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A B S T R A C T   

The Mediterranean region chronically experiences high levels of tropospheric ozone (O3) that can affect the 
health of vegetation. However, limiting plant growing conditions, such as low soil moisture, may restrict the 
stomatal phytotoxic ozone dose (POD) absorbed by vegetation, modulating O3 detrimental effects. Atmospheric 
chemistry transport models that estimate POD for O3 risk assessment of effects on vegetation species, such as the 
European Monitoring and Evaluation Programme (EMEP), have adopted the soil moisture index (SMI) to 
consider the influence of soil moisture on POD. The objectives of this study were the parametrization and 
validation of the SMI effect on stomatal conductance (gs) for improving the POD estimation and O3 risk 
assessment for different vegetation species under water-limiting growing conditions, using field data collected in 
Italy and Spain and a literature review. The modelled SMI from EMEP proved to be a good indicator of soil 
moisture dynamics across sites and years, although it showed a general tendency to overestimate soil moisture 
availability for plants, particularly in the driest seasons. New parametrizations derived for modelling SMI effects 
on gs under Mediterranean conditions proposed in this study stress the importance of using species-specific 
parameters for species showing contrasting water-saving strategies in contrast of the current approach of 
using a simple relation between SMI and gs for all the species. Furthermore, gs modelling parametrizations based 
on soil water potential (SWP) were found to be more suitable than SMI for local scale estimation of POD under 
water-limiting conditions. Further consideration of rooting depth and distribution will be required in the future 
to determine the soil depth at which the soil moisture should be measured in POD modelling, since these features 
represent one of the most important uncertainties affecting the estimation of POD that could not be addressed 
with the present database.   

1. Introduction 

The Mediterranean Basin is generally considered at risk due to the 
effects of air pollution (Fuhrer et al., 2016; Ochoa-Hueso et al., 2017). 
Tropospheric ozone (O3) levels, an oxidizing secondary air pollutant, are 
chronically high in this region due to the anticyclonic conditions, 
intense solar radiation, and elevated temperatures common to the 

Mediterranean climate, that favor the photochemical reactions that 
produce O3 (Kalabokas et al., 2007; Zanis et al., 2014; Fuhrer et al., 
2016; Ochoa-Hueso et al., 2017; European Environment Agency, 2023). 
Consequently, the Mediterranean region experiences elevated surface 
O3 levels (Mills et al., 2018; Dafka et al., 2021), exceeding recommended 
levels for preserving vegetation health (Guerreiro et al., 2018; 
Jakovljević et al., 2021). 
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The effects of O3 on Mediterranean vegetation have been widely 
studied. Studies have reported negative effects of O3 on Mediterranean 
European ecosystems under experimental and field conditions, 
including foliar injury, tree crown defoliation, biomass growth decrease 
and effects on reproductive ability, forage quality and plant community 
structure and composition (Calatayud et al., 2011; Mills et al., 2011; 
Calvete-Sogo et al., 2014; Alonso et al., 2014; Sanz et al., 2015; Sicard 
et al., 2016; Diaz-de-Quijano et al., 2016; Marzuoli et al., 2018; Fuhrer 
et al., 2016; Jakovljević et al., 2021; Agathokleous et al., 2020). 

Ozone effects are better related with the stomatal absorbed dose, or 
phytotoxic O3 dose above a threshold of “y” nmol m− 2 s− 1 (PODy), than 
with the concentration of this pollutant in the atmosphere (Mills et al., 
2011; CLRTAP, 2017; Emberson, 2020). Ozone is absorbed through the 
stomata during the normal gas exchange and induces the production of 
reactive oxygen species affecting plant metabolism (Wohlgemuth et al., 
2002; Grulke and Heath, 2020; Juráň et al., 2021), although part of them 
can be quenched through detoxification and repair mechanisms (Cas-
tagna and Ranieri, 2009; Pellegrini et al., 2019). PODy varies between 
species depending on plant traits and environmental growing condi-
tions, which influence stomatal aperture, and thus the O3 exposure. 

In agreement with this, O3 risk assessment methodologies employed 
by the Convention on Long-range Transboundary Air Pollution 
(CLRTAP) are based on PODy estimates (CLRTAP, 2017). The PODy is 
calculated, following the CLRTAP methodology, using species-specific 
parametrizations of a stomatal conductance (gs) model, which was 
defined through a Jarvis multiplicative approach (Jarvis, 1976; 
Emberson et al., 2000; CLRTAP, 2017). These parametrizations describe 
how environmental growing conditions such as air temperature and 
relative humidity, solar radiation or soil moisture availability limit the 
stomatal aperture and the amount of O3 absorbed by plants. 

Despite the high O3 concentrations during spring and summer, PODy 
values for Mediterranean vegetation species are generally restricted by 
strong limitations caused by environmental factors, of which the soil 
moisture availability is one of the most important (Simpson et al., 2003; 
Anav et al., 2018; Guaita et al., 2023). Many Mediterranean ecosystems 
are located in water-limited areas (Nardini et al., 2014), and water stress 
is expected to spread under future climate change (Naumann et al., 
2018). Soil moisture also varies seasonally, along with temperature and 
rainfall, affecting plant metabolism and promoting adaptations to the 
growing conditions (Viola et al., 2008; Keenan et al., 2009). Vegetation 
species from this region present different water use and saving strategies 
(Viola et al., 2008; Quero et al., 2011) that can modify species responses 
to drought. The distribution of the root system, the hydraulic architec-
ture or the stomatal control are some of the factors that can differentiate 
plant water potential dynamics among species in response to limiting 
soil moisture availability (Martínez-Vilalta and Garcia-Forner, 2017). 

Considering the important influence of soil moisture under current, 
as well as future, climatic conditions, it appears of particular importance 
to represent adequately the influence of soil moisture on gs and PODy for 
O3 risk assessment. Different schemes have been proposed to model the 
gs response to soil drying (Verhoef and Egea, 2014; Büker et al., 2012; 
Simpson et al., 2012) based on different soil moisture metrics. The 
methodology for calculating PODy adopted by the CLRTAP for O3 risk 
assessment considers the simplest scheme (sensu Verhoef and Egea, 
2014), where the soil moisture, expressed as soil water potential (SWP), 
soil water content (SWC) or plant available water (PAW), at a certain 
depth, directly limits the gs as described by a species-specific response 
function (CLRTAP, 2017). The European Monitoring and Evaluation 
Programme’s Meteorological Synthesizing Centre West (EMEP MSC-W) 
chemical transport model (Simpson et al., 2012, 2022) uses the soil 
moisture index (SMI), a product from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting 
system (IFS) hydrological model (Balsamo et al., 2009; ECMWF, 2021a, 
2021b), with a simple function between SMI and gs for all vegetation 
types at a certain depth (termed as default or general parametrization). 
The SMI (ranging between 0 and 1) is an indicator of soil moisture 

computed by normalizing the SWC between the wilting point and the 
field capacity (SMI=1). 

