
Agricultural and Forest Meteorology 343 (2023) 109782

Available online 31 October 2023
0168-1923/© 2023 Elsevier B.V. All rights reserved.

Non-stomatal processes are responsible for the decrease in gross primary 
production of a potato crop during edaphic drought 
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A B S T R A C T   

Soil water stress is one of the main constraints on agrosystem functioning, causing a reduction in gross primary 
production (GPP). It is a key factor for the selection of drought-tolerant plant varieties and the adaptation of 
irrigation management strategies. Therefore, identifying the physiological factors limiting GPP is crucial. Land 
surface models commonly implement a beta (β) stress function to reproduce the effects of drought on GPP. It is 
still unclear whether GPP limitations originate from a direct stomatal response (SOL) or from other non-stomatal 
causes (NSOL). Moreover, the shape and thresholds of the β function are a major cause of uncertainty in LSMs. 
This study investigated the effects of edaphic drought on GPP limitations of a potato crop by using eddy 
covariance data from the Lonzée ICOS station (BE-Lon) in Belgium for four years (2006, 2010, 2014 and 2018) 
and by calibrating the β function on NSOL and SOL. 

The decrease in the relative extractable water in the soil (REW) induced a decline in the apparent maximum 
carboxylation rate (NSOL) from similar REW thresholds for all growing seasons of potato crops. A sensitivity 
analysis showed that the non-inclusion of REW decrease on NSOL in the modeling of GPP led to important 
overestimations of carbon sequestration from a threshold corresponding to 46 % of the maximum available soil 
water. The stomatal sensitivity to photosynthesis (SOL) remained constant or even increased in 2010 and 2018. 
The carbon and water fluxes were decoupled when REW decreased, exhibiting a strict control of NSOL on hourly 
dynamics of GPP. This study provides REW thresholds to identify drought stress episodes and to help for 
designing irrigation management strategies. Our results advocate for a better representation of the influence of 
drought on photosynthesis processes of potato crops to improve the accuracy of model predictions during 
drought.   

1. Introduction 

Many regions across the world are facing more intense and frequent 
episodes of water stress due to climate change (Chiang et al., 2021). 
Edaphic drought has become a major limiting abiotic stress for agri
cultural production (Fahad et al., 2017). It is also known to cause re
strictions in carbon assimilation, impacting the photosynthetic 
capacities of terrestrial ecosystems, especially those located in the 
mid-latitude region of the Northern Hemisphere (Yu et al., 2017). 
Consequently, severe water stress events reduce crop yield and some
times offset carbon sinks or cause shifts from sink to source, inducing a 
positive feedback effect on global warming (Reichstein et al., 2013). 
Predicting and anticipating the impacts of drought on ecosystems’ 
abilities to store carbon requires a detailed understanding of the phys
iological processes involving CO2 uptake through photosynthesis and 

their interconnections. 
Plants respond to low soil water content through a complex chain of 

mechanisms constituting their adaptation strategies (see Harper et al., 
2021 for a review). For example, plants usually close their stomata when 
the atmospheric demand for water (represented by the vapor pressure 
deficit, VPD) overcomes the supply capacity from the soil, which pre
vents cavitation in the plants’ hydraulic transfer system (Hetherington 
and Woodward, 2003). A consequence of stomatal closure is the 
reduction of CO2 diffusion from the leaf-surrounding atmosphere to 
sub-stomatal cavities, which leads to a decrease in carbon assimilation 
(Flexas et al., 2004). Moreover, is it well known that stomatal conduc
tance to CO2 transfer (Gs) is highly correlated to gross primary pro
duction (GPP) under stable vapor pressure deficit and soil water status 
(Wong et al., 1979). These findings have been the basis of the empirical 
parametrization of Gs using carbon assimilation as a key element in 
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addition to environmental factors (see Damour et al., 2010 for a review). 
Within this framework, any decrease of Gs can be caused either by a 
modification of the environmental conditions or by an inhibition of 
photosynthetic capacities. The unified stomatal optimality (USO) model 
(Medlyn et al., 2011) reconciled this empirical approach with the opti
mality theory of Cowan and Farquhar (1977), which states that a plant 
should adjust its stomatal opening to maximize carbon assimilation 
while minimizing water losses over a constant time interval. In this USO 
framework, the G1 parameter represents the slope of the linear rela
tionship between Gs and carbon assimilation normalized by VPD and 
CO2 concentration and is related to the marginal carbon gain per unit of 
water transpired (Medlyn et al., 2011). A reduction of carbon assimi
lation resulting from a decrease in G1 corresponds to a direct stomatal 
control on CO2 diffusion and will be referred in this paper to as a sto
matal limitation of photosynthesis (SOL). Carbon assimilation can also 
be impacted in two possible ways: changes in mesophyll conductance 
restricting CO2 diffusion from sub-stomatal cavities to the carboxylation 
sites in the chloroplast (Flexas et al., 2008), and inhibition of photo
synthetic capacities. Both are generally implemented in photosynthesis 
modeling by a reduction of the apparent maximum carboxylation rate 
Vcmax,app as in the Farquhar–von Caemmerer–Berry (FvCB) model (Far
quhar et al., 1980; Flexas et al., 2004). This origin of CO2 assimilation 
limitation is further associated in this paper to a non-stomatal limitation 
of photosynthesis (NSOL). It should be noted that NSOL also induces a 
diminution of Gs as carbon assimilation is recognized to be one of the 
variables influencing stomatal opening. The comparison between 
Vcmax,app and G1 dynamics during stressed periods gives insights on the 
importance of each cause of carbon photosynthesis perturbation 
(respectively NSOL and SOL). Using G1 instead of Gs as an indicator of 
SOL allows to partition the coupling between Gs and GPP into changes in 
photosynthetic capacities and marginal water cost of carbon gain (Zhou 
et al., 2013, 2014). 

Land surface models (LSMs) commonly implement a beta (β) stress 
function to account for soil water stress effects on carbon and water 
fluxes. This function uses the soil water content (SWC) normalized by 
the difference between the field capacity and the wilting point in the 
root layer (Egea et al., 2011) to characterize the amount of water 
available for plant uptake. When SWC is below the field capacity, the β 
factor directly downregulates Vcmax,app and/or G1 (Egea et al., 2011; 
Verhoef and Egea, 2014) to reproduce drought effects on carbon and 
water fluxes originating from respectively NSOL and SOL. However, 
Granier et al. (1999) and Gourlez de la Motte et al. (2020) showed that 
ecosystems can maintain a high level of carbon and water flux even 
when SWC is below the field capacity, leading to potential un
derestimations in flux estimates from LSMs. Vidale et al. (2021) and 
Trugman et al. (2018) underlined this aspect by identifying that this 
stress function was one of the key uncertainties in photosynthesis and 
transpiration predictions in LSMs. Moreover, there is no consensus in the 
scientific community on whether soil water stress should impact sto
matal functioning, photosynthetic capacities, or both, to accurately 
predict carbon and water fluxes during drought (Zhou et al., 2013; Pe
ters et al., 2018). Therefore, the determination of the β stress factor 
(corresponding to a REW function) representing NSOL and SOL for 
different plant functional types (PFT) is a key factor for improving model 
predictions (Rodgers et al., 2017; Li et al., 2022). 

