel moisture content (equation 12 

to 17): the leaf pressure volume curves (leaf PV curve) and leaf vulnerability to cavitation (leaf 

VC). Such measurements were performed during 2018 and 2019, on six trees of the site, and 

the detailed description of these data are provided in (Limousin et al in prep; Moreno et al in 

prep). In brief, pressure volume curves were measured using the bench dehydration technique 

(Dreyer et al. 1990) during the spring and summer 2018 on mature leafy shoots (10 to 15 cm 

length). The parameters include the osmotic potential at full turgor (eò) and the modulus of 

elasticity but also the fuel dry matter content (FDMC), the apoplasmic fraction (ApFrac). Note 

also that the minimal conductance (gmin, that serve in the water balance model, see above) is 

derived from the last portion of the pressure volume curves. Among these traits some can 

exhibit some degree of plasticity to drought (Bartlett et al. 2012). This is particularly the case 

of “osmotic adjustment”, which corresponds to an increase of eò with increasing drought, and 

that has been found to occur in response to rainfall exclusion in Quercus ilex at the Puéchabon 

and Font-Blanche sites (Limousin et al in preperation). As PV curves were measured only at 

one date (in march 2018) on shoots that included two generation of leaves (2016 and 2017), we 

cannot identify if osmotic adjustment has occurred between years and modified the relationship 

between water potential and LFMC. We therefore also used the LFMC and water potential data 

monitored on the site along the 3 measurement years to calibrate these parameters through 

parameter optimization (see the section below Calibration).  

Early in 2019, leaf vulnerability to cavitation was assessed using the optical technique 

(Brodribb et al. 2016) applied to cut branches from the same six trees of the site using similar 
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protocol to (Lamarque et al. 2018). In brief, large branches (>1m) were cut in the field, their 

cut bases immerged the water and brought to the laboratory. Once at the laboratory, the 

branches were placed on a bench with two leaves to three leaves scanned at a regular interval 

of 5 minutes using a flat scanner. One stem psychrometer (StemPsy1, ICT International, 

Armidale, NSW, Australia) was placed on the branch and stem water potential was recorded 

every 30 min throughout branch desiccation. The accuracy of psychrometer readings was cross-

validated three to four times a day by «leaf measurements on adjacent leaves that had been 

covered for at least 2 h with aluminum foil and wrapped in a plastic bag using a Scholander 

pressure bomb. 

a. Leaf level LFMC model evaluation 

We first evaluated the LFMC prediction at leaf level by using equations 12 to 17, that relates 

water potential and leaf moisture content by using the leaf monitoring on the Puéchabon site. 

To do so, the set of equation was used to predict predawn and midday LFMC data (monitored 

from 2016 to 2018) from predawn and midday water potential data. Three different 

parameterizations were tested. First we parameterized the equations by using measured values 

derived from pressure volume curves and vulnerability curves to cavitation (see above). 

Second, we proceed to an overall parameter optimization by using the whole dataset of LFMC 

and water potential monitoring. Finally, to account for the possible plasticity of pressure volume 

curves traits (in particular eò) from year to year, we proceed to a year by year parameter 

optimization by considering the data from each year independently. Note that we limited 

parameters optimization to pressure volume curves parameters (eò, 1, FDMC) that are known 

to adjust according to drought (Bartlett et al 2012; Limousin et al in preparation). Conversely, 

the cavitation vulnerability curve was not adjusted because cavitation occurs mostly outside of 

the range of water potential data measured in the field and is expected to exhibit little changes 

in response to drought variations (Limousin et al. 2010; Martin-Stpaul et al. 2013). 

 

We also applied the coupled SurEau-Ecos during the three studied years by using the best 

parameterization found from Equation 12 to 17. We evaluated the ability of the model to 

simulate stand level foliage mortality recorded by using Normalized Difference Vegetation 

Index (NDVI) measurements made using a sensor positioned above the canopy. We computed 

an index of foliage change during the summer drought as the relative variation in NDVI 

between leaf maturity (around early July) and the end of the summer.  

 

Sensitivity analysis and applications 

a. Evaluation of traits responsible for leaf and canopy desiccation under current and 

future climate 

 

Finally, we analyzed the sensitivity of leaf and canopy moisture content to different traits and 

parameters that are expected to be relevant to define desiccation. We selected a group of 

parameters that differ according to the type of processes in action: On the one hand, we 

computed the sensitivity to leaf and hydraulic traits that define the relationship between leaf 

level moisture content and water potential -- including the pressure volume curve parameters 

(eò, 1) and the vulnerability to cavitation parameters (P50, Slope) -- and on the other hand we 

quantified the sensitivity of the model to parameters that affect the water balance of the stand -

- including the water potential causing stomatal closure (Pclose), the minimum leaf conductance 

(gmin), the leaf area index (LAI) and soil water capacity (SWC). For each parameter we explored 

how a variation of 40 % around its initial value (i.e. from -20 % from the initial to +20% from 

the initial value, Table 1) affects the minimum LFMC at the leaf and at the canopy level and 
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the foliage mortality. This exercise was performed by simulating these variables for the period 

1999-2019 and extracting the 5th quantile of LFMC at leaf and canopy level and the 95th quantile 

of leaf mortality.  

In order to explore the LFMC sensitivity to climate change we performed simulations with the 

reference parameters for the period 2015-2100 using climate projection from one GCM-RCM 

(MPI-RCA4) under the RCP8.5 scenario. These climate simulations have been chosen to 

represent the average climate trajectory among 5 contrasted GCM-RCM according to Fargeon 

et al (2020). For this application,  we used default plant parameters (Table 1). Some key 

parameters were re-initialized each year assuming that stand remain identical in terms of species 

and structure, that is we imposed a full recovery of plant conductance and leaf area index and 

no species turn-over. This should be considered as a theoretical exercise and not as a projection. 

