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Summary 

Exchange rates of CO2 and H2O between vegetation and the atmosphere are strongly linked 

by stomatal functions and leaf area growth. Crops under drought stress show different 

responses, such as stomatal regulations (short-term responses) and canopy adjustments (i.e., 

the change of leaf area). Stomatal behaviors are related to leaf water potential (Ψleaf) which 

can be grouped into two broad categories: anisohydric and isohydric. Anisohydric plants, such 

as winter wheat, keep their stomata open for longer time periods, independent from changes 

in the soil water supply, thereby inducing variable Ψleaf. Plants continue to transpire under 

drought resulting in a lower Ψleaf as compared to those grown under non-limited soil water 

conditions. Isohydric plants, such as maize, show a strong stomatal control of transpiration to 

maintain Ψleaf at a certain threshold. Much research has aimed at obtaining a better eco-

physiological understanding of stomatal behavior as well as improved modeling of relevant 

processes to better understand stomatal regulation during water stress. However, such 

modeling activities are generally limited to the leaf level. Crop models and land surface models 

which are scaling leaf processes to the canopy level and simulating physiological processes of 

crop growth and yield. These models are used to predict gas fluxes at field and larger scales. 

However, their water flux modules are often simplified. Complex processes, such as stomatal 

regulations and associated underlying mechanisms (i.e., hydraulic signal), are considered in 

simplistic ways which require improvements. A better understanding of the crop-specific 

responses (e.g., winter wheat and maize) to variable water stress across different growing 

seasons and soil types is necessary in order to improve understandings in crop management, 

irrigation systems, crop water use efficiency, and yield. Further, using this knowledge for 

improving soil-plant models and crop models towards more accurate simulations of CO2 and 

H2O gas fluxes and crop yields, will allow for more reliable predictions of food production 

under variable weather conditions and climate change. 

Data was collected at a field characterized by two contrasting soil types (stony and silty) and 

different water regimes (irrigated, rainfed, and drought) near the Research Center Jülich, 

Germany in 2015, 2016, 2017, and 2018. This thesis analysed and presented a unique and 

comprehensive data set on leaf water status, leaf and canopy CO2 and H2O gas fluxes and 

associated dynamic crop growth processes (leaf area, root growth, and crop biomass) for 

winter wheat and maize obtained under a wide range of soil water conditions. The first aim of 

this thesis was to gain a better understanding of the relationships between soil water 

availability and stomatal responses for different crops at various scales (leaf and canopy) 

through modelling studies and field experiments. The second aim was to use this knowledge 
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to potentially advance and improve the modelling of gas fluxes and crop growth by including a 

new modeling modul for simulating stomatal regulations (isohydric and anisohydric) and 

associated underlying mechanisms (plant hydraulic conductance) in an existing crop model. 

The thesis comprises three studies based on three main hypotheses. The first study 

hypothesized that the the consideration of plant hydraulic conductance (Kplant) in the model can 

improve the simulation of CO2 and H2O fluxes, and crop growth (biomass, roots and leaf area 

index) for winter wheat. The second study hypothesized that this improved model (optimized 

for simulating the anisohydric behaviour of winter wheat) is generic enough to simulate the 

effects of fluctuating soil water availability, resulting from variable water supply and changing 

weather conditions, on the gas fluxes and crop growth of maize (isohydric behaviour). The 

third hypothesis (tested in the third study using detailed field observations) was that both 

winter wheat and maize are not limited in terms of their photosynthetic capacity and light use 

efficiency due to their different adaptive responses under drought stress. 

In the first study, an existing crop model (LINTULCC2) using a tipping bucket water balance 

model approach and operating at a daily time step was modified to create a hourly subroutine 

for the simulations of diurnal changes in assimilation and stomatal conductance. The modified 

corresponding shoot model was then coupled with the root growth module (SLIMROOT) and a 

physically-based water balance model (HILLFLOW 1D), and tested using different root water 

uptake (RWU) models (Feddes and Couvreur) using an hourly time step. Hereby, two coupled 

models: HILLFLOW–Couvreur’s RWU–SLIMROOT–LINTULCC2 (Co) and HILLFLOW–

Feddes’ RWU–SLIMROOT–LINTULCC2 (Fe). While the Feddes RWU model does not 

consider Kplant, the Couvreur approach explicitly estimates Kplant from root hydraulic 

conductance and total root length, which, in turn, depends on root growth. In this approach the 

water potential gradient from soil to root to leaf is simulated and the stomatal regulation is 

captured by using the critical leaf water potential threshold (Ψthreshold = - 2 MPa) in order to 

account for the anisohydric behavior of winter wheat. A model intercomparison was performed 

for the two different RWU approaches using field measurements of gas fluxes and crop growth 

observations for winter wheat in 2016 as validation data. Both approaches showed a relatively 

similar performance in simulating dry matter, LAI, root growth, RWU, gross assimilation rate, 

and soil water content. However, the Feddes model predicted more severe drought stress and 

lower plant growth for the silty soil compared with the results for plants grown on the stony soil, 

which is opposite to the observed growth patterns. The Couvreur model better captured the 

difference in growth due to differences in soil type and water treatments. The coupled model 
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Co provided realistic simulations of the dynamics and magnitude of Kplant over the growing 

season. The explicit consideration of Kplant improved simulation results, thereby confirming the 

first hypothesis. 

For the second study, the two coupled models (using Feddes - Fe and Couvreur - Co 

approaches) applied in the first study were further modified to additionally include the C4 

photosynthesis pathway. The two coupled models (Fe and Co) were tested for maize using 

data of crop growth, CO2 gas fluxes, and sap flow observed in 2017 and 2018 under 

contrasting water supplies and evaporative demands. Both models were able to simulate the 

temporal dynamics of biomass, leaf area index, transpiration, soil water dynamic, and canopy 

water potential at a high level of accuracy (confirming the second hypothesis). The Couvreur 

model incorrectly simulated water stress in the earlier crop growing stages, but it captured 

water stress and crop growth at the later growing periods more accurately as compared to the 

Feddes approach. Considering more specific crop properties such as root segment hydraulic 

conductance, critical leaf hydraulic head the Couvreur model becomes more error-prone in 

comparison to the Feddes model if the dynamic root growth and total root system conductance 

(thus, the whole-plant hydraulic conductance) were inadequately simulated.  

The third study investigated the diurnal and seasonal dynamics of leaf water potential and CO2 

and H2O gas exchange at leaf and canopy levels as well as crop growth patterns of winter 

wheat and maize in 2016, 2017, and 2018 under a wide range of soil water and weather 

conditions. More specifically, stomatal regulation and morphological changes (i.e. leaf area 

and crop size) in response to drought stress were examined. Water deficit strongly reduced 

photosynthesis and transpiration rates at both leaf and canopy levels as well as biomass 

growth. Winter wheat showed an anisohydric stomatal response (variable Ψleaf), while the Ψleaf 

level of maize was maintained and ranged from -1.6 to -2 MPa. The study further illustrated 

that the reduction of leaf area plays an important role in regulating transpiration and 

assimilation rates for both wheat and maize. Isohydric behaviour upon water deficit was not 

necessarily associated with the limitation of the photosynthetic capacity of maize because of 

its special leaf anatomy and physiological advantages of the C4 photosynthetic pathway 

thereby confirming the third hypothesis. 

In summary, in this thesis, the integration and implementation of routines for simulating diurnal 

changes in stomatal conductance in a crop model, the comprehensive assessment of 

simulation results and the aquisition, analysis and integration of field data provided new 
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insights into processes of plant-water relation and growth. Presented data and gained 

knowledge provided a useful basis for further improvements of dynamic crop models, soil-plant 

models, and land surface models in simulating CO2 and H2O gas flux exchange and crop 

growth under drought stress. This related to the findings that: (i) the coupled model with the 

inclusion of Kplant allowed adequate simulation of gas fluxes and crop growth for both maize 

and winter wheat under soil water and evaporative fluctuation; (ii) the use of critical Ψleaf 

thresholds as a proxy for stomatal regulations allowed for a realistic representation of 

anisohydric and isohydric stomatal behaviour for modelling applications; (iii) field data and 

simulation results confirmed that a value of -1.6 to -2 MPa for Ψleaf can be used as critical Ψleaf 

threshold for winter wheat and maize. Results from this thesis highlighted that two-way 

feedbacks between growth and root water uptake, inclusion of plant hydraulic conductance, 

and stomatal functions are very important for predicting the crop response to different soil 

water conditions in different soils. For soil-vegetation-atmosphere models and process-based 

crop simulation models, this implied that besides the simulation of stomatal regulations, the 

representation of photosynthesis mechanisms, leaf and canopy/ root growth as well as 

morphological adjustments are required. Results of gas flux and crop growth simulations 

highlighted the need for further research on the effects of the within-field variability of soil 

characteristics on dynamic root growth and root distribution and corresponding model 

improvements for reliable estimations of root hydraulic conductance and gas fluxes under 

drought stress. This especially requires improvements in the simulation of root growth and 

total root hydraulic conductance, as well as dynamic changes in leaf area. The coupled model 

developed within this thesis marks a promising approach that should be tested for a wider 

range of crops, soils, and climate conditions in order to be applied for modeling studies at 

larger spatial scales. 
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Zusammenfassung 

Die Austauschraten von CO2 und H2O zwischen der Vegetation und der Atmosphäre sind 

stark mit den Funktionen der Stomata und dem Wachstum der Blattfläche verbunden. 

Pflanzen unter Trockenstress zeigen verschiedene Reaktionen, wie z. B. stomatäre 

Regulierungen (kurzfristige Reaktionen) und Anpassungen des Kronendachs (d. h. die 

Veränderung der Blattfläche). Das stomatäre Verhalten steht im Zusammenhang mit dem 

Wasserpotential der Blätter (Ψleaf), das in zwei große Kategorien eingeteilt werden kann: 

anisohydrisch und isohydrisch. Anisohydrische Pflanzen, wie z. B. Winterweizen, halten ihre 

Spaltöffnungen über längere Zeiträume offen, unabhängig von Änderungen der 

Bodenwasserversorgung, was zu einem variablen Ψleaf führt. Die Pflanzen transpirieren bei 

Trockenheit weiter, was zu einem geringeren Ψleaf im Vergleich zu den Pflanzen führt, die 

unter nicht begrenzten Bodenwasserbedingungen angebaut werden. Isohydrische Pflanzen, 

wie z. B. Mais, zeigen eine starke stomatäre Kontrolle der Transpiration, um das Ψleaf auf 

einem bestimmten Grenzwert zu halten. Viele Forschungsarbeiten zielen darauf ab, ein 

besseres öko-physiologisches Verständnis des stomatären Verhaltens zu erlangen sowie die 

Modellierung relevanter Prozesse zu verbessern, um die stomatäre Regulation bei 

Wasserstress besser zu verstehen. Allerdings sind solche Modellierungsaktivitäten im 

Allgemeinen auf die Blattebene beschränkt. Erntemodelle und Landoberflächenmodelle, die 

Blattprozesse auf die Baumkronenebene skalieren und physiologische Prozesse des 

Pflanzenwachstums und -ertrags simulieren. Diese Modelle werden zur Vorhersage von 

Gasflüssen auf Feld- und größeren Skalen verwendet. Ihre Wasserflussmodule sind jedoch oft 

vereinfacht. Komplexe Prozesse, wie z.B. die stomatäre Regulation und die damit 

verbundenen zugrundeliegenden Mechanismen (z.B. das hydraulische Signal), werden auf 

vereinfachende Weise berücksichtigt, was Verbesserungen erfordert. Ein besseres 

Verständnis der pflanzenspezifischen Reaktionen (z.B. Winterweizen und Mais) auf variablen 

Wasserstress über verschiedene Vegetationsperioden und Bodentypen hinweg ist notwendig, 

um das Verständnis für Pflanzenmanagement, Bewässerungssysteme, 

Wassernutzungseffizienz und Ertrag zu verbessern. Darüber hinaus wird die Nutzung dieses 

Wissens zur Verbesserung von Boden-Pflanzen-Modellen und Pflanzenmodellen im Hinblick 

auf genauere Simulationen von CO2- und H2O-Gasflüssen und Ernteerträgen eine 

zuverlässigere Vorhersage der Nahrungsmittelproduktion unter variablen Wetterbedingungen 

und dem Klimawandel ermöglichen. 
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Die Daten wurden in den Jahren 2015, 2016, 2017 und 2018 auf Feldern in der Nähe des 

Forschungszentrums Jülich erhoben, die durch zwei kontrastierende Bodentypen (steinig und 

schluffig) und unterschiedliche Wasserregime (bewässert, regengespeist, und Trockenheit) 

gekennzeichnet sind. In dieser Arbeit wird ein einzigartiger und umfassender Datensatz zum 

Blattwasserstatus, den CO2- und H2O -Gasflüssen von Blättern und Kronen und den damit 

verbundenen dynamischen Pflanzenwachstumsprozessen (Blattfläche, Wurzelwachstum, und 

Pflanzenbiomasse) für Winterweizen und Mais präsentiert und analysiert, der unter einer 

großen Bandbreite von Bodenwasserbedingungen gewonnen wurde. Das erste Ziel dieser 

Arbeit war es, durch Modellierungsstudien und Feldexperimente ein besseres Verständnis der 

Beziehungen zwischen Bodenwasserverfügbarkeit und stomatären Reaktionen bei 

verschiedenen Pflanzen auf verschiedenen Ebenen (Blatt und Baumkrone) zu gewinnen. Das 

zweite Ziel bestand darin, dieses Wissen zu nutzen, um die Modellierung der Gasflüsse und 

des Pflanzenwachstums zu verbessern, indem ein neues Modellierungsmodul zur Simulation 

der stomatären Regulierung (isohydrisch und anisohydrisch) und der zugrundeliegenden 

Mechanismen (hydraulische Leitfähigkeit der Pflanzen) in ein bestehendes Pflanzenmodell 

aufgenommen wird. Die Arbeit umfasst drei Studien, die auf drei Haupthypothesen beruhen. In 

der ersten Studie wurde die Hypothese aufgestellt, dass die Berücksichtigung der 

hydraulischen Leitfähigkeit der Pflanzen (Kplant) im Modell die Simulation der CO2- und H2O-

Flüsse und des Pflanzenwachstums (Biomasse, Wurzel- und Blattflächenindex) für 

Winterweizen verbessern kann. In der zweiten Studie wurde die Hypothese aufgestellt, dass 

dieses verbesserte Modell (das für die Simulation des anisohydrischen Verhaltens von 

Winterweizen optimiert wurde) generisch genug ist, um die Auswirkungen der schwankenden 

Bodenwasserverfügbarkeit, die sich aus der variablen Wasserversorgung und den 

wechselnden Wetterbedingungen ergibt, auf die Gasflüsse und das Pflanzenwachstum von 

Mais (isohydrisches Verhalten) zu simulieren. Die dritte Hypothese (die in der dritten Studie 

anhand detaillierter Feldbeobachtungen getestet wurde) lautete, dass sowohl Winterweizen 

als auch Mais aufgrund ihrer unterschiedlichen Anpassungsreaktionen unter Trockenstress in 

ihrer photosynthetischen Kapazität und Lichtnutzungseffizienz nicht eingeschränkt sind. 

In der ersten Studie wurde ein bestehendes Kulturpflanzenmodell (LINTULCC2), das einen 

Kippschalen-Wasserhaushaltsmodell-Ansatz verwendet und mit einem täglichen Zeitschritt 

arbeitet, modifiziert, um eine stündliche Subroutine für die Simulationen der täglichen 

Änderungen der Assimilation und der stomatären Leitfähigkeit zu erstellen. Das modifizierte 

entsprechende Sprossmodell wurde dann mit dem Wurzelwachstumsmodul (SLIMROOT) und 
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einem physikalisch basierten Wasserhaushaltsmodell (HILLFLOW 1D) gekoppelt und mit 

verschiedenen Wurzelwasseraufnahmemodellen (RWU) (Feddes und Couvreur) mit einem 

stündlichen Zeitschritt getestet. Dabei wurden zwei gekoppelte Modelle: HILLFLOW-

Couvreur's RWU-SLIMROOT-LINTULCC2) (Co) und HILLFLOW-Feddes' RWU-SLIMROOT-

LINTULCC2 (Fe). Während das Feddes RWU-Modell Kplant nicht berücksichtigt, schätzt der 

Couvreur-Ansatz Kplant explizit aus der hydraulischen Leitfähigkeit der Wurzeln und der 

Gesamtwurzellänge, die wiederum vom Wurzelwachstum abhängt. In diesem Ansatz wird der 

Wasserpotentialgradient vom Boden über die Wurzel zum Blatt simuliert und die stomatäre 

Regulation durch die Verwendung der kritischen Blattwasserpotentialschwelle (Ψthreshold = -2 

MPa) erfasst, um das anisohydrische Verhalten von Winterweizen zu berücksichtigen. Ein 

Modellvergleich wurde für die beiden unterschiedlichen RWU-Ansätze durchgeführt, wobei 

Feldmessungen der Gasflüsse und Beobachtungen des Pflanzenwachstums für Winterweizen 

im Jahr 2016 als Validierungsdaten verwendet wurden. Beide Ansätze zeigten eine relativ 

ähnliche Leistung bei der Simulation von Trockenmasse, LAI, Wurzelwachstum, RWU, 

Bruttoassimilationsrate und Bodenwassergehalt. Allerdings sagte das Feddes-Modell für den 

schluffigen Boden stärkeren Trockenstress und geringeres Pflanzenwachstum voraus, 

verglichen mit den Ergebnissen für Pflanzen, die auf dem steinigen Boden angebaut wurden, 

was den beobachteten Wachstumsmustern entgegengesetzt ist. Das Couvreur-Modell 

erfasste die Wachstumsunterschiede aufgrund von Unterschieden im Bodentyp und der 

Wasserbehandlung besser. Das gekoppelte Modell Co lieferte realistische Simulationen der 

Dynamik und der Größenordnung von Kplant über die Wachstumsperiode. Die explizite 

Berücksichtigung von Kplant verbesserte die Simulationsergebnisse und bestätigte damit die 

erste Hypothese. 

Für die zweite Studie wurden die beiden gekoppelten Modelle (mit den Ansätzen Feddes - Fe 

und Couvreur - Co), die in der ersten Studie angewendet wurden, weiter modifiziert, um 

zusätzlich den C4-Photosyntheseweg einzubeziehen. Die beiden gekoppelten Modelle (Fe und 

Co) wurden für Mais unter Verwendung von Daten des Pflanzenwachstums, der CO2-

Gasflüsse und des Saftflusses getestet, die in den Jahren 2017 und 2018 unter 

kontrastierenden Wasserversorgungen und Verdunstungsanforderungen beobachtet wurden. 

Beide Modelle waren in der Lage, die zeitliche Dynamik von Biomasse, Blattflächenindex, 

Transpiration, Bodenwasserdynamik und Kronenwasserpotenzial mit hoher Genauigkeit zu 

simulieren (was die zweite Hypothese bestätigt). Das Couvreur-Modell simulierte den 

Wasserstress in den früheren Wachstumsstadien der Pflanzen falsch, aber es erfasste den 
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Wasserstress und das Pflanzenwachstum in den späteren Wachstumsperioden genauer als 

der Feddes-Ansatz. Unter Berücksichtigung spezifischerer Pflanzeneigenschaften wie der 

hydraulischen Leitfähigkeit des Wurzelsegments und der kritischen Blatthydraulik wird das 

Couvreur-Modell im Vergleich zum Feddes-Modell fehleranfälliger, wenn das dynamische 

Wurzelwachstum und die Gesamtleitfähigkeit des Wurzelsystems (also die hydraulische 

Leitfähigkeit der gesamten Pflanze) unzureichend simuliert wurden.  

Die dritte Studie untersuchte die tägliche und saisonale Dynamik des Blattwasserpotenzials 

und des CO2- und H2O-Gasaustauschs auf Blatt- und Kronenhöhe sowie die 

Wachstumsmuster von Winterweizen und Mais in den Jahren 2016, 2017 und 2018 unter 

einer Vielzahl von Bodenwasser- und Wetterbedingungen. Insbesondere wurden die 

stomatäre Regulation und morphologische Veränderungen (d.h. Blattfläche und 

Pflanzengröße) als Reaktion auf Trockenstress untersucht. Wasserdefizit reduzierte die 

Photosynthese- und Transpirationsraten sowohl auf Blatt- als auch auf Kronenhöhe sowie das 

Biomassewachstum stark. Winterweizen zeigte eine anisohydrische stomatäre Reaktion 

(variables Ψleaf), während das Ψleaf-Niveau von Mais beibehalten wurde und von -1.6 bis -2 

MPa reichte. Die Studie zeigte weiter, dass die Reduzierung der Blattfläche eine wichtige 

Rolle bei der Regulierung der Transpirations- und Assimilationsraten sowohl für Weizen als 

auch für Mais spielt. Das isohydrische Verhalten bei Wasserdefizit war aufgrund der speziellen 

Blattanatomie und der physiologischen Vorteile des C4-Photosynthesewegs nicht unbedingt 

mit der Einschränkung der Photosynthesekapazität von Mais verbunden, was die dritte 

Hypothese bestätigt. Zusammenfassend lässt sich sagen, dass in dieser Arbeit die Integration 

und Implementierung von Routinen zur Simulation der täglichen Änderungen des stomatären 

Leitwerts in einem Pflanzenmodell, die umfassende Bewertung der Simulationsergebnisse und 

die Erfassung, Analyse und Integration von Felddaten neue Einblicke in die Prozesse der 

Pflanzen-Wasser-Beziehung und des Wachstums lieferten. Die präsentierten Daten und 

gewonnenen Erkenntnisse lieferten eine nützliche Grundlage für weitere Verbesserungen von 

dynamischen Pflanzenmodellen, Boden-Pflanzen-Modellen und Landoberflächenmodellen bei 

der Simulation des CO2- und H2O Gasflussaustausches und des Pflanzenwachstums unter 

Berücksichtigung von Trockenstress. Dies bezog sich auf die Erkenntnisse, dass: (i) das 

gekoppelte Modell mit der Einbeziehung von Kplant eine adäquate Simulation der Gasflüsse 

und des Pflanzenwachstums sowohl für Mais als auch für Winterweizen unter Bodenwasser- 

und Verdunstungsschwankungen ermöglichte; (ii) die Verwendung von kritischen Ψleaf-

Schwellenwerten als Proxy für stomatäre Regulierungen eine realistische Darstellung des 

anisohydrischen und isohydrischen stomatären Verhaltens für Modellierungsanwendungen 
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ermöglichte; (iii) Felddaten und Simulationsergebnisse bestätigten, dass ein Wert von -1.6 bis 

-2 MPa für Ψleaf als kritische Ψleaf-Schwelle für Winterweizen und Mais verwendet werden 

kann. Die Ergebnisse dieser Arbeit haben gezeigt, dass die wechselseitigen Rückkopplungen 

zwischen Wachstum und Wasseraufnahme durch die Wurzeln, die Einbeziehung der 

hydraulischen Leitfähigkeit der Pflanzen und die stomatären Funktionen sehr wichtig für die 

Vorhersage der Reaktion der Pflanzen auf unterschiedliche Bodenwasserbedingungen in 

verschiedenen Böden sind. Für Boden-Vegetation-Atmosphäre-Modelle und prozessbasierte 

Pflanzensimulationsmodelle bedeutete dies, dass neben der Simulation der stomatären 

Regulationen auch die Darstellung von Photosynthesemechanismen, Blatt- und 

Kronenwachstum sowie morphologische Anpassungen erforderlich sind. Die Ergebnisse der 

Gasfluss- und Pflanzenwachstumssimulationen verdeutlichten den Bedarf an weiterer 

Forschung zu den Auswirkungen der feldinternen Variabilität der Bodeneigenschaften auf das 

dynamische Wurzelwachstum und die Wurzelverteilung sowie entsprechende 

Modellverbesserungen für zuverlässige Abschätzungen der hydraulischen Leitfähigkeit der 

Wurzeln und der Gasflüsse unter Trockenstress. Dies erfordert insbesondere Verbesserungen 

bei der Simulation des Wurzelwachstums und der gesamten hydraulischen Leitfähigkeit der 

Wurzeln sowie der dynamischen Veränderungen der Blattfläche. Das in dieser Arbeit 

entwickelte gekoppelte Modell stellt einen vielversprechenden Ansatz dar, der für ein breiteres 

Spektrum von Kulturpflanzen, Böden und Klimabedingungen getestet werden sollte, um für 

Modellierungsstudien auf größeren räumlichen Skalen eingesetzt werden zu können. 
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1 Chapter: General introduction and objectives 
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General need for understanding and modeling crop gas fluxes 

With a predicted world population of 9.8 billion people by 2050 (UN, 2017) feeding more 

people with limited water is becoming increasingly challenging, particularly in regions with 

water scarcity (Water, 2012; IPCC 2007). Soil water is one of the most important 

environmental variable that affects gas fluxes related to photosynthetic gases (CO2) and 

transpiration (H2O), and crop yield (Chaves et al., 2003; Aroca, 2012). The exchange process 

of CO2 and H2O between crops and their surrounding atmosphere is not only important for 

production of biomass and yield but also influences the soil-vegetation-atmosphere system 

(i.e. gas and heat flux partitioning), thereby affecting atmospheric conditions at larger scales. 

Optimizing irrigation and crop water use efficiency are important strategies to enhance crop 

yield per unit area and reduce water consumption. In this context, quantifying gas fluxes 

(photosynthesis and transpiration) at both leaf and canopy scales is essential in understanding 

water flow and carbon exchange capacity in the soil-vegetation-atmospheric system. The 

collection of such data will support efficient irrigation, crop practices, and breeding procedures 

for drought resistance under different climate and soil water conditions. It will facilitate 

improvements and prediction skills of mechanistic crop models through representing more eco-

physiological crop characteristics (LINTULCC2 model Rodriguez et al., 2000; GECROS model 

(Yin and van Laar, 2006), also see the review from Boote, 2003; Siad et al., 2019)) as well as 

the improvement of land surface model schemes [such as the Community Land Model (CLM) 

(Oleson et al., 2013; Sulis et al., 2015) and see the review from Verheof and Egea et al., 

(2014)]. Such improvements are critical for more accurate crop growth processes predictions 

and more realistic simulations of soil-vegetation-atmosphere-transfer processes, and, in 

consequence, for more realiable weather predictions, climate change projections, and weather 

forecasts. 

1.1  Crop responses to drought stress 

The amount and rate of gas exchange with the atmosphere and, thus, water withdrawal from 

the soil depends on crop physiological characteristics (Hay and Porter, 2006; Baldocchi, 1994), 

soil water availability, root water uptake capacity (Thorup-Kristensen et al., 2009; Rich and 

Watt, 2013), and evaporative demand of the atmosphere (Buckley et al., 2003). When soil 

water is depleted, crops show a wide range of strategies to cope with this, including short- and 

long-term physiological and/or morphological (structural) adaptations, which affect and 

regulate the amount of gas exchange with the atmosphere (Chaves et al., 2003; Tardieu and 

Parent, 2017). 
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Stomata are essential in preventing excessive water loss when the plant is under water stress 

and the root may be damaged and lose contact with surrounding soil (Tyree and Sperry, 1988; 

Brodribb and McAdam, 2011b). Although there has been a recent increase in knowledge about 

the role of mesophyll conductance in regulating photosynthesis during periods of water stress 

(Keenan et al., 2010; Niinemets et al., 2009; Flexas et al, 2004), the importance of stomatal 

regulation as a physiological response of plants to soil water depletion is undisputed (Demour 

et al., 2011). Stomatal adjustments often occur at short-time periods (seconds to hours). The 

risk-avoiding strategy refers to isohydric plants (such as maize and poplar), which close their 

stomata to maintain leaf water potential (Ψleaf) at a certain level to reduce severe water loss. 

Some species such as winter wheat and sunflower, however, keep their stomata fully open 

and allow Ψleaf to decrease during soil drying and increasing evaporative demand. Thus, a 

much lower Ψleaf under drought is observed as compared to well-watered plants (anisohydric 

plants) (Tardieu and Simonneau, 1998). However, there is evidence that a clear distinction 

between those two stomatal regulations is difficult. A continuum between the two strategies 

was observed in many grapevine (Schultz, 2003, Rogiers et al., 2012, Zhang et al., 2012) or 

tree species (Eucalyptus gomphocephala, see Franks et al., 2007), but also in major 

agricultural food crops, such as winter wheat (Galle et al., 2014). A like-anisohydric behavior 

was observed under high evaporative demand for some species but this can change to a like-

isohydric behavior under lower evaporative demand. Franks et al., (2007) defined the third 

mode an isohydrodynamic where the difference between midday and predawn Ψleaf remains 

constant across seasons, while the Ψleaf could vary following evaporative demand and soil 

water conditions.  

These stomatal behaviors can be explained through several underlying mechanisms and their 

interactions, however, they have not been fully understood yet (Tardieu, 2016). The hydraulics 

of the root and shoot systems create a direct linkage between root water potential, 

transpiration flow, and leaf water potential (Schultz, 2003; Franks et al., 2007). The long-

distance hydraulic signal, thus, links plant water potential and stomatal closure (Christmann et 

al., 2013). In addition, plants also developed a non-hydraulic mechanism to regulate stomata. 

The phytohormone, such as abscisic acid (ABA) can be produced in water-stressed roots 

(Gowing et al., 1990; Davies and Zhang, 1991; Tardieu and Simonneau, 1998; Wilkinson and 

Davies, 2002) or shoots (Christmann et al., 2007, Christmann et al., 2013) and then be 

transported through the xylem to regulate stomata movements. The interaction of such 

hydraulic and non-hydraulic signals in regulating stomata has also been reported (Tardieu and 

Davies, 1993; Tardieu and Simonneau, 1998). The weak relationship of stomatal conductance 

to leaf water status (see the analysis of the global dataset for trees in Martínez-Vilalta and 
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Garcia-Forner, 2017; Martnez-Vilalta et al., 2014) suggests that a deeper understanding of 

stomatal regulations is required to better understand the applicability and suitability of the 

concept of anisohydric and isohydric plants. This is important not only for the explanation of 

drought effects on assimilation and transpiration of crops but also for the adequate 

representation of stomatal regulation for different crop functional types in crop models and land 

surface models (Roman et al., 2015; Verhoef and Egea, 2014).  

In addition to short-term regulations of stomata, crops have also developed diverse long-term 

adaptation  strategies and mechanisms (at day, week, and seasonal scales) in response to 

variable soil water availability (Ramalho and Chaves, 1991; Rodrigues et al., 1995; Chaves et 

al., 2000; Chaves et al., 2003; Aroca, 2012). Anisohydric plants such as winter wheat have 

similar leaf stomatal conductance and transpiration rates regardless of daytime and field 

conditions. However, their growth characteristics (i.e. increasing number of tillers and green 

leaf area) show responses to low soil water availability, which in turn affects the gas fluxes 

(i.e., transpiration rates) at the canopy scale (Jamieson et al., 1998; Ewert, 2004; Kupisch et 

al., 2015, Damour et al., 2010; Kadam et al., 2015). In addition to stomatal closure, leaf rolling 

in maize has been associated with a reduction in transpiration rates to save water loss (Moulia, 

1994; Baret et al., 2018). Some maize cultivars can reduce the amount of assimilates allocated 

to lateral root growth, thereby minimizing lateral root branching density (Zhan et al., 2015). 

Alternatively, assimilation can be devoted to deeper root growth which, in turn, allows crops to 

access water in the lower layers and thereby improves the tolerance of plants such as maize to 

water stress (Lynch, 2013; Zhan et al., 2015). The resistance to drought depends not only on 

differences in stomatal control but also on plant development stages and growth rates. For 

instance, a plant with faster leaf growth will cause a faster depletion of soil water, therefore, 

resulting in earlier stomatal closure (Tardieu and Simonneau, 1998). Under high soil moisture 

levels, anisohydric poplar has a clear advantage because of its faster growth and higher 

photosynthesis rate, which may favor higher biomass production. In contrast, isohydric poplar 

has higher water use efficiency and can survive under water-limited conditions (Attia et al., 

2015). 

1.2  Modeling stomatal functions in response to drought stress 

1.2.1  Some plant-water relation terminologies 

The water gradient from soil to root to leaf and canopy creates the continuum pathway. The 

driver for this transport is the difference in water potential (a measure of the energy state of 

water) between the atmosphere and the soil. The energy of the plant (or soil) water or water 
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potential can be either stated as total water pressure (Ψ in [MPa], energy per volume) or as the 

hydraulic head (in [m], energy per weight). The hydraulic heads refer to total water potentials 

expressed in length units while pressure heads are hydraulic heads minus the gravitational 

potential. A pressure head of -100 m approximates a pressure of -1 MPa. The use of these 

terms is not consistent across research disciplines. For instance, in the context of hydrological 

processes and models, researchers refer to leaf or soil hydraulic heads, while plant 

ecophysiologists often apply the terms leaf or soil water potential. Similarly, stomatal 

resistance (conductance) is often expressed in s m-1 (m s-1) in physics while biologists and 

agronomists often describe this term in mol H2O m-2 s-1. Both units can be converted and used 

depending on contexts and disciplines. 

1.2.2  SVAT and crop models 

Before describing existing modeling approaches on stomatal functions, several underlying 

concepts are described in the following in order to support the understanding of these 

approaches and their use for simulating gas fluxes (transpiration and photosynthesis). The 

soil-plant-atmosphere continuum (SPAC) is an important concept which emphasizes the 

interrelationships of soil, plant, and atmospheric factors in determining plant water status (van 

Honert, 1948). The representation of the water flow through the SPAC closely resembles that 

for the flow of electricity in a conducting system. Therefore, it is often termed the Ohm’s law 

analog (Jones and Sutherland, 1991). A second important concept is the soil-vegetation-

atmosphere transfer (hereby SVAT) or soil-plant-atmosphere transfer schemes/models which 

are designed to describe fluxes of heat, water vapor, and CO2 between a multi-component 

vegetated land surface and the atmosphere (Jones et al., 1996; Calvet et al., 1998). The SVAT 

concept might take into account physiological properties of the vegetation components, in 

particular, leaf area index (LAI) and stomatal conductance. The model of stomatal 

conductance has been included in the SVAT scheme in different ways (see Damour et al., 

2011; Verhoef and Egea et al., 2014). The SVAT model can be used as a stand-alone 

modeling tool at the field scale (Calvet et al., 1998; Olioso et al., 1996; Verhoef and Allen, 

2000; Wang and Leuning, 2000; Wang et al., 2007) or can be employed as a module of 

hydrological models and land surface models for a comprehensive understanding and 

simulation of the interaction between meteorological and hydrological processes (Noilhan and 

Mahfouf, 1996; Kucharik and Brye, 2003; Oleson et al., 2013; Aroca, 2002). Lastly, crop 

models, which focus on simulating dynamic crop growth processes (i.e. phenology, root, and 

shoot growth) and yield prediction under a wide range of conditions at diverse temporal and 

spatial scales (van Ittersum et al., 2003; Boote, 2013). Most current SVAT schemes and 
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hydrological models do not parameterize vegetation as a dynamic component. For instance, 

the seasonal evolution of LAI is most often prescribed and monthly LAI values are kept 

constant in each year (Aroca, 2002). Dynamic root growth is often still poorly represented in 

SVAT schemes that are implemented in land surface models. For instance, the CLM 4.5 model 

(Oleson et al., 2013) considers root growth over soil depth but not over time. Therefore, crop 

models have been used to inform and supplement the root dynamics to improve the water 

uptake and soil flux simulation (Wöhling et al., 2013; Gayler et al., 2013) or LAI growth (Lee et 

al., 2014). However, the detailed characteristics and roles of stomatal function and the 

interrelationship within continuum pathways have been rarely considered in the crop model 

community. An overview on the state of art of crop models, SVATs, and land surface models 

with respect to their representation of stomatal regulations and associated underlying 

mechanisms is given in Table 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

Table 1.1 General overview and comparison of crop models, SVAT models, and soil-plant models 

Processes Crop models SVAT models Land surface 
models 

Soil-plant 
models (i.e in 
soil physics) 

Photosynthesis/biomass  Yes, mainly 
based on 
radiation use 
efficiency 
concept 
(Monteith 
1977; 
Goudriaan 
and van Laar, 
1978) 

Yes, often 
biochemical 
photosynthesis 
(Farquhar et al., 
1980) 

Yes, often 
biochemical 
photosynthesis 
(Farquhar et al., 
1980) 

No 

Coupled photosynthesis-
stomatal conductance 
model 

Rarely Often Rarely No 

Stomatal 
conductance/functions 

Rarely Often, diverse 
approaches 

Often, diverse 
approaches 

Rarely,  indirect 

Signals (hydraulic and 
chemicals) 

Rarely Often Rarely Few models 

Anisohydric + isohydric 
stomatal regulations 
Examples: 

No Rarely 
 
Olioso et al., 
1996; Tuzet et 
al., 2003; Wang 
et al., 2007 

Rarely 
 
Sulis et al., 2019  

Few models 
 
Couvreur et al., 
2012; Huber et 
al., 2014 

LAI Yes, dynamic Yes (static or as 
input) 

Yes (static or as 
input) 

Yes (static, or as 
input) 

Root growth Yes, dynamic Yes (static or as 
input) 

Yes (static or as 
input) 

Yes (static, or as 
input) 

Root water uptake 
(RWU) 

Mainly tipping 
bucket 

Feddes’ RWU or 
van den Honert 
model 

Feddes’ RWU or 
van den Honert 
model 

van den Honert 
model 

Soil water balance 
(SWB) 

Mainly tipping 
bucket 

Mainly physically 
based model 
(Richard 
equation) 

Mainly physically 
based model 
(Richard equation) 

Physically-
based model 
(Richard 
equation) 

Temporal discretization Mostly daily Second to daily Second to monthly Second to daily 

Spatial discretization of 
soil profile 

Several 
layers, coarse 

Millimeter to 
meter 

Millimeter to meter Millimeter to 
centimeter 

Application scales Field to global Field Regional, global Sub-soil 

Application purposes Crop growth 
and yield 
prediction 

Understand the 
flux evolution and 
simulating soil-
plant-atmosphere 
interactions 

Simulating gas 
exchange 
between land 
surface and 
atmosphere, 
component of 
weather forecast 
models 

Simulating 
dynamic soil-
plant and soil-
root processes 
and interactions  
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1.3 Modeling water flux, photosynthesis, and stomatal conductance 

In terms of structure and complexity, crop growth models consist of a combination of empirical 

and mechanistic approaches for simulating photosynthesis (Boote, 2013, Yin and van Laar, 

2005). Process-based models have been developed that use the biochemical photosynthese 

model (Farquhar, 1980). In these approaches, the net leaf assimilation rate depends on both 

Rubisco kinetics to CO2 and O2 and electron transport rate which is influenced by photon flux 

and temperature. Some of these models have been developed for the field scale (LINTULCC2 

Rodriguez et al., 2001; GECROS from Yin and van Laar, 2005) or as components of land 

surface models operating at larger scales (Kucharik and Brye, 2003; CLM4.5 from Oleson et 

al., 2013)). The main common feature of these mechanistic models is that they simulate 

photosynthesis using the Farquhar equation (Farquhar, 1980) and a type of empirical Ball and 

Berry equation (Ball et al., 1987) or a modified version of this equation (Leuning 1990, 1995) to 

simulate stomatal conductance (LINTULCC2 Rodriguez et al., 2001; IBIS from Kucharik and 

Brye, 2003; CLM4.5 from Oleson et al., 2013). Another similarity in these crop models is that 

the response of stomata to low water availability is implicitly accounted for using an empirical 

“water stress factor”. Timing and magnitude of water stress are typically derived from actual 

and potential transpiration rates, which depend on soil water availability and root water uptake 

(Rodriguez et al., 2001; Yin and van Laar, 2005) or simply from soil water content (Wang and 

Leuning, 1998) and the soil water potential (Verhoef and Allen, 2000; Kucharik et al., 2000; 

Oleson et al., 2013). These approaches, thus, neglect processes such as root to shoot 

signaling mechanisms that control stomatal behaviors. Especially, the empirical nature of these 

models makes it difficult to apply them for predicting changes under future environmental 

conditions (i.e. climate change scenarios) or for more complex environments (i.e. a wide range 

of soil water conditions) (Verhoef and Egea, 2014; Egea et al., 2011; Damour et al., 2010), or 

for different plant-specific characteristics or species.  