Potato (Solanum tuberosum) is the third most important crop in the 
world in terms of food production, with more than 370 million metric 
tons produced in 2019 (FAOSTAT, 2021). In Europe, most potato crops 
are cultivated on loam soils with a predominance of clay, which allows 
the soil to hold an important amount of water for plant uptake. Potatoes 
cultivated on these soils represent more than 400 000 hectares of arable 
lands in Europe (Goffart et al., 2022). Known to be a drought sensitive 
crop because of its shallow root system, potato yield and the quality of 
the tuber can be dramatically impacted by water stress (Obidiegwu, 
2015). Therefore, any limitation on its production threatens food 

supply, impacting more than one billion people around the world 
(Lutaladio and Castaidi, 2009). 

Up to now, no studies have investigated which processes are at the 
origin of the effects of drought on potato photosynthesis limitations 
estimated from eddy covariance data (EC). In this paper, we aimed at 
investigating the effects of drought on potato carbon assimilation by 
analyzing the data collected by the Lonzée flux tower and meteorolog
ical station (BE-Lon) located in central Belgium, which is part of the 
Integrated Carbon Observation System (ICOS – Franz et al., 2018). More 
specifically, this paper aims at: (i) partitioning the impacts of REW on 
GPP between SOL (G1) and NSOL (Vcmax,app) and (ii) defining a REW 
threshold below which these two limitations occurred. 

2. Materials and methods 

2.1. Site description 

The Lonzée ICOS flux tower (Level 2 ICOS station) is installed in the 
middle of a cropland located in Lonzée, about 50 km SE of Brussels in 
Belgium (50◦33′5.71″N, 4◦44′46.07″E, 167 m asl). It has been equipped 
with an eddy covariance (EC) system and a meteorological station since 
2004 and is integrated into the CarboEurope-IP and FLUXNET networks. 
The cropland plot has an area of 12 hectares. The EC system has a fetch 
of 240 m and 200 m in the directions of the prevailing winds which are 
SW and NE (Buysse et al., 2017). For any atmospheric conditions, the 
cropland area contribution to the EC footprint fluxes was large (91.1 % 
in 2006, 90.5 % in 2010, 90.7 % in 2014, 93.3 % in 2018 – data not 
shown). The climate is temperate oceanic, with mean annual tempera
ture and precipitation of respectively 10.2 ◦C and 743 mm. The soil is a 
Luvisol (FAO classification) divided into two horizons (one plow layer 
from 0 to 35 cm and one layer enriched in clay particles from 35 to 100 
cm – Table 1). 

2.2. Crop management 

The Lonzée station has been cultivated for more than 80 years, with 
cropping management based on a 4-year rotation. For at least the past 20 
years (Aubinet et al., 2009), the rotation has been: winter wheat (Triti
cum aestivum) / sugar beet (Beta vulgaris) / winter wheat (Triticum aes
tivum) / seed potato (Solanum tuberosum). Potatoes were cultivated in 
2006, 2010, 2014 and 2018. The farming operations during the four 
growing seasons are described in Table S1. The tubers were planted in 
ridges with a space of 60 to 70 cm between the ridges and of 30 to 40 cm 
between the tubers. 

2.3. Meteorological and fluxes measurements 

Micrometeorological measurements were collected at the half- 
hourly timescale, including air humidity and air temperature (RHT2, 
Delta-T Devices Ltd., Cambridge, UK) at 1.3 m height (and 2.8 m height 
in 2018), incident photosynthetic photon flux density (PAR Quantum 
sensor SKP 215, Skye Instruments Limited, Llandrindod Wells, UK) and 
SWC (EnviroSCAN Probe, Sentek Sensor Technologies, Stepney, SA, AU) 
at five different depths in 2018 (5, 15, 25, 55 and 85 cm). In 2006, 2010 

Table 1 
Soil physical proprieties of the BE-Lon EC site: field capacity (θfc), wilting point 
(θwp), sand, silt, clay content and bulk density for the two soil horizons (0–35 cm 
and 35–100 cm). Field capacities and wilting points were measured by the WPC4 
and HYPROP2 sensors (Meter environment., Hopkins Ct, NE, US) on soil samples 
collected in 2019.  

Depth θfc θwp Sand Silt Clay Bulk density 
(cm) (cm− 3 cm− 3) (cm− 3 cm− 3) (%) (%) (%) (g cm− 3) 

0–35 45.3 11.7 8.4 80.5 11.2 1.3 
35–85 40.4 13.0 6.1 75.7 18.2 1.5  
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and 2014, SWC was measured using time domain reflectometers (ML2 
ThetaProbe, Delta-T Devices Ltd, Cambridge, UK) at three different 
depths (5, 20 and 40 cm). For all years, the soil water sensors were 
located at the middle of the plot near the EC station. 

The net CO2 (Fc) and water vapor (LE) fluxes between the ecosystem 
and the atmosphere were determined on a half-hourly basis by the EC 
technique (Aubinet et al., 2012) using high frequency data of vertical 
wind speed, CO2 and water vapor concentrations at the 
ecosystem-atmosphere interface. These variables were measured at 20 
Hz by respectively a sonic anemometer (Solent Research R3, Gill In
struments Lymington, UK) placed at a height of 2.93 m on a mast located 
at the center of the field, and an infrared gas analyzer (LI-7000 before 
2014 and LI-7200 after, LI-COR, Lincoln, NE, US) placed close to the 
anemometer. Half-hourly fluxes of Fc and LE were determined by post
processing raw 20 Hz data by the ICOS Ecosystem Thematic Center using 
the ONEFlux pipeline (Pastorello et al., 2020) and are available in the 
ICOS Carbon Portal (Heinesch et al., 2022). More precisely, the storage 
flux was neglected (i.e., Fc corresponds to the net ecosystem exchange 
NEE) and GPP was obtained from the partitioning of NEE using the 
nighttime method (NT, Reichstein et al., 2005). Moreover, data char
acterized by weak atmosphere turbulence level (low friction velocity u∗) 
using the variable u∗ threshold method (VUT) were discarded. The 
variables GPP_NT_VUT_REF and LE_F_MDS with quality flags of 0 were 
selected from the dataset. Data was not gapfilled because only mea
surements can be used to study ecosystem functioning and no flux value 
cumulated over time were necessary. 