We extracted yearly minimum LFMC values at leaf and canopy level and foliage mortality. 
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Results 

 

Leaf level fuel moisture content dynamic relation to plant water potential 

 

Figure 2 shows the relationship between live leaf moisture content and water potential  

measured and modelled (Equation 12 to 16) for each measurement year by using three different 

calibrations: (1) calibration with measured parameters, (2) calibration with fitted parameters 

using all data LFMC and water potential data together (i.e. 2016-2018 monitoring) and (3) 

calibration by fitting parameters on each year independently. The later procedure assumes that 

pressure volume curves adjustment can affect the relationship between LFMC and water 

potential from year to year. Parameters used for the calibration (either measured or optimize) 

as well as goodness of fit for the predictability of LFMC are reported on Table 2. We observed 

that LFMC simulated with parameters measured on the site (pressure volume curve equations) 

shows relatively good agreement on average with the data (RMSE = 5.2, R2=0.55, Table). 

However, for low water potential values (<-3.1 MPa), we noticed an underestimation of LFMC 

for year 2016 and an overestimation for 2017 and 2018. By proceeding to a calibration with the 

full data set at once, we obtained parameters very close from the parameters measured using 

PV curves (Table 2), and these values conducted to slightly improve the predictability of LFMC 

(RMSE=4.6, R2=0.59), but, as for calibration with measured parameters, LFMC was 

underestimated in 2016 and overestimated in 2017 and 2018. By optimizing parameters for 

each year independently, we found that optimal parameters vary and this leads to a substantial 

improvement of the overall predictability of LFMC (RMSE=3.7, R2=0.73). In particular, the 

overestimation found in 2016 and the underestimation found in 2017 and 2018 disappeared. 

Changes in parameter values particularly affected eò that increased with the drought intensity 

of year (i.e. minimum value of water potential), from -2.5 year 2016 to years -3.2 2017 and 

2018 

  

Evaluation of SurEau-Ecos coupling the water balance and desiccation model 

 Water balance  

The water balance part of the model has previously been validated at the site against sapflow 

data and water potential (Ruffault et al 2013). Here we present an additional validation of 

predawn water potential data for the three years studied (Figure 3). Model simulations show a 

good agreement with measurements with an overall R2 =0.91 for midday water potential and 

0.89 for predawn water potential) and an overall RMSE = 0.5 MPa (0.4 for midday water 

potential and 0.6 for predawn water potential).  

 

Live fuel moisture content at leaf scale 

An evaluation of the ability of the coupled model to predict the dynamic of leaf live fuel 

moisture content under the same calibration procedure as for leaf level evaluation is presented 

on Figure 4 and Table 2. In general, the performance of the coupled model to predict LFMC 

was lower than at the leaf level evaluation, but the same ranking between calibration procedure 

was found (Table 2). By using measured parameters, the RMSE and R2 were 7% and 0.3 

respectively with pronounced underestimation bias during the peak of the drought in 2017 and 

2018. Only marginal improvement was obtained by using parameters calibrated using all LFMC 

and water potential data (R2=.3 RMSE=7%). However by using parameters adjusted per year 

we obtained a significant improvement over the overall predictability of LFMC (R2=0.56, 

RMSE=4%) which was associated to a reduction of the overestimation bias during the peaks of 

dry years 2017 and 2018 (Figure 4). For the last set of parameters we presented the dynamic of 

leaf level water content in the symplasm and in the apoplasm (Figure 4d). This shows that most 

of the decrease in LFMC during drought is associated with symplasmic water decrease, whereas 
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apoplasmic decline due to drought induced cavitation only slightly changed during the extreme 

2017 drought.  

 

 Live fuel moisture content at canopy scale 

 

Canopy water content dynamics is computed by integrating changes of living leaf water content 

and dead leaf water content and by upscaling them at the canopy level by accounting for 

possible leaf mortality. Accordingly, the canopy water content dynamics sharp decreases during 

summer drought in accordance with leaf level dynamics (Figure 5a). During the extreme 

drought 2017 (and to a lesser extent in year 2016) we observed that fuel moisture content drop 

was due to leaf mortality. We recall, that leaf mortality is computed proportionally to embolism 

and its water content is then computed as a function of vapor pressure deficit following (De 

Dios et al 2015). The increase in leaf mortality in 2017 reached almost 20% in accordance with 

embolism increase. The greater defoliation simulated during 2017 compared to 2016 and 2018 

was consistent with the relative change in NDVI during the summer season (Figure 5c), as well 

as we the observation of leaf browning on the made on field this year (Figure 5d) and the 

observation of significant cavitation rate this year (data not shown). 

 

Sensitivity analysis to traits and climate change 

 

The Figure 6 shows how an increase of some key model parameters by 40 % around the default 

value (Table 1), change model outputs in terms of minimal leaf level and canopy level moisture 

content and foliage mortality. The quantile 5 percent of leaf FMC and canopy FMC for daily 

simulations in the 1999-2019 period were used. At leaf level the most sensitive traits included 

those acting on the water balance, such the water potential at stomatal closure (yclose), the leaf 

area index (LAI) and the soil water capacity (SWC), but also traits involved in the relationship 

between water potential and RWCs. In particular the osmotic potential at full turgor (eò), which 

determines the minimum value of RWCsymp for a given water potential has a large effect on 

LFMC. By contrast P50, gmin and 1 had relatively a low effect (<5%). For canopy level LFMC 

the water balance parameters had even a greater role and so it was for the P50 . This was fully 

explained by the contribution of these traits to leaf mortality that was due to drought induced 

embolism in the model (Figure 5). Simulation under climate change showed an overall 

decreasing trend in LFMC at leaf and canopy scale with an increased in leaf mortality. 
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Discussion 

 

Live fuel moisture content is a key trait involved in fire danger prevention which dynamics is 

understood or predicted. Empirical drought indices predict poorly LFMC variations (Soler 

Martin et al. 2017; Ruffault, Martin-StPaul, et al. 2018) and among physiological traits, water 

potential has been shown to be tightly correlated to LFMC dynamics (Nolan et al. 2018; 

Pivovaroff et al. 2019). However no studies have explored the mechanistic linkage between 

LFMC and water potential during drought. In the following section we described how our 

approach allowed to identify key traits involved in LFMC dynamics during drought at the leaf 

and canopy level. 