Water stress factors are based on simulated soil water balances (SWB) and root water uptake 

(RWU), with SWB and RWU estimates being dependant on whether a conceptual or physically 

based approach is used (van Ittersum, 2003). The hydrological and land surface modeling 

community commonly applies a physically-based simulation approach (Richards equation; 

Richard 1931). However, most crop models apply conceptual RWU and water balance (tipping 

bucket) models at a daily resolution. The cascaded tipping bucket approach mimics the water 

flow without explicitly considering the energy potential of soil water. To overcome these 

shortcomings hydrological models have been coupled with crop growth models for an 

improved simulation of crop growth and water uptake dynamics (see Siad et al., 2019 for a 
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recent review). Examples are interfaces between the Feddes RWU model and HYDRUS 1D 

water balance model (Simunek et al., 2009) with the DSSAT crop model (Shelia et al., 2018) to 

simulate soybean yields or the coupling between HYDRUS 1D and the WOFOST crop model 

to simulate maize yields (Li et al., 2012; Yang et al., 2017) or wheat (Zhou et al., 2012). These 

studies however did not consider changes in the root and plant hydraulic conductance or 

stomatal regulations for simulating crop responses to water stress and neglected 

compensatory root water uptake. Since stomata regulate the transpiration rate and thus leaf 

water status (Sperry 2000; Tardieu et al., 2015), a realistic simulation of the leaf water potential 

and associated stomatal regulations requires simulations of the soil water potential and, more 

specifically, the difference between the water potential of the soil at the root surface and the 

water potential of the water in the root xylem (Tardieu et al., 2017; Courveur et al., 2012). This 

cannot be achieved using either the tipping bucket method or Feddes’ RWU. Models such as 

those based on the Feddes approach require calibration data for different crop types and 

growing seasons and can only indirectly simulate the effects of changes in the root and plant 

hydraulic conductance (Cai et al., 2018; Vandoorne et al., 2012; Wesseling et al., 1991). 

Further, the daily time step used in tipping bucket approaches poses another limitation to crop 

models to capture the true diurnal course of the energy flux by introducing additional errors 

because of the non-linear response of stomata to environmental factors (Boote, 2013; Tardieu 

and Parent, 2017). 

1.4 Modeling anisohydric and isohydric responses to water stress 

Many attempts have been made to improve the simulation of gas fluxes by explicitly 

considering contrasting stomatal behaviors when modeling stomatal conductance (Damour et 

al., 2010). For instance, “regulating signals” (hydraulic and/or chemical) at the leave level have 

been linked to a coupled stomatal conductance-photosynthesis model (Dewar 2002, Gutschick 

and Simmoneau 2000, Tuzet et al., 2003; Ahmadi et al., 2009; Verhoef and Egea 2014). 

Huntingford et al., (2015) developed a concept to include the ABA signal and leaf water 

potential in simulating stomatal conductance for tree plants at the canopy scale, however, it 

has not been tested for field data yet. Recently, detailed 3D root architecture models have 

been developed for incorporating signaling processes crtitical for simulating the interaction 

between plant water uptake and soil water dynamics (Courveur et al., 2014, van Dam et al., 

2003; Huber et al., 2014). These models often use a greater modeling detail with respect to the 

temporal (water flux from second to longer time steps) and spatial resolution (millimeter, 

centimeter, and meter of soil profile). Also, in a recent effort, the hydraulic signal was included 

in a 1D RWU model which was deduced from a 3D model with hydraulic principles (Cai et al., 
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2017, Cai et al., 2018). However, these studies did not explicitly consider photosynthesis and/ 

or stomatal functions, and their effect on crop growth. Few studies included the hydraulic 

signal and corresponding feedback mechanism in dynamic crop growth models (Claudio, 

2003; Olioso et al., 1996; Wang et al., 2007). At the field scale this has been done for soybean 

(Olioso et al., 1996) and spring wheat (Jensen et al., 1993). Both studies applied a static root 

growth model where plant hydraulic conductance was kept constant during the growing 

season. Several studies compared the performance of physically-based RWU models 

(considering plant hydraulic resistance) for estimating the RWU with that of conventional 

approaches (i.e. Feddes model) (de Jong van Lier et al., 2008; 2013; Santos et al., 2017). 

However, there have been few comparisons on the predictive capacity of Couvreur’s RWU 

model and Feddes’s model based on field data, particularly with respect to the simulation of 

transpiration and photosynthesis fluxes, soil water, and crop growth. Recent examples are 

studies on winter wheat (Cai et al., 2018; Cai et al., 2017) where field-based data on root and 

aboveground biomass growth (LAI, crop height) has been used for an inverse modeling 

approach. Comparative assessments of a coupled root: shoot model using Couvreur and 

Feddes RWU models with respect to their results on CO2 and H2O gas exchange and crop 

growth have not been done before. 

1.5  Objectives 

This study aims to bridge the gap between commonly applied conceptual modeling 

approaches and physically-based approaches implemented in hydrological and soil physical 

models by coupling a root: shoot model with an SWB model that explicitly accounts for plant 

hydraulic conductance and associated stomatal regulations. The advanced 1D RWU uptake 

model from Couvreur was introduced as a sink term into the physically-based SWB model 

(HILLFLOW 1D, Bronstert and Plate, 1997) which has been already implemeted in the 

SIMPLACE modeling framework (simplace.net, Enders et al., 2010). The resulting model was 

then linked with the SLIMROOT root growth model (Addiscott and Whitmore, 1991) and the 

crop growth model LINTULCC2 (Rodriguez et al., 2000) with the latter component providing all 

subroutines required for simulating assimilation (coupled photosynthesis- stomatal 

conductance model), phenology, assimilate partitioning, leaf growth, hereby Co:<HIFLLOW 

1D-Couvreur-SLIMROOT- LINTULCC2>.  

In the coupled model with Couvreur approach, the hydraulic signal is the only signal that 

controls stomatal closure. This assumption is commonly applied for SVAT models (Damour et 

al., 2010). Nevertheless, it might lead to an oversimplification of real-world processes where 

several additional factors are involved in the regulatation of plant stomatal behavior (Tardieu, 
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2017). Chemical signals such as abscisic acid (Zhang and Davies, 2000), pH (Wilkinson et al., 

1998), strigolactones (Visentin et al., 2016) also affect the leaf water status. However, the 

sources of chemical signals, for instance ABA, either due to water stress in roots or shoots, 

and its transport within the plant systems are difficulties to capture and would require the 

introduction of several parameters. Moreover, disentangling effects from several chemicals 

involved in the water stress responses is challenging (Tardieu and Parent, 2017). The effects 

of ABA can be captured by coupling Ball-Berry-Leuning model equations with the Tardieu and 

Simmoneau model (Dewar 2002). However, it is still difficult to extrapolate at the field or larger 

scales due to the lack of accurate measurement of ABA at these scales.  

In the coupled model with Couvreur approach, the whole plant hydraulic conductance (Kplant) is 

explicitly derived from the total root length. Thus, Kplant is changing over the growing season 

following the root development. For the sake of simplification, Kplant is assumed to be constant 

during the course of single days and was upscaled from root hydraulic conductance based on 

a constant fraction. In fact, xylem embolism could cause a hydraulic loss in the continuum 

pathway (Cochard, 2002; Tyree, 1988). The oscillation of hydraulic conductance is controled 

by the circadian rhythms of plasma membrane aquaporin and protein content in the root 

(Caldeira et al., 2014; Tardieu et al., 2015).  

We use the (critical) leaf water potential thresholds to characterize the stomatal regulations. 

The critical leaf water potential threshold is the leaf water potential value at which the stomatal 

conductance begins to decrease markedly (Turner, 1974; Jones and Sutherland, 1991; Olioso 

et al., 1996; Tuzet et al., 2003). This approach is employed in many SVAT models (Olioso et 

al., 1996; Tuzet et al., 2003). In the work from Couvreur et al., (2012); Couvreur et al., (2014); 

Cai et al., (2017); Cai et al., (2018), the Couvreur model did not explicitly simulate the stomatal 

conductance. However, it assumes that stomatal conductance is not influenced by Ψleaf as long 

as the Ψleaf is above a critical leaf hydraulic threshold (Ψthreshold). The Ψleaf is kept constant by 

changing stomatal conductance when the Ψthresholds are reached. Contrastingly, in our study, 

stomatal conductance is explicitey simulated. The stomatal responses to water stress are 

considered using a water stress function which, in turn, is determined by the Ψthreshold. 

The first overall aim of this thesis is to contribute to an improved understanding of the 

relationships between soil water availability and stomatal responses for different crops through 

modeling and field experiments. The second overall aim is to improve an existing crop model 

with respect to the simulation of gas fluxes and crop growth by implementing equations that 

allow for stomatal regulations and associated underlying mechanisms.  

To achieve the two main objectives, three hypotheses will be tested:  
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(a) The first hypothesis is that consideration of plant hydraulic conductance can improve the 

simulation of CO2 and H2O fluxes, and crop growth in biomass, roots, and leaf area index 

in winter wheat. To test this hypothesis, several topics will be particularly addressed: 

 (a1) to analyze and compare the predictive quality of a crop growth model coupled 

with a RWU model that considers plant hydraulics (Couvreur RWU model) and a 

model that does not consider plant hydraulics (Feddes RWU model); 

 (a2) to compare the simulated plant hydraulic conductances for variable growing 

conditions with direct estimates of these conductances from field measurements; 

and 

 (a3) to analyze the sensitivity of simulated RWU and crop growth to the Couvreur 

RWU and root growth model parameters (root hydraulic conductance, critical leaf 

hydraulic threshold, and specific weight of seminal and lateral roots)  

(b) The second hypothesis is that the coupled model with the Couvreur RWU model is generic 

enough to simulate the effects of soil water availability on the CO2 and H2O gas fluxes and 

crop growth of maize with varying weather conditions (including different levels of evaporative 

demand/ potential evapotranspiration (ETP) and vapor pressure deficit (VPD)). The objectives 

of this study are:  

 (b1) to analyze the sensitivity of aboveground biomass growth and RWU to plant-

water relation model parameters (seminal and lateral specific root lengths, Ψthresholds, 

root hydraulic conductance parameters)  

 (b2) to compare the predictive capacity of the coupled models with and without the 

inclusion of Kplant (Couvreur and Feddes RWU models, respectively) for simulating 

maize crop growth and corresponding CO2 and H2O gas fluxes observed under 

different water treatments and within different growing seasons characterized by 

contrasting weather conditions at the field scale. 

(c) The third hypothesis is that winter wheat and maize are not limited in photosynthesis 

capacity and light use efficiency due to their different adaptive responses under drough stress. 

The research questions addressed are:  

 (c1) what are the stomatal strategies of winter wheat and maize under different water 

supply conditions in the field?  

 (c2) how do photosynthesis and transpiration at leaf and canopy levels as well as 

crop growth rate and LAI differ among different water regimes?  
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 (c3) what is the relative contribution of short-term stomatal regulation vs longer-term 

(morphological) adjustments (i.e. LAI) to gas exchange and crop biomass 

production?  

1.6  Overview of the experimental setup, measurement, and outline of thesis 

The study area was located in Selhausen in North Rhine-Westphalia, Germany (50°52’N, 

6°27’E). The research field was characterized by a strong gradient in gravel content and 

slightly inclined with a slope of around 4°. Within the field, two experimental research sites had 

been established: one on the upslope with stony soil (F1) and one on the downslope with silty 

soil (F2). The upslope soil contains up to 60% gravel by weight while at the downslope site the 

gravel content was approximately 4% and the soil texture was silty. The study was performed 

from 2015 to 2018. The experimental set-up has been slightly changed during the observation 

period with spring wheat (Triticum aestivum cv. Scirocco) tested in 2015, winter wheat 

(Triticum aestivum cv. Ambello) in 2016, and silage maize (Zea may cv. Zoey) tested in 2017 

and 2018. In 2015 and 2016, at both sites, three different water treatments were tested, 

resulting in sheltered plots (F1P1 and F2P1), rainfed plots (F1P2 and F2P2), and irrigated 

plots (F1P3 and F2P3) (Table 1.2). In 2017, on the upslope site, only two water treatments 

were tested: rainfed plots (F1P1/F1P2 and F2P1/F2P2) and irrigation (F1P3 and F2P3) (Table 

1.2). Silage maize (Zea may cv. Zoey) was sown on 4th May 2017 with a density of 10.66 

seeds m-2 for all treatments. In 2018, using the same cultivar and sowing density plants were 

sown on 8th May 2018 on the upslope rainfed (F1P2), upslope irrigated (F1P3), downslope 

rainfed (F2P2), and downslope irrigated (F2P3) plots. One of the rainfed downslope plots 

(F2P1) was sown using a higher density of 16 seed m-2 and one of the upslope rainfed plots 

(F1P1) was sown two weeks after the other plots on 22nd May 2018 (Table 1.2).  
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Table 1.2 Summary of experimental set-up, growing seasons, and crop managements 

Years Soil 

types 

Water 

treatments 

Plot 

names 

Phenology Sowing 

density 

Fertilizer 

applications 

2015 Stony Sheltered F1P1 Sowing: 17/03/15 

Emergence: 21/03/15 

Anthesis: 08/06/15 

Harvest: 30/07/15 

350-370  

seed m-2 

08/05/15: 100 kg N + 

60 kg K2O + 30 kg 

P2O5 

16/06/15: 80 kg N 

Rainfed F1P2 

Irrigated F1P3 

Silty Sheltered F2P1 

Rainfed F2P2 

Irrigated F2P3 

2016 Stony Sheltered F1P1 Sowing: 26/10/15 

Emergence: 11/11/15 

Anthesis: 03/06/16 

Harvest: 26/07/16 

350-370  

seed m-2 

03/15/16: 80 kg N + 

60 kg K2O + 30 kg 

P2O5  

02/05/16: 60 kg N 

07/06/16: 50 kg N 

Rainfed F1P2 

Irrigated F1P3 

Silty Sheltered F2P1 

Rainfed F2P2 

Irrigated F2P3 

2017 Stony Rainfed F1P1 Sowing: 04/05/17 

Emergence: 09/05/17 

Tasseling: 09/07/17 

Silking: 14/07/17 

Harvest: 16/09/17 

75cm x 

12.5cm; 

10.66  

plants m-2  

 

09/05/17: 100 kg N + 

40kg P2O5;  

06/07/17: 80 kg N + 

40 kg K2O 

Rainfed F1P2 

Irrigated F1P3 

Silty Rainfed F2P1 

Rainfed F2P2 

Irrigated F2P3 

2018 Stony Rainfed F1P1 Sowing: 22/05/18 

Emergence: 26/05/18 

Tasseling: 21/07/18 

Silking: 23/07/18 

Harvest: 02/09/18 

75cm x 

12.5cm; 

10.66  

plants m-2  

 

22/05/18: 100 kg N;  

30/05/18: 40 kg P2O5 

+ 40 kg K2O  

27/06/18: 80 kg N 

Rainfed F1P2 Sowing: 08/05/18 

Emergence: 13/05/18 

Tasseling: 09/07/18 

Silking: 11/07/18 

Harvest: 22/08/18 

Irrigated F1P3 

Silty Rainfed F2P1 75cm x 8.3cm; 

16 plants m-2 

Rainfed F2P2 75cm x 12.5 

cm; 

10.66  

plants m-2  

  

Irrigated F2P3 

The diurnal and seasonal data of gas fluxes at leaf and canopy scales (leaf stomatal 

conductance and photosynthesis, leaf water potential, sap flow, canopy gas exchange) were 

collected for all water treatments. In addition, data on the dynamic crop growth (phenology, 

crop height, dry biomass, and leaf area index) has been obtained (see Table 1.3). The data set 

is complemented by observations on the dynamics of the soil water content, soil water 

potential, soil temperature, and root growth (root counts and root lengths) in different soil 

depths provided within the framework of the TR32 program.  
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Table 1.3 Overview of data collection and measurements 

 
2015 2016 2017 2018 

1. Gas fluxes 
    Canopy gas chamber (diurnal course) x x x x 

Leaf gas exchange & water potential (diurnal course) x x x x 

Sap flow/transpiration (diurnal course) x x x x 

Soil respiration (diurnal course) 

  
x x 

2. Crop growth 

    Phenology x x x x 

Stem/tiller number x x x x 

Height x x x x 

Aboveground dry matter (different organs) x x x x 

Leaf area index x x x x 

Chlorophyll  
 

x x x 

C:N content x x x x 

 

This dissertation is composed of five chapters, including the introduction (Chapter 1). 

Chapters 2 to 4 present the main results of the study. Chapters 2 and 3 focus on the 

modeling studies for winter wheat and maize, respectively. Chapter 4 analyzes field data on 

leaf water status, gas exchange, and crop growth characteristics for both crops in more detail. 

Chapter 2 focusses on the simulation of winter wheat dynamics (data from 2016). In this 

chapter, plant hydraulic conductance, derived from the dynamic root growth over the growing 

season (SLIMROOT root growth model), was introduced into an existing crop model 

(LINTULCC2). The coupling between the Couvreur RWU model, the physically-based water 

balance model (HILLFLOW 1D) with the root: shoot model enabled the simulation of the water 

potential movement within the continuum pathway. This newly coupled model (Co: 

<HILLFLOW 1D-Couvreur RWU-SLIMROOT-LINTULCC2>) was compared with the model 

based on the Feddes RWU approach (Fe: <HILLFLOW 1D-Feddes RWU-SLIMROOT-

LINTULCC2>) in predicting transpiration and photosynthesis, and crop growth of field-grown 

winter wheat in different soil types and water treatments. In Chapter 3, the performance of 

both modeling approaches was evaluated for maize, using CO2 and H2O gas exchange 

observations (data from 2017 and 2018) obtained for a broad spectrum of soil water availability 

and evaporative demands as well as different soil characteristics. Chapter 4 focuses on a 

detailed assessment and analysis of the measured data from soil to leaf to canopy for both 

crop species obtained under contrasting environmental conditions and water treatments. In a 

first step, the diurnal and seasonal variations of leaf water potential and gas exchange at leaf 
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levels and measured gas fluxes at canopy levels are described and analyzed for both crops. 

Secondly, crop growth data (LAI, biomass, tiller number, crop height, and stem diameter) and 

related canopy CO2 and H2O gas flux data are presented. The relative roles of short-term (leaf 

water potential and stomatal conductance) and long-term responses (i.e., change of leaf area) 

to water stress in regulating CO2 and H2O gas fluxes and crop growth of two crops under 

different soil moisture are discussed. Finally, Chapter 5 discusses to which extent the 

introduction of the newly coupled model which allows for the consideration of isohydric and 

anisohydric behavior and Kplant, improves the simulation of wheat and maize growth and yield. 

An integrated discussion of how the results from the measurements (Chapter 4) compare with 

the insights gained from the modeling studies (Chapter 2 and 3) about the importance/need to 

distinguish between isohydric and anisohydric is provided. Chapter 5 further identifies the 

most important limitations of the study and remaining knowledge gaps that require further 

research.  

Due to the extreme spatial heterogeneity of the spring wheat canopy in 2015, which was 

caused by birds and poor germination, the data from this year was not included in the results 

and discussion. Chapter 2 presents data from winter wheat grown in two different soil types 

(which can be described as stony and silty) and under three water treatments (sheltered, 

rainfed, and irrigated) (green color, Table 1.4). Chapter 3 is based on data for maize grown on 

stony soil (irrigated and rainfed plots in 2017 and irrigated and rainfed plots with normal sowing 

dates, and the rainfed plot with the late sowing date in 2018). Chapter 4 presented data for 

plants grown on the stony soil: winter wheat (2016), maize (2017), and maize (2018) (Table 

1.4). 
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Table 1.4 Summary of water treatment and soil types used in each chapter (green color) 

Years 
Soil 

types 

Water 

treatments 

Plot 

names 
Chapter 2 Chapter 3 Chapter 4 

2016 

Stony 

Sheltered F1P1 F1P1  2016P1 

Rainfed F1P2 F1P2  2016P2 

Irrigated F1P3 F1P3  2016P3 

Silty 

Sheltered F2P1 F2P1   

Rainfed F2P2 F2P2   

Irrigated F2P3 F2P3   

2017 

Stony 

Rainfed F1P1   2017P1 

Rainfed F1P2  2017F1P2 2017P2 

Irrigated F1P3  2017F1P3 2017P3 

Silty 

Rainfed F2P1    

Rainfed F2P2    

Irrigated F2P3    

2018 

Stony 

Rainfed F1P1  2018F1P1 2018P1 

Rainfed F1P2  2018F1P2 2018P2 

Irrigated F1P3  2018F1P3 2018P3 

Silty 

Rainfed F2P1    

Rainfed F2P2    

Irrigated F2P3    
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2 Chapter: Comparison of root water uptake models in simulating CO2 
and H2O fluxes and growth of wheat 
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Abstract.  

Stomatal regulation and whole plant hydraulic signaling affect water fluxes and stress in plants. 

Land surface models and crop models use a coupled photosynthesis-stomatal conductance 

modelling approach. Those models estimate the effect of soil water stress on stomatal 

conductance directly from soil water content or soil hydraulic potential without explicit 

representation of hydraulic signals between the soil and stomata. In order to explicitly 

represent stomatal regulation by soil water status as a function of the hydraulic signal and its 

relation to the whole plant hydraulic conductance, we coupled the crop model LINTULCC2 and 

the root growth model SLIMROOT with Couvreur’s root water uptake model (RWU), and the 

HILLFLOW soil water balance model. Since plant hydraulic conductance depends on the plant 

development, this model coupling represents a two-way coupling between growth and plant 

hydraulics. To evaluate the advantage of considering plant hydraulic conductance and 

hydraulic signaling, we compared the performance of this newly coupled model with another 

commonly used approach that relates root water uptake and plant stress directly to the root 

zone water hydraulic potential (HILLFLOW with Feddes’ RWU model). Simulations were 

compared with gas flux measurements and crop growth data from a wheat crop grown under 

three water supply regimes (sheltered, rain-fed and irrigated) and two soil types (stony and 

silty) in Western Germany in 2016. The two models showed  a relatively similar performance in 

simulation of dry matter, LAI, root growth, RWU, gross assimilation rate, and soil water 

content. The Feddes model predicts more stress and less growth in the silty soil than in the 

stony soil, which is opposite to the observed growth. The Couvreur model better represents the 

difference in growth between the two soils and the different treatments. The newly coupled 

model (HILLFLOW–Couvreur’s RWU–SLIMROOT–LINTULCC2) was also able to simulate the 

dynamics and magnitude of whole plant hydraulic conductance over the growing season. This 

demonstrates the importance of two-way feedbacks between growth and root water uptake for 

predicting the crop response to different soil water conditions in different soils. Our results 

suggest that a better representation of the effects of soil characteristics on root growth is 

needed for reliable estimations of root hydraulic conductance and gas fluxes, particularly in 

heterogeneous fields. The newly coupled soil-plant model marks a promising approach but 

requires further testing for other scenarios regarding crop, soil, and climate.  

 

 

 

 



20 

 

2.1 Introduction 

Soil water status is amongst the key factors that influence photosynthesis, evapotranspiration 

and growth processes (Hsiao, 1973). Accurate estimation of crop water stress responses is 

important for predictions of crop growth, yield, and water use by crop models and land surface 

models (Egea et al., 2011). 

Crop models and land surface models lump the effects of soil water deficit on stomatal 

regulation and crop growth in so-called ‘stress factors’ (Verhoef and Egea, 2014; Mahfouf et 

al., 1996). Crop water stress is strongly influenced by soil water availability which in turn 

depends on the distribution of water and of roots in the root zone and the transpiration rate or 

total root water uptake. Adequate representations in simulation models of root water uptake 

(hereby RWU) and root distributions (Gayler et al., 2013; Wöhling et al., 2013; Zeng et al., 

1998; Desborough, 1997) are therefore needed. Most macroscopic RWU models estimate the 

water uptake as a function of potential transpiration (i.e. the transpiration of the crop when 

water is not limiting) and average moisture content or soil water pressure head and rooting 

densities (Feddes et al., 2001; van Dam, 2000). However, in this representation of RWU, 

crucial relations between RWU model parameters and root and plant hydraulic conductances, 

which translate soil water pressure head to water hydraulic heads in the shoot to which 

stomata respond, are lost. Note that hydraulic heads refer to total water potentials expressed 

in length units, and pressure heads to the hydraulic head minus the gravitational potential or 

elevation. For instance, the water stress factor calculated by the Feddes model (Feddes et al., 

1978) based on the soil water pressure heads involves indirect linkages between the root zone 

water pressure head and the hydraulic head in the shoot in the sense that the water stress 

factors are adapted when potential transpiration rate changes. Such models like the Feddes 

approach represent indirectly the role of the root and plant hydraulic conductance and thus 

require calibration for different crop types and growing seasons (Cai et al., 2018; Vandoorne et 

al., 2012; Wesseling et al., 1991). The conductance of the root system is an important feature 

of the root system and different approaches to include it in RWU models were published 

(Quijano and Kumar, 2015; Vadez, 2014, Kramer and Boyer, 1995; Peterson and Steudle, 

1993). Plant hydraulic conductance determines leaf water potentials which have a significant 

impact on stomatal conductance, leaf gas exchange, and leaf growth (Tardieu et al., 2014; 

Trillo and Fernández, 2005; Sperry, 2000; Zhao et al., 2005; Gallardo et al., 1996). Recently, 

some one-dimensional macroscopic RWU models based on hydraulic principles have been 

developed to represent water potential gradients from soil to root (de Jong van Lier et al., 

2008) and within the root system (Couvreur et al., 2014). The latter approach simplified a 
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physically based description of water flow in the coupled soil-root system accounting for the 

root system hydraulic properties and architecture to simple linear equations between soil water 

pressure heads, leaf water hydraulic head, root water uptake profiles and transpiration rate 

that can be solved directly. It thereby avoids computation of time consuming numerical 

solutions of ordinary differential equations for the water flow and balance in the root system 

that are coupled with the non-linear soil water balance partial differential equation. It uses a 

stomatal regulation model assuming that stomatal conductance is not influenced by the leaf 

water hydraulic head as long as the leaf hydraulic head is above a critical leaf hydraulic 

threshold. Leaf water hydraulic head is kept constant by changing stomatal conductance when 

the critical leaf hydraulic threshold is reached. The Couvreur model also allows presenting the 

different stomatal regulations [i.e. isohydric and anisohydric in Tardieu and Simonneau, (1998)] 

(Couvreur et al., 2014, 2012).  

Recently, inverse modelling routines using datasets of root density, leaf area, and soil water 

content and potential permitted the quantification of root-related parameters of Couvreur’s 

model (root hydraulic conductivity). Sap flow measurements were used to validate simulated 

RWU by the parameterized model (Cai et al., 2018; Cai et al., 2017). These studies 

demonstrated the close relation between the root system conductance and root growth as part 

of overall plant growth and its response to water stress pointing at a two-way coupling between 

root-water uptake and plant growth. This implies that the parameterization of root water uptake 

needs to be coupled to plant growth, which in turn is influenced by water stress and other 

factors. Plant hydraulic conductance was introduced in crop models for several field crops 

such as soybean (Olioso et al., 1996), winter wheat (Wang et al., 2007), or for model testing 

(Tuzet et al., 2003). However, plant hydraulic conductance in these studies was kept constant 

without reference to dynamic root growth. To our knowledge, the effect of a two-way coupling 

between a RWU model accounting for whole plant hydraulic regulation and a crop growth 

model has not been studied yet. It is unclear whether such a coupled model improves the 

simulation of crop growth and development, CO2 and H2O fluxes. 

In this study, we coupled the Couvreur’s RWU model (Couvreur et al., 2014; Couvreur et al., 

2012) with the existing crop growth model LINTULCC2 (Rodriguez et al., 2001) to consider the 

whole plant hydraulic conductance from root to shoot.  The dynamics of root and shoot growth 

under varying soil water availability are explicitly represented by the coupled model. The 

overall aim of the study was to investigate whether consideration of plant hydraulic 

conductance can improve the simulation of CO2 and H2O fluxes, and crop growth in biomass, 

roots, and leaf area index of the same crop that is grown in two different soils and for three 

different water application regimes. To achieve this aim, three objectives were addressed: (i) 
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analyse and compare the predictive quality of a crop growth model coupled with a RWU model 

that considers plant hydraulics (Couvreur RWU model) and a model that does not consider 

plant hydraulics (Feddes RWU model), (ii) compare the simulated plant hydraulic 

conductances for the different growing conditions with direct estimates of these conductances 

from measurements, and (iii) analyse the sensitivity of RWU and crop growth to the Couvreur 

RWU and root growth model parameters (root hydraulic conductance, critical leaf hydraulic 

threshold, and specific weight of seminal and lateral root). 

2.2 Materials and Methods 

2.2.1 Location and experimental set-up 

The study area was located in Selhausen in North Rhine-Westphalia, Germany (50°52’N, 

6°27’E). The study field is slightly inclined with a slope of around 4° and characterized by a 

strong gradient in stone content along the slope (Stadler et al., 2015). Two rhizotrones were 

set up in the field: the upper site with stony soil (hereby F1) contains up to 60% gravel by 

weight while in the lower site with silty soil (hereby F2) the gravel content was approximately 

4%. At each study site the effects of three different water treatments on growth and fluxes 

were investigated (sheltered – P1, rainfed – P2, and irrigated – P3) (Fig. 2.1). Each treatment 

was 3.25 m wide and 7 m long. The treatments bordered each other along 7-m-long side. 

Further information on the field experiment and set-up are presented in Cai et al., (2016), 

Stadler et al., (2015), and Cai et al., (2018). Irrigation was applied two times: on 22 May and 

26 May 2016 in the irrigated plots (F1P3 and F2P3) during the growing season using dripper 

lines. The dripper lines (Model T-Tape 510-20-500, Wurzelwasser GbR, Münzenberg, 

Germany) were installed with 0.3-m intervals and parallel to crop rows. The non-transparent 

plastic shelter was manually covered (11 times) during rainfall and removed when rain stopped 

to induce water stress. On the sheltered days, radiation was assumed to be zero for the 

sheltered plots. Winter wheat (Triticum aestivum cv. Ambello) was sown with a density of 350-

370 seed m-2 on 26 October 2015 and harvested on 26 July 2016 in both the stony (F1) and 

silty (F2) parts of the field. Fertilizers were applied at a rate of 80 kg N + 60 kg K2O + 30 kg 

P2O5 per hectare on 15 March 2016. Nitrogen was further added on 2 May and 7 June 2016 

with 60 and 50 kg N per hectare, respectively. Weeds and pests were controlled according to 

standard agronomic practice. 
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Figure 2.1: Description of the location of field experiment and set up of water treatments in the stony 
soil (F1) and silty soil (F2). P1, P2, and P3 are the sheltered, rainfed, and irrigated plots, respectively. 
Rock fragments are gravels with weathered granites. 

2.2.2 Measurements 

2.2.2.1 Soil water measurement and root growth 

Soil water content and soil water potential were measured hourly by home-made time domain 

reflectometer (TDR) probes (Cai et al., 2016), tensiometers (T4e, UMS GmbH), and dielectric 

water potential sensors (MPS-2 matric potential and temperature sensor, Decagon Devices), 

respectively. Sensors were installed at 10, 20, 40, 60, 80 and 120 cm depth. Root 

measurements were taken with a digital camera (Bartz Technology Corporation) repeatedly 

from both left and right sides at 20 locations along 7 m-long horizontally installed 

minirhizotubes (clear acrylic glass tubes with outer and inner diameters of 64 and 56 mm, 

respectively). The calibration of the sensors, root growth observation, and post processing of 

the data were described in detail in Cai et al., (2016) and Cai et al., (2017). 
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2.2.2.2 Sap flow, leaf water hydraulic head, and gas fluxes measurement 

Five, three, and five sap flow sensors (SAG3) (Dynamax Inc., Houston, USA) were installed in 

the irrigated, rainfed and sheltered treatments, respectively, at the beginning of wheat anthesis 

when stem diameters ranged between 3-5 mm. Vertical and horizontal temperature gradients, 

(dT) of each sensor were recorded at 10 minute intervals with a CR1000 data logger and two 

AM 16/32 multiplexers (Campbell Scientific, Logan, Utah). Sensor heat inputs were controlled 

by voltage regulators controlled by the CR1000 data logger. The raw signal data was 

aggregated to 30 minutes intervals and sap flow was calculated following Langensiepen et al., 

(2014). The number of tillers per square meter was counted every two weeks during the 

operation period of sap flow sensors (26 May – 23 July 2016). Tiller numbers were used to 

upscale the sap flow of single tiller (g h-1) to canopy transpiration rate (mm h-1 or mm d-1). 

Leaf stomatal conductance and leaf water hydraulic head was measured every two weeks 

from 7 AM to 8 PM under clear and sunny conditions from tillering (20 April) to the beginning of 

maturation (29 June 2016). Stomatal conductance to water vapor of three to four upmost fully 

developed leaves were measured using a LICOR 6400 XT device (Licor Biosciences, Lincoln, 

Nebraska, USA) with a reference CO2 concentration of 400 ppm, flow rate of 500 (μmol s-1), 

and using real-time records of photosynthetic active radiation, vapor pressure deficit, and leaf 

temperature provided by the instrument. Then the leaves were quickly detached by a sharp 

knife to measure leaf water pressure head with a digital pressure chamber (SKPM 140/ (40-50-

80), Skye Instrument Ltd, UK).  

Plant hydraulic conductance in crop species can be estimated by measuring the transpiration 

and the root zone and leaf water hydraulic heads (Tsuda and Tyree, 2000). In our study, we 

calculated the conductance according to Ohm’s law by dividing the hourly sap flow by the 

difference between effective root-zone hydraulic head and leaf hydraulic head. The effective 

root zone hydraulic head was calculated based on hourly measured soil water hydraulic head  

and measured root length density (cm cm-2) at six depths (10, 20, 40, 60, 80, and 120 cm) in 

the soil profile following Eqs. (8) and (10) (see Section 2.3.4). During one measurement day, 6 

hourly values of the conductance were obtained from measurements between 11 AM to 4 PM. 

The average and standard deviation of these hourly measurements were calculated for each 

measurement day. Yet, the hydraulic conductance can vary within short time periods due to 

the role of aquaporins (Maurel et al., 2008; Javot and Maurel, 2002; Henzler et al., 1999) or 

ABA regulation (Parent et al., 2009), and xylem cavitation (Sperry et al., 1998). We assumed 

however a constant plant hydraulic conductance during the day. 
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Canopy gas exchange was measured hourly on the same days when leaf water pressure 

heads were measured with a closed chamber system (Langensiepen et al., 2012). CO2 

concentration was derived with a regression approach by Langensiepen et al., (2012). 

Because we were interested in comparing measured with calculated hourly instantaneous 

gross assimilation by the newly coupled root: shoot model (LINTULCC2 with other 

subroutines), the total soil respiration (i.e. heterotrophic organisms and root respiration) was 

subtracted from the instantaneous canopy CO2 exchange rate measured by the closed 

chamber.  The total soil respiration was calculated based on measured soil temperature, soil 

water content at 10 cm soil depth, and leaf area index from crop using the fitted parameters 

derived from the same field and soil types (Prolingheuer et al., 2010). The calculated total soil 

respiration was compared and validated with the measured values in the same field in the 

previous years from Stadler et al., (2015). 

2.2.2.3 Crop growth 

Crop growth information was collected bi-weekly from 20 April until harvest 26 July 2016. Leaf 

area index and crop biomass were measured by harvests of two rows (1 m each) for each 

treatment. Leaves were separated into green leaves and brown leaves, and the brown and 

green leaf area was measured using a leaf area meter (LI-3100C, Licor Biosciences, and 

Lincoln, Nebraska, USA). The aboveground biomass was measured using the oven drying 

method. Samples were first weighed in total, then separated into different plant organs (green 

leaf, brown leaf, stem, ear, and grain) and weighed. Subsamples were afterward extracted 

from these samples, weighed, dried in an oven at 105 °C for 48 hours and weighed again for 

determining dry matter. At the end of growing season, four replicates of one square meter of 

plants were harvested from the plots to determine grain yield and harvest index. 

2.2.3 Model description 

2.2.3.1 Description of the original LINTULCC crop model 

We used the crop model LINTULCC2 (Rodriguez et al., 2001). LINTULCC2 couples 

photosynthesis to stomatal conductance and can perform a detailed calculation of leaf energy 

balances (Rodriguez et al., 2001) (see Appendix 2A). This model was validated and compared 

with different crop models for spring wheat and used to simulate the effects of elevated CO2 

and drought conditions (Ewert et al., 2002; Rodriguez et al., 2001). LINTULCC2 calculates 

phenology, leaf growth, assimilate partitioning, and root growth following the procedure outline 

in Rodriguez et al., (2001).  
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In LINTULCC2, the assimilation rate of the sunlit and shaded leaf is calculated using the 

biochemical model of Farquhar and Caemmerer (1982). Stomatal conductance (gs) was 

calculated according to the model of Leuning (Leuning, 1995) for sunlit and shaded leaves 

separately. In LINTULCC2 CO2 uptake is calculated as a function of CO2 demand by 

photosynthesis, and the ambient concentration of CO2, using the iterative methodology 

proposed by Leuning (1995) (Appendix 2A). For the sake of simplification, in LINTULCC2, the 

internal leaf CO2 concentration, Ci, is initially assumed as 0.7 times the atmospheric CO2 

concentration Ca (Vico and Porporato, 2008; Rodriguez et al., (2001); Jones, 1992). Then, the 

light saturated photosynthetic rate of sunlit and shaded leaves (AMAXsun, and AMAXshade, 

μM CO2 m-2 s-1), and the quantum yield for sunlit and shaded leaves (EFFsun, and EFFshade, 

μM CO2 MJ-1), are calculated iteratively (Farquhar et al., 1980; Farquhar, 1982). This iterative 

loop ends when the difference in calculated internal CO2 mole fraction between two 

consecutive loops is < 0.1 μmol mol-1 (Appendix 2A). Based on a fraction of sunlit (and 

shaded) leaf area and leaf area index (LAI), the leaf stomatal resistance of sunlit and shaded 

leaves was integrated over the canopy leaf area to the canopy resistance (rs) (Appendix 2B).  

The canopy resistance, crop height, and calculated crop albedo (depending on both crop and 

soil water content of the surface layer) and the surface energy balance were used to calculate 

potential crop evapotranspiration (ETP – mm h-1) using the Penman-Monteith equation (Allen 

et al., 1998) (see Appendix 2B). The obtained potential surface evapotranspiration is then split 

into evaporation and potential transpiration using: 

𝑇𝑝𝑜𝑡 = 𝐸𝑇𝑃(1 − 𝑒
−𝑘𝐿𝐴𝐼) (1) 

where k is the light extinction coefficient [0.6 in this study (Faria et al., 1994; Mo and Liu, 2001; 

Rodriguez et al., 2001)]. 