2.4. Measurements of vegetation growth 

Vegetation growth is commonly measured by the leaf area index 
(LAI) which corresponds to the ratio of leaf area to unit ground surface 
area (Breda et al., 2003). However, the LAI does not allow to separate 
the green photosynthetic components (including chlorophyll cells) from 
the rest of the canopy structure. The green area index (GAI), which 
corresponds to the green surface area of the vegetation, is a better proxy 
to assess the photosynthetically active component of the ecosystem. In 
this study, the GAI of the potato crop was measured six times during 
each growing season by a destructive sampling method. These mea
surements have been linked to the growing degree-days which is a main 
climatic driver of crop development (Mcmaster, 1997). The base tem
perature (temperature required for crop growth) was set to 7 ◦C (Sands 
et al., 1979). A third-order polynomial function was fitted to GAI and 
growing-degree-days to model GAI dynamics and get a continuous 
function for each growing seasons. 

In the results section, the timescale will be further expressed as “day 
after emergence” (DAE), which counts the number of days after the 
emergence of the first leaves of the crop, this latter corresponding to the 
date when GAI changed from a null to a positive value. The growing 
seasons were divided into two stages: the vegetative stage when GAI 
increased (leaf development and period before tuber development, 
roughly between DAE 0 and 40), and the reproductive stage when GAI 
decreased (tuber multiplication and elongation, roughly after DAE 40). 
This definition slightly differs from the reality since tuber growth initi
ation is expected to start before GAI reaches its maximum value (Obi
diegwu, 2015). However, this assumption will not affect the results of 
this study since this denomination was only used for a descriptive 
purpose. 

2.5. Quantification of soil water availability 

The relative extractable water (REW) for plant uptake is a drought 
index which corresponds to the fraction of available water for plant 
uptake from the soil surface up to the maximum rooting depth. REW is 
expressed as a fraction of the maximum available water calculated by 
the difference between field capacity and wilting point (Granier et al., 
1999). The maximum rooting depth was estimated by analyzing the 

dynamics of SWC within each soil horizon during periods of potato crop 
development without precipitation. The decrease in SWC was observed 
only within the first soil horizon (0–35 cm, Table 1), suggesting that root 
water uptake only occurred in surface soil layers. Therefore, we assumed 
that the roots can uptake soil water only up to 35 cm depth (Table 1). 
This assumption could lead to REW overestimation at the beginning of 
the growing season as most roots are located within shallow soil layers. 
However, SWC data showed a rapid extension of the water uptake into 
deeper soil layers and the beginning of the growing season is not a 
drought-prone period. REW was calculated as follows (Granier et al., 
1999): 

REW =

{
θ − θwp

θfc − θwp
(1)  

where θwp, θfc and θ are respectively the wilting point, the field capacity 
and the average of SWC measurements in the first soil horizon (Table 1). 
The units and a description of the variables used in this study can be 
found in Table S2. REW ranges from 1 (θ = θfc) to 0 (θ = θwp), even if 
values higher than 1 can be observed just after a rainfall event, when soil 
water content is above field capacity. REW is directly related to the 
water stress β factor used in many LSMs (Verhoef and Egea, 2014): 

β =

⎧
⎨

⎩

1, θ > θfc
REWp, θwp < θ < θfc

0, θ < θwp

(2)  

with p the exponent allowing to implement a non-linear dependence of 
model parameters on REW. However, many species can maintain con
stant photosynthetic parameters even when θ < θfc (Granier et al., 1999; 
Gourlez de la Motte et al., 2020). Investigating the effects of drought on 
SOL and NSOL to determine specific REW thresholds from which model 
parameters linked to stomatal opening and apparent carboxylation rate 
are impacted by water stress is pivotal to avoid the propagation of un
certainties in models. This study focused on the characterization of these 
threshold by assuming that p = 1, as implemented in many LSMs 
(Vidale et al., 2021; Oliver et al., 2022). 

2.6. “Big-leaf” approach 

The “big-leaf” is a concept where the canopy is simplified as a single 
leaf at the interface with the surrounding atmosphere. It is used to infer 
ecosystem physiological proprieties from flux tower measurements 
(Knauer et al., 2018a). The air characteristics over the “big-leaf” surface 
and the conductance related to the transfer of water vapor through 
respectively the stomata of the “big-leaf” (named canopy conductance to 
water vapor Gsw) and the boundary layer (named aerodynamic 
conductance to water vapor Gaw) can be inferred from the 
micro-meteorological measurements performed above the canopy. 

2.6.1. Determination of the “big-leaf” surface conditions and aerodynamic 
conductance 

Following the Thom model (Thom, 1972), Gaw is equivalent to the 
aerodynamic conductance for sensible heat (Gah) and can be determined 
by: 

Gaw = Gah =

(
u
u2
∗

+ 6u− 0.667
∗

)− 1

(3)  

where u∗ is the friction velocity and u the wind speed above the canopy. 
Gah was used to calculate the H2O concentration (es) and the CO2 con
centration (Cs) at the “big-leaf” surface as follows (Knauer et al., 2018a): 

es = ea +
LE γ

ρa Gaw cp
(4)  
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Cs = Ca +
NEE
Gaw

R Ta

p
(5)  

with LE the latent heat flux (measured by the EC system), ρa the air 
density, cp the heat capacity of dry air, γ the psychrometric constant and 
R is the perfect gas constant. ea, Ca, Ta and p correspond respectively to 
the air vapor pressure, the CO2 concentration, the air temperature and 
the air pressure measured above the canopy. R Ta

p in Eq. (5) converts Gaw 

from m s− 1 to mol m− 2 s− 1. 
The canopy temperature was determined from the longwave fluxes at 

the canopy surface (Knauer et al., 2018a): 

Ts =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LWout − (1 − ε)LWin

ε σ
4

√

(6)  

with LWin and LWout the longwave downward and outgoing fluxes 
measured by the meteorological station, ε the emissivity of the canopy 
and σ the Stefan-Boltzmann constant. Missing Ts values due to lack of 
longwave fluxes measurements were gap filled with Ta. The vapor 
pressure deficit at the “big-leaf” surface (VPDs) was calculated as the 
difference between the saturated vapor pressure and the air vapor 
pressure at the canopy surface (es). 