In this context, the present study aims at improving the estimation of 
gs and PODy under water-limited growing conditions in the Mediterra-
nean area by: (i) comparing modelled and observed SMI data at three 
field sites in Italy and Spain; (ii) parameterizing the response of gs to SMI 
and SWP for Mediterranean vegetation species used in O3 risk assess-
ment, testing whether different measurement conditions affect the 
parametrization result, based on field and literature derived gs data; and 
(iii) evaluating how the different factors and parametrizations affect 
PODy estimation at the plot scale using monitoring data collected at 
three field sites in Italy and Spain. 

2. Material and methods 

2.1. Field monitoring sites and SMI modelled values 

Three field monitoring sites with continuous records of O3 concen-
tration, meteorology and soil moisture were considered to validate the 
use of modelled SMI values and the implications for PODy estimation at 
the plot scale within the 2010–2015 timeframe. The monitoring sites 
were located in central and western Spain (Tres Cantos, TC, and Majadas 
del Tiétar, MJD), and in the Po Plain of northern Italy (Bosco Fontana, 
BF), as illustrated by the stars in Fig. 1. 

Table 1 describes the location, characteristics and measurements 
included in this study for each monitoring site as well as the time period 
considered in each case depending on the information available. A more 
detailed description of each site is available in García-Gómez et al. 
(2016a, 2016b) (TC), El-Madany et al., 2018 (MJD) and Gerosa et al., 
2022 (BF). 

Hourly O3 concentrations needed for PODy estimation were moni-
tored on-site in BF and at 1 km from the soil moisture and meteorology 
monitoring plot in TC. O3 concentrations in MJD were taken from a 
monitoring station located in Monfragüe, 17 km from the study site 
under comparable conditions in terms of landscape and influence of 
atmospheric pollution sources. A comparison of more recent O3 con-
centrations recorded on-site in MJD with the monitoring station in 
Monfragüe shows a very close correlation. Ozone concentrations 
measured at reference height were corrected to canopy height (8 m for 
broadleaf evergreen forest species and 0.2 m semi-natural annual pas-
tures) using a tabulated gradient (CLRTAP, 2017; values were derived 
from earlier EMEP model runs for a summer period) in MJD and TC. Full 
atmospheric correction of O3 concentrations at canopy height in TC and 
MJD was not possible due to insufficient information at the O3 moni-
toring sites; however, the tabulated gradients correction is considered a 
simple, good method for forest ecosystems (Gerosa et al., 2017). No 
correction was performed in BF since O3 concentrations were already 
measured at the canopy height (26 m above ground on a micrometeo-
rological tower). 

Continuous records of SWC at different depths of each monitoring 
site were used to calculate observed SMI values following Simpson et al. 
(2012) as outlined in Eq. (1): 

SMI = (SWC − SWCmin)/(SWCmax − SWCmin) (1)  

Where SWCmax and SWCmin are the maximum and minimum SWC, 
which are alternatively referred as field capacity (FC) and wilting point 
(WP). FC and WP values were obtained for each site using the van 
Genuchten (VG) model (van Genuchten, 1980), with model parameters 
estimated using the pedotransfer functions (Szabó et al., 2021) based on 
soil characteristics measured at the study sites in BF and MJD. In TC, soil 
hydraulic parameters were obtained by fitting the VG model to soil 
water retention curves obtained in the laboratory from undisturbed soil 
samples collected at the depth of the sensor in the vicinity of the mea-
surement point. The WP was calculated with the VG model using a 
species-specific water potential according to the data reported in the 
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literature reviewed (Tables A1 and A2 from the Appendix A of the 
Supplementary material). 

In the EMEP model, SMI is used to indicate soil water stress, as it is 
measure of PAW that is very suitable for interpolating across the het-
erogeneous vegetation and soil types (Gao et al., 2016; Hunt et al. 2009). 
In the IFS model (ECMWF, 2021a, 2021b), SMI is calculated for different 
sub-grid vegetation/soil patches. Then, these values are spatially inter-
polated to the 0.1 × 0.1◦ longitude/latitude resolution used by EMEP. 
SMI modelled values for the field sites were extracted from the nearest 
0.1◦ grid cell. The IFS model uses a revised hydrological module in the 
Tiled ECMWF Scheme for Surface Exchanges over Land (H-TESSEL) to 
obtain soil moisture at different soil layers, in which the spatial variation 
of soil texture is considered to produce SMI values. This scheme esti-
mates the FC and WP at fixed matric potentials of − 0.01 and − 1.5 MPa, 
respectively, depending on soil texture (Balsamo et al., 2009; ECMWF, 
2021a, 2021b). Following the methodology for PODy estimation of the 
EMEP model described by Simpson et al. (2012), the modelled SMI 
representative of the soil layer depth between 28 and 100 cm (termed as 
SMI3), was compared with the observed SMI values. 

2.2. Literature and field data on gs response to soil moisture 

The scientific literature was reviewed to collate a database on gs 
response to soil moisture for Quercus ilex (Aguadé et al., 2015; Alonso 
et al., 2008; Castell et al., 1994; Filho et al., 1998; Forner et al., 2018; 
Limousin et al., 2009; Mediavilla and Escudero, 2003; Misson et al., 2010; 
Pardos et al., 2005; Rambal et al., 2003; Rhizopoulou and Mitrakos, 1990; 
Tognetti et al., 1998), as representative species of broadleaf evergreen 
Mediterranean forest species, and Q. faginea, Q. pyrenaica, Q. pubescens,  
Q. petraea and Q. robur (Aranda et al., 2000; Damesin and Rambal, 1995; 
Grassi and Magnani, 2005; Martín-Gómez et al., 2017; Mediavilla and 
Escudero, 2003; Poyatos et al., 2008), as representative of deciduous oak 
species. The review included all field studies in the Mediterranean 
biogeographic region of Europe reporting gs and soil moisture data, either 
as pre-dawn leaf water potential (LWP), SWP or SWC, together with site 
coordinates or site-specific soil characteristics. 

Fig. 1 presents the location of the studies considered to build the gs 
response to soil moisture database. Other details of the studies included 
in the literature review are provided in the Table A1, where a total of 17 
studies from 4 countries (Italy, France, Greece and Spain) were 
considered. The gs data included observations at leaf, branch or canopy 

scales measured using infrared gas analyzer, porometer, sapflow and 
eddy covariance techniques. Out of the 12 studies reviewed on Q.ilex, 3 
were conducted in clay loam soils, 3 in silty clay loam soils and 1 in 
sandy soils, with contrasting soil depths. Regarding gs measurement 
techniques, 1 of them used eddy covariance, 9 IRGA or porometer 
portable gas exchange system at the leaf level and 2 sapflow. For de-
ciduous oaks 6 studies have been reviewed (also Pardo et al., 1997 to 
consult the soil characteristics of Aranda et al., 2000), in which infrared 
gas analyzer was uniformly used as a technique to measure gs. 

A database on gs response to soil moisture for annual Mediterranean 
pasture species was built from field measurements collected during 5 
independent sampling campaigns (2005, 2007, 2010, 2011 and 2012) 
from three sites (Miraflores, TC and Viñuelas) in central Iberian Penin-
sula. Some data were already published by Alonso et al. (2007a) and 
González-Fernández et al. (2010) while new gs data from TC was spe-
cifically considered in this study. The gs of legume, grass and forb species 
was measured at the leaf level with a LICOR-6400 infrared gas analysis 
system (LiCor Inc., Lincoln, NE, USA) at all sites. Soil moisture was 
measured with a Time-domain Reflectometer at 15 cm in Miraflores and 
Viñuelas (TRIMEGM, IMKOGmbH, Germany) and with an Enviroscan 
sensor (Sentech Technologies, Australia) at 20 cm depth in TC. More 
details of the field sites where annual pastures were measured are pro-
vided in Supplementary Material (Table A1). 