Tpot (mm h-1) represents by definition the transpiration of the crop that is not limited by the root 

zone water hydraulic head. In section 2.3.4 it is explained how the actual transpiration, Tplant 

(mm h-1), is calculated as a function of the potential transpiration and the root zone soil water 

pressure head. The ratio Tplant /Tpot defines the water stress factor fwat, which is used in the 

photosynthesis model: 

fwat =  
𝑇𝑝𝑙𝑎𝑛𝑡
𝑇𝑝𝑜𝑡

 (2) 

Originally, LINTULCC2 runs at daily time steps (which allows for the within day variations in 

temperature, radiation and vapor pressure deficit). LINTULCC2 requires daily maximum and 

minimum temperature, actual vapor pressure, rainfall, wind speed, and global radiation. In 

order to capture the diurnal response of stomata, we modified the time step of the 
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photosynthesis and stomatal conductance subroutine from daily to hourly, while daily time 

steps were kept in the remaining subroutines (phenology, leaf growth, and biomass partition). 

2.2.3.2 Root growth model 

Root growth was simulated using SLIMROOT (Addiscott and Whitmore, 1991). The vertical 

extension of the seminal roots and the distribution of the lateral roots within the soil profile 

depend on the root biomass, the soil bulk density, the soil water content calculated by 

Hillflow1D (Bronstert and Plate, 1997), and the soil temperature computed by STMPsim 

(Williams and Izaurralde, 2005). The supply of assimilates from the shoot (RWTR ) (g m-2 d-1) 

is given by a partitioning table based on the thermal time (van Laar et al., 1997)) that is used to 

calculate the vertical penetration of seminal and lateral roots. The assimilate allocation for 

seminal root growth (ASROOT) is constrained by daily supply of assimilates from the shoot 

RWRT (g m-2 d-1) and the demand of assimilates from seminal roots (ASROOTdemand).  

𝐴𝑆𝑅𝑂𝑂𝑇 = min (𝐴𝑆𝑅𝑂𝑂𝑇𝑑𝑒𝑚𝑎𝑛𝑑, 𝑅𝑊𝑅𝑇) (3) 

ASROOTdemand is a function of the number of seminal roots per square meter (NSROOT) which 

depends on the number of emerged plants per square meter and the number of seminal roots 

per plant; the specific weight of seminal root WSROOT (g m-1); and the daily elongation rate of 

seminal roots RSROOT (m d-1):  

𝐴𝑆𝑅𝑂𝑂𝑇𝑑𝑒𝑚𝑎𝑛𝑑 =  𝑅𝑆𝑅𝑂𝑂𝑇 ∗𝑊𝑆𝑅𝑂𝑂𝑇 ∗ 𝑁𝑆𝑅𝑂𝑂𝑇  (4) 

RSROOT depends on the soil temperature and is constrained by a maximal elongation rate, 

RSROOTmax and the soil temperature depend rate which is an empirical function of the soil 

temperature of the deepest layer where roots are growing, TBOTLAYER (K) (Jamieson and 

Ewert, 1999): 

𝑅𝑆𝑅𝑂𝑂𝑇 = 𝑚𝑖𝑛(𝑅𝑆𝑅𝑂𝑂𝑇𝑚𝑎𝑥, 𝑇𝐵𝑂𝑇𝐿𝐴𝑌𝐸𝑅 ∗ 𝑅𝑇𝐹𝐴𝐶) (5) 

where RTFAC is the temperature factor driving the penetration of seminal roots (m K-1 d-1) and 

TBOTLAYER (K) the soil temperature of the deepest layer where roots are growing. When soil 

temperature is below or equal to 0oC, no seminal growth occurs. The maximum daily 

elongation rate of seminal roots, RSROOTmax was set at 0.03 m d-1 for wheat according to Watt 

et al., (2006). 

The daily increment in seminal root length (SRLIR - m m-2 d-1) is defined as: 

𝑆𝑅𝐿𝐼𝑅 =  𝐴𝑆𝑅𝑂𝑂𝑇/𝑊𝑆𝑅𝑂𝑂𝑇 (6) 

Lateral roots are simulated when the root biomass supplied by the shoot is greater than the 

assimilate demand of seminal roots (RWRT > ASROOTdemand). Lateral root biomass is 

distributed stepwise from the top layer to the deepest soil layer with seminal roots.  
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Roots start to die after anthesis. Since the specific weight of the roots of cereal crops varies 

with soil strength (Colombi et al., 2017; Lipiec et al., 2016; Hernandez-Ramirez et al., 2014; 

Merotto Jr and Mundstock, 1999), we chose different specific weights for the stony (F1) and 

silty soil (F2) from the range that was observed by Noordwijk and Brouwer (1991) and 

Jamieson and Ewert (1999) in soils with different soil strength (Appendix 2C). 

2.2.3.3 Physically based soil water balance model  

HILLFLOW 1D was chosen for calculating the water pressure heads in the soil and how they 

change with depth and time as a function of the precipitation, soil evaporation, RWU, and 

water percolation at the bottom of the simulated soil profile (Bronstert and Plate, 1997). 

HILLFLOW 1D calculates soil water content and water fluxes by numerically solving the Darcy 

equation for unsaturated water flow in porous media (Bronstert and Plate, 1997). The relations 

between soil water hydraulic head, water content and hydraulic conductivity are described by 

the Mualem-van Genuchten functions (van Genuchten, 1980). The parameters of these 

functions, i.e. the soil hydraulic parameters, for the different soil layers and the two sites were 

taken from (Cai et al., 2018) (Appendix 2D). In this study, a soil depth of 1.5 m vertically 

discretized into 50 layers was considered.  A free drainage bottom boundary and a mixed flux-

matric potential boundary at the soil surface were implemented. The mixed upper boundary 

condition prescribes the flux at the soil surface by the precipitation and evaporation rates as 

long as the soil water pressure heads are not above or below critical heads. When these 

heads are reached, the boundary conditions are switched to constant pressure head boundary 

conditions.  

2.2.3.4 Feddes’ and Couvreur’s root water uptake models 

The Feddes RWU model (Feddes et al., 1978) (See Appendix 2E) was already built in the 

HILLFLOW 1D model (Bronstert and Plate, 1997). We implemented the Couvreur RWU model 

(Couvreur et al., 2014a; Couvreur et al., 2012) into HILLFLOW.  Both models, Tplant is 

calculated in both models from the sum of the simulated RWU in the different soil layers and 

used to calculate the water stress factor (fwat) following Eq. (2), which was used in the 

photosynthesis model. In the Feddes model, root water uptake from a soil layer is proportional 

to the normalized root density, NRLD (m-1), in that layer and is multiplied by a stress function 

𝛼 that depends on the soil water pressure head, 𝜓𝑚(m), in that soil layer and the potential 

transpiration rate (see Appendix 2E for the definition of 𝛼): 

𝑅𝑊𝑈𝑖 = 𝛼(𝜓𝑚,𝑖, 𝑇𝑝𝑜𝑡)𝑇𝑝𝑜𝑡𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖  (7) 
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where NRLDi is calculated from the root length density, RLD (m m-3) and discretized soil depth 

∆zi (m) as: 

𝑁𝑅𝐿𝐷𝑖 = 𝑅𝐿𝐷𝑖/∑𝑅𝐿𝐷𝑖

𝑁

𝑖=1

Δ𝑧𝑖      (8) 

The parameters of the 𝛼 stress functions model were taken from (Cai et al., 2018) (See 

Appendix 2C). According to Eq. (7), the reduction of water uptake in a given layer depends on 

the soil water pressure head in that layer only and does not influence the water uptake in other 

layers. This means that a reduced water uptake in dried out soil layers directly leads to a 

reduction of the total root water uptake and plant transpiration and is not compensated by 

increased uptake in other layers where there is still water available.  

In the Couvreur model, the root water uptake in a given soil layer is related to the water 

potentials in the root system and root water uptake in other soil layers so that compensatory 

uptake is considered in this model. Root water uptake in a certain layer is obtained from: 

𝑅𝑊𝑈𝑖 = 𝑇𝑝𝑙𝑎𝑛𝑡𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖 + 𝐾𝑐𝑜𝑚𝑝(𝜓𝑖 − 𝜓𝑠𝑟)𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖  (9) 

where 𝜓𝑖 (m) is the total hydraulic head (or hydraulic head which is the sum of the pressure 

head  and gravitation potential heads) in layer i, 𝜓𝑠𝑟 (m) is the average hydraulic head in the 

root zone and Kcomp (d-1) is the root system conductance for compensatory uptake. The first 

term of Eq. (9) represents the uptake from that soil layer when the hydraulic head is uniform in 

the root zone and the second term represents the increase or decrease of uptake from the soil 

layer due to a respectively higher and lower hydraulic head in layer i than the average 

hydraulic head. The average root zone hydraulic head is calculated as the weighted average 

of the hydraulic heads in the different soil layers as: 

𝜓𝑠𝑟 =∑𝜓𝑖𝑁𝑅𝐿𝐷𝑖

𝑁

𝑖=1

Δ𝑧𝑖 (10) 

The plant transpiration rate is the minimum of the potential transpiration rate and the 

transpiration rate, Tthreshold (mm h-1), when the hydraulic head in the leaves reaches a threshold 

value, 𝜓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (m) that triggers stomatal closure: 

𝑇𝑝𝑙𝑎𝑛𝑡 = max(0,min(𝑇𝑝𝑜𝑡 , 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)) (11) 

Tthreshold is calculated from difference between the root zone hydraulic head and the threshold 

hydraulic head in the leaves 𝜓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑that is multiplied by the plant hydraulic conductance, 

Kplant as: 
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𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝐾𝑝𝑙𝑎𝑛𝑡(𝜓𝑠𝑟 − 𝜓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) (12) 

In our study, we used the a critical leaf hydraulic head, 𝜓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 of – 200 m (equivalent to – 2 

MPa) (Cochard, 2002; Tardieu and Simonneau, 1998). The original Couvreur model only 

considers the hydraulic conductance from the roots to the plant collar, Krs, by assuming that 

the hydraulic resistance from plant collar to leaves is minor as compared to root system 

resistance. The shoot hydraulic resistance could be large in some crop plants (Gallardo et al., 

1996) or in trees (Domec and Pruyn, 2008; Tsuda and Tyree, 1997). In order to simulate the 

leaf water hydraulic head, the whole plant hydraulic conductance (Kplant) needs to be used. The 

whole plant hydraulic conductance could be estimated from different components (i.e. soil to 

root, stem to leaf) following an approach from Saliendra et al., (1995) or a more complex 

attempt by Janott et al., (2011). Because hydraulic data from plant collar to leaf are rare and 

difficult to obtain and account for differing species characteristics and environmental 

conditions, for the sake of simplification, we derived Kplant (d-1) from the root hydraulic 

conductance (Krs,doy) assuming that Kplant is a constant fraction 𝛽 of Krs,doy (d-1): 

𝐾𝑝𝑙𝑎𝑛𝑡 = 𝛽 𝐾𝑟𝑠,𝑑𝑜𝑦 (13) 

We used the measured plant hydraulic conductance from sap flow, leaf water hydraulic head, 

soil water pressure head, and root observation (Section 2.2.1 above) in the lower rainfed plot 

to calibrate  which was then applied for all plots (Appendix 2C). Kplant and Krs in anisohydric 

wheat are influenced by soil water availability and crop development. We followed the 

approach of Cai et al., (2017) to estimate the root hydraulic conductance (Krs,,doy) and 

compensatory root water uptake (Kcomp) based on the total length of the root system below a 

unit surface area, TRLDdoy (m m-2), at a given day of year (DOY) (Eq. 14), which is the output 

from SLIMROOT: 

𝑇𝑅𝐿𝐷𝑑𝑜𝑦 =  ∑𝑅𝐿𝐷𝑖,𝑑𝑜𝑦 ∆𝑧𝑖

𝑁

𝑖

 (14) 

Assuming the same conductance for all root segments, the root system conductance scales 

with the TRLD: 

𝐾𝑟𝑠,  𝑑𝑜𝑦 = 𝐾𝑟𝑠, 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑇𝑅𝐿𝐷𝑑𝑜𝑦 (15) 

where Krs, normalized (d-1 cm-1 cm²) is the root system conductance per unit root length per surface 

area. For Krs, normalized, we took the average value that was obtained by Cai et al., (2018) for the 

stony soil (F1) and silty soil (F2) sites: 0.2544 10-5 (d-1 cm-1 cm²) (Appendix 2C). 
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Many studies included hydraulic conductance along the soil-plant-atmosphere pathway to 

simulate water transport (Verhoef and Egea, 2014; Wang et al., 2007; Tuzet et al., 2003; 

Olioso et al., 1996). However, root and plant hydraulic conductance in these studies were 

assumed constant. In our work, the plant hydraulic conductance varied following the shoot and 

root development in the growing season.  

2.2.3.5 Coupling of water balance and root water uptake models with the crop model 

We carried out a comprehensive comparison of the following modelling approaches for 

simulating CO2 and H2O fluxes and crop growth (Fig. 2.2):  

 HILLFLOW 1D - Couvreur’s RWU - SLIMROOT - LINTULCC2 (Co) ;  

 HILLFLOW 1D - Feddes’ RWU - SLIMROOT - LINTULCC2 (Fe) 

The photosynthesis and stomatal conductance subroutines, RWU and HILLFLOW 1D water 

balance model, and evaporative demand (ETP) were run or specified with hourly time steps, 

while phenology, leaf growth, root growth, and biomass partitioning were updated daily. For a 

certain hourly time step ∆𝑡𝑖 = 𝑡𝑖 − 𝑡𝑖−1, different modules were solved in the following 

sequence. First, LINTULCC2 was used with a water stress factor fwat =1 to calculate the leaf 

and canopy resistance, and the potential transpiration rate. Tpot was then used in HILLFLOW 

1D to calculate the soil water pressure head changes, water content changes, the actual 

transpiration, and fwat during the time step. LINTULCC2 was then run again using the fwat. 

The leaf conductance and assimilation rate were calculated. For the next time step, the same 

loop was run and hourly assimilation was accumulated to a daily value. Daily assimilation rates 

were used in modules that run with a daily time step. For instance, modules of LINTLCC2 that 

calculate assimilate partitioning which is used to calculate shoot (LAI) development and 

passed to SLIMROOT to simulate root development (Fig. 2.2). Before comparing these 

modelling approaches, we calibrated the original LINTULCC model using the data from the 

rainfed plots in the silty soil (F2P2). The model is firstly calibrated to make sure the model 

properly described the phenology. Two parameters (minimum thermal sum from sowing to 

anthesis and thermal sum from anthesis to maturity (°C d)) were used for phenology 

calibration based on information of sowing, anthesis, and maturity dates. The model was then 

calibrated using time series of LAI, biomass, and gross assimilation rate through the change of 

maximum carboxylation rate at 25 °C (VCMAX25), critical leaf area index (LAICR), and relative 

growth rate of leaf area during exponential growth (RGRL) parameters.  The same crop 

parameters and soil parameters were applied for both model configurations (Appendix 2C, D). 

All presented flux data (soil water flux, gross assimilation rate, sap flow, stomatal conductance, 
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and leaf water pressure head) and the simulated outputs were converted from local time to 

coordinated universal time (UTC) to avoid the confusion in interpretation. 

 

Figure 2.2: Description of the coupled root: shoot models in the study. The orange arrow indicates 
feedbacks from the hourly simulations to daily simulation while the grey arrow indicates feedbacks from 
the daily simulations to the hourly simulations. The dashed black arrows denote the weather input and 
parameters to the subroutines. The continuous black arrows indicate the links amongst the modelling 
subroutines. 

2.2.4 Criteria for model comparison and evaluation 

We analysed the performance of two modelling approaches following the approach from 

(Willmott, 1981): (i) correlation coefficient (r) (Eq. 16); (ii) the degree to which simulated values 

approached the observations or index of agreement (I) defined in Eq. (17). This value varies 

from 1 (for perfect agreement) to 0 (for no agreement); (iii) the root mean square errors 

(RMSE) was computed to characterize the difference between simulated value and observed 

data (Eq. 18);  
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𝑟 =
∑ (𝑆𝑖𝑚𝑖 − 𝑆𝑖𝑚)
𝑛
𝑖=1 (𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠)

√[∑ (𝑆𝑖𝑚𝑖 − 𝑆𝑖𝑚)
2

𝑛
𝑖=1 ] [∑ (𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠)

2
𝑛
𝑖=1 ] 

 
(16) 

𝐼 = 1 − [
∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)

2𝑛
𝑖=1

∑ (|𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠| + |𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠|)
2

𝑛
𝑖=1

] 
(17) 

𝑅𝑀𝑆𝐸 = √
∑ (𝑆𝑖𝑚𝑖−𝑂𝑏𝑠𝑖)

2𝑛
𝑖=1

𝑛
  

(18) 

where Sim and Obs are simulated and measured variables; i is the index of a given 

variable; 𝑂𝑏𝑠 and 𝑆𝑖𝑚 is the mean of the simulated and measured data; and n is the number of 

observations; 

2.2.5 Sensitivity analysis 

The parameters of the SLIMROOT root growth model and the Couvreur RWU model were 

derived from literature data. However, these parameters are uncertain and vary between 

different wheat varieties. In order to evaluate the effect of these parameters on the simulated 

crop growth and root water uptake, we carried out a sensitivity analysis.   

In a first set of simulations, the root length normalized root system conductivity Krs, normalized was 

varied from 0.1 to 40 times the Krs, normalized = 0.2554 10-5 cm d-1 that was estimated by Cai et 

al., (2018). The root system hydraulic conductance is related to the total root length, which 

depends on the specific weight of lateral and seminal roots. These two parameters are rarely 

reported, especially for field grown wheat (Noordwijk and Brouwer,  1991). The range of 

observed specific weight of lateral root in wheat was reported in the range of 0.00406 to 

0.00613 g m-1 (Noordwijk and Brouwer,  1991). Huang et al., (1991) found that the specific 

weight of seminals root of winter wheat grown under controlled soil chamber conditions 

decreased from 0.023 to 0.0052 g m-1 when air temperature increased from 10 to 30°C. The 

values of  0.015 and 0.0035 g m-1 are often used for specific weights of seminal and lateral 

roots, respectively in crop growth simulations of wheat cultivars (Mboh et al., 2019; Jamieson 

and Ewert, 1999). In a second set of simulations, the specific weight of lateral roots was 

subjected to change from 0.002, 0.003, 0.0035, 0.004, 0.005, 0.006, and 0.007 g m -1 while 

specific weight of seminal roots was the same (0.015 g m-1) for all simulations. For the third set 

of simulations, specific weight of lateral root was kept at 0.0035 g m-1 while the specific weights 

of seminal root varied from 0.005, 0.0075, 0.01, 0.0125, 0.015, 0.0175, 0.02, and 0.0225 g m -1. 

In the last sensitivity exercise, the critical leaf hydraulic head threshold (ψthreshold) was varied 

between -120 m and -260 m. 
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2.3 Results and discussion 

In the first section, we discuss the performance of the two coupled root-shoot models with 

Couvreur RWU model (Co model) and Feddes RWU model (Fe model). The comparative 

analysis firstly focuses on simulating crop growth and root development under different water 

conditions and soil types. Next, the simulated transpiration reduction, soil water dynamics, 

RWU, and gross assimilation rate are presented and discussed. The Kplant is explicitly 

simulated by the Co model in the different soils and treatments and is compared with direct 

estimates of Kplant from measurements. In the second part, we discuss the sensitivity analysis 

of the Co model to understand the effects of changing Krs, normalized, specific weight of seminal 

and lateral root, and Ψthreshold on the simulated biomass growth and RWU in different soils and 

under different water regimes. 

2.3.1 Comparison of Couvreur and Feddes’s RWU model 

2.3.1.1 Root and shoot (biomass and LAI) growth  

Fig. 2.3 shows the dry matter and LAI simulated by the Co and Fe model versus the measured 

data. The difference between the two samples of the two different rows for each sampling day 

indicated the heterogeneity in crop growth even within a small treatment plot. Biomass and LAI 

simulated by the Co and Fe models were in fair agreement with observations. The r2 of Co and 

Fe models were 0.91 and 0.86, respectively, for biomass while 0.76 and 0.75, respectively, for 

LAI (Table 1). However, both models overestimated dry matter and LAI production in the 

irrigated and rainfed stony plots whereas biomass and LAI were underestimated in the 

sheltered silty plot. This suggests that water stress in the sheltered silty plot was 

overestimated. For the irrigated stony soil plot, in which the water content stayed high due to 

the frequent rainfall events and the additional irrigation, it is unlikely that the lower growth is 

due to water stress. The later start of the growth after the winter could be due to the effects of 

soil strength and lower soil temperature on crop development in the stony field that were not 

captured by the model. Soil hardness could constrain root growth while the higher stone 

content possibly resulted in slower warming up of the soil in spring than the silty soil which in 

turn slowed down root and crop development. 
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Figure 2.3: Comparison between observed (cyan dot) and simulated (a) above ground dry matter and 
(b) LAI by Couvreur (Co, solid red line), and Feddes (Fe, solid blue line) model at the sheltered (P1), 
rainfed (P2), and irrigated (P3) plots of the stony soil (F1) and the silty soil (F2). Note: crop germination 
was on 26th October 2015, data is shown here from 1 January to harvest 23 July 2016. RMSE in (a) is 
kg m-2 while RMSE in (b) is unit less. 

Table 2.1 Quantitative and statistical measures of the comparison between two modelling approaches 
and the observed data for the 3 water treatments and 2 soil types. RMSE: root mean square error; r2: 
correlation coefficient; I: agreement index; n samples: number of sample. Couvreur RWU model (Co) 
and Feddes RWU model (Fe). 

Variables  Statistical 
indexes 

Co Fe 

Daily RWU 
 (mm d-1) 

RMSE 1.15 1.13 

r2 0.62 0.66 

I 0.84 0.85 

n samples 312 312 

Biomass 
(g m-2) 

RMSE 303 336 

r2 0.91 0.86 

I 0.84 0.81 

n samples 54 54 

LAI  
(-) 

RMSE 0.92 0.90 

r2 0.76 0.75 

I 0.77 0.77 

n samples 54 54 

Gross assimilation rate  
(μM m-2 s-1) 

RMSE 6.34 7.26 

r2 0.63 0.61 

I 0.86 0.83 

n samples 302 302 

 

 

(b) (a) 
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For the stony plots, the Fe and Co models gave similar results whereas for the silty soil, the Co 

model reproduced the biomass and LAI better than the Fe model. Although the statistical 

parameters (r² and RMSE) for the silty soil plots show only a slightly better fit of the Co than of 

the Fe model, there is a remarkable qualitative difference between the models. The Fe model 

simulated lower biomass and leaf area in the silty soil than in the stony soil, which is opposite 

to the observations. The Co model simulated similar biomass and LAI in the irrigated and 

rainfed plots of the silty and stony soils and higher biomass and LAI in the sheltered plot in silty 

soil than in the stony soil, which is in closer agreement with the observed differences in 

biomass and LAI between the two soils. The simulated effect of the soil type on the crop 

growth was qualitatively correct for the Co model but incorrect for the Fe model.  

Fig. 2.4 displays the observed root length densities from minirhizotube observations and the 

simulated ones. Higher root length densities were observed and simulated in the silty soil than 

in the stony soil. The model simulated smaller root densities in the stony soil because a larger 

specific weight of the roots was considered for the stony than for the silty soil. The simulated 

root density profiles showed the highest root densities near the surface whereas the observed 

profiles, especially in the silty soil, showed higher densities in the deeper soil layers. The 

model simulated smaller root length densities in the sheltered than in the other plots of both 

the stony and silty soils. This is a consequence of the lower biomass growth that was 

simulated in the sheltered plots. For the stony soil, this corresponds with the observations that 

also showed lower root length densities in the sheltered than in the other plots. However, for 

the silty plot, the opposite was observed. For both the simulations and the observations, we 

compared the ratio of total root lengths in a certain plot and treatment to the total root length in 

rainfed stony plot F1P2 (Appendix 2F). In the stony plots the ratios of the observed total root 

length to the reference were close to 1 but the simulated total root length in the sheltered plot 

was smaller than one. The ratios of the total root lengths in the silty plot to the reference were 

for all plots larger than one. Nevertheless, the ratios of observed root lengths were larger (2.27 

- 4.03) than those of the simulated ones (1.04 - 1.67). The observed ratios were larger for the 

sheltered plot than for the other plots in the silty soil whereas the opposite was simulated by 

the models. Predefined ratios of root and shoot biomass allocation for a given growth period 

and a source driven root growth (van Laar et al., 1997) in our models do not allow a shift in 

carbon allocation to root (for more root growth) in response to water stress. However, this 

should not be  emphasized too much because the observed imaged root data from 

minirhizotubes for driving the root length might have potential errors and uncertainties (Cai et 

al., 2018).  
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Figure 2.4: Comparison between observed root length from rhizotubes (cm cm-2) (cyan line with dots) 
and simulated root length density (RLD) (cm cm-3) from 10, 20, 40, 60, 80, and 120 cm soil depth at 
DOY 149 by Couvreur (Co, solid red) and Feddes (Fe, solid blue) model at the sheltered (P1) rainfed 
(P2), and irrigated (P3), of the stony soil (F1) and the silty soil (F2) 

2.3.1.2 Transpiration reduction, soil water dynamic, RWU, and gross assimilation 

rate 

Fig. 2.5a and 2.5b show the reduction of the transpiration compared to the potential 

transpiration, fwat, simulated by the Fe and Co models (mid of March until harvest) and Fig. 

2.5c and 2.5d show the simulated potential and the simulated and measured actual 

transpiration rates from the end of April until harvest. The Fe model simulated more water 

stress than the Co model and a more pronounced and earlier stress in the silty than in the 

stony soil. As a consequence, the simulated transpiration rates by the Fe model were generally 

lower than the simulated ones by the Co model. According to the fwat factors, also the 

Couvreur model simulated more water stress in the silty soil than in the stony soil. The effect of 

fwat on the cumulative transpiration and growth depends also on the timing of the lower fwat 

values. At the beginning of the growing season when the LAI and potential transpiration are 

low, the impact of a lower fwat on the cumulative transpiration and growth is lower than later in 
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the growing season. These results are in contrast with findings by Cai et al., (2017) and Cai et 

al., (2018) who found that there was no water stress simulated in the silty soil in 2014 by the 

Co and Fe models. However, the studies from Cai et al., (2018) used the measured root 

distributions instead of the simulated ones from the root-shoot model. Therefore, in their 

simulations, the crop had more access to water in the deeper soil layers. Second, they used 

the Feddes-Jarvis model, which accounts for root water uptake compensation. This could 

explain why they did not simulate water stress in the silty plot with the Feddes model. Thirdly, 

weather conditions and irrigation applications were different in their study in 2014 (less dry) 

from our experimental season in 2016.  

 
 
 
 



39 

 

Figure 2.5: Daily transpiration reduction factor (fwat) (a, b) from 15 March to harvest 23 July 2016 and 
comparison between observed (cyan) and simulated root water uptake (RWU) and potential 
transpiration simulated (c, d) by Couvreur (Co, closed red), and Feddes (Fe, closed blue) from 30 April 
to 20 July 2016 model at the sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil (F1), 
and the silty soil (F2). Time series of precipitation (Prec) and irrigation (Irri) are given in the panels. 
Note: crop germination was on 26th October 2015. Vertical cyan bars represent the standard deviation 
of the flux measurements in the different stems. Vertical grey lines show days with the measured and 
simulated diurnal courses of root water uptake (RWU), leaf water pressure head (ψleaf), stomatal 
conductance (gs), and gross assimilation rate (Pg) as used in Figure 2.9. 

 

(d) (c) 

(a) (b) 
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According to Fig. 2.5c and 2.5d, during the time when sap flow could be measured (from end 

of May until harvest), the stress factors did not differ a lot between the Fe and Co models. For 

the rainfed and irrigated plots in the silty soil, the Fe model predicted a stronger reduction in 

transpiration near the end of the growing season than the Co model. This resulted in a smaller 

cumulative transpiration predicted by the Fe than by the Co model over the measurement 

period in these treatments (Fig. 2.6). Although this gives the impression that the Co model is 

better in agreement with the measurements in these treatments, Fig. 2.5d indicates that this is 

due to compensating errors. Both models underestimate the measured sap flow in the 

beginning of the measurement period and overestimate it towards the end, and the Co model 

overestimates more than the Fe model. This overestimation is due to an overestimation of the 

LAI by both models near the end of the growing season (Fig. 2.3b). The reduction of the 

transpiration in the sheltered plots of the two soils compared to the other treatments is 

predicted relatively well but the Fe model predicted more stress and a stronger reduction in 

transpiration than the Co model, especially in the silty soil. For this treatment, the Co model, 

which simulated less stress (larger fwat factors), predicted the cumulative transpiration and 

how it differed between the two soil types better than the Fe model.  

 

 
 

Figure 2.6: Cumulative precipitation and irrigation (Prec+Irri), potential evapotranspiration (ETP), 
potential transpiration (Tpot), actual transpiration (Tact or RWU) simulated by Couvreur (Co) and Feddes 
(Fe) model, and measured transpiration by sap flow sensors (Obs) from 26 May to 20 July 2016 at the 
sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil (F1), and the silty soil (F2). 

Simulated transpiration in all treatments and both soils are plotted versus the sap flow 

measurements in Fig. 2.7. On average, the two models slightly underestimated measured Tact 

(Fig. 2.5c and 2.5d). This was also found in the study by Cai et al., (2018) where sap flow was 

measured in winter wheat in 2014. However, in their study, there was a rather constant offset 
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between the simulations and the sap flow data. One reason could be that in our study we used 

the simulated LAI values whereas Cai et al., (2018) used the measured LAI values. In the 

stony plots, the measured LAIs are overestimated by the simulations so that one would expect 

an overestimation of the transpiration by the model. The opposite holds true for the silty plot. 

The overestimation of the LAI at the end of growing season resulted in an overestimation of 

the transpiration in non-sheltered plots in both soil types. Because of the small size and hollow 

stem of wheat plants (Langensiepen et al., 2014), it is difficult to install the micro-sensors and 

measure the temperature variation for the thin wheat stem with high time frequency under 

ambient field conditions. In addition, the sap flow in a single tiller is also influenced by spatial 

variation in environmental conditions. The variability of stem development also results in a 

significant stem-to-stem variability in sap flow (Cai et al., 2018). The r2 of simulated RWU from 

the Co and Fe models versus sap flow are 0.62 and 0.66, respectively (Table 1 and Fig. 2.7a) 

indicating that our coupled models have fair performance in RWU simulation. Measuring gas 

exchange with closed chamber concentration measurements can significantly alter the 

microclimatic conditions within the chamber, especially at times of high exchange rate. 

However using regression functions at the starting point of measurement intervals reduces 

absolute errors (Langensiepen et al., 2012). The simulated gross assimilation rate (Pg) from 

two models matched relatively well with the gross assimilation rate measured by a manually 

closed-canopy chamber with r2 of 0.63 and 0.61 for Co and Fe, respectively (Table 2.1 and 

Fig. 2.7b). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Correlation between observed and simulated (a) daily actual transpiration (or RWU) (b) 
hourly gross assimilation rate (Pg) from Couvreur (Co, red dot), and Feddes (Fe, blue dot) models of 
both fields (F1 and F2). Sap flow data was from 26 May until 20 July 2017 (n = 312). Gross assimilation 
rate from 08 measurement days (n = 302). RMSE in (a) is mm d-1 while RMSE in (b) is μM m-2 s-1. 

(b) (a) 



42 

 

The method that we used for modelling the canopy resistance used in the Penman-Monteith 

has been reported for both short and tall crops (Dickinson et al., 1991; Kelliher et al., 1995; 

Irmak & Mutiibwa, 2010; Perez et al., 2006; Katerji et al., 2011; Srivastava et al., 2018). The 

fair agreement of RWU to sap flow in our study indicates the proper estimate of ETP based on 

the crop canopy resistance (with fwat = 1) in winter wheat. The direct calculation of crop 

canopy resistance in our work allows to capture physiological responses of the crop (stomatal 

conductance) to solar radiation, temperature, and vapor pressure deficit (Eqn. A5). In addition, 

this approach also avoids calculating grass reference evapotranspiration based on a constant 

canopy resistance. 

The differences in simulated stress between the different models were more pronounced in 

May (Fig. 2.5) when no sap flow data were available. The Co model predicted less stress and 

more RWU than the Fe model in May, especially in the rainfed and irrigated plots of the silty 

soil. The larger stress simulated by the Fe model in the rainfed and irrigated silty plots resulted 

in a smaller increase in biomass that was simulated in May by the Fe than by the Co model 

(Fig. 2.3a). The measurements of growth in the silty soil do not suggest that there was water 

stress in these plots in the silty soil indicating that the Co model better simulated transpiration 

and growth for these cases than the Fe model. Another way to test the RWU simulated by the 

different models is to compare the simulated soil water contents (Fig. 2.8). The Co and Fe 

models were able to simulate both dynamics and magnitude of SWC in different soil depths 

and for different water treatments (average of RMSEs over all soil depths was 0.06 for both 

models, Appendix 2G). The Co and Fe models displayed lower water contents than the 

measured ones in the deeper layers at the late growing season (i.e. depth 80 and 120 cm) 

(Fig. 2.8). This could be due to the free drainage bottom boundary condition in the HILLFLOW 

water balance model, which implies that the water can only leave the soil profile but no water 

can flow in it. Capillary rise in the soil can keep the lower layers relatively wet (Vanderborght et 

al., 2010). In our simulation, the use of a soil depth of 1.5 m may not be deep enough to 

capture this effect.  The simulated SWC were however very similar for both models. The larger 

RWU simulated by the Co than by the Fe model in the silty soil in May resulted in slightly lower 

simulated water contents by the Co model. But, the differences in simulated water contents by 

the two models were much smaller than the deviations from the observed water contents.  
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Figure 2.8: Illustrations of (a & b) time series of precipitation (Prec) and irrigation (Irri) and comparison 
between observed (black) and simulated soil water content (SWC) by the Couvreur (Co, solid red) and 
Feddes RWU model (Fe, solid blue) at six soil depths in at the sheltered (P1), rainfed (P2), and irrigated 
(P3) plots of (c) the stony soil (F1) (d) the silty soil (F2) from 15 March to 23 July 2016. Triangle 
symbols in the sheltered plots (F1P3 and F2P3) indicate the sheltered events. 

For a few selected days, the diurnal course of Tact (or RWU), gross assimilation rate (Pg), 

stomatal conductance (gs), and leaf pressure head were measured. The measured and 

simulated data are shown in Fig. 2.9. Both Co and Fe models could mimic the daytime 

fluctuation of RWU and Pg in the sheltered plot of the stony soil, which is consistent with the 

adequate simulation of root growth (Fig. 2.4, F1P1) and SWC dynamics (Fig. 2.8c, F1P1). 

When the simulated ψleaf reached ψthreshold = - 200 m, the simulated RWU and Pg by the Co 

model showed a plateau (26 May in Fig. 2.9c, 2.9e, and 2.9i). The Co simulated better the 

diurnal courses of stomatal conductance as compared to the Fe, especially on a day with 

water stress (26 May, Fig. 2.9g and 2.9h). Using the leaf water pressure head threshold as an 

indication of water stress effects on stomata, Tuzet et al., (2003) and Olioso et al., (1996) also 

(b) (a) 

(d) (c) 
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reported a considerable drop of Pg and transpiration. The sharp drop of simulated RWU and 

Pg which is in contrast with measurement on the same day in the sheltered plot in silty soil 

illustrated that both models overestimated the water stress. This related to the underestimation 

of both root growth (Fig. 2.4, F2P1) and SWC (Fig. 2.8d, F2P1) in the deeper soil layers by two 

models.  

 

Figure 2.9: Diurnal courses of 4 selected measurement days: 20 April, 26 May, 9 June, and 20 June 
2016 (a & b) global radiation (Rs) (c & d) actual transpiration (RWU), (e & f) leaf water pressure head 
(ψleaf), (g & h) stomatal conductance to water vapor (gs), and (i & j) gross assimilation rate (Pg) at the 
sheltered plot (P1) of the stony soil (F1) and the silty soil (F2). The cyan dots, solid red, and solid blue 
lines denote the observed, simulated values from the Couvreur model (Co), and Feddes (Fe), 
respectively. Sap flow sensors were installed on 26 May 2016 at 9 AM and 5 PM for F1P1 and F2P1, 
respectively. Simulated stomatal conductance are from sunlit leaves. The Feddes RWU model did not 
simulate leaf water pressure head. 
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2.3.1.3 Whole plant hydraulic conductance from Couvreur RWU model 

The Couvreur RWU model considers the root hydraulic conductance which relies on absolute 

root length. The root hydraulic conductance is used to upscale to whole plant hydraulic 

conductance. The simulated Kplants reproduced the measured ones in the different treatments 

quite well (Fig. 2.10). Our measured Kplant ranged from 1.5 x 10-5 to 10.2 x 10-5 d-1 (Fig. 2.10). 

These values are in the same order of magnitude as values reported by Feddes and Raats, 

(2004) for ryegrass ranging from 6 x 10-5 to 20 x 10-5 d-1. The simulated Kplant from our coupled 

root and shoot Co model followed the root growth and reached a maximum at around anthesis. 

Kplant reduces toward the end of the growing season due to root death. For the sheltered plot of 

the silty field, we would expect, based on the root density measurements (Fig. 2.4), the highest 

Kplant of all treatments. However, this was not observed in the field. Based on the measured 

total root lengths, we would also expect that Kplant of the sheltered plot in the stony soil should 

be similar to Kplant in the other plots of the stony soil. But, Kplant was clearly lower in the 

sheltered plot of the stony soil than in the other treatments in the stony soil. In the model 

simulations, the lower Kplant in the sheltered plots compared to the other plots in the same soil 

was due to a lower simulated total root length. Since the differences in observed total root 

lengths were smaller (stony soil) or opposite (silty soil) to the differences in simulated total root 

lengths, the smaller observed Kplant in the sheltered plots must have causes that are not 

considered in the model. A potential candidate is the resistance to water flow from the soil to 

the root in the soil, which increases considerably when the soil dries out, as was the case in 

the sheltered field plots. 
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Figure 2.10: Comparison between observed (dot) and simulated plant hydraulic conductance (solid line) 
by the Couvreur (Co) model in the sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil 
(F1) and the silty soil (F2). The vertical bars represent the standard deviation of 6 hourly plant hydraulic 
conductance values at around midday (11 AM to 4 PM) in the measurement day. Note: crop 
germination was on 26th October 2015, data is showed here from 1 January 2016 to harvest 23 July 
2016. Blue line was overlapped by the black line 

The observed field data has been shown and compared with the simulated results from the two 

models in the above-mentioned (2.3.1.1, 2.3.1.2, and 2.3.1.3). The data were collected for 

both crop growth (root, LAI, and biomass) and gas fluxes at different scales (soil water flux and 

gas exchange from leaf to canopy) in two contrast soil types and under different water 

treatments. To our knowledge, this is the unique experimental set-up and dataset for 

understanding soil-plant processes as well as parameterizing and evaluating of soil-plant-

atmospheric models. However, due to complex and costly construction of the underground 

minirhizotrone facilities, there were no replicates for plots in our study. LAI and aboveground 

biomass showed the large variability not only between water treatments but even in the same 

plot because of microclimate and soil heterogeneities. The variability of tiller development also 

considerably influences stem-to-stem variability of sap flow. In addition, the small size of plot 

did not allow having replicates for manual canopy chamber measurement because it might 

strongly disturb and alter crop growth, leaf gas exchange, and sap flow measurements of the 

surrounding areas. Nevertheless, despite of these shortcoming issues, the data illustrated the 
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difference and variability among water regimes in two soil types, and over measured dates that 

it is still valid for modelling comparison and validation in this study. 