2.6.2. Canopy conductance 
Gsw was computed by inverting the Penman-Monteith equation 

(Monteith, 1965): 

Gsw =
Gah γ LE

Δ (Rn − G − S) + ρa cp Gah VPDs − (Δ + γ) LE
(7)  

where Δ is the slope of the saturated vapor pressure curve at Ta calcu
lated from Allen et al. (1998), Rn is the net radiative flux and G the 
ground heat flux (both measured). The flux corresponding to the energy 
stored in the canopy (S) was neglected. Inferring Gsw from Eq. (7) is only 
possible when LE corresponds to the transpiration flux of the ecosystem 
(i.e., when soil and canopy evaporation are negligible comparing to 
transpiration). Therefore, the analysis focused only on the growing 
season and data during precipitation events and the subsequent 48 h 
(when evaporation is significant) were discarded. To ensure the selec
tion of data with meaningful LE values, periods with low photosynthetic 
photon flux density (PPFD< 200 µmol m‒2 s‒1), low surface temperature 
(<5 ◦C), high relative humidity (RH>95 %), LE < 0 and Rn − G < 0 were 
also discarded (Knauer et al., 2018b). Moreover, the violation of the 
energy balance closure assumption in Eq. (7) may affect the interpret
ability of Gsw (Knauer et al., 2018b). This issue was addressed by 
computing the slope of the regression between the sum of the turbulent 
fluxes (LE+ H) and available energy (Rn − G) and by discarding half 
hourly data when the standardized residuals from the linear regression 
between LE + H and Rn − G were superior to 3. 

2.6.3. Maximum apparent carboxylation rate 
Under high irradiance, photosynthesis is limited by the activity of the 

RuBisCO enzyme (Farquhar et al., 1980). In this case, the FvCB model 
applied at the “big leaf” surface estimates GPP under high irradiance 
(GPPsat) from the apparent maximum carboxylation rate (Vcmax,app), the 
intracellular CO2 concentration (Ci, ), the CO2 compensation (Γ∗) point 
and the effective Michaelis-Menten coefficient for RuBisCO kinetics 
(Km): 

GPPsat =
Vcmax,app(Ci − Γ∗)

Ci + Km
(8) 

Both Km and Γ∗ were determined following an air temperature-based 
dependence (Bernacchi et al., 2001). Eq. (8) assumes that leaf photo
respiration is negligible under high irradiance. Vcmax,app was calculated 
by inverting Eq. (8): 

Vcmax,app = GPPsat
Ci + Km

Ci − Γ∗ (9)  

where GPPsat is the GPP when PPFD is higher that a threshold (PPFDsat)

from which GPP saturated. This threshold was calculated from the light 
response curves of GPP for each growing season. The Mitscherlich model 
was used to mathematically describe the relationship between GPP and 
PPFD. Data was averaged within classes with a constant width of 200 
μmolm− 2s− 1 (respectively GPP and PPFD): 

GPP = a
(
1 − e− b(PPFD− c)) (10)  

with a, b and c three parameters to adjust. The PPFD threshold was 
defined as the PPFD value when GPP deviated from the asymptote of the 
model (a) as follows: 

PPFDsat = c −
ln

(
SEa

a

)

b
(11)  

with SEa the standard deviation around a. In Eq. (9), Ci was determined 
following a Fick diffusive law (Farquhar and Sharkey, 1982), repre
senting the CO2 diffusion through stomata: 

Ci = Cs −
1.6 GPPsat

Gsw
(12)  

where Gsw is determined by Eq. (7), 1.6 is the ratio between H2O and 
CO2 conductances and Cs is the CO2 concentration at the leaf surface, 
determined based on Eq. (5). Vcmax,app values were further normalized at 
25 ◦C (Vcmax,app,25) by adjusting the Arrhenius model on Vcmax,app and Ts 

data averaged within Ts classes with a width of 2 ◦C (Medlyn et al., 
2002). 

2.7. NSOL during drought 

The effects of drought on NSOL can be characterized only if the in
fluence of other factors on the dynamics of Vcmax,app is discarded from the 
analysis. The impact of u∗ is limited by selecting fluxes during low tur
bulence periods, while Vcmax,app was normalized at 25 ◦C to account for 
temperature effects on NSOL. Moreover, only half-hourly data at high 
irradiance (PPFD higher than PPFDsat) were selected. The only remain
ing potential influence (besides REW) comes from the GAI variability 
which can be observed only for a study of the seasonal dynamics of 
GPPsat. Therefore, the analysis should be focused on periods with rela
tively low variations of the phenological development of the crop. To 
overcome this potential influence, data with GAI above a threshold 
(GAIsat) were selected to ensure that the amount of green area is high 
enough so that any increase in the green canopy cover had a negligible 
effect on GPPsat dynamics. GAIsat was determined by the same method as 
PPFDsat using Eqs. (10) and (11) by replacing PPFD by GAI. Days when 
GAI<GAIsat were discarded since it may induce a bias in the analysis of 
the influence of REW on SOL and NSOL. The impact of edaphic drought 
on GPP originating from NSOL was assessed by studying the influence of 
REW on Vcmax,app,25 using the data selected. 

2.8. SOL during drought 

SOL was defined in this paper as a decrease in G1, the slope 
parameter of the USO model which was adapted from the leaf to the 
canopy level by using the “big-leaf” framework (Medlyn et al., 2017; 
Knauer et al., 2018a): 

Gsw = G0 + 1.6
(

1+
G1
̅̅̅̅̅̅̅̅̅̅̅
VPDs

√

)
GPPsat

Cs
(13)  

where G0 is the minimum stomatal conductance which was set to 
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0 (Medlyn et al., 2017) and G1 represents the ecosystem stomatal 
sensitivity to GPP at high irradiance normalized by VPDs and Cs. G1 was 
calculated by combining Eqs. (12) and (13): 

G1 =

Ci
Cs

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√

1 − Ci
Cs

(14) 

The impact of edaphic drought on GPPsat originating from SOL was 
assessed by studying the influence of REW on G1. 

2.9. Detection of REW thresholds 

A linear segmented model including one breakpoint and one segment 
at a constant value for high REW (asymptote) was adjusted between 
half-hourly Vcmax,app,25 or G1 and REW. The asymptote of the model 
characterizes the unstressed Vcmax,app,25 and G1 values, respectively 
named Vcmax,app,25

∗ and G1
∗.This procedure allows the detection of a 

breakpoint, below which SOL and NSOL increase or decrease linearly 
with REW. A Fisher F-test was conducted to verify if this segmented 
model was significantly different from a linear regression with no 
breakpoint. The quality of the segmented regressions was also assessed 
by the p-values of the adjusted coefficients and the R2 of the model. 