All soil moisture observations included in the gs response to soil 
moisture database were transformed to either SWP and/or SMI. The pre- 
dawn LWP has been assumed to be equivalent to the SWP (Richter, 
1997; Levin and Nackley, 2021). SWP was transformed to SMI using the 
VG model (van Genuchten, 1980). Soil hydraulic properties were ob-
tained from site-specific soil information, from pedotransfer functions 
(Szabó et al., 2021) using soil data measured at the study sites, or from 
the European Soil Hydraulic Database (Tóth et al., 2017) extracting data 
at site coordinates. The latter source was used at a resolution of 1 km and 
at a depth of 60 cm, for consistency with most soil monitoring sensor 
depths and SMI3 modelled values. Pedotransfer functions and soil hy-
draulic property map variables were extracted using R packages raster 
and euptf2 (Hijmans, 2023; Weber et al., 2020). 

2.3. Parametrization of soil moisture functions for gs.PODy calculation 
and sensitivity analysis 

PODy was calculated at the plot scale for the three sites (BF, MJD and 

Fig. 1. Location of the sites used for the parametrization of holm oak (little dots), deciduous oaks (squares) and annual pastures functional types (big dots). Location 
of the monitoring sites used for SMI validation, Majadas del Tiétar (MJD), Tres Cantos (TC) and Bosco Fontana (BF) are also represented with black stars. 
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TC) in Table 1, following the methodology described in Chapter III of 
the Modelling and Mapping Manual (CLRTAP, 2017). This methodol-
ogy is based on the Deposition of O3 and Stomatal Exchange (DO3SE) 
model (Emberson et al., 2000, 2001), which uses a multiplicative al-
gorithm (Jarvis, 1976) for estimating gs values that are needed for 
PODy calculation, following Eq. (2): 

gs = gmax*fphen*flight*max
{

gmin,
(

ftemp * fVPD * fSWP

)}
(2)  

Where gmax is a species-specific maximum gs value and gmin is the 
minimum conductance during the daylight time.fphen, flight, ftemp, fVPD 
and fSWP are modifying functions, scaled from 0 to 1, that describe how 
plant phenology and environmental factors, including photosynthetic 
active radiation, temperature, vapour pressure deficit and soil mois-
ture, affect stomatal aperture, respectively. Adequate gs modelling 
parametrizations described in the Modelling and Mapping Manual 
(CLRTAP, 2017) were considered for PODy estimation at each of the 
three field sites according to the vegetation in the area: deciduous oak 
forest species in BF, and broadleaf evergreen forest species and Medi-
terranean annual legume species in MJD and TC (CLRTAP, 2017). 
Appendix B presents further details on the methodology for PODy 
estimation and the Mapping Manual parametrizations employed. 
Following the parametrization for these vegetation types, the PODy 
flux threshold selected for detoxification was 1 nmol m− 2 s− 1. 

The gs limiting functions due to soil moisture (expressed as SMI or 
SWP – fSMI or fSWP, respectively) were fitted with boundary line analysis 
as described below. In contrast to the fSWP parametrization from the 
Mapping Manual (CLRTAP, 2017), an exponential function has been 
fitted to describe the response of gs to SWP as indicated by the data 
from the literature reviewed. For Q.ilex, the species with the largest 
database, regression analyses were conducted to characterize the in-
fluence of gs measurement technique (IRGA/porometer at the leaf 
level, eddy covariance, sap flow), soil texture (clay loam and silty clay 
loam) and soil depth (deep or shallow corresponding to greater or 
smaller than 50 cm soil depth) on fSMI and fSWP parametrizations. 
Regression analyses were also conducted to test for differences in soil 
moisture functions between functional types of Mediterranean annual 
pastures. 

The ability of newly developed soil moisture limiting functions (SMI 
and SWP) for gs modelling was tested against gs measured under field 
conditions. Published gs data from two sites in central Spain were used 
for Q. ilex (n = 208) and compared with modelled gs data obtained 
using the local parametrizations of fphen, flight, ftemp and fVPD (Alonso 
et al., 2007b, 2008). For annual pastures, field data measured on 
Trifolium species from 3 sites in central Spain was considered (n = 54, 
Table A1). The new soil moisture limiting functions were also 
compared with the general SMI function for all the species in the case of 
Q.ilex and with the available fSWC for annual pastures 
(González-Fernández et al., 2010). 

The soil moisture limiting effect on POD1 at each site was estimated 
considering two soil moisture functions, based on SMI (fSMI) and SWP 
(fSWP), in the calculation of gs following Eq. (2). For SMI, a sensitivity 
analysis was conducted to estimate the consequences for POD1 esti-
mation for different vegetation types due to differences in soil moisture 
data source (observed or modelled SMI data), soil moisture monitoring 
depth (<28, 28–100 or ≥100 cm depth) and soil moisture parametri-
zation (standard versus species-specific parametrization). The effect of 
changing soil depth was conducted different depending on the species. 
For annual pastures POD1 values were obtained employing soil mois-
ture records at <28 cm depth at each site (8 cm at MJD and 20 cm at 
TC) and compared with POD1 estimates from soil moisture observa-
tions at <100 cm (40 and 50 cm in MJD and TC, respectively). For holm 
oak, POD1 was calculated with soil moisture records at 100 cm depth, 
compared with soil moisture at 50 cm depth. The standard parame-
trization refers to the default fSMI, with a SMI threshold of 0.5 (referred 
to in this study as critical SMI, SMIcrit) indicating the start of soil Ta
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moisture limitation for gs (Simpson et al., 2012). Differences between 
the existing fSWC and the new fSWP for annual pastures were also studied. 
For forest tree species, the effect of using the existing Modelling and 
Mapping Manual (CLRTAP, 2017) fSWP versus the new exponential 
shaped fSWP developed in this study was compared. 

Following the growing season of the predominant vegetation of each 
site as well as the available data, POD1 was calculated at TC and MJD 
from 2011 to 2015 and at BF from 2013 to 2015. At the Spanish sites, 
POD1 was estimated per hydrological year, from 1st October to 30th 
September of the following year, for both Q.ilex (termed as MJD_ME-
Devg and TC_MEDevg, respectively) and annual pastures (termed as 
MJD_MEDap and TC_MEDap, respectively). In BF, the POD1 was calcu-
lated between 1st April and 30th September per calendar year for de-
ciduous oaks (termed as BF_MEDdo). 

Since differences in POD1 among sites can arise from different rea-
sons, such as O3 correction to canopy height protocols, gs parametriza-
tions or site-specific growing conditions when comparing results within 
sites, all POD1 values were expressed as percentages relative to POD1 
estimated using observed soil moisture at soil depths ≥28 cm and <100 
cm depth, coincident with the SMI3 soil layer, and a species-specific soil 
moisture function applied at each site. 