Leaf level LFMC dynamic depends on water potential osmotic adjustment 

Leaf LFMC values recorded during three consecutive summer drought could be predicted from 

leaf water potential measurement using a set of mechanistic equations representing state of the 

art ecophysiological hydraulic processes (Figure 2). Two types of process were accounted: the 

pressure volume curves theory driving the symplasmic water content and leaf xylem 

vulnerability to cavitation for the apoplasmic part.  

Most of the leaf level LFMC variations measured can be attributed to symplasmic variation for 

different reasons. First the symplasmic compartment is elastic and its water content decrease 

for relatively high water potential, consistent with the range measured in situ spanned from -1 

to -5.5 MPa. By contrast, the apoplasmic compartment is made inelastic and empties for very 

negative water potential that causes cavitation. In our case, even the lowest values of water 

potential reached in 2017 caused less than 30% embolism. Indeed, Quercus ilex is highly 

resistant to embolism (Sergent et al. 2020). Leaf vulnerability measured for trees on the site 

yielded a P50 averaging at -6.1 (MPa+- 1.4MPa ; Moreno et al in preparation; Martin-StPaul et 

al in preparation) leading to a level of embolism below 30% even during the 2017 extreme 

drought, which is consistent with native embolism estimation made in march 2018 (data not 

shown). In addition, there is slightly more symplasmic than apoplasmic mass in leaves 

(symplasmic fraction 0.56). 

By using the traits measured at the laboratory, the predictability of LFMC from water potential 

measurements was relatively high (R2= 0.55, Figure 2) and consistent with previous studies 

(Nolan et al. 2018; Pivovaroff et al. 2019). Interestingly by optimizing a few key parameters 

of the pressure volume curves (eò,	ô, FDMC), we found values very similar to those derived 

from pressure volume curves measured in 2018. This result indicates that LFMC can be 

predicted from water potential by using pressure volume curves parameters -- between dates 

along a dry season (and even between years)-- with the same accuracy as if the model was 

optimized with long term field measurements.  

However, and in spite of this encouraging result, the model was significantly improved (Table 

2) by assuming that osmotic adjustment (i.e. change in the value of eò) occurs from one year 

to the other (Figure 2, Table 2). Such adjustment changes the relationship between bulk water 

potential and water content (Figure 2). Osmotic adjustment is known to be an acclimation 

mechanism allowing to maintain tissue hydration and turgor in spite of water potential decrease 

and that occurs for many species (Bartlett et al. 2012), including Quercus ilex (Limousin et al 

in prep). Such process complicates the predictability of leaf LFMC as there is so far no generic 

model including osmotic adjustment (but see (Rieger 1995)). Future experimental research 

should measure concurrently water potential, water content and osmotic potential to improve 

our understanding of their inter-relation. 
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Canopy level LFMC depends on hydraulic failure and leaf mortality 

Depending on the scientific community, LFMC is assessed at the leafy shoot level –this is the 

case for field in situ measurements (Martin-StPaul et al. 2018; Yebra et al. 2019) --  or at the 

scale of stand canopy which is the case for remote sensing measurements (Yebra et al. 2013). 

The model presented here attempt to bridge the gap between both scales by integrating leaf 

level estimates of LFMC at the canopy level and by accounting for leaf mortality during 

extreme drought. Accordingly, simulations along the studied period showed that most of the 

time, canopy LFMC is dictated by leaf level variations (Figure 4) as leaf mortality rarely occurs. 

However, during the extreme drought 2017 foliage mortality reached almost 20 % and 

significantly contributed to canopy level LFMC decline (Figure 5).  

The detailed mechanisms involved in drought-induced mortality of leaves are so far poorly 

known. Here we assumed that drought induced xylem embolism lead to a proportional 

disconnection between the leaves and the plant, thereby driving leaf mortality. This hypothesis 

appears parsimonious as it does not rely on additional processes than those already accounted 

for and is corroborated by various experimental data (Barigah et al. 2013; Urli et al. 2013). 

Through this assumption, we simulated a leaf mortality peak during the extreme drought 2017 

which is consistent with (i)  the level of embolism recorded on the site in march 2018, (ii) NDVI 

decline that occurred during this specific drought but not during previous and following years 

when drought intensity was lower (Figure 5) and (iii) in situ observation of leaf browning 

(Figure 5b). However, it must be acknowledge that active processes might also be involved in 

leaf mortality and desiccation which could shift the pattern of leaf desiccation from those of 

hydraulic failure in other situation (e.g. other species). More research and experimental data on 

leaf shedding are necessary to improve understanding and predictability of canopy LFMC under 

extreme drought. 

Water balance and hydraulic parameters drives the LFMC dynamic during drought 

The sensitivity analysis revealed the differential role of some key parameters on the LFMC 

dynamics at leaf of canopy scale during drought. First of all, parameters affecting the water 

balance (i.e. the level of transpiration before or during the drought), and thereby the water 

potential decline have an important influence on both leaf and canopy level LFMC dynamic. 

Indeed, water potential declines directly affect water content through the physiological 

relationship, but also leaf mortality through drought induced embolism. In particular, yclose (the 

water potential causing stomatal closure) had the greatest effect on minimum LFMC values. As 

discussed in a previous study, the high non linearity in the pedo-transfer function is responsible 

for this pattern (Martin-StPaul et al 2017). Transpiration has an increasingly important effect 

on water potential – and thus on LFMC decline – as water potential is becoming more negative. 