2.3.2 Effects of changing root hydraulic conductance and leaf water pressure head 
thresholds 

We conducted three sets of simulations. In the first set of simulations Krs, normalized was 

subjected to change. Fig. 2.11 illustrates the sensitivity of Co model to Krs, normalized in terms of 

above-ground biomass at harvest and cumulative RWU (from 15 March to harvest) for the 

different water treatments and soil types. For the rainfed and irrigated plots, an increase in Krs, 

normalized does not lead to a substantial increase in RWU and above ground biomass. This is a 

trivial consequence of the fact that water is not (irrigated plots) or only slightly (rainfed plots) 

limited in these cases. For the stony soil, a decrease of Krs, normalized by a certain factor leads to 

a stronger decrease in RWU and biomass than in the silty soil. This indicates that in the stony 

soil, less water is ‘accessible’ so that a decrease in root water uptake capacity by the crop has 

a stronger impact on RWU and biomass production than in the silty soil. For the sheltered 

plots, RWU and biomass production increase with Krs, normalized suggesting that increasing the 

water uptake capacity by the plants would increase the uptake and growth. But, increasing Krs, 

normalized by the same factor had a smaller relative effect on the RWU and biomass production 

than decreasing Krs, normalized.  
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Figure 2.11: Relative changes of simulated (Co model) above ground biomass at harvest (a, c, e, and 
g)  and cumulative RWU (b, d, f, and h) (from 15 March to harvest 23 July 2016) with the changing Krs, 

normalized, specific weights of seminal and lateral root, and leaf pressure head threshold (Ψthreshold) in the 
sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil (F1) and the silty soil (F2). Vertical 
lines in (a) and (b) indicates the original value Krs, normalized = 0.2554 10-5 (cm d-1) while (g) and (h) 
indicates the Ψthreshold = - 200 m. 
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Decreasing the specific weight of lateral and seminal roots increases the specific root length 

and thus total root length of root system, total root system hydraulic conductance, and thus 

and whole plant hydraulic conductance. However, for the considered range of specific weights, 

there was only a minor increase of above dry biomass and RWU (Fig. 2.11c-f). Reducing the 

specific root length by increasing the specific weights of lateral and seminal roots caused a 

stronger reduction in biomass and RWU, especially for the seminal root in the stony soil. High 

values of Ψthreshold led to more water stress and a sharp decrease in stomatal conductance and 

photosynthesis when Ψleaf was limited to its thresholds (Fig. 2.11g & h). Our results suggested 

that Ψthreshold at -120 m or -140 m could overestimate the water stress while the Ψthreshold at -260 

m could underestimate the stress.  

The impact of the change of the root segment conductance, specific weight of roots, and the 

leaf pressure head threshold at which stomata close on RWU and above ground biomass is 

amplified by the positive feedback between the above ground biomass, the root biomass, the 

total root length, the root system hydraulic conductance, and finally Kplant. Considering these 

interactions and feedbacks is important to evaluate the impact of changing a certain property 

of the crop on its performance in different soils and under different conditions.  

The impact of changing root system properties or stomatal sensitivity to water pressure head 

on root water uptake, stress, and crop growth cannot be assessed by a model that is not 

sensitive to these crop properties. Different to the Co model the Fe model is not sensitive to 

the total root length, the normalized root conductance, the specific root weight, and the leaf 

water hydraulic head  at which stomata close. Therefore, the impact of introducing crop 

varieties with new properties cannot be assessed by this type of model. Only with the Co 

model the impact of the crop properties on growth and drought resilience can be studied. 

2.4. Conclusion 

We evaluated two different root water uptake modules of a coupled soil water balance and 

crop growth model. One root water uptake model was the often used Feddes model whereas 

the other, the Couvreur RWU model represents a “mechanistic” RWU that explicitly simulates 

the continuum in water potential from soil to root, and to leaf based on the whole plant 

hydraulic conductance. Overall, the measured biomass growth, LAI development, soil water 

contents, leaf water pressure heads, and transpiration rates were well reproduced by both 

models. But, the Fe model incorrectly predicted more water stress and less growth in the silty 

soil than in the stony soil whereas the opposite was observed. The Fe model does not account 

for the higher plant conductance in the silty soil where more roots were simulated than in the 

stony soil. In addition, the Fe model does not consider root water uptake compensation which 
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reduces water stress. In other words, the Feddes approach did not possess the flexibility as 

compared to Couvreur model in simulating RWU for different soil and water conditions.  

Based on the absolute root length, the Co model was able to simulate Kplant in different soils 

and treatments. The simulated Kplant followed the root growth and reached a maximum at 

around anthesis. However, the observed Kplant was lower in the sheltered plots although the 

observed total root lengths in these plots were almost similar (stony soil) or larger (silty soil) as 

compared to the irrigated and rainfed plots. Moreover, the higher simulated Kplant in 

comparison to the observed values in the sheltered plots suggested that the newly coupled 

model needs to consider the declined hydraulic conductance of the root-soil interface due to 

decreased soil water pressure head. The formation of air gaps at soil-root interface due to the 

root shrinkage of roots and root-soil contact loosening (Carminati et al., 2009) could induce a 

strong increase of hydraulic resistance to radial water flow between soil and roots.  

A mechanistic model that is based on plant hydraulics and links root system properties to 

RWU, water stress, and crop development can evaluate the impact of certain crop properties 

(change of root segment conductance, specific weights of root, or leaf pressure head 

thresholds) on crop performance in different environments and soils. The Co model could 

capture the positive feedbacks between the aboveground biomass, the root length, the total 

root system hydraulic conductance, and finally Kplant. 

In this study, a higher total root length was simulated in the silty soil than in the stony soil 

because a higher specific root length was found for root growth in the silty soil. This can be 

considered as an extra relationship that requires attention in crop modelling. Crop growth 

models will need to consider soil specific calibration to account for differences in specific root 

length with soil. Alternatively, a more mechanistic description of root growth that predicts root 

specific length would reduce the amount of calibration in crop growth models. Another aspect 

in demand of improvement is the prediction of the root distribution with depth. In our 

simulations, highest root densities were simulated in the top soil whereas the observations 

showed higher densities in the deeper soil layers. Examples of detailed 3D root growth models 

that could improve the simulation of root distribution are given by Dunbabin et al., (2013). The 

coupling of a shoot model with a 3D root growth model that represents root system 

architecture simulated more accurate root distributions (at both top and subsoil layers) under 

drought conditions (Mboh et al., 2019). Nevertheless, simulating the third dimension of root 

growth would largely extend the parameter requirements which makes them more difficult for 

testing under the field. 
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Finally, the model did not consider changes in carbon allocation to the root system that are 

triggered by stress. Therefore, the model simulated less roots in the water stressed sheltered 

plot of the silty soil whereas more roots were observed in this plot compared with the other 

plots in this soil. A more mechanistic description of root: shoot partitioning of both carbon and 

nitrogen (Yin and Schapendonk, 2004) or carbon allocation as a function of soil water 

conditions (i.e. soil water potential in Kage et al., (2004) and Li et al., (1994)) would be needed 

to refine the prediction of responses of root development to water stress.  

Future research should focus on testing the newly coupled model (HILLFLOW–Couvreur’s 

RWU–SLIMROOT–LINTULCC2) for other wheat genotypes and crop types (isohydric like 

maize) and for a wider range of soil and climate conditions. Further improvements should 

particularly be targeted leaf area simulation. Improving the modelling of leaf growth should 

result in better simulations of LAI and more accurate estimates of energy fluxes at canopy 

level. 
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3 Chapter: Expansion and evaluation of two coupled root-shoot models 
in simulating CO2 and H2O fluxes and growth of maize 
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Abstract 

Leaf stomata play an essential role in preventing excessive water loss when plants are under 

water stress. Leaf water hydraulic head (Ψleaf) and more specifically its critical thresholds 

(Ψthreshold) characterizes stomatal control of transpiration, particularly for C4 plants, but this 

physiological process has rarely been integrated into dynamic crop models. Two coupled 

models with Feddes root water uptake (RWU) and Couvreur RWU models were further 

extended by the C4 photosynthesis model (a model that considers a complex combination of 

both biochemical and anatomical specialization, which provides an elevation of the CO2 

concentration at the site of Rubisco) in order to be applicable to maize. Model performance 

was evaluated with a comprehensive dataset including stomatal conductance, Ψleaf, sap flow, 

gross assimilation rate (Pg), soil water content (SWC), dry biomass, and leaf area index (LAI) 

from a two season maize experiment grown under contrasting environments and water 

regimes. For the Couvreur model, the RWU and dry biomass were more sensitive to the root 

hydraulic conductance parameters than to Ψthresholds and root growth parameters. The 

agreement index (I) for the Couvreur model after calibration was 0.91, 0.80, 0.81, and 0.69 for 

biomass, LAI, RWU, and Pg, respectively. The Feddes model performed similarly for the same 

metrics. The Feddes model simulated accurately the plant water stress in the first 45 days of 

the growing season whereas the Couvreur model inaccurately predicted water stress which 

resulted in lower agreement with observations. The Feddes model showed the potential to be 

used for maize under water stress whereas the Couvreur model needs to be further evaluated 

and improved with an adequate estimation of root hydraulic conductance. A dynamic 

parameterization of normalized root system conductance and/or more accurate assimilate 

allocation to the roots, especially under drought stress, should be considered with this model in 

future studies for maize. 

Keywords: anisohydric, crop modeling, drought, gas exchange, isohydric, maize 

Abbreviations: ABA – abscisic acid; DAS – day after sowing; DM – dry matter; LAI – leaf area 

index; RWU – root water uptake; SWC – soil water content;  
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3.1 Introduction  

Maize (Zea mays) is a major staple crop throughout the world. Drought stress, which 

negatively affects crop growth and yield production, is increasingly affecting several important 

maize cultivating regions  (Daryanto et al., 2016). Given the importance of maize for global 

food security and increases in frequency and severity of drought events due to climate change 

(IPCC, 2007), field observations and modeling studies on how maize responds to water stress 

are necessary to facilitate predictions of crop growth, yield, and water use by crop models 

(Hammer et al., 2009) and land surface models (Sulis et al., 2015).  

Maize has various responses to water stress, which are determined by the plant cultivar as 

well as the intensity, duration, and rate of progression of the imposed stress (Pinheiro and 

Chaves, 2011). This includes leaf rolling (Baret et al., 2018), change in root architecture such 

as reduced lateral root branching (Zhan et al., 2015), or increasing root: shoot ratio (Cai et al., 

2017a). Stomatal control is considered an early and effective response to water stress under 

field conditions to prevent excessive water loss and desiccation (Tyree and Sperry, 1988; 

Brodribb and McAdam, 2011). Maize has been described as isohydric plants, which close their 

stomata to maintain leaf hydraulic head (Ψleaf) above critical levels. The hydraulic heads refer 

to total water potentials expressed in length units (i.e meter) while pressure heads are 

hydraulic heads minus the gravitational potential (i.e -1 MPa equal to -100 m). The second 

strategy is found in anisohydric plants which have a looser stomatal control with the result that 

Ψleaf will decrease in response to soil drying and/or increasing evaporative demand. 

Consequently, Ψleaf in anisohydric plants experiencing drought stress will be considerably 

lower than in well-watered plants (Tardieu and Simonneau, 1998). A continuum exists in the 

degree to which stomata regulate the Ψleaf  for trees (Domec and Johnson, 2012; Klein, 2014; 

Sade et al., 2012; Frank et al., 2007; Meinzer et al., 2016) or in grape-vine (Schultz, 2003). 

Also, cultivars of grape vine show large differences in minimum Ψleaf indicating differing 

degrees of isohydric behavior (Coupel-Ledru et al., 2014). Comparing different herbaceous 

species, Turner et al., (1984) showed that there was a range from isohydric to increasingly 

anisohydric behavior in terms of the response to increasing vapor pressure deficit (VPD) under 

sufficient soil moisture. The Ψleaf from eucalyptus, a plant rather characterized as having 

anisohydric behavior, can decrease to very low values and vary with the fluctuations of soil 

moisture whereas the difference between soil water pressure head and midday Ψleaf is 

maintained constant over a season which is defined as “isohydrodynamic” (Franks et al., 

2007). 

Several underlying mechanisms are involved to explain those stomatal controls, which are still 
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in debate (Tardieu, 2016; Martinez-Vilalta and Garcia-Forner, 2017; Meinzer, 2002). For 

instance, stomatal closure responded to a decrease of leaf-specific hydraulic conductance and 

vice versa (Schultz, 2003). The avoidance of xylem embolism reduces hydraulic loss to ensure 

water movement in the continuum pathway (Cochard, 2002; Tyree and Sperry, 1988). The 

increase in cavitation resistance also maintained higher leaf water pressure head under water 

stress in maize (Cochard, 2002). Changes in root hydraulic conductance via the modulation 

of aquaporin activity play an important role in affecting root water uptake and maintain plant 

water status (Gambetta et al., 2017; Pawłowicz and Masajada, 2019; Champeyroux et al., 

2019; Adiredjo et al., 2014). A decreasing soil water pressure head resulted in an increase of 

abscisic acid concentration in the roots (Dodd et al., 2010), which could increase the aquaporin 

activities that facilitates more effective root radial hydraulic conductance (Parent et al., 2012; 

McElrone et al., 2007). 

Stomatal conductance can be modeled in many ways (Damour et al., 2010), at different scales 

(Table 3.1). Earlier empirical models related the effects of Ψleaf to stomatal conductance with a 

multiplicative approach [Jarvis type of equation (Jarvis, 1976)] (Olioso et al., 1996 with 

soybean; Jensen et al., 1993 for spring barley), which requires a high number of parameters to 

capture different environmental conditions (Damour et al., 2011). The semi-empirical Ball-

Berry-Leuning equation (Leuning, 1995; Ball et al., 1987) related photosynthesis and stomatal 

conductance. However, this model initially did not consider the water stress or effects of Ψleaf 

on stomatal conductance. The Ball-Berry-Leuning models were further improved through 

inclusions of the “water stress factor” on the slope of photosynthesis and stomatal 

conductance relationship. The water stress factors were calculated from soil water content 

(Wang and Leuning, 1998) or soil water pressure head (Oleson et al., 2013), which is often 

used in dynamic crop models and many land surface models (Verhoef and Egea, 2014; 

Damour et al., 2010). Tuzet et al., (2003) introduced an empirical water stress factor on the 

Ball-Berry-Leuning stomatal conductance model. The water stress factor was below 1 if the 

simulated Ψleaf was below the reference Ψleaf. The reference Ψleaf in Tuzet’s study was defined 

as the value of Ψleaf below which the stomatal conductance begins to decrease drastically 

(Tuzet et al., 2003; Olioso et al., 1996; Jones and Sutherland, 1991). Plants with a high 

stomatal sensitivity to Ψleaf were then modeled with a higher reference Ψleaf (-1.2 MPa) (-1 MPa 

= -100 m). For species that are more tolerant to water stress, a lower reference Ψleaf was used 

(i.e. -1.9 or -2.6 MPa) (Tuzet et al., 2003). However, the Ψleaf was simulated with the assumed 

constant whole-plant hydraulic conductance. Moreover, the model from Tuzet did not separate 

the different canopy layers (i.e sunlit and shaded leaves), which can be the important feature 

when simulating CO2 and H2O gas exchange (De Pury and Farquhar, 1997; Wang and 
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Leuning 1998). Additionally, Tuzet’s model considered soil profile as a single layer with 

homogeneous soil characteristics and a uniform root distribution which is not the case under 

field conditions (Vereecken et al., 2016; van Dam, 2000). Tardieu and Davies, (1993) 

proposed a stomatal conductance model involving the Ψleaf and xylem abscisic acid (ABA). 

The abscisic acid is originated and transported from the dehydrated roots to the leaf, where it 

regulates stomatal closure. Consideration of either hydraulic signal combined with ABA or only 

ABA allowed the model to simulate anisohydric and isohydric behavior (Tardieu and 

Simonneau, 1998; Tardieu et al., 2015). The models with hydraulic and chemical signals from 

Tardieu and Davies (Tardieu and Davies, 1993) were later simplified to a water stress 

factor/function, and then introduced into the slope of the coupled Ball-Berry-Leuning model 

(Dewar, 2002). A sensitivity analysis was conducted afterwards, showing that varied values of 

ABA and critical Ψleaf could mimic the range of stomatal responses of anisohydric and isohydric 

stomatal behaviors (Huber et al., 2014). The consideration of hydraulic/chemical signals for 

extending the Ball-Berry-Leuning equation has mainly been applied at leaf scale (Ahmadi et 

al., 2009; Gutschick and Simonneau, 2002; Dewar, 2002) or in theoretical studies (Huntingford 

et al., 2015; Verhoef and Egea, 2014) (Table 3.1). To our knowledge, modeling applications 

and performance evaluation of these models on simulating stomatal conductance, CO2 and 

H2O gas flux exchange, and crop growth processes are rarely done at the field scale.  
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Table 3.1 Summary of some common stomatal conductance models and their application scales 

Order Approaches Water relation 
underlying mechanism 

Applied 
scales 

References (first use in plants) 

1 Multiplicative model, 
environmental factors are 
independent 

Hydraulic signal: Ψleaf, 
constant Kplant 

Plant, field, 
landscapes 

Jarvis, 1976 (spuce and 
Douglas fir) 
Jensen et al., 1993 (barley) 
Olioso et al., 1996 (soybean) 

2 Hydraulic model Hydraulic signal: Ψleaf, 
Kplant, and SWP 

Plant  Tyree and Sperry, 1988;  
Jones and Sutherland, 1991 
(trees) 

3 Turgor regulation of 
guard cell 
(hydromechanical model 

Hydraulic signal: SWP 
and guard cell water 
potential  

Cell and leaf  Gao et al., 2002 
Buckley et al., 2003 

4 Hydraulic and chemical 
ABA control 
 

Hydraulic and 
chemical signals: Ψleaf 
and ABA 

Plant and pot Tardieu and Davies, 1993;  
Tardieu and Simonneau, 1998; 
Tardieu  et al., 2015 (maize) 

5* Hydraulic and chemical 
ABA control 

Hydraulic and 
chemical signals: Ψleaf 
and ABA 

Theoretical 
modeling 
studies 

Huber et al., 2015 

6 Coupled photosynthesis– 
stomatal conductance 
(An-gs) model  

No water stress was 
considered 

Plant, field Ball et al.,1987 (soybean) 
Leuning, 1995 (Eucalyptus 
grandis) 

7 Modified (An- gs) model 
with water stress 
functions of SWC or 
SWP 

Water stress functions 
of SWC or SWP, 
neither Ψleaf nor Kplant 
and/or ABA 

Plant, field, 
landscapes 

Oleson et al., 2013;  Kucharik 
and Brye, 2003 (varieties of 
trees, plant functional types), 
Rodriguez et al., 2001 (spring 
wheat); Wang and Leuning, 
1998 (wheat) 

8 Modified (An- gs) model 
with water stress 
functions from Ψleaf 

Hydraulic signals: 
Water stress functions 
of Ψleaf, constant Kplant 

Theoretical 
modeling 
study with 
homogenous 
soil; field 

Tuzet et al., 2003 (the applied 
crop was not specified) 
 

9 Modified (An- gs) model 
with water stress 
functions from Ψleaf and 
ABA 

Hydraulic and 
chemical signals: 
Water stress functions 
of Ψleaf and ABA, 
constant Kplant 

Leaf, 
theoretical 
modeling 
studies 

Dewar, 2002 
Verhoef and Egea, 2014; 
Ahmadi et al., 2009 (tomato); 
Gutschick and Simonneau, 
2002 (sunflower); Huntingford 
et al., 2015 (tree) 

10 Modified (An- gs) model 
with water stress function 
(Ta/Tp) 

Hydraulic signal: 
Ψleaf, dynamic Kplant 

based on root length 

Field Nguyen et al., 2020 (winter 
wheat) 

Notes and abbreviations: An: net photosynthesis rate; gs: leaf stomatal conductance; ABA: acid abscisic; 
Kplant: whole plant hydraulic conductance; Ta: actual transpiration; Tp: potential transpiration; SWC: soil 
water content; SWP: soil water pressure head; Ψleaf: leaf pressure head. The modified An-gs models in 
the 7th, 8th, 9th, and 10th approaches were originated from the coupled An-gs model in the 6th approach 
(so-called Ball-Berry-Leuning model). *This approach simulated transpiration reductions factor rather 
than explicitly simulated the gs.  

Further improvements consider that water stress is calculated from leaf hydraulic head and/or 

xylem ABA concentration, thus replacing the more empirical approaches often based on soil 

water content or soil water pressure head (i.e. theoretical modeling study (Verhoef and Egea, 

2014) and recent modeling studies under the field-grown condition in winter wheat (Cai et al., 

2017a; Cai et al., 2018; Sulis et al., 2019; Nguyen et al., 2020). Nguyen et al., (2020) coupled 
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the HILLFLOW soil water balance model (Bronstert and Plate, 1997), crop model LINTULCC2 

(Rodriguez et al., 2001), root growth model SLIMROOT with Feddes’s root water uptake 

(RWU) model) (Feddes et al., 1978) and Couvreur’s RWU model (Couvreur et al., 2014; 

Couvreur et al., 2012). The Feddes RWU model is commonly used in hydrological models 

which does not consider the plant hydraulic conductance. The Couvreur model explicitly 

calculates the root hydraulic conductance (Krs) based on the total length of the root system 

below a unit of surface area (i.e cm cm-2). Leaf hydraulic head (Ψleaf) was explicitly simulated 

via extending Krs to whole-plant hydraulic conductance (Kplant). The root water uptake approach 

by the Couvreur model is based on hydraulic principles that represented water dynamics within 

the root system. The model uses a stomatal regulation model, which assumes that stomatal 

conductance is not influenced by Ψleaf as long as the Ψleaf is above a critical leaf hydraulic 

threshold (Ψthreshold). The Ψleaf is kept constant by changing stomatal conductance when the 

Ψthresholds are reached. In theory, the coupled model with Couvreur’s RWU model allows the 

reproduction of the different stomatal regulations i.e. isohydric and anisohydric by setting a 

Ψthreshold. The coupled model with Couvreur RWU predicted better water stress than the 

Feddes model (Nguyen et al., 2020). The coupled model with Couvreur RWU also was able to 

simulate Kplant, gross photosynthesis, transpiration, and soil water dynamics for winter wheat. 

However, the water response dynamics and model comparisons for Couvreur-coupled and 

Feddes-coupled models, have not been parameterized and evaluated for maize. It is 

necessary to test the models for more crops and different weather conditions to build up larger 

experimental support for the models. We hypothesized that the coupled model with the 

Couvreur RWU model is generic enough to simulate the effects of soil water availability on the 

CO2 and H2O gas fluxes and crop growth of maize with varying weather conditions (including 

different levels of evaporative demand/ potential evapotranspiration (ETP) and vapor pressure 

deficit (VPD). The objectives of this study were: (i) to analyze the sensitivity of aboveground 

biomass growth and RWU of maize to changing  plant-water related parameters (seminal and 

lateral specific root lengths, Ψthresholds, root hydraulic conductance parameters) (ii) to compare 

the predictive capacity of the coupled models with and without the inclusion of Kplant (Couvreur 

and Feddes RWU models) in simulating maize crop growth, CO2, and H2O gas fluxes under 

different water regimes and contrasting weather conditions at field scale. We used a 

comprehensive field dataset comprising measurements of CO2 and H2O gas flux from soil to 

leaf and dynamic crop growth (biomass and leaf area index). 
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3.2 Materials and Methods 

3.2.1 Location and set-up of the field experiments 

The field experiments were located in a farm near Jülich, Western Germany (50°52’N, 6°27’E). 

The site characterized with stony soil (hereby F1) with approx. 50-60% gravel by weight in the 

10 cm topsoil. The study site was divided in two rainfed plots (namely P1, P2) and one 

irrigated (namely P3). Maize was grown during two seasons (2017 and 2018). Silage maize 

cultivar Zoey was sown on May 4th and May 8th during the 2017 and 2018 season, respectively, 

with a 10.66 seeds m-2 plant density for all treatments and soil types (Fig. 3.1a and Table 3.2). 

In 2018, the rainfed plot (F1P1) was seeded two weeks later, on May 22nd (Fig. 3.1a). Since 

the objective of this study was to analyze the performance of the coupled root: shoot model 

under different soil water conditions and evaporative demands, we selected datasets from 

irrigated and rainfed plots for two growing seasons, naming 2017F1P3, 2017F1P2, 2018F1P3, 

2018F1P2, and 2018F1P1. Detailed information on crop management is described in Table 

3.2. 

 

 

 

 

 

 

 

 

 

Figure 3.1: Description of (a) field experimental set-up with water treatments and sowing dates in 2017 
(left) and 2018 (right) and (b) measurement positions for each treatment (TDR sensors, sap flow 
sensors, sampling areas, and canopy gas exchange). The “2017F1P3” and “2017F1P2” denote 
irrigated and rainfed plots in 2017. The “2018F1P3” and “2018F1P2” are the irrigated and rainfed plots 
with normal sowing dates, respectively while “2018F1P1” is the rainfed plot with late sowing date in 
2018. 

(a) 

(b) 
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Table 3.2 Crop phenology and management information in 2017 and 2018. 

 2017 2018 

Sowing date (mm/dd/yyyy) 
Normal Normal Late 

05/04/2017 
 

05/08/2018 
 

05/22/2018 
 Phenology  (mm/dd/yyyy) 

 
   

Emergence date 05/09/2017 05/13/2018 05/26/2018 

Tasseling date 07/09/2017 07/09/2018 07/21/2018 

Silking date 
 

07/14/2017 07/11/2018 07/23/2018 

Harvest date  09/12/2017 08/22/2018 09/02/2018 

Plot names 2017F1P3 2017F1P2 2018F1P3 2018F1P2 2018F1P1 

Growing season (days)¥ 136 136 107 107 104 

Days without rain 66 66 77 77 71 

Water treatments Irrigated Rainfed Irrigated Rainfed Rainfed 

Cumulative rainfall (mm)* 248.7 248.7 91.3 91.3 81.9 

Assumed cumulative 
evapotranspiration (mm)** 330 330 385 385 355 

Irrigation (mm) 130 0 257.6 66 66 

Fertilizer application 
(mm/dd/yyyy) (per hectare) 

05/09/2017:100 kg N + 40kg P2O5 
07/06/2017: 80 kg N + 40 kg K2O 

05/22/2018: 100 kg N 
05/30/2018: 40 kg P2O5 + 40 kg K2O 
06/27/2018: 80 kg N 

Cultivar Zea mays cv. Zoey 
 Sowing density 10.66 plant m-2 or 75 cm x 12.5 cm 

Notes: ¥ from sowing to harvest; * for rainfall for whole growing season; ** is calculated by multiplying the 
number of days without rain with the assumed evaporative demand of 5 mm d-1. 

3.2.2 Weather conditions and irrigation management 

The experimental site was characterized by temperate climate conditions with an average 

annual temperature of 9.9 °C and average annual precipitation of 698 mm (Prolingheuer et al., 

2010). In 2017, the maize crop received 248.7 mm of rainfall during the growing period (136 

days) (Table 3.2). Seasonal average, minimum, and maximum daily seasonal temperatures 

during were 17.6, 8.3, and 25.3 °C, respectively. The irrigation demand was estimated based 

on the precipitation collected from the rain gauge nearby the field and assuming an 

evaporative demand (evapotranspiration rate) of 5 mm d-1 (Table 3.2). Irrigation in the irrigated 

plots was carried out by dripper lines (T-Tape 520-20-500, Wurzelwasser GbR, Münzenberg, 

Germany) which were installed with 0.3 m intervals and parallel to the crop rows. In the 

irrigated plots, water was applied (10 times, 13 mm per irrigation event) from mid-June to the 

end of August for the irrigated plot (2017F1P3) (Table 3.2). No irrigation was applied in the 

rainfed plots in 2017. With an exceptionally hot and dry condition during the summertime, the 

growing season 2018 can be classified as an extreme year for crop growth in our experiments 

(Buras et al., 2020). Crop received only 91.3 and 81.9 mm of rainfall in the early and late 

sowing plots in 2018, respectively (Table 3.2). Seasonal average, minimum, and maximum 
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daily temperatures were 19.2, 10.9, and 27.3 °C, respectively. A total irrigation volume of 

257.6 mm was applied (split into 13 applications) from mid-June to the mid of August in the 

irrigated plot (2018I). The two rainfed plots (2018F1P1 and 2018F1P2) were watered 4 times 

(13, 22, 13, and 18 mm each time) to prevent the plants from dying due to severe drought. 

3.2.3 Measurements 

3.2.3.1 Soil water measurement  

In each soil depth at 10, 20, 40, 60, 80, and 120 cm, time-domain reflectometer (TDR) probes 

were installed to measure hourly soil water content (SWC) (see Fig. 3.1b). Soil water 

measurements were described in detail in Cai et al., (2017) and Nguyen et al., (2020). Soil 

physical parameters of the stony soil (saturated hydraulic conductivity, saturated and residual 

SWC, and empirical coefficients affecting the shape of the van Genuchten hydraulic functions) 

were selected from Cai et al., (2018). 

3.2.3.2 Crop growth and gas fluxes measurement 

Because of the limited number of plants in each plot, two maize plants were sampled biweekly 

to determine the leaf area index and aboveground dry biomass during the entire growing 

seasons (Fig. 3.1b) (in total 07 and 09 observations (including harvest) in 2017 and 2018, 

respectively). Green and brown leaf area was measured using a leaf area meter (LI-3100C, 

Licor Biosciences, and Lincoln, Nebraska, USA). At harvest, in addition to the sampling of two 

plants, five separate replicates (1 m2 each) were harvested to determine the aboveground dry 

biomass and leaf area. The aboveground dry biomass was measured using the oven drying 

method (Nguyen et al., 2020).  

Hourly leaf stomatal conductance and leaf hydraulic head (Ψleaf, m) (-100 m equivalent to -1 

MPa) were measured every two weeks under clear and sunny conditions (7-10 measured 

days, from 8 AM to 5 PM). Stomatal conductance (gs) of two sunlit leaves (uppermost fully 

developed leaves) and one shaded leaf were measured at steady-state using a LICOR 6400 

XT device (Licor Biosciences, Lincoln, Nebraska, USA) with a reference CO2 concentration of 

400 ppm, flow rate of 500 (μmol s-1), and using real-time records of photosynthetic active 

radiation, vapor pressure deficit (VPD), and leaf temperature provided by the instrument. The 

leaves were quickly detached by a sharp knife to measure Ψleaf with a digital pressure chamber 

(SKPM 140/ (40-50-80), Skye Instrument Ltd, UK) with the working air pressure with a range of 

0-35 bars. In 2018, to capture the full diurnal course, Ψleaf was determined from predawn at 

hourly intervals to 7 PM) on three days (two days before irrigation and one day after irrigation). 
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Based on the LAI measurement, the sunlit leaf area (LAIsu) was calculated based on measured 

LAI, coefficient of light extinction (k), and solar zenith angle (SoZe) (Eqn. 1 and 2) (Moreshet et 

al., 1990). Solar zenith angle (SoZe) is the angle between the sun’s ray and the vertical. 

𝐿𝐴𝐼𝑠𝑢 = (1 − 𝑒
−𝑘∗𝐿𝐴𝐼)/𝑘 (1) 

𝑘 =  
1

2 cos(𝑆𝑜𝑍𝑒)
 

 

(2) 

Canopy hydraulic head (Ψc - m) was computed as leaf area-weighted average of sunlit and 

shaded leaf hydraulic heads (Moreshet et al., 1996; Moreshet et al., 1990) assuming that both 

leaves are transpiring (Petersen et al., 1991) (Eqn. 3). 

𝜓𝑐 = 𝜓𝑠𝑢
𝐿𝐴𝐼𝑠𝑢
𝐿𝐴𝐼

+ 𝜓𝑠ℎ(1 −
𝐿𝐴𝐼𝑠𝑢
𝐿𝐴𝐼

) 
(3) 

 

where Ψc is canopy hydraulic head (m); Ψsu is hydraulic head of sunlit leaf (m); Ψsh is hydraulic 

head of shaded leaf (m); LAI is measured leaf area index (-); LAIsu is leaf area index of sunlit 

leaf (-);  

In 2017, 15 sap flow sensors (SGA13, SGB 16, and SGB 19 types) based on stem diameter 

size were installed on maize plants from July 7th until harvest (5 sensors in each plot) (Fig. 

3.1b). For the 2018 growing season, the same number of sensors were installed from June 

28th until the harvest. The plant stem diameter  and associated physical indices of each sensor 

type were entered into data loggers so that the sap flows were automatically calculated by the 

standard Dynamax program (Dynamax, 2009). The 10 minutes sap flow rate of a single plant 

(g h-1) was aggregated to hourly intervals then upscaled to canopy transpiration rate (mm h-1 or 

mm d-1) based on the plant density per square meter. The standard deviation of the sap flow 

measurements in different maize stems was calculated. 

The manually closed chamber system (Langensiepen et al., 2012) was employed to measure 

the hourly canopy gas exchange on the same day with the measurement of the leaf hydraulic 

head by another customized LICOR 6400 XT (Licor Biosciences, Lincoln, Nebraska, USA) 

(Fig. 3.1b). Simultaneously, soil respiration was measured manually by LI-8100 (Licor 

Biosciences, Lincoln, Nebraska, USA) with three replicates in each treatment. Because we 

focused on the comparison of the hourly instantaneous gross assimilation rate, which was 

simulated by the crop model, the measured soil respiration was subtracted from the 

instantaneous canopy CO2 exchange rate. 
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3.2.4 Model description  

3.2.4.1 Overview of the two coupled root: shoot models 

We employed two coupled root: shoot models: “HILLFLOW 1D-Feddes RWU model-

SLIMROOT-LINTULCC2” and “HILLFLOW 1D-Couvreur RWU model-SLIMROOT-

LINTULCC2” within the modeling framework SIMPLACE (www.simplace.net). These two 

coupled models were used for winter wheat and described in Nguyen et al., (2020). The 

HILLFLOW 1D is the physically-based water balance model) (Bronstert and Plate, 1997) which 

contains Feddes RWU model (hereafter Feddes model) (Feddes et al., 1978) and Couvreur 

root water uptake model (hereafter Couvreur model) (Couvreur et al., 2014; Couvreur et al., 

2012). The SLIMROOT is the root growth model. The LINTULCC2 shoot growth model 

simulates phenology, photosynthesis, assimilation partitioning, and leaf growth. In the current 

study, the shoot growth models have been modified by an additional subroutine for the C4 

photosynthesis pathway (Fig. 3.2a). The rest of modeling subroutines were kept the same as 

in Nguyen et al., (2020). 

http://www.simplace.net/
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Figure 3.2: Description of (a) the coupled root-shoot models which have been modified with C4 
photosynthesis in this study (adopted from Nguyen et al., 2020) and (b) modeling work flow, used water 
treatments, simulation outputs, and related parameters. The orange arrow in (a) illustrates the 
feedbacks from the hourly simulations to daily simulation, while the grey arrow describes the feedbacks 
from daily simulations to the hourly simulations. The dashed black arrows denote the weather input and 
parameters to the modeling subroutines. The continuous black arrows in (a) indicate the linkages 
among the subroutines. The water treatments, variables names, are parameters in (b) are explained in 
the Table 3.2 and Fig. 3.1, and in the text. 

(a) 

(b) 
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3.2.4.2 Implementation of C4 photosynthesis parameterization for maize 

LINTULCC2 (and the coupled root: shoot models in Nguyen et al., 2020) originally developed 

for wheat, calculates CO2 uptake for sunlit and shaded leaves based on the Farquhar 

approach for C3 photosynthesis. (Farquhar et al., 1980). It uses a numerical iteration approach 

(Leuning, 1995), which initially assumes that intercellular CO2 concentration (Ci) equals 0.7 

times the ambient atmospheric CO2 concentration (Ca) (Jones, 1992; Rodriguez et al., 2001). 

A mechanistic photosynthesis model for maize (C4 plant) was developed (Yin and Struik, 2009; 

Caemmerer and Furbank, 2003; Collatz et al., 1992) and introduced into LINTULCC2. The 

parameters and model variables, as well as sequential equations to mimic the CO2 pathway in 

C4, are described in detail in Appendix A and Appendix B. The C4 models have rarely been 

implemented into crop models (Yin and Laar, 2005; Yin and Struik, 2009) because of the 

complex equations and requirement of high temporal resolution input data at leaf scale (Yin 

and Struik, 2009). The C4 model can be parameterized either by numerical iteration approach 

(i.e Leuning, 1995) or analytical solution (i.e. solving cubic equations Yin and Struik, (2009); 

Collatz et al., (1992); Zhan et al., (2003)). For the C4 implementation into the modeling 

framework (SIMPLACE) (Fig. 2a), we used the numerical iteration approach. We assumed the 

initial Ci was 0.4 times the Ca (Vico and Porporato, 2008;  Jones, 1992; Wong et al., 1979). For 

the sake of simplification, we used bundle sheath cell conductance of 3 mM m-2 s-1 (von 

Caemmerer, 2000). 

3.2.4.3 Description of other modeling subroutines 

3.2.4.3.1 Potential evapotranspiration and transpiration 

The potential evapotranspiration (ETP, mm h-1) was calculated based on the Penman-Monteith 

equation (see Nguyen et al., 2020) (Fig. 3.2a). The potential transpiration (Tpot) was calculated 

by Equation 4:  

𝑇𝑝𝑜𝑡 = 𝐸𝑇𝑃(1 − 𝑒
−𝑘𝐿𝐴𝐼) 

(4) 

Where k is the light extinction coefficient. The light extinction coefficient varies depending on 

maize genotypes, leaf properties, and leaf arrangements. We employed the k = 0.6 in this 

study for maize (Hay and Porter, 2006). The potential transpiration Tpot (mm h-1) implies that 

the transpiration of the crop is not limited by the root zone water hydraulic head (Fig. 3.2a). 
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3.2.4.3.2 Root growth model 

The maize root system of maize is composed of primary, seminal, crown, and lateral roots. 

Crown roots could have greater water uptake due to their higher axial conductivity in the 

proximal parts as compared with younger seminal roots (Ahmed et al., 2018). For 

simplification, the crown roots (nodal roots) were not explicitly included in the root growth 

model (SLIMROOT) used in our study. SLIMROOT simulates the vertical extension of the 

seminal roots and the distribution of lateral roots within soil profiles (Williams & 

Izaurralde, 2005). Lateral roots are simulated when the assimilates supplied by the shoot to 

the roots is greater than the assimilate demand of seminal roots. Thus, the omission of explicit 

growth of crown roots in SLIMROOT is compensated by larger amount of simulated lateral 

roots. The extension of lateral and seminal roots was simulated based on the root biomass, the 

soil bulk density, the SWC from the HILLFLOW water balance model, and the computed soil 

temperature from STMPsim (Nguyen et al., 2020) (Figure 3.2a). Maize roots start to die after 

silking. 

3.2.4.3.3 Physically-based soil water balance model 

The water balance model HILLFLOW 1D (Bronstert and Plate, 1997) calculates soil water 

content and water fluxes by numerically solving the Darcy equation for unsaturated water flow 

in porous media (Bronstert and Plate, 1997). To express the relations between soil water 

hydraulic head, soil water content, and hydraulic conductivity, the Mualem-van Genuchten 

models were employed (van Genuchten, 1980). (Section 3.2.3.1). In this study, the soil profile 

with a depth of 1.5 m was vertically discretized into 50 layers. The mixed upper boundary 

condition represents the flux at the soil surface by the precipitation and evaporation rates as 

long as the soil pressure heads are not higher or lower critical heads. For the bottom 

boundary, free drainage was implemented. 