2.4. Statistical analyses 

Modelled SMI3 and observed SMI values at different depths in the 
field sites were compared following the methodology described in 
Albergel et al. (2012a). Taylor diagrams (Taylor, 2001) were produced 
with the openair and plotrix packages (Carslaw and Ropkins, 2012; 
Lemon, 2006) in R, comparing modelling results across sites and 
different temporal scales (all dataset, years, seasons and months). Each 
point in the diagrams reflects a comparison between an observed and 
modelled value. The angle at which each point is located represents the 
degree of correlation (R) between the observed and modelled data, 
while the distance between each point and the point on the x-axis rep-
resenting the observed value reflects the normalized standard deviation 
(SDV). These statistics are related by the centered normalized root mean 

square difference 
(

E =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SDV2 + 1 − 2*SDV*R

√ )
, shown by the distance 

between each point and the observed value on the x-axis (Taylor, 2001; 
Albergel et al., 2012a). Low values of E indicate higher similarity be-
tween observed and modelled values. 

The gs limiting functions due to soil moisture, fSWP and fSMI, were 
fitted with boundary line analysis (Chambers et al., 1985; Schmidt et al., 
2000), based on relative gs data per study site, using Eqs. (3) and (4). 
Maximum gs was found by averaging gs values above the 95th percentile 
for each site and species. The points that determine the boundary line 
were calculated by subsetting the SMI or water potential range, for 
which the 99th percentile of the relative gs associated with these in-
tervals was calculated. The fSWP boundary line was fitted using nonlinear 
regression (Eq. (3)) via the nls function from stats package (R Core 
Team, 2022) in R, by setting the maximum conductance as 1. The point 
in fSWP at which the relative gs has a value of 1 and from which it begins 
to decrease is known as maximum SWP (SWPmax). Minimum SWP 
(SWPmin) was estimated for forest tree species when fSWP reached a 
stable relative gs value. The stable gs value was estimated as the average 
relative gs below the minimum LWP values established in Table A2 for 
each species. For annual pastures, SWPmin was established when gs 
reached a minimum value of 0.02, following the existing fmin parame-
trization for annual pasture species (CLRTAP, 2017). The fSMI was 
determined using a linear regression (Eq. (4)) with the lm function from 
stats package in R (R Core Team, 2022). The maximum relative gs value 
is limited to 1, which gives the value of SMIcrit. 

relative gs = min(1; a * exp(b * SWP)) (3)  

relative gs = min(1; a+ b * SMI) (4) 

The goodness of fit of gs models considering different soil moisture 
functions and parametrizations was evaluated by linear regression 
against gs field measurements from Alonso et al. (2008) for holm oak 
and all field data for annual pasture species (Table A1). The gs models 
were compared based on linear regression slope, R2 and root mean 
square error (RMSE). 

Regression analyses were performed with car and stats packages (R 

Fig. 2. Taylor diagram comparing the SMI modelled by ECMWF with the SMI measured at 30 cm for Bosco Fontana (Italy), at 40 cm for Majadas (Spain) and at 50 
cm for Tres Cantos (Spain). Normalized standard deviation, correlation and centered root mean square difference are plotted to compare modelled and observed 
values between sites. 
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Core Team, 2022; Fox and Weisberg, 2019) in R to determine the 
sensitivity of Q.ilex soil moisture parametrizations to gs measuring 
techniques, soil textures and soil depths, and to determine whether the 
parametrizations for Mediterranean annual pasture functional types 
differ significantly from each other. An analysis of variance (ANOVA) 
was conducted to compare these different fSMI and fSWP parametrizations 

between categories or functional types, followed by a post-hoc Bonfer-
roni test. Shapiro-Wilk and Levene tests were performed to verify the 
normality and homoscedasticity assumptions for the ANOVA. A p-value 
below 0.05 was considered statistically significant in all tests. All sta-
tistical analyses were conducted using R and RStudio software version 
4.2.1 and 2023.06.2, respectively (R core team, 2022). 

Fig. 3. SMI time series between 2010 and 2015 for a) Bosco Fontana (Italy) b) Majadas (Spain) c) sensor located in annual pastures in Tres Cantos (Spain) and d) 
sensor located in holm oak in Tres Cantos (Spain). The blue line represents the SMI observed at a) 30 cm b) 40 cm and c) 50 cm and d) 50 cm compared to the SMI 
observed at different depths in green b) 8 cm c) 20 cm and d) 100 cm. The black line represents the modelled SMI product (SMI3) of the ECMWF hydrological module 
H-TESSEL. 
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3. Results 

3.1. Comparisons between modelled and observed SMI values 

The comparison between observed and modelled SMI3 values in the 
28–100 cm soil layer at the three field sites showed that SMI3 was 
responsive to the variability among sites, years and seasons (Figs. 2, 3 
and A1). As a general pattern, SMI3 modelled values were closer to 
observations in MJD (E = 0.521), followed by TC (E = 0.647) and BF (E 
= 0.779) with a tendency to overestimate observed soil moisture, 
particularly at BF. The modelled values for BF suggest the absence of 
water limitation during the period analysed, although the observations 
showed more notable fluctuations, with some periods of very low water 
availability (Fig. 3). 

The statistics represented in the Taylor diagram of Fig. 2 can be also 
found for sites, years, seasons and months (Tables A3-A6). Wetter years 
(2013 and 2014 in BF and 2011 and 2014 in MJD and TC) and autumn- 
winter season generally showed a better agreement between observed 
and modelled values (Figure A1), particularly in the Spanish drier sites, 
where greater variability in precipitation among years and seasons was 
found during the study period. The results observed on a monthly basis 
revealed more variations (Figure A2), with the best results for BF and TC 
found in December, November and January, while for MJD, the most 
favorable results were obtained in February, March and April. In MJD, 
the results for September have been excluded from Figure A2 for clarity. 

Results are affected by low observed and modelled SMI with low stan-
dard deviation and correlation coefficient, leading to high E values, 
standing out distinctly from other months. 

3.2. fSMI and fSWP parametrizations 

Fig. 4 presents the newly fitted fSWP and fSMI for Mediterranean 
broadleaf evergreen and deciduous forest species and for different 
Mediterranean annual pasture functional types (legumes, grasses and 
forbs) derived with boundary line analysis based on literature and field 
data of gs collated in this study. More detailed figures are presented in 
the Supplementary Material (Figures A3-A7), showing the number of 
studies used for the SMI and SWP parametrization in forest species, as 
well as the data pertaining to each field site in annual pastures. The 
parameters derived from the boundary line analysis (SMIcrit, SWPmax 
and SWPmin) and the fit coefficients are presented in Table 2, together 
with the R correlation coefficient and the p-values. 

Comparing forest species, the SWP boundary lines showed that Q.ilex 
was able to sustain higher gs under decreasing water potentials 
compared to deciduous oaks (p < 0.01), which was reflected by more 
negative SWPmax and SWPmin values (Table 2). The soil moisture 
limiting functions based on the SMI, however, showed a very close 
response to soil drying between both forest species categories (p =
0.948). SMIcrit values, pointing the start of the water limiting stage to gs, 
showed thus a remarkable similarity (Table 2). 