2.10. Sensitivity analysis 

A sensitivity analysis was performed by calculating the ratio between 
theoretical GPPsat values that would be modeled without accounting for 
water stress effect on Vcmax,app,25 and G1 (GPPVcmax,app,25

∗ and GPPG1
∗), 

with observed GPPsat values. GPPVcmax,app,25
∗ was determined by using 

Eq. (8) where Vcmax,app,25 was replaced by Vcmax,app,25
∗ and by assuming 

that G0 and ecosystem respiration are negligible. Ci in Eq. (8) was 
deduced from GPPVcmax,app,25

∗, Ca, Gaw, G1 and VPDs by combining Eqs. 
(12), (5) and (13): 

Ci =

(

Ca −
GPPVcmax,app,25

∗

Gaw

)

⎛

⎜
⎜
⎝1 −

1
(

1 + G1̅̅̅̅̅̅̅̅
VPDs

√

)

⎞

⎟
⎟
⎠ (15)  

Inserting Eq. (15) in Eq. (8) gives the following equation: 

GPPVcmax,app,25
∗ = Vcmax,app,25

∗

(

Ca −
GPPVcmax,app,25

∗

Gaw

)

⎛

⎜
⎜
⎝1 − 1(

1+ G1̅̅̅̅̅
VPD

√

)

⎞

⎟
⎟
⎠ − Γ∗

(

Ca −
GPPVcmax,app,25

∗

Gaw

)

⎛

⎜
⎜
⎝1 − 1(

1+ G1̅̅̅̅̅
VPD

√

)

⎞

⎟
⎟
⎠+ Km

(16)  

which was solved for GPPVcmax,app,25
∗. In a similar way, GPPG1

∗ was 
determined by solving Eq. (16) where Vcmax,app,25

∗ was replaced by 
observed Vcmax,app,25 and G1 by G1

∗. The comparison between 
GPPVcmax,app,25

∗ (or GPPG1
∗) and the measured GPPsat estimates the bias 

induced by the non-inclusion of NSOL (or SOL) in the modeling of 
GPPsat . More precisely, a ratio GPPG1

∗/GPPsat or GPPVcmax,app,25
∗/GPPsat 

higher than 1 indicates an overestimation of GPPsat when REW effects on 
G1 or Vcmax,app,25 are not considered. 

2.11. Coupling between transpiration and photosynthesis 

Stomata opening regulates both CO2 and water vapor fluxes and is 
affected by the evaporative demand of the atmosphere. This leads to a 
high degree of coupling at the hourly timescale between GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
and 

LE (Nelson et al., 2018). Changes in environmental conditions may 
affect this level of coupling. Temperature variations, or appearance of 

cloud cover (decrease of PPFD) may induce a decoupling between 
GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
and LE (Reinhardt and Smith, 2008; Urban et al., 2017; 

Kirch et al., 2022; Marchin et al., 2022). Moreover, as drought in
tensifies and affects biochemical factors, carbon fixation may inhibited 
independently from transpiration, resulting in a decrease in GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√

independently of LE. Therefore, avoiding the potential effects of PPFD 
and Ts is required to investigate the effects of drought on the coupling 
between GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
and LE. This has been realized by regrouping many 

days with large ranges of Ts and PPFD daily variations. 
The level of coupling was quantified by the Spearman’s rank corre

lation coefficient (Spearman, 1904) between LE and normalized carbon 
assimilation (GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
) (Nelson et al., 2018): 

DWCI = ρ
(

LE,GPP
̅̅̅̅̅̅̅̅̅̅̅
VPDs

√ )
(17)  

with DWCI the Diurnal Water-Carbon Index (Nelson et al., 2018). The 
fluxes were normalized by their maximum value for each day before 
using Eq. (17), which allowed for using fluxes measurements across 
growing seasons. The data already discarded for the Gsw calculation 
process was removed, and the period of analysis was restricted to the 
growing seasons. A linear segmented regression was adjusted on the 
DWCI dependence on REW (all years regrouped) following the method 
presented in 2.9 to detect if the decrease in REW impacted the degree of 
coupling between carbon and water fluxes. 

3. Results 

3.1. Ancillary data and photosynthesis dynamics 

3.1.1. Crop characteristics and pedo-climatic conditions 
The maximum GAI value was measured in 2010 (5.02) while other 

years showed relatively similar maximum values between 3 and 4 
(Fig. 1, Table 2). The year 2006 had the longest growing season with 74 
days, compared to the three other years, which had a growing season of 
71 days in 2010, 64 days in 2014 and 66 days in 2018 (Table 2). These 
differences are explained by farming activities and haulm killing dates 
that change throughout the years. 

The 2018 growing season had the lowest rainfall, with cumulative 
precipitation of 68.4 mm, slightly lower than 2010 (76.6 mm), and 
considerably below 2006 (186.2 mm) and 2014 (222.4 mm) (Table 2). 
In 2018, the site was irrigated two times (24.5 mm) by the aspersion 
technique (Fig. 1), for a total amount of water received by the crop of 
about 92.9 mm (precipitation and irrigation). SWC at 5 cm depth 
decreased with the lack of precipitation and reached approximately 16 
% in 2018 and 2010 (Fig. 1), which was slightly higher than the wilting 
point (θwp =11.7 between 0 and 35 cm depth– Table 1). The minimum 
SWC values at deeper depths remained close to 25 %, suggesting that 
deeper soil layers in the first horizon were able to hold water above the 
wilting point during the growing seasons. The periods of lack of pre
cipitation were associated to an increase in VPDs and Ts (regularly in 
2010, in late 2006 and 2018) when their daily averaged values both 
reached respectively about 1.5 kPa and 25 ◦C (Fig. 1). The trends in 
VPDs, Ts and SWC illustrated that climate conditions generated periods 
with potential conditions for both atmospheric and edaphic droughts 
during the vegetative stage in 2010 and during the reproductive stage in 
2006 and 2018. The lowest REW values were quite similar in 2006, 2010 
and 2018 growing seasons at respectively 0.40, 0.31 and 0.30 (Fig. 2). In 
2014, REW was always higher than 0.60 due to favorable weather 
conditions. 