3.2.4.3.4 Feddes’ and Couvreur’s root water uptake models 

The Feddes RWU model (Feddes et al., 1978) was implemented in the HILLFLOW 1D 

(Bronstert and Plate, 1997). The root water uptake of each soil layer is calculated from 

normalized root length density (NRLD) in that layer and a water stress function α which 

depends on the soil water pressure head (ψm, m) in that soil layer and potential transpiration 

rate Tp (mm h-1) ( Feddes et al., 1978). 

𝑅𝑊𝑈𝑖 = 𝛼(𝜓𝑚,𝑖, 𝑇𝑝)𝑇𝑝𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖  (5) 

https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0002
https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0108
https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0069
https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-fig-0002
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Where RWUi is root water uptake in the soil layer i. The NRLDi is computed from the root 

length density, RLD (m m-3) and discretized soil thickness, Δzi (m): 

𝑁𝑅𝐿𝐷𝑖 = 𝑅𝐿𝐷𝑖/∑𝑅𝐿𝐷𝑖

𝑁

𝑖=1

Δ𝑧𝑖      (6) 

The parameters of the stress functions for specific crops like maize were selected from 

(Wesseling et al., 1991). 

The approach to estimate root hydraulic conductance and the Couvreur RWU model from 

winter wheat was implemented for maize. The root hydraulic conductance (Krs, doy) and the root 

system conductance for compensatory water uptake (Kcomp - d-1) were computed based on the 

total length of the root system below a unit surface area TRLDdoy (cm cm-2) (Eqn. 7) at a given 

day of the year (DOY) which is the output from SLIMROOT (Fig. 3.2). 

𝑇𝑅𝐿𝐷𝑑𝑜𝑦 =  ∑𝑅𝐿𝐷𝑖  ∆𝑧𝑖

𝑁

𝑖

 (7) 

Where RLDi is root length density at layer i (cm cm-3) and ∆zi is the thickness of the layer (cm). 

The normalized root hydraulic conductance Krs, normalized (d-1 cm-1 cm2) was taken from Nguyen 

et al., (2020) and Cai et al., (2018) to calculate the daily root hydraulic conductance.  

𝐾𝑟𝑠,  𝑑𝑜𝑦 = 𝐾𝑟𝑠,  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑇𝑅𝐿𝐷𝑑𝑜𝑦 (8) 

The original model from Couvreur et al., (2014) considered the hydraulic conductance from the 

roots to the plant collar by assuming that the hydraulic resistance from plant collar to leaf was 

minor and could be neglected as compared to the root system resistance. The shoot hydraulic 

resistance could be large as reported in some crop plants (Gallardo et al., 1996) or trees 

(Domec and Pruyn, 2008). To simulate the leaf hydraulic head, the whole-plant hydraulic 

conductance (Kplant) needs to be estimated. The whole-plant hydraulic conductance can be 

estimated from different plant organs (soil to root, stem to leaf, for instance in the study from 

(Saliendra et al., 1995) or a more complex approach based on plant architecture in Janott et 

al., (2011). The hydraulic conductance data from plant collar to leaf, which depends on 

environmental conditions and plant species, are often rare and difficult to obtain (Meunier et 

al., 2018; Chunfang et al., 1999; Sunita et al., 2014). We followed the simple approach in 

(Nguyen et al., 2020), the root hydraulic conductance (Krs, doy) (d-1) was used to calculate the 

whole plant hydraulic conductance (Kplant - d-1) based on a constant fraction β (Eqn. 9) 

𝐾𝑝𝑙𝑎𝑛𝑡,   𝑑𝑜𝑦 = 𝛽𝐾𝑟𝑠,   𝑑𝑜𝑦 (9) 
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where β (unitless) is a fraction to upscale root hydraulic conductance to whole-plant hydraulic 

conductance (Kplant, doy). 

The Couvreur RWU model is based on a mechanistic description of water flow in the coupled 

soil-plant system. The root water uptake (RWU) in a certain soil layer is related to the water 

potentials and RWU in other soil layers so that compensatory uptake is considered in this 

model. The RWU (mm h-1) in a certain soil layer i is obtained from: 

𝑅𝑊𝑈𝑖 = 𝑇𝑝𝑙𝑎𝑛𝑡𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖 + 𝐾𝑐𝑜𝑚𝑝(𝜓𝑖 − 𝜓𝑠𝑟)𝑁𝑅𝐿𝐷𝑖Δ𝑧𝑖  (10) 

where ψi (m) is the total water potential head in layer i, ψsr (m) is the average hydraulic head in 

the root zone, Kcomp (d-1) is root system conductance for compensatory water uptake, and 

NRLD (unitless) is normalized root length density. The average root zone hydraulic head is 

calculated as the weighted average of the hydraulic heads in the different soil layers as: 

𝜓𝑠𝑟 =∑𝜓𝑖𝑁𝑅𝐿𝐷𝑖

𝑁

𝑖=1

Δ𝑧𝑖 (11) 

The plant transpiration rate is the minimum of the potential transpiration rate Tp (mm h-1) and 

the transpiration rate Tthreshold (mm h-1) when the hydraulic head in the canopy reaches a 

threshold value, ψthreshold, which triggers stomatal closure: 

𝑇𝑝𝑙𝑎𝑛𝑡 = max(0,min(𝑇𝑝 , 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)) (12) 

Tthreshold is calculated from the difference between the root zone hydraulic head and the 

threshold hydraulic head of the canopy that is multiplied by the plant hydraulic conductance, 

Kplant as: 

𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝐾𝑝𝑙𝑎𝑛𝑡(𝜓𝑠𝑟 − 𝜓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) (13) 

The coupled models employ a water stress index (fwat, Eqn. 14) as the ratio of Tplant and 

potential transpiration to consider the down-regulation effects of water stress on maximum 

carboxylation rate and stomatal conductance (Appendix A and Appendix B). 

fwat =  
𝑇𝑝𝑙𝑎𝑛𝑡
𝑇𝑝

 
(14) 

Where fwat is the water stress factor (-); Tplant and Tp are the actual and potential transpiration 

rate, respectively (mm h-1).  

The photosynthesis and stomatal conductance, water balance, root water uptake, and 

Penman-Monteith subroutines run at the hourly resolution, while the remaining subroutines 

calculate in a daily time step (Fig. 3.2a). For a further description of the water balance model, 
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root growth model, Feddes’ and Couvreur’s RWU models, crop model, Penman-Monteith 

subroutines, and modeling configuration we refer the readers to the detailed model description 

and parameterization from Nguyen et al., (2020). In summary, we will compare the 

performance of two coupled root: shoot models with two different RWU subroutines in 

simulating CO2 and H2O fluxes and crop growth of maize (Fig. 3.2a): 

- HILLFLOW1D-Couvreur’s RWU-SLIMROOT-LINTULCC2 (Co) 

- HILLFLOW1D-Feddes’ RWU-SLIMROOT-LINTULCC2 (Fe) 

 

3.2.4.4 Modeling workflow  

3.2.4.4.1 Model sensitivity analysis 

Before performing the sensitivity analysis, the Fe and Co models were calibrated with maize 

phenology parameters. The base temperature was set to 8 °C, while the minimal temperature 

sum from sowing to anthesis were varied from 500 to 900 °Cd (see Table 3.3, phenology 

parameters) until the simulated anthesis date is matched to the observed silking date. The 

model was further calibrated by changing the temperature sum from anthesis to harvest 

parameter to fit the simulated and the observed harvest dates (see Table 3.3, Fig. 3.2b).  
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Table 3.3 Key parameters used in modeling sensitivity analysis and calibration for maize (variables in italic were used for calibration) 

Subroutines Parameters Explanation (unit) 
Value 

range for 
maize 

Source 

Maize 
(2017F1P3) 

Before After 

Phenology 

TBASE Base temperature (°C) 8 White, 2001 8 

MinTTANTH Minimum thermal sum from sowing to anthesis (°C d)) 500-900   630 

GFDUR Thermal sum from anthesis to maturity/harvest (°C d))  500-900   600 

Assimilation 

maxSLA Maximum specific leaf area (m2 g-1) 
0.018-
0.06 

Amanullah et al., (2007); 
Miner and Bauerle (2019); 
Zhou et al., (2020) 

0.03 0.04 

VCMAX25 The maximum carboxylation rate of Rubisco at 25 °C (μM m-2 s-1) 30-60 
Miner and Bauerle (2019); 
Pomodo et al., (2016); 
von Caemmerer (2000) 

30 41 

Vpmax The maximum PEP carboxylation rate (μM m-2 s-1)  38-182 
Miner and Bauerle (2019); 
Pomodo et al., (2016); 
Massad et al., (2007) 

80 120 

a1 Slope of coupled photosynthesis and stomatal conductance model (-) 4-11 
Oleson et al., (2013); 
Wang and Leuning (1998) 

6 4.5 

Couvreur 
RWU model 

Ψthreshold Canopy water potential threshold (m) 
(-120) – 
(-200) 

Cochard (2000); Tuzet et 
al., (2003); Tardieu and 
Simonneau (1998) 

-200 -200 

Krs, normalized Normalized root hydraulic conductance (cm d-1) 
 

Cai et al., (2018) 
0.2554 
x 10-5 

0.37 
x 10-5 

β Fraction to upscale from Krs to Kplant (-) 0-1 Nguyen et al., 2020 0.55 

Feddes RWU 
model 

hlim1 Soil water pressure head at anaerobic limit (m)  

Wesseling et al., 1991; 
Simunek et al., 2009 

0 

hlim2 Upper limit of  pressure head range for optimal transpiration (m)  -0.03 

hlim3h 
Lower limit of  pressure head range for optimal transpiration for high 
transpiration rate, Tpot3h (m) 

 -3.25 

hlim3l Lower limit of  pressure head range for low transpiration rate, Tpot3l (m)  -6 

hlim4 Soil water pressure head at wilting point (m)  -80 

Tpot3h High transpiration rate (m d-1)  0.0048 

Tpot3l Low transpiration rate (m d-1)  0.00096 

Root growth 

MaxDEP Maximum root depth (m) 
 

  1.5 

RINPOP Number of emerged plant per square meter (number m-2) 
 

  10.66 

RSROOT Maximum elongation rate of seminal root (m d-1) 
0.03-
0.035 

Watt et al., (2006) 0.03 

NRSPP Number of seminal root per plant (number plant-1) 3-5 Lynch (2013) 3 

WLROOT Specific weight for lateral root (g m-1) 
 

Nguyen et al., (2020) 0.0061 

WSROOT Specific weight for seminal root (g m-1) 
 

Nguyen et al., (2020) 0.02 



71 

 

In our work, the crop-water-related parameters in the Co model (Krs, normalized and critical canopy 

hydraulic head threshold (Ψthreshold) and SLIMROOT root growth model were adopted from the 

literature. However, the parameters for maize such as Krs, normalized are rarely reported. Cai et 

al., (2017a) and Cai et al., (2018) reported that Krs, normalized ranges from 0.03 x 10-5  to 0.48 x 

10-5 d-1 cm-1 cm2. The Ψthreshold characterizes the specific stomatal behavior. The isohydric 

response with higher Ψthreshold was initially defined at the species level (Tardieu and 

Simonneau, 1998), nevertheless, this behavior shows a continuum even within species (Klein, 

2014; Franks et al., 2007; Schultz, 2003). The use of Ψthreshold and its values are different 

among modeling approaches. The Ψthreshold of -260 m was the reference leaf hydraulic head for 

species with insensitive stomatal regulation such as anisohydric (Tuzet et al., 2003). In 

contrast, the reference leaf water hydraulic head for isohydric was -120 m (Tuzet et al., 2003). 

Various authors used the Ψthreshold of -160 m for both winter wheat and maize (Cai et al., 2018; 

Couvreur et al., 2012; Couvreur et al., 2014). Moreover, the root growth parameters can vary 

among maize cultivars and soil types. In SLIMROOT, parameters such as specific weight for 

lateral root (WLROOT, g m-1), and specific weight for seminal root (WSROOT, g m-1) are 

required. Because the specific weights of roots in cereal crops vary with the soil strength 

(Colombi et al., 2017; Hernandez-ramirez et al., 2014), we selected the specific weights of 

roots for the stony soil from the range that was reported by Noordwijk and Brouwer, (1991) for 

the modeling sensitivity analysis for maize. 

For the Co model, the sensitivity of cumulative RWU and total aboveground dry biomass at 

harvest was tested with the step-wise change of four plant-water relations parameters (Krs, 

normalized, specific weight of seminal and lateral root, and Ψthreshold), while the photosynthesis 

parameters of maize (Table 3.3, “before calibration”) were the same for all simulations. From 

Cai et al., (2018) and Nguyen et al., (2020), the Knormalized was taken as 0.2554 x 10-5 d-1 cm-1 

cm2. In the first set of simulations, the Knormalized was sequentially changed to 0.04, 0.15, 

0.2554, 0.372, 0.48, 0.59, and 0.81 x 10-5 d-1 cm-1 cm2. For the second part, the specific weight 

of seminal roots varied sequentially to 0.005, 0.0075, 0.01, 0.0125, 0.015, 0.0175, 0.02, and 

0.0225 g m−1 while the specific weight of lateral roots was the same (0.02 g m−1) for all 

simulations. For the third set of simulations, the specific weight of lateral roots was kept at 

0.0061 g m−1, while the specific weight of lateral roots was sequentially changed to 0.002, 

0.003, 0.0035, 0.004, 0.005, 0.006, and 0.007 g m−1. In the last set of simulations, the critical 

leaf hydraulic head (Ψthreshold) was changed between -120 and -290 m.  

 



72 

 

3.2.4.4.2 Model calibration, validation, and comparison 

Criteria for model evaluation  

The model performance in simulating aboveground dry biomass, LAI, actual transpiration 

(referred also as RWU), gross assimilation rate, and soil water content in different soil depths 

was assessed via (i) the root mean square errors (RMSE) (Eqn. 15); (ii) correlation coefficients 

(r) (Eqn. 16); (iii) index of agreement (I, the degree to which simulated values approached the 

observations) (Eqn. 17). This value varies from 1 (for perfect agreement) to 0 (for no 

agreement); 

𝑅𝑀𝑆𝐸 = √
∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)

2𝑛
𝑖=1

𝑛
 

(15) 

𝑟 =
∑ (𝑆𝑖𝑚𝑖 − 𝑆𝑖𝑚)
𝑛
𝑖=1 (𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠)

√[∑ (𝑆𝑖𝑚𝑖 − 𝑆𝑖𝑚)
2

𝑛
𝑖=1 ] [∑ (𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠)

2
𝑛
𝑖=1 ] 

 
(16) 

𝐼 = 1 − [
∑ (𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠𝑖)

2𝑛
𝑖=1

∑ (|𝑆𝑖𝑚𝑖 − 𝑂𝑏𝑠| + |𝑂𝑏𝑠𝑖 − 𝑂𝑏𝑠|)
2

𝑛
𝑖=1

] 
(17) 

 

Where Sim and Obs are simulated and measured variables, respectively; i is the index of a 

given variable; 𝑂𝑏𝑠 and 𝑆𝑖𝑚 are the mean of the simulated and measured data, respectively; 

and n is the number of observations. 

Model calibration 

We used the irrigated plots in 2017 (2017F1P3) for calibration. The C4 photosynthesis 

parameters,  the parameters for α stress functions, and root parameters such as specific 

weights of lateral (0.0061 g m-1) and seminal root (0.02 g m-1), Krs, normalized of 0.2554 10-5 cm d-

1, Ψthreshold of -200 m, β of 0.55 were used for performing simulations (Fig. 3.2b and Table 3.3, 

“before calibration”). These referred as “before calibration” results (FeB and CoB for Feddes 

and Couvreur models, respectively). We calibrated the Fe and Co model by varying the 

following parameters: specific leaf area (SLA, m2 g-1), maximum carboxylation rate of Rubisco 

at 25 °C (VCMAX25, µM m-2 s-1), maximum PEP carboxylation rate (Vpmax, µM m-2 s-1), the 

slope of coupled photosynthesis and stomatal conductance model (a1, (-)), and Krs, normalized. 

The RMSE (Eqn. 15), correlation efficiency (r) (Eqn. 16), and I (Eqn. 17) were calculated using 

the R software (R core development teams, 2018) and used to compare the simulated and 
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observed LAI, gross assimilation rate, aboveground dry biomass, and actual transpiration. The 

best parameter set was identified manually by choosing a simulation with the lowest RMSE 

and the highest r and I. These chosen parameters and output results are referred as “after 

calibration” (FeA and CoA for Feddes and Couvreur models, respectively (Fig. 2b). The 

parameters after calibration were listed in Table 3.3.  

Modeling validation and comparison 

The parameter set from the “after calibration” step was used for model validation and 

comparing the Co and Fe models (Table 3.3 and Fig. 3.2b). Based on the criteria for model 

evaluation (r, RMSE, and I), we examined the model capacity for simulating the aboveground 

dry matter, LAI, RWU, SWC, and gross assimilation rate for the remaining water treatments. 

The remaining treatments were used for this last stage: the rainfed plot in 2017 (2017F1P2), 

the irrigated plot with normal sowing date in 2018 (2018F1P3), the rainfed plot with normal 

sowing date in 2018 (2018F1P2), and the rainfed plot with a late sowing date in 2018 

(2018F1P1) (cf. Table 3.2, Fig. 3.1a, and Fig. 3.2b).  

3.3 Results and discussions 

3.3.1 Model sensitivity analysis  

The sensitivity of RWU and biomass to the changing Krs, normalized, specific weights of the 

seminal and lateral root, and critical hydraulic head Ψthreshold were illustrated in Figure 3.3. The 

change of Krs, normalized and specific weight of seminal and lateral roots directly affects total root 

hydraulic conductance (thus whole-plant hydraulic conductance, Kplant) because they depend 

on total root length and hydraulic conductance of root segments. Among these parameters, the 

change of Krs, normalized resulted in a larger change in RWU and biomass than those due to the 

change of root growth parameters (Fig 3.3a, b, c, d, e, and f). The reduction of Krs, normalized 

leads to a stronger decrease in RWU and biomass in 2018 as compared to 2017. This is due 

to less soil water availability in 2018 than those in 2017. However, the increased Krs, normalized by 

the same magnitude had a smaller relative effect on RWU and biomass than decreasing 

values of Krs, normalized. A larger increase of RWU and biomass was observed in the more severe 

water stress plots (i.e. the two rainfed plots in 2018) as compared to the other less severe 

water stress plots (i.e irrigated and rainfed plots in 2017). This indicates that increasing water 

uptake capacity by plants would increase the uptake of water and crop growth in maize.  
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Figure 3.3: Relative changes of (a, c, e, g) simulated cumulative RWU and (b, d, f, h) simulated 
aboveground biomass to the reference of cumulative RWU and aboveground biomass at harvest by 
changing Krs, normalized, specific weights of seminal (WSROOT) and lateral (WSLROOT) roots, and 
canopy pressure head threshold (Ψthreshold) at the irrigated in 2017 (2017F1P3), rainfed plot in 2017 
(2017F1P2), irrigated plot with normal sowing date in 2018 (2018F1P3), rainfed plot with normal sowing 
date in 2018 (2018F1P2), and rainfed plot with late sowing date (2018F1P1). The reference of 
simulated cumulative RWU and biomass (vertical lines) for each treatment based on the plant water 
relation parameters (Krs, normalized, WSROOT, WLROOT, and Ψthreshold) from winter wheat (Nguyen et al., 
2020) and C4 photosynthesis parameters in Table 3.3 (“before calibration”).  

(a) 

(b) 

(c) 

(e) 

(g) 

(d) 

(f) 

(h) 
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Decreasing the specific weight of lateral and seminal roots increases the total root length, thus 

the whole-plant hydraulic conductance. However, there was a minor change in aboveground 

biomass and RWU for the considered range of specific weights of root. Use of Ψthreshold at -120 

m and -140 m resulted in a substantial reduction of RWU and biomass as compared to those 

Ψthresholds below -160 m (Fig. 3.3g and 3.3h), especially in the rainfed plots in 2018. The use of 

a high Ψthreshold leads to tight control Ψc and stomatal conductance that consequently reduces 

transpiration and photosynthesis because plants keep Ψc close to its threshold value (Olioso et 

al., 1996). An increase of the Ψthreshold means that water stress occurs earlier which finally 

causes more reduction of RWU and biomass. When Ψthreshold varies from -160 m to -200 m, the 

change in RWU and biomass is less pronounced as compared to those changes of Ψthreshold 

from -120 and -140 m (Fig. 3.3g and 3.3h). These findings are well corroborated with findings 

from Nguyen et al., (2020) where higher Ψthresholds i.e. -120 or -140 m could overestimate water 

stress (thus lower biomass and RWU) in winter wheat. 

3.3.2 Crop model calibration  

There was a relatively large deviation in the observed aboveground dry biomass and LAI 

between two measured replicates which indicates the crop heterogeneity within the treatment 

(Fig. 3.4). The seasonally simulated growth curves of LAI and biomass were satisfactorily 

captured after calibration in both Co and Fe models (Fig 3.4a, 3.4b & Appendix 3D). The 

RMSE of the Fe model before calibration was 0.97 kg m-2 and 1.72 (-) for biomass and LAI, 

respectively, while the corresponding RMSEs after calibration were 0.36 kg m-2 and 0.69 

(Table 3.4). In the Co model, the RMSE of biomass and LAI before calibration were 1.01 kg m-

2 and 1.83, respectively which got improved after calibration having the value of 0.24 kg m-2 

and 0.66 for biomass and LAI, respectively (Table 3.4).  
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Figure 3.4: Comparison of measured data and simulated (a) aboveground dry biomass (DM), (b) LAI by 
Couvreur before calibration (CoB, blue dotted lines), Couvreur after calibration (CoA, blue solid lines), 
Feddes before calibration (FeB, dark dotted lines), Feddes after calibration (FeA, black solid lines) in 
the irrigated plot in 2017 (2017F1P3). Two red dots in (a) and (b) mean two measured replications. 
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Table 3.4 Root mean square error (RMSE), coefficient of correlation (r), and agreement index (I) of aboveground 
dry biomass, leaf area index (LAI), daily root water uptake (RWU or Ta), and hourly gross assimilation rate (Pg) 
before and after modeling calibration for 2017F1P3 and modeling validation for 2017F1P2, 2018F1P3, 2018F1P2, 
and 2018F1P1 treatments (cf. Fig. 3.1 and Table 3.2) 

  
Before 

Calibration 
After 

calibration 
Validation 

  
2017F1P3 2017F1P2 2018F1P3 2018F1P2 2018F1P1 Overall* 

  Co Fe Co Fe Co Fe Co Fe Co Fe Co Fe Co Fe 

Dry 
biomass 

RMSE 1.01 0.97 0.24 0.36 0.31 0.28 0.52 0.55 0.19 0.25 0.15 0.18 0.29 0.32 

r 0.96 0.96 0.95 0.95 0.89 0.9 0.96 0.95 0.89 0.85 0.91 0.96 0.91 0.92 

I 0.67 0.66 0.9 0.91 0.93 0.92 0.85 0.83 0.93 0.83 0.88 0.79 0.90 0.84 

n 8 8 8 8 8 8 10 10 10 10 10 10 38 38 

LAI 

RMSE 1.83 1.72 0.66 0.69 0.75 0.63 0.94 0.96 0.87 0.84 0.65 0.53 0.80 0.74 

r 0.89 0.9 0.89 0.88 0.85 0.85 0.8 0.81 0.76 0.78 0.71 0.74 0.78 0.80 

I 0.6 0.73 0.89 0.88 0.83 0.85 0.76 0.75 0.85 0.85 0.74 0.78 0.80 0.81 

n 8 8 8 8 8 8 10 10 10 10 10 10 38 38 

RWU 

RMSE 1.62 1.41 0.67 0.78 0.54 0.38 1.27 1.29 1.17 1.13 0.92 0.91 0.98 0.93 

r 0.91 0.94 0.94 0.95 0.91 0.95 0.73 0.74 0.74 0.73 0.74 0.76 0.78 0.80 

I 0.81 0.85 0.96 0.94 0.94 0.97 0.85 0.84 0.72 0.77 0.72 0.74 0.81 0.83 

n 64 64 64 64 66 66 54 54 54 54 54 54 228 228 

Pg 

RMSE 12.85 12.59 7.83 7.96 7.35 7.44 7.55 7.38 8.29 8.15 8.21 8.20 7.85 7.79 

r 0.72 0.63 0.78 0.75 0.75 0.76 0.77 0.78 0.67 0.68 0.65 0.66 0.71 0.72 

I 0.48 0.6 0.81 0.82 0.72 0.70 0.68 0.69 0.72 0.74 0.64 0.64 0.69 0.69 

n 61 61 61 61 56 56 41 41 45 45 44 44 186 186 

The unit of RMSE for RWU (mm d-1), Pg (μM m-2 s-1), aboveground dry biomass (kg m-2), and LAI (-); n 
is number of samples/ measurement points. * indicates the average values from all validated plots 
(2017F1P2, 2018F1P3, 2018F1P2, and 2018F1P1). 

The water supply (precipitation and irrigation), daily root water uptake (RWU or Ta), and soil 

water content were displayed in Fig. 3.5. Both models were able to represent the seasonal 

fluctuation of RWU and SWC (Fig. 3.5a). After calibration, the Feddes model simulated higher 

RWU than the Co model from sowing to DAS 48 which was consistent with the lower 

estimated SWC of the Fe model than the Co model. After calibration, the simulated RWU of 

the Co was almost similar to those from the Fe model after DAS 48. Both models 

underestimated RWU from DAS 75 to DAS 112 that led to lower simulated cumulative RWU as 

compared to cumulative sap flow (Fig. 3.5a, Appendix 3C & Appendix 3E). The correlation 

efficiency (r) and I were relatively similar before and after calibration for both models. Both 
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models slightly underestimated the SWC after calibration, especially in the later growing 

season at the 60 and 80 cm soil depths (Fig. 3.5b, Appendix 3F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Comparison between observed (red) and (a) daily actual transpiration (RWU or Ta), (b) soil 
water content at different soil depths, and (c) daily transpiration reduction factor (fwat) simulated by 
Couvreur before calibration (CoB), Couvreur after calibration (CoA), Feddes before calibration (FeB), 
and Feddes after calibration (FeA) in the irrigated plot in 2017 (2017F1P3). The black and red bars in 
(a) denote precipitation (Prec) and irrigation (Irri), respectively. The error bars in (a) indicate standard 
error for 5 sap flow sensors. Vertical grey lines in (a & c) show days with the measured and simulated 
diurnal courses of root water uptake (RWU), canopy hydraulic head (ψc), stomatal conductance (gs), 
and gross assimilation rate (Pg) as used in Figure 3.6. 

(c) 
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The transpiration reduction was also shown in Fig. 3.5c. Before calibration, the water stress 

(fwat < 1) was appeared already from DAS 8 to DAS 68 in the Co model. The water stress also 

occurred in period from DAS 8 to DAS 45 for the Co model after calibration, however it was 

less pronounced which was opposite to the Fe model. This caused the lower simulated 

biomass and LAI in the Co model as compared to the Fe model. The Co model simulated less 

transpiration reduction (less water stress) than in the Feddes model at the late growing season 

(after DAS 68). This could explain the higher simulated biomass and LAI from the Co model in 

comparison to the Fe model after calibration. 

Diurnal courses of RWU, ψc, gs, and gross assimilation rate (Pg) followed the observed values 

in the selected days (Fig. 3.6). Root water uptake was slightly lower than measured sap flow in 

the morning (i.e. 9-10 AM) but the opposite was the case in the afternoon (4-6 PM). Root water 

uptake started later than transpiration because the stored water in the plant is used for 

transpiration. The plant hydraulic capacitance of plant tissues (Kramer and Boyer, 1995; 

Langensiepen et al., 2009) (Fig. 3.6b) can delay the change of ψc that derives water uptake 

which was not considered in our model. However, the differences between simulated RWU 

and sap flow in the morning and afternoon due to the plant hydraulic conductance was 

canceled out when the hourly sap flow and RWU were aggregated (Fig. 3.6c). Both models 

were able to simulate the diurnal courses of transpiration, stomatal conductance of sunlit 

leaves, and gross assimilated rate (Table 3.4 and Appendix 3E) comparable to the measured 

data. The canopy pressure head (Ψc) of the Co model matched fairly well with the observed 

ones after calibration. 
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Figure 3.6: Diurnal courses of 5 selected measurement days: 05 July (DAS 62), 17 July (DAS 74), 18 
July (DAS 75), 02 August (DAS 90), and 16 August 2017 (DAS 104) (a) global radiation (Rs, black long 
dash lines) and vapor pressure deficit (VPD, cyan long dash lines), (b) actual transpiration (RWU or Ta), 
(c) canopy hydraulic head (ψc), (d) stomatal conductance to water vapor (gs), and (e) gross assimilation 
rate (Pg) at the irrigated plot in 2017 (2017F1P3). The black dots denote the observed. The lines 
denote simulated output by Couvreur before calibration (CoB, blue dotted lines), Couvreur after 
calibration (CoA, blue solid lines), Feddes before calibration (FeB, dark dotted lines), Feddes after 
calibration (FeA, black solid lines). Sap flow sensors were installed on 08 July 2017. Simulated stomatal 
conductance is from sunlit leaves. Vertical black bars in (b) represent the standard deviation of the flux 
measurements in the five different stems. 

 

(a) 

(e) 

(b) 

(c) 

(d) 
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3.3.3 Crop model validation and comparison between the Feddes and Couvreur 
RWU models 

3.3.3.1 Aboveground dry biomass and leaf area index 

The development of aboveground dry biomass and LAI when applying the calibrated model for 

different treatments are illustrated in Figure 3.7. The Couvreur model predicted lower biomass 

and LAI than the Fe model in the early growth stages across all treatments in both years. 

Whereas, more biomass and LAI were simulated by the Co model than the Fe model at the 

later crop growth stages. The biomass from Fe and Co models was satisfactorily simulated in 

the rainfed plot in 2017 (2017F1P2), the rainfed plot with normal sowing date (2018F1P2), and 

the rainfed plot with a late sowing date (2018F1P1). At the 2018F1P3 plot, the biomass and 

LAI from both models have a good match with the observed before the silking time. However, 

afterward, the models underestimated biomass and LAI. The RMSEs of LAI were 0.94 and 

0.96 for Co and Fe models, respectively in this plot. In the drought plot (i.e. 2018F1P2), both 

models overestimated LAI from DAS 65 to harvest (Fig. 3.7f) with RMSEs of 0.87 and 0.84, 

respectively. In these plots, leaf started rolling when the leaf hydraulic head at around -150 m 

(equivalent to -1.5 MPa) and completely curling and rolling occurred when the leaf hydraulic 

head was around -200 m in our field coinciding with days having severe drought, high 

temperature, and high VPD. This was in agreement with another observation of leaf-rolling at 

leaf pressure heads of -100 m with its maximum around -200 m in a study on maize from 

Moulia (1994). Low leaf water hydraulic head could result in a reduction of leaf elongation rate 

and leaf area under water-limited conditions (Westgate and Boyer, 1985; Munns et al., 2000; 

Salah and Tardieu, 1997). Our leaf growth model is based on assimilate partitioning, specific 

leaf area parameters, and air temperature at a daily time scale, thus it is not able to capture 

the instant effects of leaf water status on leaf area variability.  
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Figure 3.7: Comparison between observed (red dot) and simulated (a, c, e, g) aboveground dry 
biomass and (b, d, f, h) LAI by Couvreur (Co, blue solid line) and Feddes (Fe, black solid line) at the 
rainfed plot in 2017 (2017F1P2) (a, b), irrigated plot with normal sowing date in 2018 (2018F1P3) (c, d), 
rainfed plot with normal sowing date in 2018 (2018F1P2) (e, f), and rainfed plot with late sowing date 
(2018F1P1) (g, h). Two red dots means two measured replications.  

3.3.3.2 Transpiration reduction 

The transpiration reduction (fwat) from the four validated plots was displayed in Fig. 3.8. The 

Couvreur model displayed water stress in all plots at the beginning of growing seasons (DAS 8 

to DAS 45 for the normal sowing plots and DAS 17 to DAS 52 for the late sowing plot) which is 

opposite to the Fe model. After this period, the Fe model predicted more severe water stress 

than the Co model. Both models were able to simulate the severe water stress during severe 
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soil water depletion (from DAS 56 to DAS 105 in 2018F1P2; from DAS 60 to the end of the 

growing season in 2018F1P1) (Fig 3.8c & 3.8d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Daily transpiration reduction (fwat) simulated by Couvreur (Co, blue dot) and Feddes (Fe, 
black triangle) at the (a) rainfed plot in 2017 (2017F1P2), (b) irrigated plot with normal sowing date in 
2018 (2018F1P3), (c) rainfed plot with normal sowing date in 2018 (2018F1P2), and (d) rainfed plot with 
late sowing date (2018F1P1). 

3.3.3.3 Root water uptake and soil water content 

Simulated Tp, RWU, and SWC were presented in Figure 3.9 for the rainfed plot in 2017 

(2017F1P2) and the irrigated plot with a normal sowing date in 2018 (2018F1P3). The 

Couvreur model simulated lower RWU and SWC than the Fe model in the earlier growing 

phases. However, it calculated slightly higher RWU and SWC than the Fe model in the later 

growing period. Both models simulated fairly well the dynamics of RWU at the 2017F1P2 (Fig. 

3.9a, 3.9b) with RMSEs of 0.54 and 0.38 mm d-1 for the Co and Fe model, respectively. In the 

irrigated plot 2018F1P3, the simulated Tact and measured sap flow were much higher than 

those in 2017F1P2 (also in 2017F1P3). Our measured sap flow for some days at the irrigated 

(a) 

(b) 

(c) 

(d) 
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plot 2018F1P3 went to 10.6 mm d-1 where a daily maximum f VPD and temperature were up to 

3.8 kPa and 37° C, respectively. Such high sap flow values at the 2018F1P3 have been 

reported in a semi-arid climate and irrigated soil conditions in maize (Langensiepen et al., 

2009). However, our measured sap flow was higher than those reported in Germany (i.e. 

Langensiepen et al., (2009); Heinlein et al., (2017)). The air temperature and VPD were high in 

the main crop growing period, while soil water was relatively sufficient due to irrigation could 

explain the high values of sap flow in the 2018F1P3 (see Section 3.2.2). The dynamics of 

predicted SWC from the two models followed the measured values over different soil depths 

for both water treatments (Fig. 3.9b, 3.9d & Appendix 3F).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Comparison between measured sap flow (red) and simulated (a, c) root water uptake (RWU 
or Ta) and potential transpiration (Tp) and (b, d) soil water content by Couvreur (Co, blue line), and 
Feddes (Fe, black line) from sowing to harvest at the rainfed plot with normal sowing date in 2017 
(2017F1P2) (a, b) and at the irrigated plot with normal sowing date in 2018 (2018F1P3) (c, d). Time 
series of precipitation (Prec) and irrigation (Irri) are given in the panels. Vertical red bars in (a) and (c) 
represent the standard deviation of the flux measurements in the five different stems.  

The comparison of simulated Tp, RWU, and SWC from two models to the measured data at 

the remaining rainfed plots in 2018 with normal (2018F1P2) and late sowing dates (2018F1P1) 

was shown in Fig. 3.10. Comparing with the measured sap flow, both models overestimated 
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RWU from DAS 52 to DAS 70 at the 2018F1P2 and from DAS 52 to DAS 73 at the 2018F1P1. 

The overestimated RWU by both models in these periods in two plots was consistent with their 

overestimated SWC at corresponding times at the topsoil layers (10, 20, and 40 cm depths). 

However, after these periods, the simulated RWU from the two models matched relatively well. 

Soil is a heterogeneous substrate, while it is also spatially different within the plot. Thus, it is 

rather difficult to find a representative set of soil characteristics valid for a whole plot in our 

study which can explain the deviations of simulated RWU and SWC in two models.  

 

 

 

 

 

 

 

 

 

Figure 3.10: Comparison between measured sap flow (red) and simulated (a, c) root water uptake 
(RWU or Ta) and potential transpiration (Tp) and (b, d) soil water content by Couvreur (Co, blue line), 
and Feddes (Fe, black line) from sowing to harvest at the rainfed plots in 2018 with normal sowing date 
(2018F1P2) (a, b) and with late sowing date (2018F1P1) (c, d). Time series of precipitation (Prec) and 
irrigation (Irri) are given in the panels. Vertical red bars in (a) and (c) represent the standard deviation of 
the flux measurements in the five different stems.  

3.3.3.4 Overall performance of the coupled models with Couvreur and Feddes RWU 

models 

Numerous studies applied the common Feddes RWU model with HYDRUS water balance 

model (Simunek et al., 2009) in simulating soil water flux and nutrient flow under different 
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water regimes (Gonzales et al., 2015), the interaction of water and salt content (He et al., 

2017; Wang et al., 2015) or nitrogen levels and irrigation methods (Tafteh et al., 2012). Few 

studies coupled crop models (i.e. WOFOST crop model) with the Feddes RWU model and 

HYDRUS model to simulate crop growth and water uptake in maize (Li et al., 2012; Yang et 

al., 2017). Note that the coupling work of LINTULCC2 crop model with the Feddes RWU model 

in this study considers the more mechanistic C4 assimilation routines and stomatal 

conductance model. Moreover, these subroutines link with soil water flux at the hourly step 

which is not represented in these abovementioned studies. The coupled model with the 

Feddes RWU model simulated well the transpiration reduction, assimilate, RWU, and crop 

growth for maize in both years.  

The modeling approach using Ψthreshold as a trigger for stomatal control and involving plant 

hydraulic conductance has received increasing attention in improvements and applications of 

the soil-plant-atmosphere model. However, most work so far investigates water response 

behavior in crops such as soybean (Olioso et al., 1996) or spring wheat (Jensen et al., 1993). 

Comparison of modeling performance between Feddes RWU model and Couvreur RWU 

model has been done in winter wheat (Nguyen et al., 2020; Cai et al., 2018; Cai et al., 2017). 

The Couvreur model uses a stomatal regulation model which assumes that stomatal 

conductance is not influenced by Ψc as long as the Ψc is above Ψthresholds. The Ψc was kept 

constant by changing stomatal conductance when the Ψthresholds are reached. In fact, this is a 

perfectly isohydric system. Thus, from the theoretical point of view, this approach should be 

able to represent stomatal regulation of maize because it maintained its Ψc at certain Ψthresholds 

(Tardieu and Simonneau, 1998; Cochard, 2002). To our best of knowledge, this is the first 

study where the performance of the Couvreur RWU model is evaluated and compared with the 

Feddes model for maize under field scale. Our results showed that both models simulated 

rather similarly the crop growth, CO2, and H2O gas flux exchanges of maize in the main 

growing season.  

The Couvreur model displayed water stress in all plots during the initial growth stages (14 to 

45 DAS in 2017, 3 to 45 DAS in the normal sowing plots in 2018, and 2 to 37 DAS for the late 

sowing plot in 2018). In contrast, the Feddes model simulated water stress only on few days 

(14 and 15 DAS in 2017 and 23 DAS at the normal sowing plots in 2018 and 8 DAS for the late 

sowing plot in 2018) during the initial growth stages. The inaccurate simulation of water stress 

in the Couvreur model could be related to the low simulated Kplant in the earlier growing period. 