Fig. 4. Parametrization of fSWP (left) and fSMI (right) functions for holm oak (top blue), Mediterranean deciduous oak species (top red), forbs (bottom red), grasses 
(bottom blue) and legumes (bottom green). The SMI function of forbs coincides with that of legumes. 

Table 2 
Summary of the linear and exponential fits of SMI and SWP functions, critical SMI (SMIcrit) and maximum and minimum SWP values (SWPmax, SWPmin) in MPa for 
Mediterranean evergreen forest species represented by holm oak, Mediterranean deciduous forest species represented by deciduous oaks and annual pastures func-
tional types (legumes, grasses and forbs). R is the correlation coefficient and p is the p value.     

rgs = min(1; a + b *SMI) rgs = min(1; a *exp(b *SWP))

SMIcrit a b R p SWPmax(MPa) SWPmin(MPa) a b R p 

Trees Evergreen Quercus ilex 0.4 0.137 2.175 0.927 <0.0001 − 0.7 − 5.2 1.311 0.407 0.973 <0.0001 
Deciduous Deciduous oaks 0.4 0.224 2.207 0.829 <0.01 − 0.5 − 3.4 1.362 0.612 0.981 <0.0001 

Annual pastures 
Functional types Legumes 0.7 0.000 1.474 0.986 <0.0001 − 0.1 − 0.8 1.329 5.144 0.960 <0.01 

Grasses 0.6 0.000 1.624 0.959 <0.001 − 0.1 − 1.0 1.241 4.129 0.996 <0.001 
Forbs 0.7 0.000 1.477 0.971 <0.0001 − 0.1 − 1.3 1.193 3.201 0.996 <0.01  
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Regression analyses performed by ANOVA showed differences in 
holm oak SWP functions fitted for different studies grouped by soil 
texture and soil depth (all p < 0.01, Figure A8). Holm oak trees reached 
more negative potentials in silty clay loam and deep soils (− 4.9 and 
− 4.2 MPa, respectively) than in clay loam and shallow soils (− 3.0 MPa 
in both cases). Maximum gs was kept at lower SWP in silty clay loam 
soils and in deep soils (− 0.6 MPa and − 0.8 MPa, respectively) compared 
to clay loam and shallow soils (− 0.2 and − 0.3 MPa, respectively). Dif-
ferences were also found among gs techniques (p < 0.001, Figure A8). A 
Bonferroni post-hoc analysis detected that, while the curve describing 
the eddy covariance data did not differ from leaf level measurements, 
both differed from the sapflow boundary line. Sapflow data showed gs 
closing earlier (− 0.3 MPa) than in eddy covariance (− 0.6 MPa) or 
IRGA/porometer at the leaf level (− 0.7 MPa) studies. In contrast, the 
regression analysis of fSMI indicated no variability between soil textures 
(p = 0.188), depths (p = 0.811) and gs measurement techniques (p =
0.809), as seen on the right side of Figure A8. The values of SMIcrit, 

SWPmax, and SWPmin calculated for each category in the sensitivity 
analysis of holm oak are outlined in Table A7. Althougth fSWP parame-
trizations differed between gs observation techniques, soil textures and 
soil depths, all available datasets for holm oak were considered to 
develop a general soil moisture limitation function. 

fSMI and fSWP boundary lines for the annual pastures functional types 
studied are shown in the lower part of Fig. 4, where the fSMI of forbs 
coincides with that of legumes. The fSWP regression analysis identified 
statistically significant differences (p < 0.001) in annual pastures re-
sponses between legumes and grasses, as well as between legumes and 
forbs. All functional types of annual pastures began to close stomata at a 
SWPmax of − 0.1 MPa (Table 2), which marks the point where gs starts 
decreasing from its maximum value of 1. Forbs were able to reach a 
more negative potential (− 1.3 MPa) than either grasses (− 1.0 MPa) or 
legumes (− 0.8 MPa) when gmin was reached. Conversely, no significant 
distinctions were observed among SMI functions (p = 0.874). 

The new fSMI and fSWP parametrizations developed for holm oak and 

Fig. 5. Linear relationships between observed and modelled stomatal conductance (mmol m − 2 s − 1) for a) holm oak and b) legume species. The equation and the 
squared correlation coefficient are presented to assess the model fit quality. The dashed line represents the line 1:1, where the observed and modelled stomatal 
conductance would have the same value. a) The holm oak SMI and SWP functions developed in this paper (fSWP and fSMI_specific) and the standard SMI parametrization 
for all species (fSMI_general) were used to calculate the modelled stomatal conductance. The data used come from two locations in Spain: Miraflores and El Pardo. b) For 
legumes, specific SWP, SMI and SWC functions have been used with the data from Miraflores, Tres Cantos and Viñuelas (Spain). 
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for the functional type legumes were used to model gs and to compare it 
with measured values under field conditions. Similar gs values have been 
obtained using the specific fSMI or fSWP (R2 for both is 0.68) in holm oak 
(Fig. 5a), although the SMI fit was more similar to the 1:1 line and had a 
lower RMSE (33.96 mmol m− 2 s− 1) than using SWP (40.95 mmol m− 2 

s− 1). The default general SMI parametrization (SMIcrit=0.5) tended to 
underestimate observed gs (R2=0.70 and RMSE=33.30 mmol m− 2 s− 1), 
as it indicates that stomata close earlier than with the species-specific 
parametrization. 

For the Trifolium data (Fig. 5b), the new fSMI and fSWP tended to 
overestimate gs observations over most of the range, resulting in RMSE 
of 36.61 and 38.15 mmol m− 2 s− 1 respectively. These functions slightly 
improved the estimation of gs compared with the previous soil moisture 
function based on SWC in terms of linear regression slope close to unity 
and lower RMSE of 31.84 mmol m− 2 s− 1. 

3.3. POD1 calculations at field sites 

POD1 was calculated with SMI observations in the 28–100 cm depth 
soil layer with the fSMI species-specific parametrizations developed in 
this study for the three field studies and main vegetation types at each 
site, establishing it as the best estimate of POD1 when using SMI data 
(POD1-SMI). Fig. 6 tests the effect of (a) using modelled SMI3 values 
instead of observed values; (b) using the default general parametrization 
for all species (where SMIcrit=0.5) instead of a species-specific one; and, 
(c) using SMI values observed at different depths in MJD and TC on the 
calculation of POD1. All values are expressed in relative terms with 
respect to POD1-SMI (in %). The impact of varying soil depth is assessed 
differently depending on the species: for annual pastures, POD1 values 
were calculated using soil moisture sensors at <28 cm depth at each site 
(8 cm in MJD and 20 cm in TC); for holm oak, POD1 was calculated using 
the 100 cm depth soil moisture records only in TC. 