3.1.2. Photosynthesis and canopy conductance dynamics 
A deviation from the expected bell-shape GPPsat curve following GAI 

dynamics can be observed in 2018 and 2006 (during the reproductive 
stage) and in 2010 (during the vegetative stage) where GPPsat dropped 
from 25 to 35 µmol m–2 s− 1 to 5–15 µmol m–2 s–1 (Fig. 2). These sharp 
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declines coincided with the decrease in REW (roughly from 0.65 to 0.45 
in 2006, and from 0.60 to 0.30 in 2010 and 2018) and Gsw (roughly from 
0.60 to 0.25 mol m–2 s–1 in 2006 and from 0.25 to 0.10 mol m–2 s–1 in 
2010 and 2018, Fig. 2), which corresponded to the closure of the sto
mata when REW values were low. The relatively small amount of data 
recorded in 2014 (due to numerous precipitation events, and important 
gaps in the shortwave and longwave flux measurements) and 2006 (due 
to numerous days when cumulative precipitation was very low; e.g., 
<0.3 mm day− 1 on DAE 39, 41, 56 or 64) explain that very few Gsw data 
points were available for the analysis. These observations highlighted 
two different timings in drought appearance with varying amplitude and 
intensity, characterized by a decrease in GPPsat and Gsw. 

3.2. Drought impact on SOL and NSOL at the seasonal scale 

3.2.1. Impact of drought on Vcmax,app,25 
Vcmax,app,25 decreased with the decline in REW. The linear segmented 

model significantly described the dependence between Vcmax,app,25 and 
REW in 2018, 2010 and 2006 (Table 3 – Fig. 3). REW breakpoints 

ranging between 0.58 ± 0.01 and 0.45 ± 0.02 were found whatever the 
development stages of the crop when drought occurred, indicating a 
relatively uniform tipping point below which the photosynthetic ca
pacities of the canopy decrease due to edaphic drought (Table 3). The 
asymptote of the model (Vcmax,app,25

∗) or averaged value was in a narrow 
range (from 98.7 ± 1.69 µmol m–2 s− 1 in 2018 to 128 ± 6.11 µmol m–2 

s–1 in 2010 – Table 3). In 2014, no effect of REW on Vcmax,app,25 was 
observed due to recurrent precipitation events and reduced amount of 
data (see explanation above). The slopes of the linear segmented model 
ranged from 324 ± 36.2 µmol m–2 s–1 in 2018 to 821 ± 137 µmol m–2 s–1 

in 2010). The systematic pattern of decreasing Vcmax,app,25 with REW with 
quite similar unstressed values and breakpoints whatever the years 
demonstrated the existence of a clear uniform dependence of photo
synthetic capacities on soil water availability either during the vegeta
tive (2010) or reproductive stage (2006 and 2018). 

3.2.2. Impact of drought on G1 
G1 was significantly impacted by REW in 2010 and 2018. More 

precisely, G1 increased during respectively the vegetative and repro
ductive stages (Fig. 3). The REW breakpoints were very similar for these 
two years (0.44 ± 0.05 in 2010 and 0.45 ± 0.03 in 2018, Table 3, Fig. 3). 
The asymptote value was slightly higher in 2010 (1.69 ± 0.24 kPa0.5) 
compared to 2018 (2.37 ± 0.05 kPa0.5). No significant effect of REW on 
G1 was observed in 2006 and 2014. The averaged G1 values in 2006 and 
2014 (4.35 ± 0.80 kPa0.5 and 4.44 ± 1.45 kPa0.5 respectively, Table 3) 
were clearly higher than the asymptote of the segmented model in 2010 
and 2018. 

3.2.3. Impact of drought on GPP modeling 
GPPVcmax,app,25

∗/GPPsat increased when REW passed below a REW 
breakpoint of 0.46 ± 0.01 for all years when edaphic drought induced 
NSOL, which is logically a similar breakpoint compared to those for 
Vcmax,app,25 (Fig. 4- Table 3). This ratio even exceeded 2 in 2010 and 2018 
when the REW reached its minimum values during water stress events 
(Fig. 4). In opposition, the ratio GPPG1

∗/GPPsat remained relatively 
constant for all the years and whatever the soil water availability 

Fig. 1. Vapor pressure deficit at the canopy surface (VPDs), canopy temperature (Ts) (subplots a to d) and soil water content (SWC) (subplots e to h) daily means. 
Daily sums of precipitation (P) and irrigation (I) are displayed on the second line (subplots e to h). Interpolated green area index GAI (GAI fitted) and measurements 
(GAI measurements) with their standard deviation are shown on the third line (subplots i to l). DAE corresponds to days after emergence. 

Table 2 
Crop characteristics: growing season (from emergence to haulm killing), cu
mulative precipitation (Pcum), irrigation (I), maximum green area index (GAI
max) and variety.   

Growing 
season 

Pcum I GAImax Variety  

(days) (mm) (mm) (-) (% of total area) 

2006 74 186.2 – 3.02 Spunta (62.8%) / Primura 
(11.6%) / Kondor (11.6%) / 
Draga (14%) 

2010 71 76.6 – 5.02 ±
0.42 

Draga (100%) 

2014 64 222.4 – 3.55 ±
0.19 

Draga (72.8%) / Bianchidea 
(20%) / Kennebec (7.2%) 

2018 66 68.4 24.5 4.05 ±
1.18 

Agria (53.9%) / Unidea 
(26.4%) / Draga (19.7%)  
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(Fig. 4). The REW breakpoint of the sensitivity analysis characterizes a 
tipping point illustrating the importance of including NSOL of GPP for 
potatoes during edaphic drought. 

3.2.4. Coupling between carbon and water fluxes 
In 2010 and 2018, NSOL induced a decoupling between GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√

and LE, characterized by a shift of the GPP
̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
maximum toward 

morning hours (Fig. 5). 
During these years, a clear change in the GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
dynamics was 

observed, with a maximum value being reached in the early morning 
(Fig. 6). This decoupling between carbon and water fluxes was not 

observed in 2006 and 2014, which can be explained by favorable 
weather conditions in 2014 (absence of water stress) and probably the 
relatively low intensity of the drought effect on Vcmax,app,25 in 2006 
(Vcmax,app,25 remained higher than 50 µmol m–2 s− 1). DWCI decreased 
when REW passed below a threshold of 0.45 ± 0.04 (Fig. 6) which was 
similar to the thresholds for the GPPVcmax,app,25

∗/GPPsat ratio and 
Vcmax,app,25 dependence on REW (Table 3). 

Fig. 2. Gross primary production under high irradiance (GPPsat ; subplots a to d), relative extractable water (REW; subplots e to h), latent heat flux (LE) and canopy 
conductance to water vapor (Gsw; subplots i to f) daily means. Daily sums of precipitation (P) and irrigation (I) are displayed on the second line (subplots e to h). DAE 
corresponds to days after emergence. 

Table 3 
Statistical proprieties of the regressions: REW breakpoint, asymptote (or averaged value), slope, model p-value (pval

mod
) and R2 for Vcmax,app,25, G1, sensitivity analysis 

on Vcmax,app,25 and for DWCI. Parameters are given with their standard deviation. For the p-values, *** : <0.001, ** : <0.01, *: <0.05, ns : >0.05.   