This explains the slightly lower simulated biomass and LAI from the Couvreur model as 

compared with the Feddes model and the observed data in this period. After this period, the 
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Couvreur model predicted water stress and crop growth better than the Feddes model 

when Kplant increased (Appendix 3G). The root and plant hydraulic conductance in the 

Couvreur model is a function of the total root length system. Because the Feddes model did 

not consider the root hydraulic property, it was not sensitive to the low estimates of root system 

conductance (in the earlier growth of root), which is opposite to the Couvreur model. A 

sensitivity analysis was carried out by changing either Kinit,normalized or β to examine the effect on 

transpiration reduction and biomass (data not shown). The increase of Kinit,normalized or β 

improved the prediction of water stress at the earlier growth stage of the crop; however, it led 

to an underestimation of water stress (thus overestimation of RWU and biomass growth) at the 

later growth stage. The supply of assimilates from shoot to root is given by a partitioning table 

based on the thermal time. This approach probably was not sufficient to capture dynamic 

changes in carbon allocation to the root over the cropping season (thus dynamic root hydraulic 

conductance), especially under the condition of drought stress. 

In this study, the coupled model was calibrated using data from the irrigated plot in 2017 based 

on the value ranges of parameters that were taken from other modeling studies and literature. 

The calibrated parameters worked fairly well for both the water-stressed and non-water-

stressed plots. This could be related to the choice of initial parameter values. However, it is still 

questionable whether the derived parameters are suitable to describe water uptake and crop 

growth also under conditions of lower soil water availability. Further studies might be required 

to derive crop stress parameters from inverse modelling (i.e., in G. Cai et al., 2018) when data 

from water-stressed treatments are used for maize. Modeling and understandings the effect of 

varying soil moisture and evaporative conditions on crop growth, CO2, and H2O gas flux 

exchange at field conditions often requires comprehensive and expensive measurements to 

capture the soil–plant–atmosphere continuum. The modeling study and the presented data, to 

the best of our knowledge, are unique. Due to the associated complex and expensive 

construction of underground rhizotrone facilities, the experimental sites did not allow to involve 

replicates in water treatments (Nguyen et al., 2020). The limited size of the subplot did not 

allow for a larger sample of biomass, leaf-cutting, and LAI, which can become noisy due to the 

soil and water heterogeneity within the subplots. The spatial variability of stomatal reactions 

over leaves, plants, and stands of plants can be large (Rochette et al., 1991). However, 

despite these shortcomings, the data illustrated the difference and variability among water 

regimes and two growing seasons that are still valid for model calibration, validation, and for 

comparing the two model approaches in the present study.  

https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0012
https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0069
https://acsess.onlinelibrary.wiley.com/doi/10.1002/vzj2.20181#vzj220181-bib-0078
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3.2 Conclusion 

We extended and evaluated two different RWU approaches within a coupled soil water 

balance and crop growth model for maize. One of the RWU models was the recently 

developed Couvreur RWU approach, which simulates the water potential gradient from soil to 

root and to leaves based on whole-plant hydraulic conductance, whereas the other approach 

was the commonly used Feddes model that does not explicitly include plant hydraulic 

conductance. 

For the coupled model with the Couvreur RWU approach, the effect of the change of the root 

segment conductance, specific weight of roots, and the leaf pressure head threshold at which 

stomata close on RWU and aboveground biomass is amplified by the positive feedback 

between the aboveground biomass, the root biomass, the total root length, the root system 

hydraulic conductance, and plant hydraulic conductance. For instance, decreasing the specific 

weight of lateral and seminal roots increases the total root length, and thus the Kplant that led to 

an increase in RWU and biomass. The coupled model, which considers plant hydraulic 

conductance and links root system properties to plant water uptake, water stress, and crop 

growth in a more mechanistic way, could be able to describe the effects of specific crop 

characteristics (change of root segment conductance, specific root lengths of seminal and 

lateral root, or leaf critical pressure head) on crop performance under different conditions of 

soil moisture and evaporative demand. 

Overall, the biomass, leaf area development, SWC, canopy pressure heads, leaf stomatal 

conductance, and transpiration rate were relatively well predicted for maize by both models. 

However, the coupled Couvreur model simulated inaccurately water stress in the first 45 d of 

the crop season, resulting in slightly underestimated biomass and LAI, which was opposite to 

the results from the Feddes model. Nevertheless, the coupled Couvreur model simulated 

slightly better transpiration reduction, water uptake, assimilation, and crop growth than the 

Feddes model in the late growing period. 

Future application of the more mechanistic Couvreur approach in predicting the crop 

responses to different soil water conditions should pay attention to an accurate estimate 

of Kplant. A root growth model, which considers changes in carbon allocation to the root system 

that are triggered by stress through a more mechanistic representation of root–shoot 

partitioning, would improve accuracies in the simulation of whole-plant hydraulic conductance 

in different growth stages. Using a dynamic parameterization of the normalized root system 

conductance (i.e., different Krs,normalized) could further improve the estimation of whole-plant 

hydraulic conductance. 
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4 Chapter: Responses of winter wheat and maize to varying soil 
moisture: from leaf to canopy 
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Abstract 

Drought is a serious constraint to crop growth and production of important staple crops such as 

winter wheat and maize. Understanding of how crops respond to drought can support crop 

breeding and crop choice and management to minimize its negative impacts and can further 

improve crop modelling. Plants may respond to drought through immediate stomatal regulation 

and through altering their morphological characteristics over longer periods, with many 

degrees and combinations of short- and long-term responses depending on the intensity and 

duration of drought and crop type. However, the availability of detailed field observations for 

different crop types that provide information on crop responses at short- and longer term time 

scales and for different organizational levels is still limited. We examine the effects of different 

water treatments on the short-term changes of leaf water potential (LWP) and gas exchange at 

the leaf level together with the seasonal change of canopy photosynthesis, transpiration, and 

crop growth of winter wheat and maize based on field data collected in 2016, 2017, and 2018. 

The long-term morphological changes, such as reduction of leaf area and tiller number, in 

response to drought in winter wheat was more important for regulating transpiration and 

assimilation rate than stomatal control. Maize (grown in 2017 and 2018) showed seasonal 

variations in minimum LWP with a complete stomatal closure at LWP between -1.6 and -2 

MPa. While stomata progressively closed with increasing drought, the physiological 

advantages of C4 photosynthesis systems as well as morphological adjustments in leaf area 

size and leaf-rolling strongly influenced crop growth and canopy gas exchange in maize in the 

drought plots as compared with the irrigated plot. Observations highlight that improvements of 

soil-vegetation-atmosphere models in simulating gas exchange and crop growth should 

emphasize not only stomatal regulations but also dynamically reducing leaf area under water 

stress. 

Keywords: anisohydric, drought, crop growth, isohydric, photosynthesis, stomatal 

conductance, transpiration 

Abbreviations: VPD: vapor pressure deficit (kPa); Rs: global radiation (W m-2); PAW: plant 

available water (m3); SWC: soil water content (cm3 cm-3); DM: dry matter (g m-2 or kg m-2); LAI: 

leaf area index (-); Gs: leaf stomatal conductance to water vapor (M m-2 s-1); An: net 

photosynthesis (µM m-2 s-1); E: leaf transpiration rate (mM m-2 s-1); Ci: intercellular CO2 

concentration (M M-1); LUE: light use efficiency (g DM MJ-1); WUE: water use efficiency (µM 

CO2 M-1 H2O or mM CO2 M-1 H2O); LWP: leaf water potential (MPa). 
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4.1 Introduction  

Globally, crop drought stress is a serious constraint limiting agricultural production (IPCC, 

2007). Plant responses to drought are complex involving adaptive changes (Chaves et al., 

2002) operating at a range of time scales (Tardieu et al., 2018). The various responses, 

generally grouped into short-term and long-term, are determined by the crop type as well as 

the intensity, duration, and rate of progression of the imposed stress (Pinheiro and Chaves, 

2011). Stomatal control is considered an immediate and effective response to water stress in 

the field to prevent excessive water loss and desiccation (Tyree and Sperry, 1988; Brodribb 

and McAdam, 2011). The short-term regulation of stomata that control water flow between soil 

and the atmosphere (Taiz and Zeiger, 2006) can be classified into two broad categories based 

on the degree of stomatal closing upon sensing water stress. This strategy is observed in 

isohydric plants which close their stomata to maintain leaf water potential (LWP) above critical 

levels. The second strategy is found in anisohydric plants which have a looser stomatal control 

with the result that LWP will decrease in response to soil drying and/or increasing evaporative 

demand. As a result, LWP in anisohydric plants experiencing drought stress will be much lower 

than well-watered plants (Tardieu and Simonneau, 1998). A continuum exists in the degree to 

which stomata regulate the LWP for trees (Domec and Johnson, 2012; Klein, 2014) or in 

grape-vine (Schultz, 2003). Also, cultivars of grape vine show large differences in minimum 

LWP indicating differing degrees of isohydric behavior (Coupel-Ledru et al., 2014). Comparing 

different herbaceous species, Turner et al., (1984) showed that there was a range from 

isohydric to increasingly anisohydric behavior in terms of the response to increasing vapor 

pressure deficit (VPD) under sufficient soil moisture.  

Identification of whether or how stomatal controls differ among species and genotypes is 

studied with experimental observation of minimum LWP or the analysis of genetic variability in 

terms of stomatal control to variation of soil moistures. Maize (Zea mays L.) and winter wheat 

(Triticum aestivum) are generally considered as isohydric and anisohydric, respectively 

(Tardieu and Simonneau, 1998). Tardieu and Simonneau (1998) reported that maize limits its 

LWP to values higher than -1.8 MPa regardless of soil water condition under high evaporative 

demand. LWP tended to maintain at a value close to -1.6 MPa in both drought tolerant and 

sensitive maize genotypes (Cochard, 2002). However, analysing measurements of LWP from 

400 lines of maize from the tropical and European origins under greenhouse and growth 

chamber, Welcker et al., (2011) reported different values of minimum LWP from -0.8 to -1.5 

MPa, indicating their links with genomic regions and genetic variability of stomatal responses. 
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Few reports described anisohydric behaviour in wheat. Moreover, such reports were from 

wheat that are grown in pots (Tardieu and Simonneau, 1998; Henson et al., 1989; Gallé et al., 

2013). Different responses of stomatal conductance to VPD indicate a large genetic variability 

of stomatal responses in winter wheat which depended on its genome architecture (Schoppach 

et al., 2016). Given the potentially large variation in stomatal responses, it is important to better 

understand how stomata function in maize and winter wheat, with resulting implications for 

LWP, tissue expansion and water use under field conditions.  

Understanding plant water use under drought, requires knowledge of various processes from 

leaf to whole plant and canopy levels (Chaves et al., 2003). Stomatal responses to soil 

moisture deficit drive subsequent gas exchange and growth process (Chaves et al., 2002). For 

instance, because of earlier stomatal closure of isohydric plants, on the one hand, this 

response limits carbon assimilation from photosynthesis limitation whereas the stomatal 

control limits the rate of water use and onset of more severe drought conditions. In the case of 

a pronounced anisohydric behaviour, one could hypothesize that the limited degree of 

stomatal regulation could lead to higher total carbon assimilation. Progress in understanding 

how isohydric versus anisohydric responses effect photosynthesis capacity and plant growth 

rate under drought has been primarily in woody species (i.e. poplar and grapevine) (Sade et 

al., 2012; Attia et al., 2015; Poni et al., 2014; Roman et al., 2015; Pou et al., 2012). Relatively 

little is known about the roles of stomatal regulations on gas exchange at leaf and canopy 

scales as well as crop growth for important annual crops such as maize and wheat. 

The effects of soil water deficit on photosynthesis and transpiration due to stomatal regulation 

should be considered together with the longer term changes in canopy structure and 

morphology. These consist of a diverse range of intermediate or long-term adaptations to 

varying soil water (Ramalho and Chaves, 1991; Rodrigues et al., 1995; Chaves et al., 2003; 

Chaves et al., 2002; Aroca, 2012). For example, when exposed to soil water deficit, wheat 

morphology  can be altered via a reduction in tiller number, leaf area expansion, and internode 

lengths (Miralles and Slafer, 1997). Leaf-rolling is observed in maize when LWP falls below -1 

MPa and plants change their leaf angle to reduce the leaf surface area exposed to sunlight 

(Moulia, 1994; Tardieu et al., 2018). These structural canopy changes reduced canopy 

transpiration and photosynthesis fluxes in both crops (Abd Allah, 2009; Cai et al., 2018; 

Baldocchi, 1994; Perdomo et al., 2015; Kupisch et al., 2015; Miralles and Slafer, 1997). 

Understanding such canopy changes is complex as changes in canopy structure could be the 

cumulative results of altered stomatal conductance. For instance, soil water depletion causes 

stomal closure which can reduce water loss, but it also increases leaf termperature that 
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consequently leads to quicker leaf rolling (Jones, 1998). Cultivars with high vigor or rapid leaf 

growth have earlier soil water depletion with earlier stomatal closure than cultivars with lower 

vigor or slower leaf growth (Tardieu and Simmoneau, 1998), though the later may be prone to 

execessive soil water evaporation in early growth periods (Bourgault et al., 2020). The 

disentanglement of the relative importance of stomatal and non-stomatal longer term effects 

(i.e. leaf area growth) has rarely been performed due to the need to examine both stomatal 

responses and changes in canopy characteristics (i.e. LAI) associated with gas exchange 

because they require extensive measurements at both leaf and canopy level (Hay and Porter, 

2006).  

This study intends to provide more insight into how these two modes of stomatal regulations 

function and finally affect crop growth under field conditions. The overall aim is to analyze and 

understand how maize and winter wheat respond to different soil moisture treatment under 

field conditions from the leaf to the canopy level. The research questions addressed are: (i) 

what are the stomatal strategies of winter wheat and maize under different water supply 

conditions in the field? (ii) how do photosynthesis and transpiration from leaf to canopy levels 

as well as crop growth rate and LAI differ among different water regimes associated with the 

finding stomatal regulations? (iii) what is the relative contribution of short-term stomatal 

regulation vs longer term adjustments (i.e. LAI) to gas exchange and crop biomass 

production? The study does not intend to compare photosynthesis and crop growth 

characteristics between winter wheat and maize. We rather investigate the stomatal functions 

and crop growth processes for each crop separately over different soil water conditions. This 

study is based on the analysis of field experiments on winter wheat (one year) and maize (two 

years), under contrasting water supply conditions over three years. 

4.2 Materials and Methods 

4.2.1 Location and experimental set-up 

The field experiment was conducted in Selhausen, North Rhine-Westphalia, Germany 

(50°52’N, 6°27’E). The field is slightly inclined with a slope of around 4°. The experiment site 

was located upslope with stony soil with 60% (by weight) fluvial gravel deposits.  

The experimental site was divided into three subplots (P1, P2, and P3). The subplot size was 

7.25 m x 3.25 m. The experiment was performed from 2016 to 2018, with winter wheat being 

tested in 2016 and maize tested in 2017 and 2018. In 2016, three water treatments were 

assigned to three subplots: a plot with a rainout shelter (2016P1), a rainfed plot (2016P2), and 
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an irrigated plot (2016P3) (Table 4.1). Winter wheat (Triticum aestivum cv. Ambello) was sown 

with a density of 350-370 seed m-2 on the 26th of October 2015 and harvested on 26th of July 

2016 (Table 4.1).  

Table 4.1 Summary of experimental set-up from 2016 - 2018 

Year 
Water 

treatments 

Sowing 
density 

(seed m-2) 

Sowing dates 

(dd/mm/yy) 

Plot 
names 

2016 

Sheltered 

350 26/10/2015 

2016P1 

Rainfed 2016P2 

Irrigated 2016P3 

2017 

Rainfed 

10.66 04/05/2017 

2017P1 

Rainfed 2017P2 

Irrigated 2017P3 

2018 

Rainfed 
10.66 

 

22/05/2018 2018P1 

Rainfed 
08/05/2018 

2018P2 

Irrigated 2018P3 

In 2017, using the same experimental site, only two treatments were tested: rainfed plots 

(2017P1/ 2017P2) and irrigation (2017P3) (Table 4.1). Silage maize (Zea may cv. Zoey) was 

sown on 4th May 2017 with a density of 10.66 seeds m-2 for all treatments. In 2018, using the 

same cultivar and sowing density, plants were sown on 8th May 2018 on the same site for one 

rainfed plot (2018P1) and one irrigated plot (2018P3). In 2018, one of the rainfed plots 

(2018P2) was sown two weeks after the other plots on 22nd May 2018. The key phenology 

dates and fertilizer applications are summarized in Table 4.2. 
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Table 4.2 Key phenological dates and fertilizer applications (dd/mm/yy) 

Years 
Plot 

names 

Phenology Fertilizer applications 

2016 

2016P1 

2016P2 

2016P3 

Sowing: 26/10/15 

Emergence: 11/11/15 

Anthesis: 03/06/16 

Harvest: 26/07/16 

03/15/16: 80 kg N + 60 kg K2O + 30 kg 

P2O5  

02/05/16: 60 kg N 

07/06/16: 50 kg N 

2017 

2017P1 

2017P2 

2017P3 

Sowing: 04/05/17 

Emergence: 09/05/17 

Tasseling: 09/07/17 

Silking: 14/07/17 

Harvest: 16/09/17 

09/05/17: 100 kg N + 40kg P2O5;  

06/07/17: 80 kg N + 40 kg K2O 

2018 

2018P1 

Sowing: 22/05/18 

Emergence: 26/05/18 

Tasseling: 21/07/18 

Silking: 23/07/18 

Harvest: 02/09/18 
22/05/18: 100 kg N;  

30/05/18: 40 kg P2O5 + 40 kg K2O  

27 /06/18: 80 kg N 

2018P2 

2018P3 

Sowing: 08/05/18 

Emergence: 13/05/18 

Tasseling: 09/07/18 

Silking: 11/07/18 

Harvest: 22/08/18 

 

4.2.2 Weather conditions and water applications 

Weather variables (global radiation, temperature, relative humidity, precipitation, and wind 

speed) were recorded every 10 minutes by the nearby weather station (around 100 m away 

from the experiment). To measure canopy temperature, in each treatment, one infrared 

radiometer sensor (model Apogee SI-121, UP Umweltanalytische Produkte GmhH) was 

mounted on the wooden polar at 2 m above soil surface with a viewing angle of 45°. Canopy 

temperature was measured every 30 minutes using C1000 data logger (Campbell Scientific, 

Utah, USA).  

The irrigation demand was estimated based on the precipitation collected from the rain gauge 

nearby the field and assuming an evaporative demand (evapotranspiration rate) of 5 mm d-1. 

Drip lines (T-Tape 520-20-500, Wurzelwasser GbR, Müzenberg, Germany) were installed at 

0.3 m intervals parallel to the crop rows. In 2016, wheat plants grown in the irrigated plot 

(2016P3) were irrigated twice (23 mm each time) (Fig. 4.1c, red bars). The sheltered plots 

were manually covered using a plastic rain-out shelter during precipitation events (11 times) to 

induce drought stress (Fig. 4.1a). Daily maximum canopy temperature in each plot, air 

temperature and vapor pressure deficit in 2016 are shown in Fig. 4.2a. 



96 

 

Figure 4.1: Daily plant available water (PAW) during three growing seasons for different water 
treatments: (a-b-c)  in winter wheat in 2016 from March 30 to harvest July 23 with sheltered 
plot (2016P1 – red dots), rainfed plot (2016P2 – black dots), and irrigated plot (2016P3 – blue 
dots), (d-e-f) in maize in 2017 from April 30 to harvest in 2017 with two rainfed plots (2017P1 – 
red dots and 2017P2 – black dots), and irrigated plot (2017P3 – blue dots), and (g-h-i) in maize 
2018 from April 30 to harvest in 2018 with two rainfed plots (2018P1 – red dots and 2018P2 – 
black dots), and irrigated plot (2018P3 – blue dots) (cf. Table 4.1). The red and black bars 
indicate precipitation (Prec) + irrigation (Irri), respectively. Grey bars in (a-b-c) indicate the four 
measured days that are shown in Fig. 4.3. Grey bars in (g-h-i) indicate the measured days that 
are shown in Fig. 4.4, Fig. 4.5, and Fig. 4.6. 

In 2017, maize received a total amount of 230 mm precipitation during the growing period (136 

days). Average, minimum and maximum daily air temperature were 17.6, 8.3, and 25.3 °C, 

respectively (Fig. 4.2b). The crop was irrigated 10 times using an amount of 13 mm between 

(d) (e) (f) 

(a) (c) (b) 

(g) (h) (i) 
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mid of June to end of August for the irrigated plot (2017P3) (Fig. 4.1f). Characterized by 

exceptionally hot and dry weather conditions during the summer season, 2018 can be 

classified as an extreme year with respect to plant growth at our site (Buras et al., 2020). 

Maize experienced high temperature and VPD, especially around tasseling and silking time. 

While in 2017 a precipitation sum of 122 mm was recorded within the growing period (116 

days), only 92 mm were recorded in the growing period of 2018 (116 days). Average, 

minimum, and maximum daily air temperature exceeded those of 2017 with 19.2, 10.85, and 

27.3 °C, respectively (Fig. 4.2c). A total amount of irrigation of 257 mm was applied (13 times) 

between mid of June and mid of August on the irrigated plot (2018P3) (Fig. 4.1i). Contrary to 

2017, the two rainfed plots (2018P2 and 2018P2) had to be watered 4 times (using 13, 22, 13, 

and 18 mm, respectively) to avoid a complete crop failure due to severe drought (Fig. 4.1g & 

4.1h). 
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Figure 4.2: Daily maximum canopy temperature (CaT, °C), air temperature (AirT, °C) and daily 
maximum air vapor pressure deficit (VPD) (kPa) in three growing seasons for (a) winter wheat in 2016 
from March 30 to harvest 23 July (b) maize in 2017 from April 30 to harvest, and (c) maize 2018 from 
April 30 to harvest in 2018. Different CaT line colors indicate the applied water treatments (cf. Table 
4.1). The black dotted vertical lines indicate anthesis times of winter wheat in 2016, silking time in all 
plots in maize 2017, and in the rainfed and irrigated plots with normal sowing date plot (2018P2 and 
2018P3) in 2018. The black dashed vertical line indicates silking time in the late sowing plot in 2018 
(2018P1). Grey bars in (a) indicate the four measured days that are shown in Fig. 4.3. Grey bars in (c) 
indicate the measured days that are shown in Fig. 4.4, Fig. 4.5, and Fig. 4.6. 

 

(a) 

(b) 

(c) 
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4.2.3 Measurements 

4.2.3.1 Soil water measurement and plant available water 

In each soil depth at 10, 20, 40, 60, 80, and 120 cm, time domain reflectometer probes (TDR) 

and soil temperature sensors (Decagon Devices Inc., UMS GmbH München, Germany) were 

installed to measure hourly volumetric soil water content (SWC) and soil temperature, 

respectively. A detailed description of sensor installation, calibration, data post processing can 

be found in (Cai et al., 2016). The SWC data from three years is presented in Nguyen et al., 

(2020) and Nguyen et al., (2022). 

Plant available water was calculated as the difference between actual (measured) SWC and 

SWC at wilting point (Kirkham, 2005) over the rooting zone. The SWC at wilting point was 

derived from soil texture information and soil organic matter content which were measured in 

three different layers (0-30 cm, 30-60 cm, and 60-90 cm) (Stadler et al., 2015). As the SWC 

was measured at 10, 20, 40, 60, 80, and 120 cm soil depths, measured SWC data represent 

volumetric content for the layers 0-15 cm, 15-30 cm, 30-45 cm, 45-65 cm, 65-85cm, and 85-

125 cm. The SWC at wilting point of the 0-30 cm layer was used for the first two layers (0-15 

cm and 15-30 cm), while the SWC at wilting point of 30-60 cm layers was employed for 30-45 

cm and 45-65 cm. The SWC at wilting point for the 60-90 cm layer was used for the 65-85 cm, 

and 85-125 cm layers.  

4.2.3.2 Leaf gas exchange and leaf water potential 

Hourly leaf stomatal conductance (Gs), net photosynthesis (An) and leaf transpiration (E) were 

measured every two weeks under clear sky and sunny conditions. There were seven 

observation days with measurements from 7 AM to 8 PM and 3 observation days from 10 AM 

to 4 PM in 2016 (Table 4.3). Four observation days from 8 AM to 5 PM and six days from 10 

AM to 4 PM were carried out in 2017. In 2018, 6 days from 8 AM to 7 PM and 5 days from 10 

AM to 4 PM were carried out (Table 4.3). In 2016, for winter wheat, Gs of three to four 

uppermost fully developed leaves were measured at steady-state using a LICOR 6400 XT 

device (Licor Biosciences, Lincoln, Nebraska, USA) with a reference CO2 concentration of 400 

ppm, flow rate of 500 (μmol s-1), and using real-time records of photosynthetic active radiation, 

vapor pressure deficit (VPD), and leaf temperature provided by the instrument. In 2017 and 

2018, for maize, two sunlit leaves (uppermost fully developed leaves) and one shaded leaf 

were measured. After leaf gas exchange measurements, leaves were quickly detached using a 
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sharp knife to measure leaf water potential (LWP) with a digital pressure chamber (SKPM 140/ 

(40-50-80), Skye Instrument Ltd, UK) with the working air pressure ranging from 0 to 35 bars. 

To study the diurnal course of LWP under dry and re-wetted soil conditions, in 2018, three 

additional days with predawn measurements at two days before irrigation and one day after 

irrigation. The intrinsic water use efficiency (WUE) is calculated as the ratio of photosynthesis 

and stomatal conductance (An/Gs) while the instantaneous WUE describes the photosynthesis 

rate per unit of transpired water (An/E). 

Table 4.3 Summary of measurement days with leaf gas exchange and leaf water potential for three 
growing seasons 

Years Measurement days (mm/dd)  

2016 April 20, May 6,  May 25, May 26, June 7,   
June 9,  June 20, June 23, June 29, and July 8  

2017 July 5,  July 17, July 18, August 2,  August 4,   
August 7,  August 13, August 16, August 23, 
and September 5   

2018 June 15, June 20, June 27, July 3,  July 5,  July 

8,  July 9,  July 10, July 17**, July 18**, July 

19**, July 26, August 2, and  August 16 

* Bold days indicate measurement from 7 AM to 8 PM in 2016 and 8 AM to 5 PM in 2017, and from 8 

AM to 7 PM in 2018. The remaining days was from 10 AM to 4 PM. 

** Leaf water potential was measured predawn. 

4.2.3.3 Crop growth measurement 

The crop growth information included bi-weekly observations of phenology, leaf greenness, 

tiller number (winter wheat), plant height, tiller/plant diameter, green and brown leaf area, dry 

matter of different organs, and total aboveground dry matter. Leaf greenness was randomly 

determined from 12 leaves using SPAD Chlorophyll-meter (Konica Milta, Inc., Japan). Plant 

height was measured randomly from 5 and 15 plants in winter wheat and maize, respectively. 

Five random main tillers (winter wheat) and stems (maize) were measured to determine stem 

diameter in both crops. Due to the limited number of plants in each plot, two rows (measuring 1 

meter each) in winter wheat in 2016 and two plants in maize in 2017 and 2018 were sampled 

for determining total aboveground dry matter and leaf area (8, 7, and 8 times for 2016, 2017, 

and 2018, respectively). Green and brown leaf area was measured by LI-3100C (Licor 

Biosciences, Lincoln, Nebraska, USA). At harvest, in addition to sampling of two rows, three 

replicates (one-meter square each) were harvested for winter wheat to determine dry matter 

and grain yield. Five separate replicates (1m2 each) were harvested from maize in 2017 and 
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2018. The dry matter of separate organs was determined by the oven method (Nguyen et al., 

2020).  

4.2.3.4 Sap flow and canopy chamber measurement 

In 2016, five, three, and five sap flow sensors (SAG3) (Dynamax Inc., Houston, USA) were 

installed from 25 May to harvest (wheat stem diameter between 3-5 mm) on plants grown in 

the irrigated, rainfed, and sheltered plots, respectively. Sensor data, in particular the 

partitioning of energy, electricity supply, sap flow, and the temperature difference between 

upper and lower thermocouples (dT) of each sensor were recorded at 10 minute intervals 

using a CR1000 data logger and two AM 16/32 multiplexers (Campbell Scientific, Logan, 

Utah). The 10 minute data (dT °C) were aggregated to hourly values and used to estimate sap 

flow (g h-1 tiller-1) following the approach of Langensiepen et al., (2014). Sap flow of single 

tillers was upscaled to canopy transpiration based on bi-weekly recorded tiller number (in 

2016). In 2017 (from 7th July 2017 until harvest) and 2018 (from 28th June 2018 until harvest), 

15 sap flow sensors (SGA 13, SGB 16, and SGB 19 types) were installed on 5 maize plants 

per plot based on stem diameter size. The sap flow in the plant (g h-1) was calculated directly 

by the data loggers (Dynamax, 2009) and used as a surrogate for canopy transpiration based 

on the number of plants per square meter.  

Canopy gas exchange was measured hourly on the same days as leaf gas exchange and 

LWP measurements. The closed chamber system (Langensiepen et al., 2012) was used to 

determine the time series of CO2 change using an infrared gas analyzer (LICOR 6400 XT, 

Licor Biosciences, Lincoln, Nebraska, USA). The instantaneous canopy CO2 exchange rate 

measured by the closed chamber was estimated based on the regression approach by 

(Langensiepen et al., 2012). The sap flow and canopy gas exchange measurements are 

described elsewhere in detail for winter wheat (Nguyen et al., 2020) and for maize in 2017 and 

2018 (Nguyen et al., 2022). 

4.2.4 Light use efficiency 

Intercepted photosynthetic active radiation (PARint) at instantaneous level is calculated based 

on Lambert-Beer equation (PARint = PAR * (1 – e-k*LAI)) with the extinction coefficient k = 0.6 for 

both crops (Hay and Porter, 2006). The instantaneous PARint was integrated over the day and 

over the period with measurement of aboveground dry matter. The hourly instantaneous CO2 

gas exchange was used to integrate over the whole day assuming the rates of dark respiration 
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was constant during night and depended on daily maximum photosynthesis rate (20% during 

day time, Geijn and Goudriaan, (1996)). Based on the CO2 gas flux (g CO2 m-2 d-1), the light 

use efficiency (LUEFlux) is derived by fitting daily CO2 flux with the daily PARint. The resulting of 

LUE was multiplied by the mass ratio of C: CO2 and divided by the mass faction of carbon 

(0.459 gC gDM-1). The final unit of LUEFlux is in g DM MJ-1. Based on aboveground dry matter, 

the light use efficiency (LUEDM) (g DM MJ-1) is estimated from fitting the aboveground dry 

matter and accumulated PARint. 

4.2.5 Statistical analysis 

To test for significant differences between the An, E, Gs, LWP, An/Gs, An/E, and 

instantaneous canopy CO2 flux of the different water treatments (cf. Table 4.1), we applied 

the Tukey HSD test and a multiple comparison test which provided within the 

“multcompView” R-package (Grave et al., 2019). All data processing and analysis were 

conducted using the R statistical software (R Core Team, 2018). 

4.3 Results 

4.3.1 Plant available water, leaf gas exchange, and leaf water potential under 
different water supplies 

4.3.1.1 Plant available water 

Soil water status and water supply throughout the growing seasons are illustrated in Figure 

4.1. The PAW clearly differed among the three water treatments in winter wheat in 2016. PAW 

was highest in the irrigated plots, followed by the rainfed and the sheltered plots over the 

whole season (Fig 4.1c, 4.1b, and 4.1a, respectively). The PAW dropped considerably from 

April and May, then slightly increased in the first week of June and decreased again around 

the end of the grain filling period in the sheltered plot. In 2017 missing measured SWC data 

and noisy data due to the malfunction of sensors were discarded. The remaining data differ 

among treatments but the magnitudes of the differences were generally less pronounced as 

compared to 2016. Despite the same rainfall, PAW of the rainfed plot 2017P2 was larger than 

PAW from the rainfed plot 2017P1 throughout the growing season. This may be explained by 

the carry-over effects of the sheltering of 2016P1 in 2016 which may have caused the 

decrease of SWC in 2017. In 2018, the differences of PAW were obvious in the three 

treatments. Plant available water was higher on June 15 but then decreased rapidly from the 

middle of the elongation phase until harvest.  



103 

 

4.3.1.2 Diurnal course of leaf gas exchange and water potential 

The diurnal dynamics of stomatal conductance of water vapor (Gs), leaf net photosynthesis 

(An), transpiration (E), and LWP from winter wheat on four observation days in 2016 are 

shown in Fig. 4.3. Leaf gas exchange and LWP differed among water treatments, especially in 

May 25 and 26. The highest rates of An, E, Gs, and LWP were observed for the irrigated plot, 

followed by the rainfed plot and finally the sheltered plot. The differences in leaf gas exchange 

and LWP were consistent with the differences in PAW between the three levels of water supply 

(Fig. 4.1a-c). In the sheltered plot, when PAW was decreased from 0.151 m3 (May 6) to 0.115 

m3 (May 25) (2016P1 in Fig. 4.1a), LWP decreased from -1.65 MPa to -2.5 MPa, respectively. 

On May 26, LWP was approximately -2 MPa while stomatal conductance was very low (Fig. 

4.3k) due to the increasing evaporative demand (Fig. 4.3c). Despite increased PAW following 

subsequent precipitation events, LWP on June 9 remained low at approximately -2 MPa at 

midday for all plots. Stomatal conductance was highest in the morning, before decreasing 

sharply in the afternoon including in the irrigated plot for instance May 6 and May 26 when 

VPD was increasing. Photosynthesis and E also decreased, but to a lesser extent than Gs. 
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Figure 4.3: Diurnal course of four days of measurement in winter wheat in 2016: (a-d) global radiation 
(Rs) and vapor pressure deficit (VPD); (e-h) leaf net photosynthesis, (i-l) leaf stomatal conductance 
(Gs), (m-p) leaf transpiration (E), and (q-t) leaf water potential (LWP)) at the sheltered plot (F1P1 – red 
dots), rainfed  plot (F1P2 – black dots), and irrigated plot (F1P3 – blue dots). Error bars indicate the 
standard deviation of measurement which was carried out from 3-4 upmost fully developed leaves. 

 

 

 

 

 

 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(m) (n) (o) (p) 
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In 2018, the hourly Gs and LWP measurements in maize on July 05 in the irrigated and rainfed 

plots were obtained separately for sunlit and shaded leaves (Fig. 4.4). There were significant 

differences in Gs, An, E, and LWP between sunlit and shaded leaves except only the rainfed 

with normal sowing date in 2018 (2018P2) (Appendix 4a). The differences between two leaves 

were pronounced in terms photosynthesis and transpiration rates, especially in the irrigated 

plots. The lower gas exchange and LWP is related to lower levels of intercepted radiation by 

shaded leaves as compared to sunlit ones. Leaf gas exchange and LWP was lower in the 

rainfed plots as compared to the irrigated plot. LWP of sunlit leaves in the rainfed plots was 

around -1.8 MPa, while it was approximately -1.5 MPa in the irrigated plot. The progressive 

stomatal closure in the rainfed plots resulted in the plateau of LWP (at around -1.6 MPa) from 

10 AM to 4 PM on July 5 (Fig. 4.4k-m). 
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Figure 4.4: Diurnal course of (a) global radiation (Rs) and vapor pressure deficit (VPD),  (b-d) leaf net 
photosynthesis (An), (e-g) leaf stomatal conductance (Gs), (h-j) leaf transpiration (E), and (k-m) leaf 
water potential (LWP) on July 05, 2018 in maize at the rainfed plot with late sowing date  (2018P1– 
red), rainfed plot with normal sowing date (2018P2 – black), and irrigated plot with normal sowing date 
(2018P3 – blue) (cf. Table 4.1). Measurement was carried out from shaded leaf (plus symbol) and two 
sunlit leaves (solid dots).  

(b) (c) (d) 

(e) (f) (g) 

(h) (i) (j) 

(k) (l) (m) 

(a) 
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Diurnal course of leaf gas exchange and LWP under conditions characterized by lower PAW in 

the rainfed plots at high evaporative demand (July 18) was shown in Figure 4.5. Stomatal 

conductance (Gs), An, and E showed a drop around midday, even in the irrigated plot 

indicating the combined effects of high VPD and severe soil water deficit. Predawn LWP was 

around -1.66 MPa in both rainfed plots with late (2018P1) and normal sowing date (2018P2), 

while it was around -1 MPa for the irrigated plot (2018P3). Midday LWP decreased to -2.5 MPa 

with very low Gs and severe leaf rolling symptoms in the two rainfed plots, while the lowest 

LWP value of the irrigated plot was still around at -2 MPa. Irrigation water was applied in the 

afternoon for all plots. This could explain the slight increase in gas exchange (Gs, An, and E), 

and LWP after water application. 
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Figure 4.5: Diurnal course of (a) global radiation (Rs) and vapor pressure deficit (VPD),  (b-d) leaf net 
photosynthesis (An), (e-g) leaf stomatal conductance (Gs), (h-j) leaf transpiration (E), and (k-m) leaf 
water potential (LWP) on July 18 in maize in 2018 before irrigation at the rainfed plot with late sowing 
date  (2018P1– red), rainfed plot with normal sowing date (2018P2 – black), and irrigated plot with 
normal sowing date (2018P3 – blue) (cf. Table 4.1). Measurement was carried out from shaded leaf 
(plus symbol) and two sunlit leaves (solid dots). Crop was irrigated at 2 PM, 3.20 PM, 4.45 PM for 
2018P3, 2018P2, and 2018P1, respectively (22 mm for each plot) (Fig. 4.1g-i). 
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After irrigation, increases for An, Gs, and E on July 19 were recorded (Fig. 4.6), as compared 

to the previous day despite higher VPD values. This illustrates the recovery of plant when 

PAW increases, particularly for the two rainfed plots (2018P1 and 2018P2). The decrease in 

leaf gas exchange was observed in the rainfed plot with late sowing date (2018P1) when VPD 

was highest (after 12 PM). However, this did not occur in the irrigated and rainfed plot with 

normal sowing date. Predawn LWP was essentially the same in all plots at approximately -0.45 

MPa. The lowest LWP did not fall below -2 MPa in three plots. 
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Figure 4.6: Diurnal course of (a) global radiation (Rs) and vapor pressure deficit (VPD),  (b-d) leaf net 
photosynthesis (An), (e-g) leaf stomatal conductance (Gs), (h-j) leaf transpiration (E), and (k-m) leaf 
water potential (LWP) on July 19 in maize in 2018 after irrigation at the rainfed plot with late sowing 
date  (2018P1– red), rainfed plot with normal sowing date (2018P2 – black), and irrigated plot with 
normal sowing date (2018P3 – blue) (cf. Table 4.1). Measurement was carried out from shaded leaf 
(plus symbol) and two sunlit leaves (solid dots).  
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4.3.1.2 Seasonal leaf gas exchange and water potential 

Further analysis of how the leaf gas exchange and LWP differed across levels of water supply 

are presented in Fig. 4.7 and Table 4.4. In 2016, net photosynthesis, Gs, E, and LWP of the 

sheltered plot (2016P1) were significantly lower as compared to the remaining plots (irrigated - 

2016P3 and rainfed - 2016P2) (Fig. 4.7a, 4.7d, 4.7g & 4.7j). There was no significant 

difference in leaf gas exchange and LWP in the rainfed (2016P2) and irrigated plot (2016P3) in 

winter wheat in 2016. In 2017, all measured variables were significantly lower in the rainfed 

plot (2017P1) compared to the irrigated plot (Fig. 4.7b, 4.7e, 4.7h & 4.7k). Compared to the 

other rainfed treatment (2017P2), 2017P1 showed significantly different Gs rates, but this was 

not true for An, E, and LWP. There were no significant difference between the late sowing 

rainfed (2018P1) and normal rainfed plot (2018P2). However, leaf gas exchange and LWP of 

these both plots were significantly lower than the irrigated plot in 2018 (Fig. 4.7c, 4.7f, 4.7i & 

4.7l). 
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Figure 4.7: Barplots of measurement data for each observation year and treatment: (a-b-c) net 
photosynthesis (An), (d-e-f) stomatal conductance to water vapor (Gs), (g-h-i) transpiration rate (E), and 
(j-k-l) leaf water potential (LWP). The left panel refers to winter wheat in 2016 at the sheltered plot 
(2016P1 – red), rainfed plot (2016P2 – black), and irrigated plot (2016P3 – blue). The middle panel 
refers to maize in 2017 at the two rainfed plots (2017P1 – red and 2017P2 – black), and irrigated plot 
(2017P3 – blue). The right panel refers to maize in 2018 at the rainfed plot with late sowing date 
2018P1– red, rainfed plot with normal sowing date (2018P2 – black) and irrigated plot with normal 
sowing date (2018P3 – blue) (cf. Table 4.1). Data from 2017 and 2018 only includes observations from 
sunlit leaves. Error bars indicate the standard deviation with the number of leaves n = 115, 79, and 177 
for 2016, 2017, and 2018, respectively. Small letters (a, b, and ab) indicate a significant difference 
between water treatments according to Tukey’s HSD test (p < 0.001). Treatments share the same letter 
mean that the difference between treatments are not significantly different (cf. Table 4.4).