When modelled SMI3 values were used instead of observed SMI 
values (Fig. 6a), increases of 21 % on average were observed for forest 
species, but with large interannual variability, particularly in BF, 
depending on rainfall patterns and variability across years. In BF, where 

2 very wet years (2013 and 2014) and one very dry year (2015) were 
considered, the greatest POD1 increase (49 %) was found for the driest 
year. The extreme low relative POD1 value in TC_MEDevg was caused by 
a wet growing season in 2011 (Fig. 3d). Despite lower modelled SMI3 
values than observations that year, both variables showed non-limiting 
soil moisture availability for holm oak during most of the growing 
season, resulting in marginal differences in POD1 estimation. For annual 
pastures, SMI3 resulted in POD1 overestimation by 18 % on average in 
MJD but 16 % underestimation on average in TC. This outcome is a 
consequence of higher observed SMI values at 50 cm in TC than 
modelled SMI3 during the spring (Fig. 3c), when annual pastures are 
most actively growing and the POD1 is calculated to estimate the risk of 
O3 effect in this kind of vegetation. 

Using the default general fSMI parametrization underestimated POD1 
by 11 % and 22 % on average for Mediterranean evergreen and decid-
uous oak species, respectively, as a result of using a more restrictive 
SMIcrit of 0.5 compared with the species-specific parametrizations. The 
opposite occurred with the annual pastures in MJD and TC, where POD1 
found with the default parametrization produced an increase of 14 % on 
average, ranging up to 28 % overestimation, due to less restrictive 
SMIcrit in the default parametrization compared with the species-specific 
one. 

The variation from 50 cm to 100 cm in the depth at which soil 
moisture is considered for POD1 calculation for evergreen species, 
implied an increase of POD1 by 13 % on average in TC_MEDevg. In 2013, 
TC_MEDevg exhibited a 1 % reduction in POD1, in contrast to an average 
increase of 17 % observed in other years as a result of increasing the 
depth of soil moisture observations. This decline was attributed to 
consecutive dry years, which hindered the recharge of deeper soil layers 
(Fig. 3d). On the other hand, reductions of 21 % on average were 
observed for the annual pastures of MJD (from 40 cm to 8 cm) and TC 
(from 50 cm to 20 cm). In the MJD_MEDap results, an outlier was 
observed in the year 2012, leading to a 34 % increase in POD1. This 
increase was attributed to higher SMI values at 8 cm compared to 40 cm 
(Fig. 3b) caused by an extended drought period during which rainfall 
was not able to replenish soil moisture storage capacity but in the most 

Fig. 6. Measured POD1, expressed in relative terms (%), with respect to the POD1 found with the different species-specific SMI functions for three locations (Bosco 
Fontana, BF; Majadas, MJD; Tres Cantos, TC) and three vegetation types (deciduous oaks in orange, holm oak in grey and annual pastures in light yellow). In BF, 
deciduous oaks are studied (labeled as BF_MEDdo), while in MJD and TC, both holm oak (MJD_MEDevg and TC_MEDevg) and annual pastures (MJD_MEDap and 
TC_MEDap) are addressed. The effect of (a) using modelled SMI3 instead of observed SMI values, (b) applying a general default parametrization with a fixed SMIcrit of 
0.5 for all species, and (c) varying soil depths is tested. In the graph c, the impact of varying the depth from 40 cm to 8 cm for MJD_MEDap, from 50 cm to 100 cm for 
TC_MEDevg and from 50 cm to 20 cm in TC_MEDap is evaluated. Positive values indicate an overestimation of POD1, while negative values suggest an underes-
timation. The black dotted line at 0 represents the point where both compared values are equal. 
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superficial soil layer. 
POD1 was also calculated with SWP data using the fSWP species- 

specific parametrizations developed in this study, establishing it as the 
best option when using SWP data (POD1-SWP). Fig. 7 for forest species 
tests the effect of using the fSWP parametrization of the Mapping Manual 
(changing the shape from exponential to linear as well as the SWPmax 
and SWPmin values), expressing it in relative terms (in %) with respect to 
POD1-SWP. For annual pastures (Fig. 7), the effect of using fSWC from the 
Mapping Manual with respect to POD1-SWP is tested. 

The use of the Mapping Manual fSWP parametrization for holm oak 
resulted in an average 3 % overestimation in POD1 in MJD and TC, and 
up to 7 % under the driest conditions considered in this study (Fig. 7). 
POD1 was overestimated by 11 % for deciduous oaks in BF compared to 
employing the new fSWP parametrization. For annual pastures, the use of 
the existing fSWC function compared to the fSWP developed in this study, 
resulted, on average, in POD1 increases of 61 % in MJD and a decrease of 
47 % in TC (Fig. 7). 

4. Discussion 

Soil moisture plays a significant role in influencing atmospheric O3 
concentrations through impacting the activity of vegetation and the 
exchange of O3 and its precursors between the surface and the atmo-
sphere (Domec et al., 2010; Val Martin et al., 2014; Lin et al., 2020; Yue 
et al., 2021). Drought conditions can induce leaf stomatal closure, which 
protects plants from excessive water loss and reduces the vegetation 
capacity to absorb O3, resulting in higher atmospheric O3 concentrations 
(Anav et al., 2018; Lin et al., 2020). Reduced rates of stomatal uptake 
also lower the risk of O3 negative effects on plant physiology (Fagnano 
and Maggio, 2018; Kask et al., 2021), although it may not result in full 
protection against O3 injury (Alonso et al., 2014). In agreement with its 

importance, atmospheric chemistry models and O3 risk assessment 
methodologies include soil moisture among their driving variables 
(Büker et al., 2012; Simpson et al., 2012; Anav et al., 2018) using metrics 
like the SMI. However, although some efforts have been made to eval-
uate the EMEP model’s estimates of ozone fluxes and PODy values 
(Tuovinen et al., 2004; Klingberg et al., 2008), most datasets were from 
temperate/boreal ecosystems, and the formulation of the SMI-gs-PODy 
relationships has not been tested in southern Europe before. 

The evaluation of modelled (SMI3) and observed SMI values at the 
three field sites considered in this study is consistent with previous soil 
moisture validation exercises with independent soil moisture databases 
(Albergel et al., 2012b; Gao et al., 2016), showing that SMI can be used 
to represent soil moisture variations across sites, years and seasons. 
However, a higher similarity between modelled and observed SMI was 
obtained at the site with intermediate precipitation conditions (MJD) 
compared to the drier and wetter sites (TC and BF, respectively). 
Modelled SMI3 was also more accurate in wetter years and seasons, 
especially in autumn and winter and, overall, there was a tendency to 
overestimate soil moisture under drought conditions. As a result, using 
modelled SMI3 values for representing soil moisture dynamics resulted 
in a 20 % overestimation of POD1 on average (except for the case of 
TC_MEDap, annual pastures at TC site) compared with calculations 
based on observed SMI values. The largest overestimates when consid-
ering the full set of years occurred in BF, as well as in the dry years of the 
three sites considered. The different behavior of SMI3 among sites could 
be related to variations in soil and vegetation properties that may not be 
fully captured by the SMI3 values, partly because of the coarser reso-
lution of SMI3 (IFS model takes the predominant soil texture among 6 
available classes of each nominal 10 km resolution cell), as soil texture is 
a highly spatially variable property (Liao et al., 2013; Paterson et al., 
2018). These results show that, although the consideration of these 