Vcmax,app,25 G1 

REW 
breakpoint 

Asymptote (Vcmax,app,25
∗) or 

averaged value 
Slope pvalmod R2 REW 

breakpoint 
Asymptote (G1

∗) or 
averaged value 

Slope pvalmod R2 

(-) (µmol m–2 s–1) (µmol m–2 

s–1) 
(-) (-) (-) (kPa0.5) (kPa0.5) (-) (-) 

2006 0.58 ± 0.01 
*** 

121 ± 2.93 *** 704 ± 94.1 
*** 

< 0.001 0.82 / 4.35 ± 0.80 / / / 

2010 0.45 ± 0.02 
*** 

128 ± 6.11 *** 821 ± 137 
** 

< 0.001 0.69 0.44 ± 0.05 
*** 

1.69 ± 0.24 *** − 12.7 ±
5.63* 

< 0.01 0.21 

2014 / 80.2 ± 5.25 / / / / 4.44 ± 1.45 / / / 
2018 0.51 ± 0.01 

*** 
98.7 ± 1.69 *** 324 ± 36.2 

*** 
< 0.001 0.44 0.45 ± 0.03 

*** 
2.37 ± 0.05*** − 7.27 ±

3.41* 
< 0.05 0.09   

Sensitivity analysis on Vcmax,app,25       

REW breakpoint Asymptote Slope pvalmod R2       

(-) (-) (-) (-) (-)      

2006, 2010, 2018 0.46 ± 0.01 *** 1.08 ± 0.02 *** − 11.8 ± 1.31 *** < 0.001 0.55        

DWCI       

REW breakpoint Asymptote Slope pvalmod R2       

(-) (-) (-) (-) (-)      

2006, 2010, 2018 0.45 ± 0.04 *** 0.91 ± 0.01 *** 2.04± 0.95 ** < 0.01 0.41       
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4. Discussion 

4.1. Photosynthesis limitations and methodological considerations 

Whatever the year analyzed, we found a global pattern of reduction 
of photosynthesis capacities due to the influence of soil water avail
ability. Only Vcmax,app,25 decreased with REW, which suggests that the β 
stress function should only be applied when REW passes below the 
breakpoint of 0.46 ± 0.01 (for the varieties of potatoes cultivated at BE- 
Lon and the soil type present on this site). Not implementing water stress 
effect on Vcmax,app,25 would significantly overestimate GPP. This provides 
strong evidence that NSOL played a major role (or even unique because 
SOL has not been observed) in carbon assimilation dynamics of potato 
under high irradiance and during edaphic drought during the four years 
studied. Moreover, our study was performed at the canopy level which is 
representative of the physiological reaction of the entire ecosystem to 

drought since the “big-leaf” approach includes all the leaves within the 
footprint of the EC tower. These conclusions are in accordance with 
previous studies carried out on forests (Gourlez de la Motte et al., 2020) 
and on various non-cropland ecosystems (Chen et al., 2019), tending to 
show that NSOL should not be neglected for many plant functional 
types. At the leaf-level, numerous studies have evaluated the importance 
of NSOL on photosynthesis using coupled gas-exchange and fluores
cence measurements for various crop (Flexas et al., 2008; Wang et al., 
2018) and tree species (Grassi et Magnani, 2005; Perez-Martin et al., 
2014; Zait et Schwartz, 2018; Zhu et al., 2021). While most of the studies 
conducted on potato aimed at identifying the physiological response to 
imposed drought through the dynamics of photosynthetic capacities or 
stomatal closure (Ramírez et al., 2016; Li et al., 2017; Boguszewska-
Mańkowska et al., 2018; Silva-Diàz et al., 2020; Aliche et al., 2020), the 
calibration of the β stress function during edaphic water stress for this 
crop is lacking. Our study provides a function of REW that can be 

Fig. 3. Apparent maximum carboxylation rate at 25 ◦C (Vcmax,app,25; subplots a to d) and slope parameter of the USO model (G1; subplots e to h) dynamics in function 
of the relative extractable water (REW) for the years studied. p refers to the p-value comparing the segmented model to a linear model (p-valmod in Table 3). 

Fig. 4. Sensitivity analysis for the modeling of GPP by setting Vcmax,app,25 and G1 to a constant value when REW is non limiting(respectively GPPVcmax,app,25
∗ and 

GPPG1
∗). The ratios GPPG1

∗/GPPsat (subplot a) and GPPVcmax,app,25
∗/GPPsat (subplot b) were only calculated for the years when a decrease in Vcmax,app,25 and/or an 

increase in G1 were observed. p refers to the p-value comparing the segmented model to a linear model (p-valmod in Table 3). 
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directly translated to models of photosynthesis in LSMs. 
The decrease in Vcmax,app,25 illustrates an alteration of the photosyn

thesis capacities of the crop, either by a restriction of CO2 diffusion 
through the mesophyll, real biochemical alteration of the photosyn
thetic apparatus, or both. Excessive diffusive limitation of CO2 by the 
mesophyll may lead to an accumulation of ATP and NADPH which can 
no longer used by the Calvin cycle, causing energy imbalance, oxidative 
stress and damage to cell components (Pinheiro and Chaves, 2011). 
Moreover, biochemical alteration of photosynthetic capacities can be 
caused by photo-inhibition and/or irreversible inactivation of PSII, as 
has been identified during prolonged water stress (Obidiegwu, 2015). 
Our study did not allow the identification of the NSOL causes as tech
niques used to quantify mesophyll conductance (involving carbon iso
topes or fluorescence) were not tested. No global application of a model 

representing these processes has yet emerged since its implementation 
would require a heavy calibration for all plant functional types, a pro
cedure that has not yet been achieved. Future studies should focus on 
continuous measurements of water extraction, photosynthetic capac
ities, mesophyll and stomatal conductance during dry periods and sub
sequent recovery episodes, so drought impacts on ecosystems can be 
fully understood and mechanistically modeled (Flexas et al., 2018). 