(a) (c) (b) 

(d) (f) (e) 

(g) (i) (h) 

(j) (l) (k) 

2016 2017 2018 



113 

 

Table 4.4 Summary of leaf and canopy gas exchange, leaf water potential, and crop growth characteristics in different water treatments.  

 2016 - wheat 2017 - maize 2018 - maize 

2016P1 2016P2 2016P3 2017P1 2017P2 2017P3 2018P1 2018P2 2018P3 

An (µM m-2 s-1) 9.3(5.2)b 11.8 
(6.1)a 

12.0(7.4)a 10.3(6.2)a 11.9(7.3)a 12.9(7.6)a 10.9(6.5)a 9.7(7.4)a 15.6(7.2)b 

Gs (M m-2 s-1) 0.13(0.09)b 0.21(0.1)a 0.22(0.12)a 0.14(0.09)b 0.18(0.08)a 0.19(0.11)a 0.1(0.17)a 0.09(0.05)a 0.11(0.07)b 

E (mM m-2 s-1) 1.6(0.5)b 2.7(1.1)a 2.5(1.0)a 1.5(0.7)b 1.8(1.1)ab 2.1(1.0)a 1.2(0.9)a 1.2(0.9)a 2.0(1.1)b 

An/Gs (µM CO2 M-1 H2O) 86(55)a 79(41)a 74 (41)a 78(36)a 70(34)a 72(35)a 114(41)a 103(45)a 111(41)a 

An/E (mM CO2 M-1 H2O) 5.0(2.6)a 5.0(2.3)a 4.7(2)a 6.3(2.1)a 5.9(2.4)a 6.1(2.3)a 6.7(2.4)a 6.2(2.8)a 6.9(2.1)a 

Ci (M M-1) 229(102)b 247(81)a 254(84)a 221(59)b 220(63)ab 231(52)a 164(72)a 173(70)a 166(73)b 

LWP (MPa) -1.9(0.4)b -1.7(0.4)a -1.7(0.5)a -1.4(0.3)b -1.4(0.3)ab -1.2(0.27)a -1.6(0.5)a -1.6(0.5)a -1.3(0.5)b 

Canopy CO2 flux  
(µM m-2 s-1) 

12.2(5.7)b  16.7(10)a 18.3(12)a 9.05(6.4)b 10.1(8.2)b 20.3(11)a 12.5(8.9)b 13.8(9.7)b 34(17)a 

Cumulative transpiration 
(mm) 

55 144 132 117 145 216 101 126 281 

SPAD values 48.7(3.57) 48.2(3.53) 49.3(2.95) 25(8.70) 29.0(6.74) 37.5(8.45) 33.5(6.74) 34.8(6.07) 52.26(6.43) 

Plant height 
(cm) 68.2(5.25) 74.7(3.89) 73.3(3.45) 121.6(16.12) 119.8(19.12) 164.6(27.83) 125(10.74) 162.9(15.14) 165.1(16.84) 

Tiller (or plant) diameter 
(mm) 3.11(0.07) 3.52(0.19) 3.63(0.26) 15.2(0.49) 16.2(1.1) 16.5(0.53) 14.98(0.42) 19.59(0.63) 19.24(0.48) 

Tiller (or plant) density 
(m-2) 

375(13) 524(14) 580(7.46) 10.66 10.66 10.66 10.66 10.66 10.66 

LAI/tiller (or plant) density 
(m2) 

0.0046 0.0051 0.0049 0.2665 0.2579 0.3480 0.1918 0.2398 0.3678 

Total dry matter at harvest 
(g m-2) 

675(109) 1228(179) 1361(155) 1529(83) 1656(231) 1884(199) 580(198) 880(121) 2045(137) 

Grain yield at harvest 
(g m-2) 

265(45) 604(52) 628(31) - - - - - - 

Dry cob weight at harvest 
(g m-2) 

- - - 1113(63) 1153(179) 1300(133) 72(20) 261(65) 1234(61) 

Abbreviation: An: Net leaf photosynthesis, Gs: stomatal conductance, E: leaf transpiration, Ci: intercellular CO2 concentration, LWP: leaf water potential. 
Data for An, Gs, E, Ci, LWP, and canopy CO2 fluxes were from all measurements (see Figure 7 and Figure 9). Values in the brackets mean the 
standard deviation of all measurement points. Different small letters (a, b, and ab) indicate a significant difference between water treatments according 
to Tukey’s HSD test (p < 0.001). For winter wheat, the SPAD, plant height, tiller, and LAI of were measured on May 25, 2016. For maize in 2017, the 
SPAD, plant height, and LAI were measured on July 14, while stem diameter was measured on July 7. For maize in 2018, the SPAD, plant height, and 
LAI were measured on July 19, while stem diameter were measured on June 28. Grain yield was not available for maize due to the harvest of silage in 
2017 and 2018. Values in the brackets mean the standard deviation of sampling replicates. 
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4.3.2 Crop growth, canopy gas exchange, transpiration, and light use efficiency under 

different water treatments 

4.3.2.1 Crop growth 

The dynamic development of aboveground dry matter and leaf area index (LAI) for the different 

water regimes are presented in Figure 4.8. In 2016, the aboveground dry matter was initially 

similar across the water treatment levels. However, starting at the end of May, differences 

between treatments were measured which persisted until the end of the growing season. 

Drought stress in the sheltered plot substantially reduced the dry matter as compared to the 

irrigated and rainfed plot (Fig. 4.8a). The effect of water amount supplied was visible in the LAI 

by the end of April and persisted, relative to the irrigated treatment, until harvest, illustrating the 

effects of soil water deficit on LAI (Fig. 4.8d). The aboveground dry matter of three subplots in 

maize in 2017 was similar between the water supply levels before June 30, though the 

aboveground dry matter and LAI of the irrigated plot was higher than both rainfed plots 

throughout most of the growing season. Aboveground dry matter and LAI were similar in the two 

rainfed plots for the entire growing season (Fig. 4.8b & 4.8e). The deviation between treatments 

in terms of aboveground dry matter and LAI was much clearer and pronounced in 2018 as 

compared to 2017 (Fig. 4.8c & 4.8f). Aboveground dry matter and LAI of the irrigated plot were 

much larger than the rainfed plot with the same sowing date. Leaf area and dry matter were 

substantially smaller in the late sowing date rainfed plot. 
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Figure 4.8: Dynamics of (A-B-C) aboveground dry matter and (D-E-F) leaf area index (LAI) in different 
water treatments levels. The left panel refers to winter wheat in 2016 at the sheltered plot (2016P1 – red 
dots), rainfed plot (2016P2 – black dots), and irrigated plot (2016P3 – blue dots). The middle panel refers 
to maize in 2017 at the two rainfed plots (2017P1 – red dots and 2016P2 – black dots), and irrigated plot 
(2017P3 – blue dots). The right panel refers to maize in 2018 at the rainfed plot with late sowing date 
(2018P1– red dots), rainfed plot with normal sowing date (2018P2 – black dots) and irrigated plot with 
normal sowing date (2018P3 – blue) (cf. Table 4.1). Each point represents the average of two sampling 
replicates, except the last points at harvest (see section 4.2.3.3 and Table 4.4).  

Additional crop growth characteristics are presented in Table 4.4. Leaf greenness was largely 

similar between plots in 2016. However, water deficit in the sheltered plots resulted in 

considerably reduced plant height, number of tillers, and tiller diameters as compared to the 

non-sheltered plots. Thus, winter wheat reduced both number of tillers and leaf area. The leaf 

area index per tiller density was lower in sheltered plots as compared to unsheltered plots. Grain 

yield was highest in the irrigated and rainfed plots which were almost three times higher than in 

the sheltered plot. Leaf greenness and plant height of maize were remarkably lower in the 

rainfed plots than the irrigated plots in both years. Stem diameters were similar in the rainfed 

plots as compared to the irrigated plots in 2017 and 2018, except in the late sowing plot. With 

higher LAI and similar plant density, the LAI per plant density was higher in the irrigated plots 

than rainfed plots. 

4.3.2.2 Canopy CO2 fluxes and transpiration  

The average and maximum amounts of CO2 uptakes were considerably different among water 

treatments and between seasons (2017 and 2018) (Table 4.4 and Fig. 4.9). In 2016, the lowest 

(a) (c) (b) 

(d) (f) (e) 
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maximum flux was at the sheltered plot (2016P1) (15.3 µM m-2 s-1) (Fig. 4.9a) because of the 

reduction in the number of tillers and leaf area due to earlier senescence at around DOY 127 

and more pronounced at DOY 147. The highest daily maximum net CO2 fluxes were observed 

at the irrigated plot (2016P3) (42.5 µM m-2 s-1, Fig 4.9c), following by the rainfed plot (2016P2) 

(31.2 µM m-2 s-1). In 2017, the net CO2 flux in the irrigated plot was much higher than the 

remaining rainfed plots (Fig. 4.9d, 4.9e & 4.9f and Table 4.4). This pattern also is found in 2018. 

However, the highest daily maximum CO2 flux in the irrigated plot in 2018 (2018P3) was around 

63.7 µM m-2 s-1 while it is 41.1 µM m-2 s-1 in the irrigated plot in 2017 (2017P3). The CO2 flux in 

the rainfed plots in both years (2017 and 2018) was not significantly different (Table 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9: Daily cycles 
of instantaneous canopy 
CO2 gas fluxes: the top 
panel - winter wheat 
(2016) at the sheltered 
plot (2016P1), rainfed 
plot (2016P2), and 
irrigated plot (2016P3); 
the middle panel - 
maize (2017) at the two 
rainfed plots (2017P1 
and 2017P2), and 
irrigated plot (2017P3); 
and the bottom panel - 
maize (2018) at the 
rainfed plot with late 
sowing date (2018P1), 
rainfed plot with normal 
sowing date (2018P2) 
and irrigated plot with 
normal sowing date 
(2018P3) (cf. Table 4.1). 
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The seasonal variability of crop transpiration as measured by sap flow sensors and expressed 

on per tiller (winter wheat) or per plant (maize) basis and per unit LAI are shown in Figure 4.10. 

Transpiration per tiller and per LAI of the sheltered plot were in general lower than for the rainfed 

and irrigated plots (Fig. 4.10a and 4.10b). Sap flow per tiller and LAI in the sheltered plot was 

increased during a couple of days in the second week of June with heavy rainfall. Sap flow per 

tiller of the rainfed plot was very similar to the irrigated plot in the last week of May. However, it 

was higher than the irrigated in the last two weeks of June (Fig. 4.10a) which is in contrast to 

sap flow per unit of LAI where it was lower than irrigated plot in this period. Both sap flow per 

plant and sap flow per unit of LAI were not much different among the three treatments in maize 

in 2017 (Fig. 4.10c and 4.10d). Sap flow in the irrigated plot was slightly higher than in the 

rainfed plots this year. Sap flow per plant from the irrigated plot in 2018 was considerably larger 

as compared to the irrigated plot in 2017. Mean sap flow per single plant in the irrigated plot was 

around 480 g d-1, while only 312 g d-1 was observed in 2017 (Fig. 4.10c). Contrary to 2017, sap 

flow per plant for the irrigated plot was considerably higher than sap flow per plant from the two 

rainfed plots, particularly from June 30 to August 9 in 2018 (Fig. 4.10e). The deviation of sap 

flow per unit LAI for the irrigated plot in 2018 and the two rainfed plots was less pronounced 

than the deviation of sap flow per plant (Fig. 4.10f). 
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Figure 4.10: Sap flow (SF) per tiller or plant (a-c-e) and SF per unit leaf area index (LAI) (b-d-f) in different 
water treatments levels. The top panel refers winter wheat in 2016 at the sheltered (2016P1 – red dots), 
rainfed (2016P2 – black dots), and irrigated plot (2016P3 – blue dots). The middle panel refers to maize 
in 2017 at the two rainfed plots (2017P1 – red dots and 2017P2 – black dots), and irrigated plot (2017P3 
– blue dots). The bottom panel refers to maize in 2018 at the rainfed plot with late sowing date (2018P1 – 
red dots), the rainfed plot with normal sowing date (2018P2 – black dots), and the irrigated plot with 
normal sowing date (2018P3 – blue dots). Data is shown from May 24 to June 30, 2016 for winter wheat; 
from July 9 to September 12, 2017 and from June 30 to August 22, 2018 for maize. Error bars in (a-c-e) 
indicate the standard deviation of the sap flow measurements in the five different tillers (winter wheat) or 
five plants (maize). 

4.3.2.3 Light use efficiency  

The slope of fitting functions between daily CO2 fluxes and aboveground dry matter over the 

intercepted PAR (PARint) are shown in Fig. 4.11. The light use efficiency was slightly different if 

(a) 

(e) 

(c) 

(b) 

(f) 

(d) 
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being calculated based on daily CO2 fluxes or aboveground dry matter (Table 4.5), particularly 

for the rainfed plot (2017P1) and the rainfed plot with the late sowing date in 2018 (2018P2). 

The LUEs in general were remained high in the stress plots in two crops. The LUEs from the 

irrigated plots were higher than those in the remaining plots, especially in maize.  

 

 

Figure 4.11: Daily CO2 fluxes fitted against daily intercepted PAR (PARint) (a-b-c) and aboveground dry 
matter fitted against cumulated intercepted PAR (CumPARint) (d-e-f) to derive LUE (see Table 4.5). The 
left panel refers to winter wheat in 2016 at the sheltered plot (2016P1 – red dots), rainfed plot (2016P2 – 
black dots), and irrigated plot (2016P3 – blue dots). The middle panel refers to maize in 2017 at the two 
rainfed plots (2017P1 – red dots and 2017P2 – black dots), and irrigated plot (2017P3 – blue dots). The 
right panel refers to maize in 2018 at the rainfed plot with late sowing date (2018P1– red dots), rainfed 

(a) (b) (c) 

(d) (e) (f) 
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plot with normal sowing date (2018P2 – black dots) and irrigated plot with normal sowing date (2018P3 – 
blue) (cf. Table 4.1). 

Table 4.5 Light use efficiency (LUE) of different water treatments in winter wheat (2016) and in maize 
(2017 and 2018) calculated based on daily CO2 fluxes (LUEFlux) and aboveground dry matter (LUEDM) 

Water treatments 
LUEFlux (g DM MJ-1) LUEDM (g DM MJ-1) 

Values  R2 Values  R2 

2016P1 2.548 0.79 2.212 0.96 

2016P2 2.986 0.58 2.777 0.98 

2016P3 3.078 0.51 3.184 0.99 

2017P1 2.140 0.63 2.796 0.98 

2017P2 2.070 0.58 3.086 0.92 

2017P3 3.241 0.73 3.932 0.96 

2018P1 2.765 0.54 1.766 0.92 

2018P2 2.359 0.52 2.322 0.94 

2018P3 4.050 0.73 3.831 0.98 

Leaf temperature did not differ among three water treatments in winter wheat in 2016 (Fig. 

4.12a) but maize showed differences (Fig. 4.12b & 4.12c). Temperature at the irrigated plot was 

up to 3-4 °C higher than for the rainfed plots in both years. Canopy temperature was generally 

higher than air temperature for both crops (Fig. 4.2). Canopy temperature in the sheltered plot 

deviated from those in non-sheltered plots in wheat from June 9th (Fig. 4.2a and Fig. 4.12d) 

when crop was starting with leaf senescence. In contrast to leaf temperatures, the canopy 

temperature in maize under rainfed conditions was 1-2 °C higher than the under irrigation. 
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Figure 4.12: Daily maximum leaf temperature (LeafT) (a-b-c) and canopy temperature (CaT) (d-e-f) in the 
day with leaf gas exchange and LWP measurements. The left panel refers to winter wheat in 2016 at the 
sheltered plot (2016P1 – red dots), rainfed plot (2016P2 – black dots), and irrigated plot (2016P3 – blue 
dots). The middle panel refers to maize in 2017 at the two rainfed plots (2017P1 – red dots and 2016P2 – 
black dots), and irrigated plot (2017P3 – blue dots). The right panel refers to maize in 2018 at the rainfed 
plot with late sowing date (2018P1– red dots), rainfed plot with normal sowing date (2018P2 – black dots) 
and irrigated plot with normal sowing date (2018P3 – blue) (cf. Table 4.1). The y axes start from 15 °C. 

4.4 Discussion 

4.4.1 Stomatal conductance and leaf water potential of winter wheat and maize 

4.4.1.1 Winter wheat 

The lower leaf gas exchange and LWP in the sheltered plot as compared to the rainfed and 

irrigated plots indicated that soil water levels strongly affected stomatal conductance, 

photosynthesis, transpiration and LWP in winter wheat. A more negative LWP in wheat under 

water stress as compared to non-stress conditions have been observed in several studies 

(Singh and Kumar, 1979; Turner and Henson, 1989; Brisson and Casals, 2005) and are 

consistent with our observations of pronounced LWP differences among water regimes. Wheat 

is a crop with known anisohydric stomatal regulation when grown in pots (Henson et al, 1989; 

Tardieu and Simonnaeu, 1998). However, detailed field-based reports and data showing the 

anisohydric behavior of winter wheat are rare. Observed differences of stomatal conductance 

and LWP among the irrigated, rainfed, and sheltered plots (i.e. May 25 and 26, Fig. 4.3) were 

similar to the observation in sunflower (anisohydric) in Tardieu and Simonneau, (1998). This 

suggests that, also under field conditions, winter wheat exhibits anisohydric stomatal behavior. 

However, the difference in midday LWP among water treatment levels in our study (i.e. May 25 

and 26, Fig. 4.3) was not as large as reported for sunflower (Tardieu and Simonneau, 1998). 

(a) (b) (c) 

(e) (f) (d) 
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These authors did not find a response of stomata to VPD in well-watered sunflower under field 

conditions in their study. However, it should be noted that there were only two irrigation 

applications in the irrigated plot for our study in 2016. The observed decrease of stomatal 

conductance during the afternoon in the irrigated plots on that day could be due to the combined 

effects of VPD and mild water stress in the irrigated plot as it contained a high stone content, 

and low available water capacity (Fig. 4.3). LWP levels on these two days (May 25 and 26) 

reflect the difference in PAW between treatments. A hydropassive stomatal closure in wheat is 

as a result of direct loss of water through evaporation due to increasing atmospheric demand 

(VPD). Moreover, the deficit of soil moisture triggers chemical production in dehydrated root (i.e. 

abscisic acid) such that root signaling induces hydroactive stomatal closure in anisohydric plants 

(Davies and Zhang, 1991; Tardieu and Simonneau, 1998). 

4.4.1.2 Maize  

Maize is known to typically maintain LWP in response to decreasing soil water potential and 

increasing VPD at levels similar to well-watered plants (Tardieu and Simonneau, 1998). In our 

work, LWP plateaued from 10 AM to 4 PM with minimal differences among water treatment 

levels (Fig. 4.4). The LWP plateau corresponds with the low Gs. Predawn LWP differed among 

water treatments (July 17, Appendix 4d), however LWP was maintained around -2 MPa from 12 

to 4 PM during this day, as well. These results are consistent with the observations of maize 

from Tardieu and Simonneau (1998). Our field results confirm isohydric stomatal behavior of 

maize under field conditions.  

The seasonal response of stomatal conductance to different VPDs was reported in cowpea 

(Bates and Hall, 1981; Shackel and Hall, 1983), a plant with clear isohydric behavior. The leaf 

water potential from eucalyptus, a plant rather characterized as having anisohydric behavior, 

can  decrease to very low values and vary with the fluctuations of soil moisture whereas the 

difference between soil water potential and midday Ψleaf is maintained constant over a season 

which is defined as “isohydrodynamic” (Franks et al., 2007). Large variability of minimum LWP 

has been reported for maize genotypes. Leaf water potential can be limited at quite high values, 

for instance -0.8 MPa in some lines of maize, while values as low as -1.5 MPa have also been 

recorded (Welcker et al., 2011). Some drought-tolerant maize genotypes exhibited higher 

minimum LWP under soil water depletion than more sensitive ones, which is associated with 

their ability to avoid xylem embolism and hydraulic failure (Cochard, 2002; Tyree et al., 1986; Li 

et al., 2009) Note that the constant LWP level (around -1.8 MPa) under different soil water 

regimes reported in Tardieu and Simonneau (1998) and Tardieu et al., (2017) that was 
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associated with high VPD values was based on observations from a single day. Measurements 

on LWPs and Gs for different days and growing seasons have been rarely reported for maize. 

The results of our study with two year of maize with contrasting evaporative demand and levels 

of soil moisture (Table 4.4; Fig. 4.4, Fig. 4.5, Fig. 4.6, Fig. 4.7, and Appendix 4c) reveals that 

maize appears to maintain its LWP around -1.6 to -2 MPa. Stomatal closure is complete 

between -1.6 and -2 MPa as was also reported by Cochard, (2002). In our study, the observed 

LWP was below -2 MPa for several days. Similar values were also reported by Li et al., (2002) 

for field-grown maize in semiarid conditions. In our study leaf water potential dropped below -2 

MPa in the rainfed plots to levels much lower than those observed in the irrigated plots in 2018. 

This could imply different degrees of isohydry in maize. However, any conclusions concerning 

contrasting minimum LWPs between 2017 and 2018 should not be overemphasized. Observed 

extremely low LWPs correspond with extremely low Gs and were further accompanied by 

complete leaf curling in both rainfed treatments in 2018 (Fig. 4.5) due to the extremely dry and 

hot weather and severe dry soil, in this record year of widespread crop yield failures due to 

drought across Germany (Webber et al., 2020).  

4.4.2 Gas exchange and crop growth and the relative roles of stomatal regulations 

and canopy adjustments under different water regimes 

4.4.2.1 Winter wheat 

Water stress strongly reduced canopy CO2 flux, transpiration, and crop growth in the sheltered 

plots. Winter wheat displayed different responses to water stress at the canopy scale. The 

reduction of tiller number and leaf area of wheat in response to drought stress has been 

reported by several authors, e.g. Musick and Dusek, (1980), Trillo and Fernández (2005), Innes 

et al., (1981) and Cai et al., (2018). These phenomena were also observed in our study (Table 

4.4). Reduced LAI (Fig. 4.8d) saves plant available water and postpones desiccation which 

enhances the ability of tissue hydration. The relatively high LUE at low PAW (Table 4.5 and Fig. 

4.1a) and higher canopy temperature (Fig. 4.12d) as compared to the non-sheltered plots is an 

indication of drought tolerance and processes of early canopy senescence (Fig. 4.8d) which can 

be explained as a drought escape mechanism (Chaves et al., 2003). Lower LWP and a greater 

sensitivity of tissue growth to depleted soil water relative to gas exchange has been reported for 

different crops (Sadras and Milroy, 1996). The reduction of leaf tissue growth is typically an early 

responses to limited soil water because it strongly depends on osmotic regulation and turgor 

pressure (Kramer and Boyer, 1995). The reduction of biomass and LAI in the sheltered plot 
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showed an earlier start of canopy senescence when soil moisture was depleted (Fig. 4.8a & 

4.8d). The induced leaf abscission in wheat is understood as a result of an increase in synthesis 

and responsiveness to ethylene (Wright, 1977).  

While the PAW was low from flowering until the end of growing season and air temperature and 

VPD were both higher (Fig. 4.2a), the LUE values calculated were not markedly lower from the 

sheltered plot as compared to the non-sheltered plots. The leaf temperature differences 

between the three water treatments was minor (Fig. 4.12a) while there were significant 

differences in Gs, E, and LWP (Fig. 4.8d, 4.8g, & 4.8j), indicating anisohydric control for winter 

wheat. Stomatal opening allows leaf transpiration that enhances leaf cooling effects while CO2 

uptakes occur. In contrast to leaf temperature, the canopy temperature at the sheltered plot was 

2-4 °C higher than those at the non-sheltered plots (Fig. 4.12d). The variability of canopy 

temperature within farmer fields with varying soil water was also reported in Kupisch et al., 

(2015). Our result demonstrates that there was an interaction between soil water supply and 

crop response which emphasizes that for wheat transpiration adjustments driven by reduced LAI 

are more important than the stomatal regulation under water stress. Transpiration rates per 

tillers and per LAI were relatively similar (Fig. 4.10a & 4.10b) while transpiration of the whole 

canopy (Nguyen et al., 2020a) and cumulative canopy transpiration (Table 4.5) showed 

considerable differences (due to the differences of tiller number and LAI). In the non-sheltered 

plots, higher LAI and tiller number resulted in higher canopy transpiration as compared to the 

sheltered plot which in turn led to different microclimatic patterns such as the resulting lower 

canopy temperature in these treatments. 

4.4.2.2 Maize 

Effects of soil water stress on maize have been investigated in numerous studies focusing on 

soil plant relations, stomatal regulations and associated eco-physiological mechanisms (see 

most work from Tardieu et al., 1998; Tardieu et al., 2017). Other studies have concentrated 

more on crop growth and gas exchange processes of old and modern hybrid cultivars (Nissanka 

et al., 1997), radiation use efficiency and yield loss if plants were exposed to water stress at 

different growing stages (Abrecht and Carberry, 1993; Earl and Davis, 2003; Çakir, 2004), 

combined effects of water and heat stress on leaf physiology and plant growth (Perdomo et al., 

2016) or on water and nitrogen stress effects on canopy gas exchange (Jones et al., 1986). 

Fewer studies directly compare observations of water stress effects on stomatal regulations and 

canopy exchange and on dynamic crop growth processes in the same analysis as presented in 

this study. 
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Drought resistance involves different mechanism such as the ability to maintain tissue hydration 

or to function while dehydrated as well as avoiding drought through adaptations of the plant life 

cycle. Each of these mechanisms was observed in our study for maize. Progressive stomatal 

closure led to a constant LWP at a certain threshold, thus, indicating an isohydric strategy to 

maintain a certain level of tissue hydration (Fig. 4.4, Fig. 4.5, Fig 4.6 and Appendix 4b & 4c). 

Comparatively higher instrinsic WUEs (An/Gs) and instantanous WUEs (An/E) (Table 4.4) and 

high LUE (Table 4.5), associated with higher leaf temperatures (Fig. 4.12b & 4.12c), in the 

stress plots versus non-stressed plots illustrate the capacity of maize in photosynthesis 

functioning despite leaf dehydration. Leaf rolling was observed in both rainfed plots in the 

second week of June 2017 and from the beginning of June until the end of the growing period in 

2018, indicating a dehydration avoidance mechanism resulting from morphological adjustments. 

Leaf rolling is an effective mechanisms for delaying senescence (Richards et al., 2002; Aparicio-

Tejo and Boyer, 1983). Bullying-form cells which are located in the upper epidermis and 

hydrodermis cells under epidermis of leaf near the midrib and vascular bundles of leaves 

caused rolling in Gramineae species (Kadioglu and Terzi, 2007). When these cells shrink, they 

cause leave rolling but when they are turgid, the leaves are flat and more in parallel with soil 

surface. Interaction of plant hormone regulator such as abscisic acid (ABA) signaling from 

dehydrated root and hydraulic signal could account for mediating cell division and the change of 

leaf elongation of drought in maize (Salah and Tardieu, 1997).  

Soil water depletion causes stomal closure which can reduce water loss, but it also increases 

leaf termperature that consequently leads to quicker leaf rolling (Jones, 1998). This contrasts 

with our result where higher leaf temperatures (up to +3-4 °C) were found in the irrigated plots, 

but not in the water stress plots (Fig. 4.12b & 4.12c). Changes in leaf temperature during leaf 

rolling differs among species (Kadioglu and Terzi, 2007). For example, leaf folding in Vigna 

unguiculata causes a reduction up to 5.5 °C (Schakel and Hall, 1979). Stomata are closed in 

completely rolled leaves, thus, leaf curling has a minor effects on total leaf conductance 

(Heckathorn and Delucia, 1991). However, leaf rolling reduces transpiration and strongly affects 

the energy balance due to lower intercepted incident irradiances which in turn causes lowering 

leaf temperature (Heckathorn and Delucia, 1991). Such differences have not always been 

observed, as an example Matthews et al. (1990) found no temperature differences in sorghum 

between plants with and without leaf rolling (Matthews et al., 1990). Further, our result 

constrasts with the findings from (Fernandez and Castrillo, 1999) in maize that the initiation of 

leaf rolling under pot-growing conditions is related with a higher leaf temperature. Higher leaf 

temperature in the irrigated plots in our work could be explained due to higher intercepted 
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radiation (Fig. 4.11b, 4.11c, 4.11e & 4.11f) that can increase heat of the leaf while stomata 

mostly close under isohydric strategy.  

The lower temperature at the leaf level did not result in lower canopy temperature in maize at 

the rainfed plots as compared to the irrigated plots (Fig. 4.12e & 4.12f). The difference in canopy 

temperature was not as large as the difference in leaf temperature, illustrating effects of canopy 

structure on the microclimate of vegetation canopies. Canopy temperature for the rainfed plots 

was slightly higher than for the irrigated ones as expected. This corresponds with differences in 

canopy transpiration (Fig. 4.10c & 4.10e) while the deviations of transpiration per unit of LAI 

(Fig. 4.10d & 4.10f) was not pronounced at canopy level. This emphasizes the importance of LAI 

and transpiration adjustments per ground area together with the isohydric stomatal regulation in 

maize in response to water stress. Maize is a widely-spaced crop, such that each plant acts as 

“stand-alone” canopy. Increase of canopy temperature in the rainfed plots could potentially be 

explained by the progressively increased degree of stomatal closure which resulted in lower 

canopy transpiration. Also, the reduction of LAI due to leaf rolling and crop size (height and 

diameter) of single maize plants (Table 4.4) led to larger exposure of the soil surface to radiation 

because of sparse canopy (Reicosky et al., 1980). Leaf rolling allows the light to penetrate into 

the lower layers of the canopy. An increase of the heat within the canopy (resulting in lower 

temperatures of shaded leaves in the irrigated than in the rainfed plots (data not shown)) could 

surpass the heat reduction from less intercepted light due to leaf rolling, which consequently 

results in higher canopy temperatures in the rainfed plots.  

Isohydric responses are hypothesized to lead to reduced photosynthesis rates due to their 

pronounced stomatal control. However, contradicting results on the photosynthesic capacity of 

plants with isohydric behavior have been reported for grapvines and trees (Sade et al., 2012; 

Attia et al., 2015; Poni et al., 2014; Roman et al., 2015; Pou et al., 2012). In our study, stomatal 

closure in maize was associated with sigificantly lower intercellular CO2 concentration (Table 

4.4). Leaf greenness (as proxy of chlorophyll content and availability of Rubisco enzymes) was 

reduced in the water stress plots. However, instrinsic WUEs (An/Gs) and instantaneous WUEs 

(An/E) (Table 4.4) did not differ among treatments while LUEs was relatively high in the rainfed 

plots (Table 4.5). Maize is a C4 plant having the Kranz bundle sheath cells surrounding xylem 

and phloem, where mesophyll cells surrounding the Kranz cells show large numbers of well-

developed chloroplasts (Keeley and Rundel, 2003). This particular arrangement of Kranz cells 

around the vascular bundles within a leaf facilitates high CO2 concentration at bundle sheath cell 

that could suppress oxygenase of Rubisco. Moreover, in maize, a special CO2 acceptor which 

has higher affinity to CO2 that could minimize the photorespiration (von Caemmerer, 2000). 
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These physiological advantages of photosynthetic system in maize (Ghannoum, 2009) could 

explain the overall high LUEs even though lower internal CO2 levels and more negative LWPs 

(from -1.6 to -2 MPa) were observed under water stress (i.e. 2018). The light use efficiency in 

the rainfed plots were lower than in the irrigated plot which is due to the reduction of LAI and 

intercepted PAR (Fig. 4.8e & 4.8f and Fig. 4.11b, 4.11c, 4.11e & 4.11f). This is consistent with 

the work from Baldocchi (1994), where incremental increases in LAI enhanced maize's ability to 

absorb photosynthetic active radiation and enlarged the crop's sink strength for CO2. Vitale et 

al., (2007) also reported that reduced net ecosystem photosynthesis under water stress in maize 

was not attributed to photodamage of the photosynthesis apparatus, but rather to limited LAI 

development.  

4.4.3 Limitation of the study 

Our study presented the measured gas fluxes data from leaf to canopy and crop growth for 

winter wheat and maize under different water regimes. To the best of our knowledge, such data 

and comprehensive measurements have rarely been reported together in a comparative 

analysis. However, we acknowledge a lack of field replicates for the water treatments which is 

related to the use of complex and expensive construction of underground rhizotrone facilities at 

our site (see Nguyen et al., 2020 for further details). The limited size of the subplots did not 

allow for an extensive sampling of aboveground dry matter and destructive LAI measurements 

which in some instances causes high standard deviations due to small-scale soil heterogeneity 

even within the subplots. The spatial variability of stomatal reactions over leaves, plants, and the 

crop stand levels can be large (Rochette et al., 1991). The variability of stem growth and stem-

stem variability of sap flux can result in a large variation of crop transpiration in winter wheat 

(Langensiepen et al., 2014). However, these measurement issues did not affect the relative 

differences between dates, treatments, crops and years shown in this study. 

4.5 Conclusion 

In this study, we evaluated the response of winter wheat and maize to variable water supply at 

the leaf and the canopy scale by investigating leaf stomatal and canopy morphological 

characteristics. For both crops drought stress strongly reduced the gas exchange and water 

status of leaves as well as the crop growth. Winter wheat showed anisohydric stomatal 

regulation. Despite significant reductions of the leaf water potential (LWP) and stomatal 

conductance (Gs) at the leaf level, we found a relatively high light use efficiency (LUE) under 

drought stress. A reduction of leaf area and tiller number as desiccant tolerance thus has a more 
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important role than stomatal regulation for wheat canopy gas exchange and crop growth. Maize 

displayed isohydric stomatal behavior and maintained a minimum LWP around -1.6 to -2 MPa. 

Total effects of the more aggressive stomatal regulation on canopy gas exchange and LUE were 

however modulated by the canopy structure (i.e. the variable response of sunlit and shaded 

leaves), and prominent leaf rolling/plant size adjustments. The isohydric stomatal regulation in 

maize is not necessary resulting in limitation of the photosynthesis capacity under water stress 

due to the special leaf anatomy and physiological advantages of the photosynthesis system 

which apparently overrules the role of stomatal control of water loss. 

The inclusion of such stomatal regulations in the soil-vegetation-atmospheric models (SVAT) 

and land surface model schemes (Verhoef and Egea, 2014), as well as soil-plant models 

(Tardieu et al., 2015) has received a lot of attention. To consider stomatal functions, one 

approach is to use minimum LWP as proxy of stomatal regulation that can be sufficient in 

modelling applications (Tardieu et al., 2017; Couvreur et al., 2012; Huber et al., 2014; Cai et al., 

2018; Nguyen et al., 2020; Tuzet et al., 2003; Olioso et al., 1996). The critical LWP thresholds in 

these studies were from -1.2 to -2.9 MPa depending on crop types and the used water stress 

functions on stomatal conductance models. The minimum of LWP from -1.6 to -2 MPa for winter 

wheat and maize with very low stomatal conductance from our study could add the reference 

basis for these modeling approaches. However, clarity about distinct anisohydric and isohydric 

behavior and possible continuum is still challenged by experimental evidences on variable LWP 

thresholds for different cultivars of the same species (Welcker et al., 2011; Schultz, 2003; 

Coupel-Ledru et al., 2014; Schoppach et al., 2016; Hochberg et al., 2013; Hochberg et al., 2018) 

as also confirmed in this study. The underlying mechanisms for this possible continuum for 

stomatal behaviors of the two crops in this study are still unclear and require further research. 

Further, results from this study show that SVAT models and process-based crop simulation 

models should focus not only on simulating stomatal regulations to capture the response to 

drought stress, but also require adequate representations of leaf and canopy growth as well as 

morphological adjustments affecting the energy balance. 
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5 Chapter: General discussion and outlook 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 

 

5.1 General discussion  

This thesis is based on a comprehensive data set obtained using a unique experimental set-up. 

The CO2 and H2O gas fluxes were measured at soil, leaf, and canopy scales. The associated 

crop growth was observed and simulated for different soil types and water regimes and 

seasonally and annually contrasting weather conditions. The field trial and the complex 

measurement design did not only allow for a comprehensive studies of soil/water-plant relation 

processes but facilitated the parameterization and validation of improved crop modeling 

approaches.  

The first aim of this thesis was to understand responses of stomata, patterns of CO2 and H2O 

gas flux exchange, and crop growth to varying soil water status through combined modelling 

studies and field experiments. The second aim was to improve the simulation of CO2 and H2O 

gas fluxes and crop growth (biomass, LAI, root growth) by implementing equations for a more 

detailed simulation of eco-physiological stomatal responses, physically based soil water flux 

simulation, and soil hydraulic properties in an existing crop model. To achieve these two main 

aims, in Chapter 2, data collected for winter wheat in 2016 was used. The existing crop model 

was coupled with the Couvreur RWU model and a physically based WB model, thereby allowing 

for representing whole plant hydraulic conductance and leaf water potential for simulating crop 

stomatal conductance. This was possible for both, isohydric and anisohydric stomatal 

responses. A comparative study was then performed between this new coupled modeling 

approach and the coupled modeling approach that is based on the Feddes RWU model where 

plant hydraulic conductance is not considered. In addition, for the new coupled model, the 

sensitivity of biomass and root water uptake to the changes of important soil-plant related 

parameters (critical leaf water head threshold, root hydraulic parameter, and specific root 

weights) was investigated. Chapter 3 described the extension and application of both coupled 

modeling approaches for maize, thus for a plant with isohydric stomatal regulation and C4 

photosynthesis pathway, using data from 2017 and 2018. In the Chapter 4, all measured data of 

leaf water potential, gas fluxes (photosynthesis and transpiration), temperature from leaf and 

canopy levels, and crop growth (aboveground dry biomass, LAI, plant height etc.) from stony soil 

in 2016, 2017, and 2018 were presented and analyzed together with soil water status. This 

Chapter disentangled the stomatal strategies for winter wheat and maize, the relative roles of 

stomatal regulations and longer-term adjustment (leaf growth) to gas exchange and crop growth 

among different water treatments. In this final chapter, I firstly discuss to which extent the new 

coupled model, that allows for consideration of both isohydric and anisohydric stomatal 



131 

 

behavior, improves the model performance in simulating CO2 and H2O gas fluxes and crop 

growth for maize and wheat. Secondly, an integrated discussion of how the results from field 

measurements (Chapter 4) compare with the insights from the modelling studies (Chapter 2 and 

3) and on the importance to consider and distinguish between isohydric and anisohydric 

responses is provided. Finally, the limitations of the study and scientific gaps which have not 

been covered by this thesis will be discussed. This leads to suggestions for further research and 

outlooks in the future.  