Fig. 7. POD1 using the soil moisture parametrization already available in the Mapping Manual expressed in relative terms (%) with respect to POD1 using the species- 
specific new SWP functions derived in this study for three sites (Bosco Fontana, BF; Majadas, MJD; Tres Cantos, TC) and three vegetation types (holm oak, deciduous 
oaks in orange and annual pastures in light yellow). In BF, the primary focus is on deciduous oaks (labeled as BF_MEDdo), while both holm oak forests (MJD_MEDevg 
and TC_MEDevg) and annual pastures (MJD_MEDap and TC_MEDap) are addressed in MJD and TC. For forest species, the effect of employing the Mapping Manual 
parametrization (with a linear form) is assessed in comparison to the species-specific parametrization with an exponential form developed in this study (with the new 
SWPmax and SWPmin parameters). Concerning annual pastures, the effect of using the soil water content (SWC) function from the Mapping Manual is evaluated in 
contrast to the function developed in this study by functional types (using legume species parametrization) with an exponential form. Positive values indicate an 
overestimation of POD1, while negative values suggest an underestimation. The black dotted line at 0 represents the point where both compared values are equal. 
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parametrizations are a big improvement for PODy estimation, a 
considerable source of uncertainty remains for years and sites subject to 
great water scarcity. 

Differences between modelled and observed SMI could also arise 
from plant species ability to extract soil water, which is known to vary 
among species (Schwendenmann et al., 2015; Brinkmann et al., 2019). 
Plant species follow different strategies regarding water use, from water 
saving through to water stress avoidance or tolerance, showing a wide 
range of adaption traits that result in differences in plant water status 
and stomatal control level (Chaves et al., 2002; Osakabe et al., 2014). 
The analysis of the gs response to predawn LWP showed that holm oak 
was able to sustain higher gs under increasing water stress and reach 
lower LWP values compared to deciduous Mediterranean oak species. 
This result is consistent with their different strategies to cope with water 
stress reported in the literature (Salleo and Gullo, 1990; Acherar and 
Rambal, 1992; Alonso-Forn et al., 2021). The fSWP functions for Medi-
terranean tree species also showed a greater tolerance to decreasing 
SWP than central and northern European tree species (Norway spruce, 
Scots pine and beech) reported in Büker et al. (2012). Annual pasture 
functional types exhibited a distinct fSWP and fSMI compared to forest 
trees, consistent with their therophytic growing habit and 
stress-avoidance strategy (Socias et al., 1997; Guàrdia et al., 1998; 
Kostopoulou et al., 2010), closing stomata at higher SWP and SMI values 
compared to holm oak trees sharing the same habitat. Among pasture 
species, differences in fSWP were also found between functional types, 
particularly between legumes and grasses and between grasses and 
forbs. The SWPmin values obtained for the annual pastures functional 
types are less negative than those reported in pots for related species, 
ranging from − 1 MPa to − 2.9 MPa (Aparicio-Tejo et al., 1980; Galmés 
et al., 2007; Karatassiou et al., 2009; Kostopoulou et al., 2010). One 
potential explanation for this variation may be attributed to un-
certainties in the conversion of SWC to SWP in the generation of fSWP 
curves. This process involves the utilization of the van Genuchten model 
to compute SWP values, along with the acquisition of necessary soil 
hydraulic parameters through pedotransfer functions, which introduce a 
source of uncertainty into the determination of SWP. Also, the estima-
tion of the SWPmin parameter for annual pasture functional types was 
limited by the scarcity of measurements under low soil moisture avail-
ability. Future measurements under field conditions should be per-
formed to directly estimate the relationships between predawn LWP and 
gs in these species. In general, all these results highlight that the gs 
relationship with soil moisture is species-specific and should be 
adequately parameterized for improving PODy modelling exercises. 

Apart from species-specific differences, leaf water potential is also 
modified by soil properties, plant physiology, vegetation density or land 
use (Bréda et al., 1995; Montero et al., 2004; Bhaskar and Ackerly, 
2006). In fact, differences in physiological and gs responses to 
decreasing LWP or soil moisture have been found within the same spe-
cies (Rambal et al., 2003; Bolte et al., 2016). In agreement with this, 
regression analyses of fSWP functions for holm oak showed differences 
depending on soil texture and soil depth categories. These results sug-
gests that locally derived fSWP may be more appropriate for describing gs 
responses to soil moisture and estimating PODy at the plot scale. How-
ever, since site-specific information is sometimes fragmentary and 
difficult to collect, species-specific fSWP are also proposed in this study 
for use in gs and PODy modelling and in O3 risk assessment at larger 
scales. The influence of different techniques for gs determination under 
field conditions on fSWP was also tested for holm oak: while IRGA/por-
ometer at the leaf level and eddy covariance resulted in comparable 
fSWP, the sapflow study yielded a different result. This should warn 
against combining field data obtained using different methodologies, 
although this comparison was limited to a single study and did not 
modify the general fSWP. Similar comparisons for other species were not 
possible due to insufficient data. 

The newly developed fSWP limiting functions represent an update, 
with the most recent literature and field data, of existing functions for 

evergreen and deciduous Mediterranean trees, while a new soil moisture 
function using SWP is proposed for Mediterranean annual pasture 
functional types (Büker et al., 2012; CLRTAP, 2017). The use of the 
Mapping Manual fSWP parametrization results in less than 5% variations 
on average in POD1 for forest trees (higher in deciduous oaks, 11 % on 
average) under the growing conditions evaluated in the present study 
(Fig. 7). Although the data indicate an exponential response of gs to 
decreasing SWP, changing the form of the function from linear to 
exponential as well as the SWPmin and SWPmax parameters did not have a 
large effect, although this effect was greater in the drier years, for the 
sites and conditions considered in this study. On the other hand, greater 
variations were found when testing the effect of existing parametriza-
tions used in O3 risk assessment methodologies for annual pastures 
based on SWC, with respect to the parametrizations developed in this 
study. This result was affected by the strong influence of local 
physico-chemical soil properties of the field studies used to derive fSWC 
that resulted in large POD1 differences between MJD and TC. SWC 
values in MJD frequently exceeded SWCmax value of the existing 
parametrization while SWC in TC remained always under this value 
because of a lower field capacity at that site. Therefore, it is recom-
mended to use fSWP in the estimation of POD1 for annual pastures instead 
of fSWC, as SWC is more dependent on soil texture. 

The information gathered on gs response to LWP or SWC was used to 
parameterize fSMI, as the SMI is being used to estimate PODy in the EMEP 
model (Simpson et al., 2012, 2022). The new fSMI functions for Medi-
terranean forest and annual pasture species were used for gs estimation 
and compared with field gs measurements, showing a similar result 
compared with estimates based on fSWP or fSWC (Fig. 5b). New SMIcrit 
values, ranging from 0.4 to 0.7, induced changes in POD1 estimation at 
the three field sites. The application of a default general parametrization 
leaded to an average reduction of 15 % in POD1 for deciduous oaks and 
holm oak compared to the species-specific fSMI. In contrast, an opposite 
effect was observed in annual pastures, where the use of a SMIcrit of 0.5 
resulted in a mean increase of 14 % in POD1 with respect to its 
species-specific parametrization. 