Hence, a later stomatal closure implies a greater fuel desiccation. Then leaf area index and soil 

water capacity, that affect directly the water balance and thus the water potential have an effect 

of the order of 5 to 10% on minimum leaf LFMC values. However gmin has a relatively small 

effect in the range considered here (from 2.4 to 3.6). Secondly, traits driving the relationship 

between water potential and moisture content have different sensitivity between leaf and 

canopy level. The pressure volume curve parameters (in particular the eò) presented the highest 

effect at the leaf level compared to the vulnerability to cavitation parameters (in particular the 

slope). Interestingly, this difference reduced considerably at the canopy scale as P50 is the main 

drivers of canopy mortality and canopy desiccation. Our simulations show that under the 

climate conditions projected to 2100, the contribution of foliage mortality in determining 

canopy LFMC increases considerably (Figure 6). It has to be noted that osmotic adjustment 

was not considered in these simulations, but this would have reinforced the contribution of 
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canopy mortality to canopy LFMC as osmotic adjustment increases water content at the leaf 

level. 

Summary, perspectives and conclusions 

 

Our analysis allowed to identify some key mechanisms responsible for LFMC dynamics during 

extreme drought at the leaf and the canopy level. Such analysis should be extended on multiple 

species and could be improved by some way. For instance, we did not considered the drivers 

of fuel dry matter content in this approach, assuming that this process can be neglected during 

extreme drought. This is likely to be reasonable for current year leaves, that are produced mostly 

before the drought period for this species. However, LDMC variations are likely to be influent 

at the interannual scale when the drought period overlap with the leaf and shoot growth. In the 

future, extending the approach to multiple species should consider phenology and an evaluation 

of the effects of water status on dry matter accumulation to improve the predictability of leaf 

level dynamics of LFMC (Jolly et al. 2014). 

Our study, also show that the parameters driving stand water balance appears crucial to 

determine water potential and thus LFMC dynamics under drought. To produce large scale 

predictions, some of these parameters could be informed using global data base (for soil 

available water capacity for instance, yclose or gmin) or remote sensing products (for leaf area 

index). We did not test the model sensitivity to soil texture, despite we are aware it could have 

an important effect (Sperry et al. 1998; Martin-StPaul et al. 2017) that deserved to be studied 

also experimentally. Regarding the parameters affecting the plant desiccation at a given water 

potential, it appears that pressure volume curve parameters have a dominant effect under 

“normal” climatic condition, which makes it possible to explore LFMC for multiple species. 

However, osmotic adjustment have a great influence at leaf level and is known to occur on 

multiple species (Bartlett et al. 2012). Its drivers should be explore on multiple species.  

 

Under future conditions, vulnerability to cavitation seems to have an increasingly great 

importance in that sense that it drives foliage mortality. Here again, research efforts are needed 

to better determine whether foliage mortality occurs concurrently of before drought induced 

embolism so that it would be possible to extend the modelling approach to multiple species. 

The segmentation of the vulnerability to cavitation trees appears in general modest for trees (Li 

et al. 2020), however, active processes could drive leaf shedding in some species as a mean to 

save water and dampen drought effects over the long run (Choat et al. 2018). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


REFERENCES: 

 

Abatzoglou JT, Williams AP (2016) Impact of anthropogenic climate change on wildfire 

across western US forests. doi:10.1073/pnas.1607171113. 

Barigah TS, Charrier O, Douris M, Bonhomme M, Herbette S, Améglio T, Fichot R, 

Brignolas F, Cochard H (2013) Water stress-induced xylem hydraulic failure is a causal 

factor of tree mortality in beech and poplar. Annals of Botany 112, 1431–1437. 

doi:10.1093/aob/mct204. 

Bartlett MK, Scoffoni C, Sack L (2012) The determinants of leaf turgor loss point and 

prediction of drought tolerance of species and biomes: a global meta-analysis. Ecology 

Letters 15, 393–405. doi:10.1111/j.1461-0248.2012.01751.x. 

Blackman CJ, Brodribb TJ, Jordan GJ (2010) Leaf hydraulic vulnerability is related to 

conduit dimensions and drought resistance across a diverse range of woody angiosperms. 

The New phytologist 188, 1113–23. doi:10.1111/j.1469-8137.2010.03439.x. 

Brodribb TJ, Skelton RP, Mcadam SAM, Bienaimé D, Lucani CJ, Marmottant P (2016) 

Visual quantification of embolism reveals leaf vulnerability to hydraulic failure. New 

Phytologist 209, 1403–1409. doi:10.1111/nph.13846. 

Cáceres M De, Martínez-Vilalta J, Coll L, Llorens P, Casals P, Poyatos R, Pausas JG, Brotons 

L (2015) Coupling a water balance model with forest inventory data to predict drought 

stress: the role of forest structural changes vs. climate changes. Agricultural and Forest 

Meteorology 213, 77–90. doi:10.1016/j.agrformet.2015.06.012. 

Campbell GS (1974) A simple method for determining unsaturated conductivity from 

moisture retention data. Soil Science 117, 311–314. doi:10.1097/00010694-197406000-

00001. 

Choat B, Brodribb TJ, Brodersen CR, Duursma RA, López R, Medlyn BE (2018) Triggers of 

tree mortality under drought. Nature 558, 531–539. doi:10.1038/s41586-018-0240-x. 

Cochard H (2019) A new mechanism for tree mortality due to drought and heatwaves. 

bioRxiv 531632. doi:10.1101/531632. 

Cochard H, Pimont F, Ruffault J, Martin-stpaul N (2020) SurEau . c): a mechanistic model of 

plant water relations under extreme drought. 

Cowan IR (1965) Transport of water in the soil-plant-atmosphere continuum. Journal of 

Applied Ecology 2, 221–239. 

Cruiziat P, Cochard H, Ameglio T (2002) Hydraulic architecture of trees: main concepts and 

results. Annals of Forest Science 59, 723–752. 