The relatively similar REW breakpoints for all growing seasons 
suggests that the same amount of water in the root zone was required to 
ensure that saturated photosynthesis remained unaffected by drought, 
whatever the timing of drought appearance or the potato varieties. This 
also indicates that the water needs for potato crops were similar during 
the vegetative (2006) or reproductive (2010, 2018) stages. This obser
vation coincides with early studies stating that “soil moisture should 
never be allowed to drop below 50 % of the available range of moisture” 
for potato crop (Singh, 1969), confirming that potato is sensitive to 
water stress. Models such as Aquacrop usually calibrate similar func
tions of REW to simulate drought stress on crop physiology with upper 
thresholds of 0.6 for canopy expansion, 0.7 for canopy senescence, or 
0.55 for stomatal control (Raes et al., 2018). The degree of calibration of 
these thresholds is defined as minimum and requires further in
vestigations for potatoes (Montoya et al., 2016; Raes et al., 2018). The 
REW breakpoint of 0.46 proposed by this study could be used to design 
irrigation management strategies from SWC measurements in surface 
soil layers to avoid the risk of crop abiotic damage. This information is 
complementary to high-throughput phenotyping techniques (Musse 
et al., 2021) for selecting drought-tolerant varieties from the criteria of 
the lowest REW threshold for maintaining an optimum photosynthetic 
rate. The generalization of our results could be enhanced by applying the 
procedure and analysis proposed in this paper on other crop sites of the 
ICOS network where potato was cultivated, which could provide com
plementary REW thresholds for other soil types. 

The method used for calculating REW considers that all the roots 
have the same ability to extract water from the first soil horizon, 
whatever their age, diameter, architecture, location, or function. This 
assumption can be challenged, as it has been shown that the root water 

Fig. 5. Latent heat flux (LE), photosynthetic photon flux density (PPFD) and normalized GPP (GPP
̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
) hourly means and standard deviation when relative 

extractable water (REW) is lower than REW breakpoints of segmented linear regressions for Vcmax,app,25 (REWth - subplots a to c) or when REW is not limiting (subplots 
d to f) for the three years when non-stomatal limitations were observed (Table 3). 

Fig. 6. Diurnal water carbon index (DWCI) daily dynamics in function of the 
relative extractable water (REW). p refers to the p-value comparing the 
segmented model to a linear model (p-valmod in Table 3). 
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uptake can be dependent on root density, morphology, and physiology 
(Kumar et al., 2015). For example, Stalham and Allen (2004) showed 
that 5 % of the deepest roots can account for a half of the total water 
uptake for the potato cultivar Cara. Some models do consider these 
dependences but are difficult to implement at a plot scale due to the high 
number of inputs and parameters required. Nonetheless, REW remains a 
useful indicator to determine the amount of available water in the soil 
from soil hydraulic or granulometric properties that are available for all 
the ICOS sites. 

Some bias in the results can originate from errors in the estimation of 
Ci (Eq. (12)), and in the calculation of Gsw by Eq. (7). The Penman- 
Monteith equation assumes that the minimal gas diffusion through 
stomatal apertures (G0) is set to zero and that no transfer through the 
cuticle (in parallel with diffusion through stomata) is considered. 
However, as the cuticle may represent the main pathway for transpira
tion during drought (Boyer, 2015; Duursma et al., 2019), these as
sumptions could possibly lead to an underestimation of Gsw and then Ci 
by Eq. (12) (Boyer, 2015). To counter this potential drawback, Ci could 
be directly measured at the leaf level by a gas exchange chamber (Boyer, 
2015), or the computation of Gsw could be modified by considering G0 
determined from laboratory measurements (Wang et al., 2018). How
ever, estimating G0 by data adjustment on the USO model remains 
challenging due to statistical considerations (Duursma et al., 2019), 
which explains that G0 is often set to zero or to a constant value in 
coupled photosynthesis-stomata conductance models (Medlyn et al., 
2017; Duursma et al., 2019). 

4.2. Stomatal conductance modeling during drought 

While the empirical Ball-Berry (Ball et al., 1987) stomatal conduc
tance model has been used as a baseline in climate models since the 
mid-1990s (Bonan et al., 2014), many LSMs currently use the USO 
model (Eq. (13)) to estimate Gsw (Kala et al., 2015; Lawrence et al., 
2019). However, the calibration of the response of G1 to edaphic water 
stress remains a key element for improving model predictions in a 
climate change context. Although most models downregulate G1 with 
soil moisture (following the stomatal optimality theory; Mäkelä, 1996), 
numerous studies have observed a different G1 dependance to soil 
moisture using leaf-level or ecosystem fluxes data (Zhou et al., 2013; 
Chen et al., 2019; Gourlez de la Motte et al., 2020). In line with these 
studies, our results showed that G1 remained constant (or even 
increased) with the decrease in REW for potato. This observation sug
gests the absence of regulation of stomata opening during drought and 
indicates a deviation from the optimality theory as the increase of G1 for 
low REW corresponds to a rise of the water cost of carbon gain. This 
behavior can be explained by a decrease of Vcmax,app,25 (inducing a 
decline of the carbon gain through the alteration of efficiency of 
RuBisCO to fix CO2 in the Calvin cycle) more important than the cor
responding increase in the water transport capacity. This hypothesis is 
supported by Aliche et al. (2020), who observed an adaptation of the 
hydraulic architecture of four potato cultivars in response to dehydra
tion through and an increase in xylem flux density and an increase in the 
ratio between small and large xylem vessels, preventing from cavitation 
and facilitating the transport of water and assimilates. 

When Vcmax,app,25 was relatively low, NSOL induced a reduction of 
GPPsat leading to a decrease of the Gsw computed by Eq. (13), but partly 
compensated by an increase of G1. This may explain the decoupling 
between GPP

̅̅̅̅̅̅̅̅̅̅̅
VPDs

√
and LE intra-day dynamics with decreasing REW 

and emergence of NSOL which induced an inhibition of photosynthetic 
capacities independently from transpiration. Similar results were pre
sented by Nelson et al. (2018), who reported a decrease of DWCI during 
the 2003 drought in Puéchabon and for dry savanna/grassland plant 
functional types during dry episodes. 

5. Conclusion 

In this study, a “big-leaf” approach including the FvCB model for 
photosynthesis and the USO model for stomatal conductance was used 
to infer the physiological properties of a potato crop for four consecutive 
growing seasons at the ICOS site of Lonzée in Belgium. Drought induced 
a decrease in Vcmax,app,25 with similar REW breakpoints and unstressed 
values for all years, which highlighted a uniform pattern of drought 
effects on GPP. A global value of 46 % of available soil water was ob
tained from a sensitivity analysis, which highlights the importance of 
implementing REW effects on Vcmax,app,25 to reproduce drought effects on 
GPP. The coupling of this representation with a constant value or a 
linear increase with REW of the slope parameter (G1) in USO model was 
sufficient to simultaneously reproduce both carbon and water flux dy
namics at seasonal and diurnal scales during drying-up episodes. The 
inclusion of the effects of drought on NSOL in LSMs for potatoes is 
recommended to properly implement the effects of drought on water 
and carbon cycles. 
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