The new SMIcrit values fall within the range of 0.2–0.8 fraction of 
PAW representing the start of soil moisture limitation to evapotranspi-
ration or gs reported for different species (Allen et al., 1998; Bréda et al., 
1995; Sadras and Milroy, 1996). Interestingly, despite significant fSWP 
differences were found among species, fSMI and SMIcrit values were very 
similar between Mediterranean forest species. This result could be 
affected by the amount of SMI data available in each case (n = 959 for 
holm oak and n = 73 for deciduous oaks). Also, no variability was found 
in fSMI due to differences in soil texture, soil depth or gs measuring 
technique in studies with holm oak, in contrast with the result obtained 
with fSWP. This result is probably caused by (i) the standardization of 
different species-specific SWPmin value to a common SMI of 0; (ii) the 
non-linear relationship between SWP and SWC, where large changes in 
low SWP values cause a small change in SWC and thus in SMI; and (iii), 
that SMIcrit values are related with SWPmax and there seem to be a 
smaller inter-specific variability in this particular parameter compared 
with SWPmin (Büker et al., 2012). This makes the SMIcrit a more robust 
parameter to varying site conditions (which is a good feature for 
large-scale modelling of PODy) but less able to detect differences in soil 
moisture stress tolerance between plant species than SWP parameters. 
Another interesting finding is that the fSMI for the Mediterranean forest 
species do not reach 0 when SMI=0, maintaining a certain level of gs. 
This is in agreement with previous studies reporting partial stomatal 
opening even at very low LWP values (Rhizopoulou and Mitrakos, 1990; 
Rambal et al., 2003). This result suggests the need for including a second 
SMI parameter (SMImin) in gs parametrizations for PODy estimation for 
representing this physiological response to soil moisture stress of some 
species. 

The new fSWP and fSMI parametrizations proposed in this study were 
developed assuming that pre-dawn LWP is in equilibrium with SWP 
(Richter, 1997; Rambal et al., 2003). However, particularly in dry areas, 
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species may not have enough time to recover from the water losses 
occurring during the day and to equilibrate with the soil before dawn 
(Sellin, 1999; Donovan et al., 2001). This effect was not taken into ac-
count in the analyses presented here. Other sources of uncertainty lay in 
the method used to transform LWP into SWC (and the opposite in annual 
pastures) using the soil hydraulic properties of the van Genuchten model 
obtained from pedotranfer functions (Szabó et al., 2021) or maps of the 
European Soil Hydraulic Database (Tóth et al., 2017) when site-specific 
soil moisture retention curves were not available. In Montpellier 
(France) (Rambal et al., 2003; Limousin et al., 2009; Misson et al., 
2010), the available information allowed to compare soil moisture 
retention curves from field data with soil hydraulic mapped properties 
and pedotransfer functions. The pedotransfer functions generated an 
outcome that closely resemble the maps from the European Soil Hy-
draulic Database, indicating an overestimation of the field water avail-
ability in both cases. In Tarragona (Spain) (Aguadé et al., 2015), the 
predictive capacity of maps concerning the soil moisture retention curve 
is notably limited. Furthermore, in Miraflores and El Pardo (Alonso 
et al., 2008), a comparative analysis between the pedotransfer functions 
and the maps demonstrated that the former yielded lower estimates of 
soil moisture content compared to those indicated by the maps. 

The soil depth at which soil moisture is monitored appeared as one of 
the most relevant factors influencing gs and POD1 estimates at the field 
sites considered in this study. The EMEP model use the SMI3 index, 
representing the soil moisture in the 28–100 cm depth soil layer, for 
modelling soil moisture limitations to gs for all vegetation species. 
However, some adapted forest species such as holm oak can develop 
roots with depths of approximately 4 to 5 m in sandy and sandstone 
soils, and a horizontal extension of 33 m in Spain (Canadell et al., 1996; 
Moreno et al., 2005). On the contrary, drought avoiding Mediterranean 
annual pastures species tend to develop shallow rooting systems, with 
roots laying mostly in the first 30 cm of soil, reaching a maximum 
rooting depth of 0.8 m (Schenk and Jackson, 2002; Moreno et al., 2005). 
In agreement with this, some studies have shown that trees take up 
water from deeper soil layers than herbaceous plants (Wang et al., 2020; 
Benegas et al., 2021), suggesting that species-specific rooting distribu-
tions and depth would be more appropriate to describe soil moisture 
limiting effects on gs than using a single rooting depth for all species. 
Changing SMI observed values at 100 cm depth increased POD1 for 
Mediterranean evergreen forest trees up to 13 % compared with SMI at 
50 cm. For annual pastures, varying the depth to less than 28 cm (8 cm in 
MJD and 20 cm in TC) implied decreases in POD1 of 21 % on average. In 
the year 2012, within the MJD_MEDap dataset, POD1 exhibited higher 
levels considering soil moisture at 8 cm depth compared to 50 cm. This 
result was caused by higher water availability at 8 cm compared to 50 
cm during a dry year. Similar soil moisture dynamics have been 
described in short grass steppes, where rainfall events during prolonged 
dry periods only moistened the most superficial soil layers, affecting 
ecosystem processes (Sala et al., 1992). Other studies have also shown 
the important influence of varying soil moisture with depth on PODy 
modelling exercises (Anav et al., 2018; Büker et al., 2012). 

More complex representations of the limiting effect of soil moisture 
on plant physiology take into account the chemical and hydraulic sig-
nalling, ensuring interactions within the entire system (Verhoef and 
Egea, 2014). However, their application is currently limited to situations 
where appropriate parametrizations are available since root distribution 
is influenced by multiple factors such as soil depth and texture, plant 
age, chemical conditions and even genetic material (Bréda et al., 1995; 
Czajkowski et al., 2009), and even presenting variations within the same 
soil texture (Sadras and Milroy, 1996). Future research should focus on 
incorporating rooting depth and root distribution parameters to enhance 
the evaluation of plant water status and soil moisture impacts on gs and 
O3 uptake. 

5. Conclusions 

The SMI, which is currently used in large scale atmospheric model-
ling studies, is an appropriate index to represent soil moisture variations 
across sites, years and seasons in Mediterranean areas. However, 
modelled SMI tends to overestimate plant water availability, particu-
larly for the driest years and seasons, which might be related to a po-
tential misrepresentation of soil characteristics at the local scale or to 
differences in vegetation traits related with water stress tolerance. To 
address this uncertainty, SWP limiting functions have been updated and 
new species-specific SMI limiting functions have been developed to 
model gs, incorporating the latest available data. It is recommended to 
employ these newly SMI and SWP developed functions for estimating 
PODy for Mediterranean species in future studies, and new parametri-
zations for other species should be developed. Limiting functions based 
on SWP are preferred for local scale applications, as they are able to 
reflect site-specific growing conditions affecting plant water status and 
are better at discriminating the drought tolerance of different species 
compared to SMI. Future work, however, should consider the species- 
specific parametrization of rooting depth and root distribution to 
enhance the assessment of plant water status and soil moisture limiting 
effects on gs and O3 uptake. These traits emerged among the most crucial 
factors affecting the PODy estimation. Continued research in this field 
will contribute to refining risk assessment for vegetation associated with 
O3 pollution, both under current conditions and in future climate change 
scenarios, where water limitation is expected to extend to more regions 
of Europe. 
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