Davi H, Dufrene E, Francois C, Le Maire G, Loustau D, Bosc A, Rambal S, Granier A, 

Moors E., Dufrêne E, Francois C (2006) Sensitivity of water and carbon fluxes to 

climate changes from 1960 to 2100 in European forest ecosystems. Agricultural and 

Forest … 141, 35–56. doi:10.1016/j.agrformet.2006.09.003. 

Dennison PE, Moritz MA (2009) Critical live fuel moisture in chaparral ecosystems: A 

threshold for fire activity and its relationship to antecedent precipitation. International 

Journal of Wildland Fire 18, 1021–1027. doi:10.1071/WF08055. 

Dreyer E, Bousquet F, Ducrey M (1990) Use of pressure volume curves in water relation 

analysis on woody shoots: influence of rehydration and comparison of four European 

oak species. Annales des Sciences Forestières 47, 285–297. 

doi:10.1051/forest:19900401. 

Duursma RA, Blackman CJ, Lopéz R, Martin-StPaul NK, Cochard H, Medlyn BE (2019) On 

the minimum leaf conductance: its role in models of plant water use, and ecological and 

environmental controls. New Phytologist 221, 693–705. doi:10.1111/nph.15395. 

Gardner WR (1964) Relation of Root Distribution to Water Uptake and Availability1. 

Agronomy Journal 56, 41. doi:10.2134/agronj1964.00021962005600010013x. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gash JHC, Lloyd CR, Lachaud G (1995) Estimating sparse forest rainfall interception with an 

analytical model. Journal of Hydrology 170, 79–86. doi:10.1016/0022-1694(95)02697-

N. 

Gavinet J, Ourcival JM, Limousin JM (2019) Rainfall exclusion and thinning can alter the 

relationships between forest functioning and drought. New Phytologist 223, 1267–1279. 

doi:10.1111/nph.15860. 

Granier  a, Bréda N, Biron P, Villette S (1999) A lumped water balance model to evaluate 

duration and intensity of drought constraints in forest stands. Ecological Modelling 116, 

269–283. http://www.sciencedirect.com/science/article/B6VBS-3VTR6VS-

K/2/921215862fea16bde19d0468234e8043. 

Hölttä T, Cochard H, Nikinmaa E, Mencuccini M (2009) Capacitive effect of cavitation in 

xylem conduits: results from a dynamic model. Plant, cell & environment 32, 10–21. 

doi:10.1111/j.1365-3040.2008.01894.x. 

Jolly WM, Hadlow AM, Huguet K (2014) De-coupling seasonal changes in water content and 

dry matter to predict live conifer foliar moisture content. International Journal of 

Wildland Fire 23, 480–489. doi:10.1071/WF13127. 

Jolly WM, Johnson DM (2018) Pyro-Ecophysiology: Shifting the Paradigm of Live Wildland 

Fuel Research. Fire 1, 8. doi:10.3390/fire1010008. 

Keenan T, Maria Serra J, Lloret F, Ninyerola M, Sabate S (2011) Predicting the future of 

forests in the Mediterranean under climate change, with niche- and process-based 

models: CO2 matters! Global Change Biology 17, 565–579. doi:10.1111/j.1365-

2486.2010.02254.x. 

Lamarque LJ, Corso D, Torres-Ruiz JM, Badel E, Brodribb TJ, Burlett R, Charrier G, Choat 

B, Cochard H, Gambetta GA, Jansen S, King A, Lenoir N, Martin-StPaul N, Steppe K, 

Van den Bulcke J, Zhang Y, Delzon S (2018) An inconvenient truth about xylem 

resistance to embolism in the model species for refilling Laurus nobilis L. Annals of 

Forest Science 75, 88. doi:10.1007/s13595-018-0768-9. 

Lempereur M, Martin-stpaul NK, Damesin C, Joffre R, Ourcival J, Rocheteau A, Rambal S 

(2015) Growth duration rather than carbon supply explains the stem increment of 

Quercus ilex): Implication for vulnerability assessment under climate change. New 

Phytologist 33, 1–42. 

Li X, Delzon S, Torres-Ruiz J, Badel E, Burlett R, Cochard H, Jansen S, King A, Lamarque 

LJ, Lenoir N, St-Paul NM, Choat B (2020) Lack of vulnerability segmentation in four 

angiosperm tree species: evidence from direct X-ray microtomography observation. 

Annals of Forest Science 77,. doi:10.1007/s13595-020-00944-2. 

Li S, Feifel M, Karimi Z, Schuldt B, Choat B, Jansen S (2015) Leaf gas exchange 

performance and the lethal water potential of five European species during drought (R 

Tognetti, Ed.). Tree Physiology 36, 179–192. doi:10.1093/treephys/tpv117. 

Limousin J-M, Longepierre D, Huc R, Rambal S (2010) Change in hydraulic traits of 

Mediterranean Quercus ilex subjected to long-term throughfall exclusion. Tree 

Physiology 30, 1026–1036. doi:10.1093/treephys/tpq062. 

Limousin JM, Rambal S, Ourcival JM, Rocheteau A, Joffre R, Rodriguez-Cortina R. (2009) 

Long-term transpiration change with rainfall decline in a Mediterranean Quercus ilex 

forest. Global Change Biology 15, 2163–2175. doi:10.1111/j.1365-2486.2009.01852.x. 

Martin-StPaul N, Delzon S, Cochard H (2017) Plant resistance to drought depends on timely 

stomatal closure (H Maherali, Ed.). Ecology Letters 1–23. doi:10.1111/ele.12851. 

Martin-StPaul NK, Limousin J-M, Rodríguez-Calcerrada J, Ruffault J, Rambal S, Letts GM, 

Misson L (2012) Photosynthetic sensitivity to drought varies among populations of 

Quercus ilex along a rainfall gradient. Functional Plant Biology 39, 25. 

doi:10.1071/FP11090. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


Martin-Stpaul NK, Limousin J-M, Vogt-Schilb H, Rodríguez-Calcerrada J, Rambal S, 

Longepierre D, Misson L (2013) The temporal response to drought in a Mediterranean 

evergreen tree: comparing a regional precipitation gradient and a throughfall exclusion 

experiment. Global change biology 19, 2413–26. doi:10.1111/gcb.12215. 

Martin-StPaul NK, Longepierre D, Huc R, Delzon S, Burlett R, Joffre R, Rambal S, Cochard 

H (2014) How reliable are methods to assess xylem vulnerability to cavitation? The issue 

of ‘open vessel’ artifact in oaks. Tree physiology 34, 894–905. 

doi:10.1093/treephys/tpu059. 

Martin-StPaul N, Pimont F, Dupuy JL, Rigolot E, Ruffault J, Fargeon H, Cabane E, Duché Y, 

Savazzi R, Toutchkov M (2018) Live fuel moisture content (LFMC) time series for 

multiple sites and species in the French Mediterranean area since 1996. Annals of Forest 

Science 75,. doi:10.1007/s13595-018-0729-3. 

Martinez-Vilalta J, Anderegg WRL, Sapes G, Sala A (2019) Greater focus on water pools 

may improve our ability to understand and anticipate drought-induced mortality in 

plants. New Phytologist 223, 22–32. doi:10.1111/nph.15644. 

Mouillot F, Rambal S, Lavorel S (2001) A generic process-based simulator for 

meditERRanean landscApes (SIERRA): Design and validation exercises. Forest Ecology 

and Management 147, 75–97. doi:10.1016/S0378-1127(00)00432-1. 

Muller B, Pantin F, Genard M, Turc O, Freixes S, Piques M, Gibon Y (2011) Water deficits 

uncouple growth from photosynthesis, increase C content, and modify the relationships 

between C and growth in sink organs. Journal of Experimental Botany 62, 1715–1729. 

doi:10.1093/jxb/erq438. 

Nolan RH, Hedo J, Arteaga C, Sugai T, Resco de Dios V (2018) Physiological drought 

responses improve predictions of live fuel moisture dynamics in a Mediterranean forest. 

Agricultural and Forest Meteorology 263, 417–427. 

doi:10.1016/j.agrformet.2018.09.011. 

Pammenter NW, Vander Willigen C (1998) A mathematical and statistical analysis of the 

curves illustrating vulnerability of xylem to cavitation. Tree Physiology 18, 589–593. 

http://www.ncbi.nlm.nih.gov/pubmed/12651346. 

Pimont F, Ruffault J, Martin-Stpaul NK, Dupuy JL (2019a) Why is the effect of live fuel 

moisture content on fire rate of spread underestimated in field experiments in 

shrublands? International Journal of Wildland Fire. doi:10.1071/WF18091. 

Pimont F, Ruffault J, Martin-Stpaul NK, Dupuy JL (2019b) A Cautionary Note Regarding the 

Use of Cumulative Burnt Areas for the Determination of Fire Danger Index Breakpoints. 

International Journal of Wildland Fire 254–258. doi:10.1071/WF18056. 

Pivovaroff AL, Emery N, Sharifi MR, Witter M, Keeley JE, Rundel PW (2019) The Effect of 

Ecophysiological Traits on Live Fuel Moisture Content. Fire 2, 28. 

doi:10.3390/fire2020028. 

Rambal S (1993) The differential role of mechanisms for drought resistance in a 

Mediterranean evergreen shrub: a simulation approach. Plant, Cell & Environment 16, 

35–44. doi:10.1111/j.1365-3040.1993.tb00842.x. 

Rambal S, Ourcival J-M, Joffre R, Mouillot F, Nouvellon Y, Reichstein M, Rocheteau A 

(2003) Drought controls over conductance and assimilation of a Mediterranean 

evergreen ecosystem: scaling from leaf to canopy. Global Change Biology 9, 1813–

1824. doi:10.1111/j.1365-2486.2003.00687.x. 

Reichstein M, Tenhunen JD, Roupsard O, Rambal S, Miglietta F, Peressotti A (2002) Severe 

drought effects on ecosystem CO 2 and H 2 O fluxes at three Mediterranean evergreen 

sites): revision of current hypotheses)? 999–1017. 

Resco de Dios V, Fellows AW, Nolan RH, Boer MM, Bradstock RA, Domingo F, Goulden 

ML (2015) A semi-mechanistic model for predicting the moisture content of fine litter. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


Agricultural and Forest Meteorology 203, 64–73. doi:10.1016/j.agrformet.2015.01.002. 

Rieger M (1995) Offsetting effects of reduced root hydraulic conductivity and osmotic 

adjustment following drought. Tree Physiology 15, 379–385. 

doi:10.1093/treephys/15.6.379. 

Ritchie (1972) Model for predicting evaporation fro a row crop with incomplete cover. water 

ressources research 8, 1204–1213. 

Rossa CG, Veloso R, Fernandes PM (2016) A laboratory-based quantification of the effect of 

live fuel moisture content on fire spread rate. International Journal of Wildland Fire 25, 

569. doi:10.1071/WF15114. 

Ruffault J, Curt T, Martin-StPaul NK, Moron V, Trigo RM (2018) Extreme wildfire events 

are linked to global-change-type droughts in the northern Mediterranean. Natural 

Hazards and Earth System Sciences 18, 847–856. doi:10.5194/nhess-18-847-2018. 

Ruffault J, Curt T, Moron V, Trigo R, Mouillot F, Koutsias N, Pimont F, Martin-StPaul N, 

Barbero R, Dupuy J-L, Russo A, Belhadj-Kheder C (2020) Increased likelihood of heat-

induced large wildfires in the Mediterranean Basin. bioRxiv 2020.01.09.896878. 

doi:10.1101/2020.01.09.896878. 

Ruffault J, Martin-StPaul N, Pimont F, Dupuy JL (2018) How well do meteorological drought 

indices predict live fuel moisture content (LFMC)? An assessment for wildfire research 

and operations in Mediterranean ecosystems. Agricultural and Forest Meteorology 262, 

391–401. doi:10.1016/j.agrformet.2018.07.031. 

Ruffault J, Martin-StPaul NK, Rambal S, Mouillot F (2013) Differential regional responses in 

drought length, intensity and timing to recent climate changes in a Mediterranean 

forested ecosystem. Climatic Change 117, 103–117. doi:10.1007/s10584-012-0559-5. 

Sergent AS, Varela SA, Barigah TS, Badel E, Cochard H, Dalla-Salda G, Delzon S, 

Fernández ME, Guillemot J, Gyenge J, Lamarque LJ, Martinez-Meier A, Rozenberg P, 

Torres-Ruiz JM, Martin-StPaul NK (2020) A comparison of five methods to assess 

embolism resistance in trees. Forest Ecology and Management 468, 118175. 

doi:10.1016/j.foreco.2020.118175. 

Soler Martin M, Bonet JA, Martínez De Aragón J, Voltas J, Coll L, Resco De Dios V (2017) 

Crown bulk density and fuel moisture dynamics in Pinus pinaster stands are neither 

modified by thinning nor captured by the Forest Fire Weather Index. Annals of Forest 

Science 74,. doi:10.1007/s13595-017-0650-1. 

Sperry JS, Adler FR, Campbell GS, Comstock JP (1998) Limitation of plant water use by 

rhizosphere and xylem conductance: results from a model. Plant, Cell and Environment 

21, 347–359. doi:10.1046/j.1365-3040.1998.00287.x. 

Turco M, Rosa-Cánovas JJ, Bedia J, Jerez S, Montávez JP, Llasat MC, Provenzale A (2018) 

Exacerbated fires in Mediterranean Europe due to anthropogenic warming projected with 

non-stationary climate-fire models. Nature Communications 9, 1–9. doi:10.1038/s41467-

018-06358-z. 

Tyree MT, Hammel HT (1972) The Measurement of the turgor pressure and the water 

relations of plants by the pressure-bomb technique. Journal of Experimental Botany 23, 

267–282. doi:10.1093/jxb/23.1.267. 

Tyree MT, Yang S (1990) Water-storage capacity of Thuja, Tsuga and Acer stems measured 

by dehydration isotherms - The contribution of capillary water and cavitation. Planta 

182, 420–426. doi:10.1007/BF02411394. 

Urli M, Porte AJ, Cochard H, Guengant Y, Burlett R, Delzon S (2013) Xylem embolism 

threshold for catastrophic hydraulic failure in angiosperm trees. Tree Physiology 33, 

672–683. doi:10.1093/treephys/tpt030. 

Yebra M, Dennison PE, Chuvieco E, Riaño D, Zylstra P, Hunt ER, Danson FM, Qi Y, Jurdao 

S (2013) A global review of remote sensing of live fuel moisture content for fire danger 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


assessment: Moving towards operational products. Remote Sensing of Environment 136, 

455–468. doi:10.1016/j.rse.2013.05.029. 

Yebra M, Scortechini G, Badi A, Beget ME, Boer MM, Bradstock R, Chuvieco E, Danson 

FM, Dennison P, Resco de Dios V, Di Bella CM, Forsyth G, Frost P, Garcia M, Hamdi 

A, He B, Jolly M, Kraaij T, Martín MP, Mouillot F, Newnham G, Nolan RH, Pellizzaro 

G, Qi Y, Quan X, Riaño D, Roberts D, Sow M, Ustin S (2019) Globe-LFMC, a global 

plant water status database for vegetation ecophysiology and wildfire applications. 

Scientific data 6, 155. doi:10.1038/s41597-019-0164-9. 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2020. ; https://doi.org/10.1101/2020.06.03.127167doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


Tableau 1 : Model default parameters for Quercus ilex stand at Puéchabon Forest. These parameters were mostly measured on the sites. Note that parameters £0and Esymp were also 

adjusted using the temporal dynamics of leaf LFMC and water potential (see Table 2).  

Model part Name Value Definition (units) Origin 
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P50 -6.1 

# Leaf vulnerability curve to cavitation parameter : Water potential causing 50% 

Cavitation[Mpa ] Measured (Moreno et al in preparation) 

slope 30 # Vulnerability curve to cavitation parameter : Slope at inflexion point [%/MPa] Measured (Moreno et al in preparation) 

·ft 12.75 # Pressure volume curve parameters. Shoot modulus of elasticty of leaves  (Mpa) 

Measured (Limousin et al Sub ; Martin-StPaul et al 

sub) 

£0  -2.8 # £ (Osmotic potential) at full turgor, (Mpa) 
Measured (Limousin et al Sub ; Martin-StPaul et al 

sub) 

ApFrac 0.4 #apoplasmic fraction Range : 0.15 to 0.4 for leaf Higher for whole plant? Measured on the site (Limousin et al Sub) 

FDMC 579 #shoot dry matter content of mature leaves (mg/g) Measured on the site (Limousin et al Sub) 

LMA 200 #Leaf  mass per area (g/m2) Measured on the site (Limousin et al Sub) 
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gmin 3 #Minimum conductance (mmol/m2/s) Measured on the site (Limousin et al 2010) 

Pclose  -3.1 # Water potential at stomatal closure Measured on the site (Limousin et al 2010) 

Kplantini 1. # Hydraulic conductance of the plant from soil to leaves : Kplant mmol/s/Mpa/m2) Measured on the site (Gavinet et al 2019) 
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LAImax 2.2 # Leaf area index (m2 leaf/m2 soil) Measured on the site 

Pgran 0.3 # Coeff relation Granier AET vs ETP Measured on the site 
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e
l 

 

DFM0  5 .43 Minimum dead fuel moisture content Resco De Dios 2015 Model De Dios et al 2015 

DFM1 52.91 FM0+FM1 : maximum FM, Resco De Dios 2015 Model De Dios et al 2015 

m 0.64 Exponent decay rate Resco De Dios 2015 Model De Dios et al 2015 
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AWC 144 #Total available water capacity (mm) Measured on the site 

EG1 70 #% of coarse elements (stones/rocks) in each layer Measured on the site 

EG2 80 #% of coarse elements (stones/rocks) in each layer Measured on the site 

EG3 85 #% of coarse elements (stones/rocks) in each layer Measured on the site 

DEPTH1 0.4 #deth of soil layer (m) Measured on the site 
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DEPTH2 1 #deth of soil layer (m) Measured on the site 

DEPTH3 4.6 #deth of soil layer (m) Measured on the site 

sc  0.48 # Volumetric water content at saturation water capacity (Campbell 1974) Rambal et al 2003 

bcamp 6 # Exponent of the water retention curve (Campbell 1974) Rambal et al 2003 

!"   0.033 # Water for air entry, MPa ( Campbell 1974) Rambal et al 2003 

ksat 1.69 # Soil conductivity at saturation (mol/m/s/Mpa) [-](Campbell 1974) Rambal et al 2003 

Lv 6600 

# Root length per unit volume (m/m3) used to compute La (root length per unit area the root 

density b) estimated 

b 0.007 # distance between roots (m) estimated 

r 0.0004 # root radius (m) estimated 

 

 

https://doi.org/10.1101/2020.06.03.127167
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Table 2 : parameters values (i.e. traits) and goodness of fit used for the calibration of the LFMC prediction at leaf 

level (Equations 12 to 17, main text) 

  Traits 
goodness of fit 

leaf level model 

goodness of fit 

coupled model 

  
£0  ·ft  FDMC RMSE R2 RMSE R2 

Calibration type (MPa) (MPa) (mg.g-1) % -  %  - 

Measured parameters - -2,81 12,75 579 5.22 0.55 7.5 0.3 

Fitted parameters All years -2,67 15 567 4.63 0.59 7 0.3 

Fitted parameters (per year) 

2016 -2,45 15 573 

3.67 0.73 5.3 0.56 2017 -2,94 7 554 

2018 -3 15 566 
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Figure 1 :  Schematic representation of the processes and traits involved in LFMC dynamic and used in the SurEau-

Ecos model. Theoretical response of LFMC to plant water potential obtained thanks to a model describing the 

dynamic of two distinct compartment (the symplasmic compartment, living cells) and the apoplasmic compartment 

extracellular xylem water 
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Figure 2 : Leaf level module of moisture content and the role of osmotic adjustments. Measured and modelled 

relationships between leaf live moisture content (LFMC, %) and leaf water potential (!,	MPa) for the three studied 

years at the Puéchabon site. Measurments at predawn and midday are shown in green and orange respectively. In 

the upper panels measured parameters were used to model LFMC as a function of !, (Equations x to y). In the 

middle panels parameters were calibrated using field LFMC and water potential data by considering all the data 

together. In the bottom panels parameters were calibrated using field LFMC and water potential data by 

considering each year independantly. RMSE and R2  of the fitted versus measured LFMC values are indicated, 

parameters and goodness of fit are also are reported in table 2. 
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Figure 3: Water balance evaluation of SurEau-Ecos at Puéchabon. 
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Figure 4 : Leaf level dynamic of fuel moisture content for the three studied years modelled with the coupled 

SurEau-Ecos with different parameterization and measured. Values at predawn and midday are shown in black 

and and red respectively. The different parameterization were used for the equations describing LFMC as a 

function of ! (Equations 12 to 17), leaf level equations (Figure 2, Table 2). On the first panel, traits measured on 

branches were used. In the second panel, parameters were calibrated using field LFMC and water potential 

monitoring by considering all the data together. In the third panel, parameters were calibrated using field LFMC 

and water potential monitoring by considering each year independantly. RMSE and R2 of the fitted versus measured 

LFMC (showed in the insert) values are reported in Table 2. The last panel shows the symplasmic (orange) and 

apoplasmic (red) moisture content dynamics simulated using the third parameterization for the three studied years.  
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Figure 5 : Simulated canopy level moisture content dynamics for the studied period (A and B) and measured 

indicators of foliage mortality (C, D). For the three studied years (panel A) and the driest year (panel B) the 

dynamic of the canopy moisture content of the living and dead fraction of the canopy are shown. The simulated 

foliage mortality is also indicated. The panel C shows NDVI dynamics during the vegetation season of the three 

studied years as well the standardized variation (boxplot) leaf maturity (early July) and the end of summer drought 

(mid-October). The panel D is a picture taken at the end of summer 2017 showing exceptional leaf desiccation 

occurring following the extreme drought. Note that every year the leaf area index and plant hydraulic conductance 

are reset to their initial value. 
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Figure 6 : Sensitivity analysis of leaf and canopy fuel moisture content and foliage mortality to a 40% increase 

(from -20% to + 20% around the default parameters value, Table 1) of key model parameters. Physiological traits 

driving the relationship between leaf level moisture content or leaf mortality and water potential are colored in 

orange and parameters involved in the water balance are colored in blue. The parameters tested include the 

vulnerability curve to cavitation (slope and P50), the pressure volume curves (Osmotic potential at full turgor 

(PiFT and Esym), the minimal leaf conductance to water vapor (gmin), the water potential at stomatal closure 

(Pclose) and the available soil water capacity (SWC) and the leaf area index (LAI). 
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Figure 7 : Modelled yearly minimum leaf and canopy fuel moisture content and maximum foliage mortality in 
response to climate change. Daily climate data derived from one coupled GCM-RCM model (MPI -ESM coupled 

with Remo2009) representative of the average of 5 different models in terms of drought (see Fargeon et al 2019). 

Only one climate scenario from CMIP 5 (RCP8.5). The is no interannual memory in these simulations and 

parameters value were reset to their default value (Table 1) at the beginning of each year in spite of potential 

decline due to drought (in particular leaf area index and plant hydraulic conductance). 
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