5.1.1 Model performance in winter wheat and maize 

5.1.1.1 Root water uptake, transpiration reduction, and soil water content 

The simulated RWU from the coupled model which considered plant hydraulic conductance and 

leaf water hydraulic threshold (Couvreur RWU), were relatively similar to those predicted by the 

coupled model using the Feddes approach in simulations for winter wheat (Chapter 2, Section 

2.3.1.2, Table 2.1). These findings were in line with results of Cai et al., (2018) and Cai et al., 

(2017) on winter wheat grown in the same field. However, a more pronounced and earlier 

reduction in transpiration rates and biomass growth was predicted by the Feddes model for the 

irrigated and rainfed plots in silty soil with high soil water availability (compared to stony soil) in 

comparison to the results from the Couvreur model. This result contrasts to simulation work by 

Cai et al., (2018) and Cai et al., (2017), which found no reduction in transpiration in the silty soil 

when using the Feddes approach. Our results indicated that using the single parameter set in 

the Feddes RWU method for both soil types to adapt the water stress function following potential 

transpiration might not work for all treatments and soil types in winter wheat. Cai et al., (2018) 

and Vandoorne et al., (2012) suggested adjusting the parameters for the Feddes RWU model 

when applying this method for heterogeneous soils and crop types. For the Couvreur RWU 

model, however, we successfully used a single set of the initial parameter of Krs,normalized for all 

soil types and water treatments. This suggests that the Couvreur model could represent the 

effects of soil heterogeneity on root and shoot growth without the need for adapting parameters. 

With regard to simulated SWC, the coupled model with the Couvreur approach was able to 

simulate both dynamics and magnitude of SWC in different soil depths and for different water 

treatments (Chapter 2, section 2.3.1.2, Fig. 2.8, and Appendix 2G). The SWC simulated by the 

Couvreur model was almost similar to that simulated by the Feddes approach for winter wheat. 

Both models underestimated water contents in deeper soil layers during the late growing season 

(i.e., in depths of 80 and 120 cm) (Fig. 2.8). This could be due to the free drainage bottom 
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boundary condition in the HILLFLOW water balance model, which implies that the water can 

only leave the soil profile but no water can flow in it. This is in line with findings from Sulis et al., 

(2019) using terrestrial systems simulation with the inclusion of hydraulic architecture approach 

which was carried out for winter wheat in the same field site. Capillary rise in the soil can keep 

the lower layers relatively wet (Vanderborght et al., 2010). The shallower water table and 

seasonal variability of the groundwater table strongly affect soil water content in the silty soil 

(Groh et al., 2020a; Groh et al., 2020b; Klotzsche et al., 2019; Cai et al., 2017). The soil was 

hardly dried out in the lower rhizotrone (Klotzsche et al., 2019; Cai et al., 2017; Cai et al., 2018). 

In our simulation, the use of a soil depth of 1.5 m may not be deep enough to capture this effect. 

The larger RWU simulated by the Couvreur model than by the Feddes model in the silty soil in 

May resulted in slightly lower simulated water contents by the Couvreur model. However, the 

differences in simulated water contents by the two models were much smaller than the 

deviations from the observed water contents. 

Chapter 3 described the application of the two coupled models on maize for stony soil conditions 

in 2017 and 2018. Both models performed similar in simulating RWU and SWC across seasons 

and treatments. Simulated variation of RWU and SWC in the irrigated and rainfed plots in the 

stony soil in 2017 and the irrigated plot in 2018 agreed well with field observations when soil 

water was sufficient, either due to irrigation or adequate rainfall amounts (Chapter 3, Section 

3.3.3.3, Fig. 3.9d and 3.9d). However, both models overestimated RWU from DAS 52 to 70 at 

the drought stress plots in 2018 (early growing season), while they predicted RWU throughout 

the remaining observation period rather well. The overestimation was consistent with the 

overestimated topsoil layer SWC during this period (Fig. 3.10b and 3.10d). This illustrates the 

challenge for representing the three-dimensional heterogeneity of the soil substrate within the 

observation plots using a single set of soil characteristics (Cai et al., 2021; Herbrich et al., 2018). 

These difficulties in the soil parametrization could explain the deviations of simulated RWU and 

SWC from field observations. 

Chapter 3 further highlighted the less accurate estimates in transpiration reduction by the 

Couvreur model for early growing stage regardless of water treatments and years (from sowing 

to DAS 45) (Fig 3.5c and Fig. 3.8) compared with the Feddes model. However, by considering 

the increase in Kplant starting from DAS 45 until harvest led to a more realistic simulation of the 

transpiration reduction by the Couvreur model as compared to the Feddes approach. The 

sensitivity analysis showed that the increase in Kinit, normalized could improve the simulation of 

transpiration reduction in the earlier growth stages. However, the increase of Kinit, normalized 

resulted in too high Kplant values for later growing stages, consequently causing an 
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underestimation of simulated water stress in the Couvreur model. The Couvreur model used the 

root length and root segment conductance for estimating total root system conductance and 

Kplant. The Feddes model did not represent this feature, thus, was not sensitive to estimates of 

total root conductance. In case few data for an accurate parametrization are available (i.e. root 

growth data and Kintial, normalized) for maize, the Couvreur approach might lead to a higher bias in 

simulating water stress, and thus crop biomass and LAI growth. 

5.1.1.2 Leaf water hydraulic head, gross assimilation rate, and stomatal conductance 

Chapter 2 described the capacity of the Couvreur model in simulating the gross CO2 

assimilation rate for winter wheat (Fig. 2.7). The model was able to simulate the effect of water 

stress on the reduction of assimilation (DOY 147 on the sheltered plot in the upper field, Fig. 

2.9) when Ψleaf reaches to Ψthreshold = -2 MPa. Since the evaporative demand was not high with a 

noon vapor pressure deficit (VPD) around 1.2 kPa, the sharp drop of photosynthesis around 

midday in our study was associated with a plateau of Ψleaf under water stress (Fig. 2.9e). This 

diurnal variation in assimilation was not captured using the Feddes model although a similar 

type of water stress function was employed (as Tact/Tpot). The simulation result indicated that the 

effects of declined soil water and leaf water pressure head on photosynthesis were captured 

through using the critical leaf water pressure head threshold. The pattern of diurnal 

photosynthesis in our simulation was similar to the modeling results from Olioso et al., (1996) for 

soybean. With regard to the sheltered plot located in the lower field with loamy soils, on DOY 

147 (Fig. 2.9j), the Feddes model agreed with the observation data. In contrast, there was a 

considerable underestimation of gross assimilation during this day by the coupled model that 

used the Couvreur approach, thus, with the inclusion of plant hydraulic and stomatal regulation 

dynamics. This was due to the underestimation in simulated Ψleaf. The simulated Ψleaf dropped 

to the Ψthreshold even though the measured Ψleaf did not. Underestimated root growth (Fig. 2.4) 

and soil water content (Fig. 2.8) in the deeper soil layers in this sheltered plot caused the lower 

estimated soil root leaf water potential (Ψsr), Krs, and Kplant. These consequently resulted in much 

lower calculated Ψleaf. This revealed that the performance of the coupled model with the 

Couvreur approach is strongly dependent on realistic estimates of the soil to root water pressure 

head which, in turn, is a result of simulations of root growth and soil water pressure head. Thus, 

in this case the more mechanistic model like Couvreur model led to higher uncertainty in 

simulation results. This illustrates that crop models are optimized for simulating aboveground 

processes (Tao et al., 2020; Boote et al., 2013) and still have deficiencies in representing 

belowground processes (Maurel and Nacry, 2020; Boote et al., 2013; Gayler et al., 2013). 
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However, that might change if the observation data of root length density and root biomass is 

available for root modeling parameterization (Gayler et al., 2013). 

Inclusion of C4 photosynthesis (Chapter 3, Section 3.3, Fig. 3.2) in both Couvreur and Feddes 

models allowed to simulate gross photosynthesis rates in maize (Section, Fig. 3.6, Appendix 3E, 

and Table 3.4). The considerable soil water depletion and extremely hot weather (high VPD and 

temperature) in 2018 caused more negative Ψc and a strong reduction of stomatal conductance, 

RWU, and photosynthesis (i.e DAS 70 and 86 in the rainfed plot with normal sowing date in 

2018 (2018F1P2) (Appendix 3H) and late sowing date plot (and 2018F1P1, data not shown). 

Advancement of land surface model through considering plant hydraulic conductance has 

received a lot of attention in recent years (Li et al., 2021; Kennedy et al., 2019; Sulit et al., 2019; 

Roman et al., 2015). Recent work from Li et al (2021) has included plant hydraulic conductance 

to NOAH-MP land surface model which has been tested for trees (i.e. oark). Sulis et al., (2019) 

introduced the Courveur model into Community land surface model (CLM 4.0) and validated for 

winter wheat. In our work, the Co model captured the asymmetrical patterns of gross 

assimilation rate and RUW when simulated leaf water potential was lower than critical leaf water 

potential threshold that was consistent to the reports from Tuzets et al., (2003) and Li et al., 

(2020). The Couvreur model was able to capture leaf water hydraulic head, stomatal 

conductance, and photosynthesis under water stress and non-stress (after irrigation) by using 

the Ψthreshold = -2 MPa for maize (Appendix 3H and 3I). The Co model in our work represented 

the reported leaf water potential in maize (around -1.6 to -2 MPa). Kennedy et al., (2019) 

introduced the plant hydraulic system into Community Land Surface model (CLM version 5.0). 

However, the stem-to-leaf resistance was not fully considered in this model which 

underestimated isohydricity (i.e. minimum leaf water potential dropped to -2.5 MPa during 

drought). The different levels of water deficit created by rainout shelters in winter wheat in 2016 

and especially the 2018 growing season were representative years for drought periods. These 

drought stress condition might be expected under predicted climate change scenarios. The 

coupled models (Co and Fe) considering the two-way feedback overall performed well for both 

winter wheat and maize in our thesis.  

5.1.1.3 Aboveground biomass, leaf area index, and root growth 

The dynamic growth of biomass and leaf area index in winter wheat was simulated well by the 

newly coupled model for plots located in the lower field while the model underestimated biomass 

in the upper field, characterized by stony soil (this was also found if using the Feddes approach) 
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(Chapter 2, Section 2.3.1.1, Fig. 2.3, and Table 2.1). This result indicates that there are some 

environmental factors influencing crop growth that could not be captured in our model. The 

effects of soil strength and lower soil temperature on crop development in the stony field were 

not captured by the model. For maize, both coupled Co and Fe models simulated satisfactorily 

the biomass and LAI growth for different water treatments and two contrasting growing seasons 

(2017 and 2018) (Chapter 3, Fig. 3.4, Fig. 3.7). Both models had relatively similar performance 

in simulating biomass and LAI (Chapter 3, and Table 3.4). The inaccurate estimate of the 

transpiration reduction by the Courveur model in the earlier growth stages was consistent with 

the lower biomass and LAI as compared to the Feddes model. Also, the accurate prediction of 

water stress in the later growing season led to better simulation in biomass and LAI in the 

Couvreur model. 

Under drought conditions, an increase in rooting depth and root length facilitates the access to 

water from deeper soil layer and has direct effects on biomass accumulation in winter wheat 

(Manschadi et al., 2006) in maize (Zhang et al., 2015). The model underestimated drought-

induced root growth, particularly at deeper soil layers in the lower field for winter wheat (Chapter 

2, Fig. 2.4). Combined with the sensitivity of the Couvreur model to the simulation of total root 

length (thus total root hydraulic system) this led to an inadequate estimate of water stress during 

the growing season, thus, simulation errors could be attributed to the root growth model 

(Chapter 2, Fig. 2.5). When soil water was depleted, the change of root: shoot ratio (more 

biomass for root development) is a sign that roots grew deeper to facilitate an water uptake from 

deeper soil layers (Peng et al., 2020; Cai et al., 2018; Raynolds et al., 2007; Jamieson et al., 

1998) and, thus, an increased crop WUE (Yang et al., 2019; Lynch, 2013; Walter and Schurr, 

2005). A fixed root-shoot ratio in simulation models, e.g., based on the use of partitioning tables 

for a given growth period as well as the simulation of root growth as a purely source-driven 

process (supply from assimilates) (Goudriaan and Van Laar, 1994), may not allow for capturing 

the shift in the carbon allocation to roots (for more root growth) in response to water stress. 

However, observed imaged root data from rhizotubes (Chapter 2, Fig. 2.4, and Appendix 2F) 

that was used for deriving the absolute root length density might have potential errors and 

uncertainties (Morandage et al., 2021; Cai et al., 2018).  

5.1.1.4 Plant hydraulic conductance 

The coupled model with the Couvreur RWU model approach explicitly calculated Krs based on 

the root segment of the individual root. The Krs was then extrapolated to estimate Kplant. The 
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calculated Kplant was in the range of the Kplant which was estimated from sap flow, leaf water 

potential, and soil to root water potential for winter wheat (1.5 10-5 to 11.2 10-5 d-1 from all plots) 

(Chapter 2, Section 2.3.1.3, and Fig. 2.10). The Kplant was highest at 1 week around anthesis 

then gradually reduced at the end of the growing season due to root aging and death. Our 

results were in line with the reported Kplant values (between 5.7 x 10-5 d-1 and 20 x 10-5 d-1) for 

ryegrass (Feddes and Raats, 2004). Our estimated Kplant was consistent in both magnitude and 

temporal dynamic of Krs in studies from Cai et al., (2017) and Cai et al., (2018), which used 

inverse modeling while using data from the same winter wheat cultivar and soil types as in this 

study but based on a different observation period. Our measured and simulated Kplant was in line 

with the reported root conductance values in Meunier et al., (2018). 

The model simulations overestimated the total root length in the upper irrigated and rainfed field 

plots whereas the root densities in the lower rainfed and sheltered plots were underestimated 

(Appendix 2F). Nevertheless, despite these over- and underestimations of total root length, the 

simulated Kplants reproduced the measured ones in the different treatments quite well. For the 

sheltered plot of the lower field, based on the root density measurements (Fig. 2.4), one would 

expect to observe the highest Kplant of all treatments. However, this was not shown in the 

measurements. Also, based on the measured total root lengths, one would expect that Kplant of 

the sheltered plot in the upper field should be similar to Kplant in the other plots of the upper field. 

But, Kplant was clearly lower in the sheltered plot of the upper field than in the other treatments in 

the upper field. In the model simulations, the lower Kplant in the sheltered plots compared to the 

other plots in the same field locations was due to a lower simulated total root length. Since the 

differences in observed total root lengths were smaller (upper field) or even opposite (lower 

field) to the differences in simulated total root lengths, the smaller observed Kplant in the 

sheltered plots have probably causes that were not considered in the model. A potential 

candidate is the resistance to water flow from the soil to the root in the soil, which increases 

considerably when the soil dries out (Carminati and Javaux, 2020; Koebernick et al. 2018; 

Caminati et al., 2009), as was the case in the sheltered field plots. 

For maize, a further analysis of the simulated Kplant of the Couvreur model for this treatment 

before and after calibration was included in Appendix 3G. Reported values of Kplant are rare for 

maize, thus, their interpretation and discussion in a larger context is only possible to a limited 

extent. Sunita et al., (2014) reported measured Kplant values in the range of 6.9 x 10-5 d-1 to 

12.96 x 10-5 d-1 during the main growing season for pot-grown maize. Meunier et al., (2018) 

measured the different components of root hydraulic conductance (axial and radial) from 
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different root types in maize growing in containers, ranging from 0.1 x 10-5 to 5 x 10-5 d-1. 

Nguyen et al., (2020) and Cai et al., (2018) reported that Kplant of winter wheat can range from 

3.6 x 10-5 d-1 to 10 x 10-5 d-1 in the same field and the same soil type under irrigated conditions. 

Note that we used a fraction of 0.55 for upscaling of root hydraulic conductances to the plant 

level (Kplant) in the simulation. Our simulated Kplant was also in line with those reported ranges. 

The Couvreur model was able to capture the differences in Kplant among water regimes and 

weather conditions in maize. The adjustment of a root segment hydraulic conductance (Kinit, 

normalized) allows for realistic estimates of Kplant in maize, however, the simulated results has to be 

tested with the corresponding data (i.e. Kplant estimated from sap flow, root counts, and 

measured leaf hydraulic head, see Chapter 2 Fig. 2.10 in winter wheat). Closing the gap 

between physically based approaches used in hydrologic modes and empirical approaches in 

crop models more data on Kinit, normalized and Kplant for maize would be required. 

5.1.2 Distinction of isohydric and anisohyric stomatal behaviors in field observations 
and modeling studies 

A separation of iso-and anisohydric behaviors (constant and variable leaf water potential (Ψleaf), 

respectively) is generally suspected to be at the species level (Tardieu and Simonneau, 1998). 

In this thesis the distinction in daytime Ψleaf was observed among different water treatments 

(irrigated, rainfed, and sheltered plots) for stony soil soil conditions and on days with high 

evaporative demand of the atmosphere (DOY 146 and DOY 147) (Chapter 4, Section 4.3.1.2, 

and Fig. 4.3). Results confirmed the anisohydric stomatal regulation in winter wheat described 

by Tardieu and Simonneau (1998). For maize, the results of our study with two years with 

contrasting evaporative demand and levels of soil moisture (Chapter 4, Table 4.4, Fig. 4.4, Fig. 

4.5, Fig. 4.6, Fig. 4.7, and Appendix 4B and 4C) revealed that maize appears to maintain its 

Ψleaf around -1.6 to -2 MPa. In both crops, overall, stomatal conductance is very low when Ψ leaf 

was between -1.6 and -2 MPa. This illustrates that there was no clear separation in terms of 

Ψleaf between plants with isohydric and anisohydric behaviors in our work. Variable degrees of 

isohydry in stomatal control have been reported in other studies as well. The Eucalyptus 

gomphocephala, an eucalyptus plant that is commonly being characterized as having an 

anisohydric behavior, can downregulate evapotranspiration and stomatal conductance to very 

low values and dynamically adapt to the fluctuations of soil moisture whereas the difference 

between soil water pressure head and midday Ψleaf is maintained constant over a season 

stomatal regulation. This rather unusual behavior was therefore reported and classified as 

isohydrodynamic by Franks et al., (2007). There is also an ongoing discussion on the 

consequences of the results from studies illustrating that there is no clear separation between 
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isohydricity and anisohydricity in trees (Hochberg et al., 2018; Meinzer et al., 2014; Klein, 2014; 

Domec and Johnson, 2012; Sade et al., 2012; Franks et al., 2007) or in grape-vine (Levin et al., 

2019; Coupel-Ledru et al., 2014; Schultz, 2003), poplar (Zhang et al., 2020; Attia et al., 2015), 

and herbaceous species (Turner et al., 1984). Tree plants adjusted their water use across years 

demonstrating that there is interannual variability in isohydricity which was drived by their 

environmental dryness (Wu et al., 2021; Gou et al., 2020; Ratzmann et al., 2019). A like-

anisohydric behavior was observed under high evaporative demand but can change within 

species to a like-isohydric behavior under lower evaporative demand in grapevine (Rogiers et 

al., 2012; Zhang et al., 2012; Schulze, 2003).  

Chapter 2 for winter wheat and Chapter 3 for maize discussed model performances when 

representing corresponding isohydric and anisohydric behaviors. The Couvreur model with the 

same Ψthreshold of -2 MPa was able to simulate the CO2 and H2O gas flux exchange and crop 

growth for both crops. The coupled model developed within this thesis uses a stomatal 

regulation model which assumes that stomatal conductance is not influenced by Ψleaf as long as 

the Ψleaf is above Ψthreshold. The Ψleaf was kept constant by changing stomatal conductance 

(reducing) when the Ψthresholds were reached. In fact, this represents a perfectly isohydric system. 

The ambiguous separation between maize and winter wheat in terms of minimum Ψleaf shown in 

our field data explained why the Couvreur model performed fairly well for both crops despite 

using the same Ψthreshold (-2 MPa). Moreover, model sensitivity analyses for winter wheat 

(Chapter 2, Section 2.3.2, and Fig. 2.11) and maize (Chapter 3, Section 3.3.1, Fig. 3.3, 

Appendix 3H, and Appendix 3I), performed by changing the Ψthresholds, and indicated that using 

Ψthresholds higher than -1.5 MPa resulted in lower simulated biomass and RWU. The use of a 

higher Ψthreshold (above -1.5 MPa) caused earlier and more pronounced water stress which 

consequently reduced photosynthesis (Fig 3.3 and Appendix 3H and 3I). Our work showed that 

simulations with Ψthreshold = -2 MPa yielded better biomass and LAI predictions than the 

simulations with Ψthreshold = -1.5 MPa. In other studies, a Ψthreshold of -1.2 MPa has been set to 

represent an isohydric behavior, while the use of Ψthreshold of -1.9 and -2.6 MPa were found 

suitable for simulating an anisohydric behavior (Tuzet et al., 2003). However, it is worth noting 

that Tuzet et al., (2003) did not consider the effect of high relative humidity/VPD on the stomatal 

model, thus their simulated results are expected to differ from our results. The high atmospheric 

demand in the European drought year 2018 (i.e., high VPD and air temperature) caused much 

lower Ψleaf, photosynthesis, and stomatal conductance in the data presented in this thesis 

(Chapter 4, Section 4.3.1.2). Moreover, the work from Tuzet et al., (2003) has not been 

validated under field conditions, where plants are subjected to more severe water deficit and 
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high evaporative demand. Minimum Ψleaf thresholds ranging from -1.6 to -2 MPa for winter 

wheat and maize with very low stomatal conductance levels derived from field measurements 

and simulation results can be used as reference values in future modeling studies. Both, 

modeling studies and field observations, suggested that an isohydric and anisohydric behaviour 

can be captured by using single Ψthreshold (i.e. -2 MPa). However, this finding needs to be verified 

based on longer time series and under different environmental conditions. 

Improvement of simulations of gas fluxes and crop growth could be only successfully achieved 

when considering both stomatal regulations at leaf level and other relevant processes, 

especially (i) photosynthesis processes at the leaf level, (ii) leaf growth, (iii) root growth, and (iv) 

the accurate representation of soil water over the complete soil profile. Regarding point (i), in 

fact, Chapter 4 has shown that light use efficiency (LUE) in maize was not much affected in the 

drought stress plots (Section 4.3.2.3, Fig. 4.11 and Table 4.5) when the stomata were mostly 

closed due to isohydric stomatal control. The photosynthesic capacity was not limited although 

aggressive stomatal behavior was found for maize. This could be explained by a complex 

combination of both well-known biochemical and anatomical specializations of C4 plants, which 

result in an elevated CO2 concentration at the site of Rubisco (von Caemmerer et al., 2003). 

This special anatomical and biochemical arrangement added advantages for maize in terms of 

CO2 assimilation that overruled the role of stomatal functions. Both tested coupled modeling 

approaches were successfully extended to include the C4 photosynthesis pathway for simulating 

maize growth (Chapter 3). This included the simulation of the CO2 diffusive mechanisms from 

leaf surface to intercellular space cells, and bundle sheath cells. Thus, realistic simulations of 

leaf photosynthesis and stomatal conductance at the leaf scale and photosynthesis levels at the 

canopy scale were achieved. In other words, improving the simulation of CO2 and H2O gas flux 

exchanges at leaf and canopy levels, requires the consideration of both stomatal regulation 

strategies and biochemical photosynthesis processes. In terms of points (ii) and (iii), model 

results and field observations indicated that accurate simulations of dynamic leaf area index and 

root growth are very important in addition to the simulation of stomatal regulations, especially 

under water stress. Leaf area reduction and tiller number decrease in winter wheat and leaf 

rolling/ plant size adjustments in maize are crucial mechanisms to avoid drought stress which 

strongly influenced the canopy transpiration and photosynthesis, and LUE (Chapter 4, Section 

4.3.2.2, Fig. 4.9 and Fig. 4.10). An underestimation of root growth in deeper soil layers in the 

silty soil (Chapter 2, Section 3.1.1, Fig 2.4, and Appendix 2F) led to an underestimation of soil 

water fluxes and soil to root water potential (in the Couvreur model), and, in consequence, to an 

underestimation of photosynthesis, transpiration and leaf water potential in winter wheat. The 
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simulation of root growth and total root length over the different growing stages (earlier and later 

growing stages) also play crucial roles in simulating root hydraulic conductance and whole plant 

hydraulic conductance in maize in the case of the Couvreur model. The Couvreur model 

represents more detailed crop characteristics. However, it is sensitive to the output and 

accuracies of the root growth simulation (Chapter 2 and 3). The sensitivity of biomass and RWU 

to the change of root hydraulic conductance was higher than to the changes of Ψthreshold for both 

crops (Chapter 2, Figure 2.11 and Chapter 3, Fig. 3.3). In other words, the accurate simulation 

of root growth, total root hydraulic conductance, and thus whole plant hydraulic conductance 

was critical for the final performance of the Couvreur model. This was a common issue of soil-

plant models that based on hydraulic principles and root system hydraulic conductance (Maurel 

and Nacry, 2020; Sulis et al., 2019). A better integration of root functions and their relations to 

soil and growing stages in crop models would certainly aid improvements of crop growth and 

water use simulations (Maurel and Narcy 2020). Concerning the last point (iv), a realistic 

simulation of water fluxes requires the consideration of complex processes from soil to soil 

compartment, soil to root process, and water uptakes (representing sink terms like in the 

Couvreur and Feddes models). The small-scale three-dimensional heterogeneity of soil 

characteristics could affect simulations of the crop growth, soil water flux, and thus, compromise 

the performances of crop models (Chapter 2 and Chapter 3). Thus, finding representative values 

for characterizing soil hydraulic properties is still a major challenge when aiming for a realistic 

simulations of the processes involved in gas flux exchanges and crop growth at the plot scale 

(Cai et al., 2021; Xiong and Nadal, 2020; Moraes et al., 2019; Herbich et al., 2018). At the study 

site, dynamic changes in the groundwater table throughout the growing season can markedly 

affect water fluxes and crop growth (Groh et al., 2020a; Klotzsche et al., 2019; Cai et al., 2018; 

Cai et al., 2016; Vanderborght et al., 2010). The underestimated soil water content for the silty 

soil during winter wheat cultivation was therefore most likely only partly explained by errors in 

the root growth simulation but also by the strong influence of the groundwater table which could 

not be captured by the tested models.  

5.2 Limitations and Outlook 

5.2.1 Limitations of experimental designs and field measurements 

This thesis presented detailed measurements of gas fluxes (CO2 and H2O) at leaf and canopy 

scales and high resolution crop growth data for winter wheat and maize grown under contrasting 

water regimes and variable soil characteristics. Such comprehensive field-based flux and crop 

measurements, covering a wide range of water stress conditions, have rarely been reported and 
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used for modeling parameterization, calibration, and validation or for the development of model 

extensions. A lack of field replicates for the water treatments is acknowledged and can be 

explained by the use of complex and expensive underground rhizotrone facilities at our site (for 

further details referred to Nguyen et al., 2020). The limited size of the subplots did not allow for 

an extensive sampling of aboveground dry matter and destructive LAI measurements which in 

some instances causes high standard deviations due to small-scale soil heterogeneity even 

within the subplots although the measurements themselves are accurate. The spatial variability 

of stomatal reactions over leaves, plants, and crop stand levels can be large (Vilà-Guerau De 

Arellano et al., 2020; Rochette et al., 1991). The variability of stem growth and stem-stem 

variability of sap flux can result in a large variation of crop transpiration in winter wheat 

(Langensiepen et al., 2014). However, these measurement issues did not affect the relative 

differences between dates, treatments, crops, and years shown in this thesis. 

For the observations of the root development using horizontal rhizotubes, further investigations 

are required on how root counts (counts cm-2) or root length (cm cm-2) can be accurately 

translated for instance into root length densities (cm cm-3) that can be compared and validated 

the simulated root length density from the models (Morandage et al., 2021; Cai et al., 2018). 

Also, an offset and higher measured sap flow as compared to simulated RWU from both models 

in winter wheat (Chapter 2, Section 2.3.1.2, and Fig. 2.7) and maize (Chapter 3, Fig. 3.5a, 3.9a, 

and 3.10a, Appendix 3E) suggested that measurements of sap flow and data quality need to be 

further investigated and checked.  

5.2.2 Outlook for further understandings of plant-water (soil) relations  

Clarity about distinct anisohydric and isohydric behavior and possible continuum is still 

challenged by experimental evidence on variable LWP thresholds for different cultivars of the 

same species (Levin et al., 2020; Hochberg et al., 2018; Schoppach et al., 2016; Welcker et al., 

2011; Schultz, 2003; Coupel-Ledru et al., 2014; Hochberg et al., 2013). The underlying 

mechanisms for this possible continuum for stomatal behaviors of the two crops in this study are 

still unclear and require further research. 

5.2.3 Outlook for improvements of modeling of CO2 and H2O gas flux exchange and 
crop growth 

5.2.3.1 Representation of dynamic leaf growth 

Leaf area index (LAI) is an integrative measure of the carbon and water balance in plants 

because it describes the potential surface area available for leaf gas exchange (CO2 & H2O) 
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(Fang et al., 2019; Cowling and Field, 2003). Despite the importance of LAI simulation in 

simulating gas fluxes, it is still receiving less attention than work on improving the stomatal 

functions in the crop models and SVAT schemes (Park and Jeong, 2021; Ewert, 2004; Cowling 

and Field, 2003; Damour et al., 2011). Inadequate LAI could result in inaccurate estimates of 

intercepted radiation, and the energy balance, thus affects photosynthesis, potential 

evapotranspiration, and actual transpiration. This thesis focused on including more eco-

physiological characteristics of stomatal regulation and water fluxes in crop modeling routines. 

However, it was shown, that the reductions of leaf area and tiller number in winter wheat and 

leaf rolling maize observed in the measurement data (Chapter 4) and highlighted in the 

modeling studies (Chapter 2 and 3) play important roles in regulating CO2 & H2O gas fluxes and 

final biomass. Chapter 3 revealed how the LAI of maize was much more dynamic through leaf 

rolling when the plant is exposed to water stress, with leaf expansion causing a quick recovery 

after soil rewetting (Tardieu et al., 2018; Kramer and Boyer, 1995). Stomatal closure occurs in 

parallel with leaf curling and thus photosynthesis and transpiration are strongly reduced (Baret 

et al., 2018; Tardieu and Parent, 2017). Stomatal regulations and leaf rolling also determined 

the differences in canopy temperature (Fig 4.12). Leaf elongation and leaf width could change 

quickly after an increase in the soil water potential and vapor pressure deficit (Tardieu and 

Simonneau, 1998; Lacube et al., 2017). Curling of the upper leaves towards the midrib, as a 

clear indication of water stress in drought plots, was observed for maize in the European 

drought year 2018. Modeling of LAI still did not satisfactorily capture differences due to changes 

in soil type for winter wheat (Chapter 2) and due to annual growing season conditions for maize. 

Although tested coupled model approaches allowed to simulate water flux, photosynthesis, and 

stomatal conductance at hourly intervals, the leaf area simulation, implemented in the main crop 

growth module (LINTULCC), was still operated at a daily scale and thus could not capture leaf 

elasticity during the day. The coupled model applied the function of leaf weight and daily 

average temperature while the direct effect of diurnal changes in leaf and soil water variation 

was not included. A more realistic simulation of leaf growth via improved representations of 

assimilation allocation to leaf growth needs to be considered. A more complex approach for 

simulating the processes of leaf expansion in response to changes in leaf water and evaporative 

conditions within short time periods has successfully been introduced in some studies (Lacube 

et al., 2020; Lacube et al., 2017; Salah and Tardieu, 1997; Tardieu and Davies, 1993; Chenu et 

al., 2008). Further research to transfer this knowledge and modeling parameterization is 

required.  
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5.2.3.2 Representation of dynamic root growth 

Because roots provide an important basis to sustain water and nutrient flow for a plant, a reliable 

root growth simulation is crucial in soil-plant modeling schemes. Chapter 2 in this study showed 

that the root growth model might need to be improved in order to capture the root growth 

dynamics in the deeper soil layers (i.e., in silty soil). Chapter 3 illustrated the importance of 

accurate simulations of root hydraulic conductance in the earlier and later growing stages in the 

case of the coupled model using the Couvreur approach. Under drought, the root: shoot ratio is 

increased to devote more assimilate for root growth to lower soil layers (Du et al., 2020; Cai et 

al., 2018; Lynch, 2013). The opposed phenomenon might be observed, for instance water deficit 

inhibited RLD and root: shoot ratio at dry soil but specific root length and root surface increased 

with depths (Peng et al., 2019). To account for this dynamic root growth, a more dynamic (over 

time and soil depths) root response to water stress has been suggested in the Conclusion 

sections of Chapters 2 and 3. The sink-source relation between root and shoot should be 

improved based on the function of soil water. Coupling a 3D root growth model to crop models 

could enhance the simulation of root growth and root extension over different soil depths (Cho et 

al., 2018). A 3D functional-structural plant model of root and shoot driven by radiative transfer, 

photosynthesis, and soil hydraulics has been used to simulate effects of water limitation on plant 

biomass (Braghiere et al., 2020). However, the use of a 3D root growth model or both 3D shoot 

and root models might face complex parametrization, an increasingly large number of 

parameters, and high computational costs that are difficult to use at broader scales 

(Vanderborgth et al., 2021; Morandage et al., 2019; Couvreur et al., 2014). Moreover, any 

improvement of the root growth model requires the availability of measured root growth data (in 

different soil depths or different cultivars) under different soil/water conditions which are often 

unavailable in soil-plant modeling research. Additional studies for root data are required which 

could support further understanding root growth traits in responding to soil/water stress and 

improving root growth simulation (Tracy et al., 2020; Yang et al., 2020) 

5.2.3.3 Consideration of plant hydraulic conductance and underlying signals in soil-

plant models 

Because the applied model assumed a constant whole plant hydraulic conductance during the 

day that solely depends on root length, xylem embolisms due to soil water depletion or the 

decline in root hydraulic conductance of root-soil contact were not represented. Strong 

transpiration or severe soil water stress causes a decline in plant xylem hydraulic conductance 
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when xylem cavitation occurs (Brodersen et al., 2019; Cardoso et al. 2018; Cochard, 2002). The 

air gap reduces the contact area between soil and roots and induce a strong increase of the 

hydraulic resistance to radial water flow between them which, in turn, could result in early water 

stress (Koebernick et al. 2018; Couvreur et al., 2014a). In addition, the hydraulic conductance of 

the root-soil interface would decline as soil water potential decreases or as a consequence of 

root shrinkage due to root-soil contact loosening (Rodriguez-Dominguez and Brobribb, 2020; 

Koebernick et al. 2018; Carminati et al., 2009; Sperry et al. 2002; Herkelrath et al., 1977). The 

variation of plant hydraulic conductance due to effects of ABA through aquaporin channels has 

been reported in maize (Ding and Chaumont, 2020; Maurel and Narcy, 2020; Rodriguez-Gamir 

et al., 2019; Caldeira et al., 2014; Parent et al., 2012; Couvreur et al., 2014). The roles of plant 

capacitance are also important and affect plant transpiration and leaf water status over a short 

period in maize (Xiong and Nadal 2020; Vogel et al., 2017; Hartzell et al., 2017; Tardieu et al., 

2015; Langensiepen et al., 2009; Meinzer, 2002; Kramer and Boyer, 1995). The soil-root contact 

processes (effect of air-gap/soil-root contact loosening or positive of aquaporin on root hydraulic 

conductance) (see work from Couvreur et al., 2014 and Lei et al., 2021 at plant scale) could be 

implemented and translated to the field scale for future applications of the coupled model 

presented in this thesis.  

5.2.3.4. Future applications of coupled models in other environments 

One of the main applications of crop models is the prediction of future crop yields under 

conditions of climate change (Peng et al., 2020; Tao et al., 2009; Riitter and Keuled, 1997) or for 

climate risk assessments (Webber et al., 2020; Webber et al., 2018; Ewert et al., 2015; Ewert et 

al., 2009). Some studies also employ crop models to simulate yields of crops at large spatial 

scales (Bondeau et al., 2007; Challinor et al., 2004). The newly coupled crop model presented in 

this thesis, with an explicit consideration of the plant hydraulic conductance and related stomatal 

regulations, can be used for such studies for providing more reliable predictions of gas 

exchange rates and crop yield, i.e., under water stress. However, further testing of the model is 

required. Firstly, the estimate of the water potential within the continuum pathway strongly 

depends on the estimate of soil water potential, which is considerably affected by the availability, 

quality and choice of soil hydraulic model parameters (Sulis et al., 2019; Montzka et al., 2017; 

Vereecken et al., 2016; Verhoef and Egea, 2014; Wöhling et al., 2008). The root growth and root 

architecture were strongly influenced by soil strength (Morandage et al., 2021) and soil 

compactions (Xiong et al., 2020; Moraes et al., 2019), and different for eroded soil (Herbich et 

al., 2018) which reflects the importance of soil heterogeneity for crop growth and the needs to 
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consider them in soil plant models and earth system models (Fatichi et al., 2020). Model 

validations at field scales under different soil and climatic conditions as used in this study will be 

helpful in assessing model performance in other regions. Secondly, the groundwater table could 

strongly influence the simulation of water fluxes and crop growth (Groh et al., 2020a; Groh et al., 

2020b) which suggests that this should be considered and investigated in more detail in follow-

up studies. Thirdly, the coupled models were only applied under optimum nutrient conditions. 

Fertilisers (i.e. nitrogen and potassium) remarkably varied and strongly influenced crop growth 

(Qi et al., 2019; Chi et al., 2020; Shahzad and Amtmann, 2017). Thus, the model needs to be 

able to simulate the effects of the limited nutrient and fertilizer variability on crop growth 

processes through links with corresponding fertilization modeling routines. This will allow the 

model to simulate crop growth under both, water and nutrient limited conditions. Finally, the 

model should be validated with different cultivars from winter wheat and maize because of the 

variation in leaf water status (Gallé et al., 2013; Welcker et al., 2011) and the difference in root 

hydraulic conductivity (Zhao et al., 2005; Siddique et al., 1990).  

5.3 Conclusion 

The thesis firstly aimed at better understandings the responses of leaf stomatal, gas fluxes, crop 

growth, and their interrelationships under different soil moistures through both modeling work 

(Chapter 2 and 3) and the experimentation study (Chapter 4). The second aim was to improve 

the simulation of gas fluxes exchange and crop growth through the representation of more 

detailed eco-physiological soil-plant processes in the existing crop model. We can conclude that:  

(a)  Consideration of plant hydraulic conductance can improve the simulation of CO2 and 

H2O fluxes, and crop growth in biomass, roots, and leaf area index in winter wheat. 

(a1)  

- The Couvreur and Feddes models showed relatively similar performance in the simulation 

of dry matter, leaf area index (LAI), root growth, RWU, gross assimilation rate, and soil 

water content.  

- The Feddes model predicts more stress and less growth in the silty soil than in the stony 

soil, which is opposite to the observed growth. 

(a2) 

- The newly coupled Couvreur model was also able to simulate the dynamics and 

magnitude of whole plant hydraulic conductance over the growing season.  

(a3) 
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- A mechanistic model that is based on plant hydraulics and links root system properties to 

RWU, water stress, and crop development can evaluate the impact of certain crop 

properties (change of root segment conductance, specific weights of root, or leaf pressure 

head thresholds) on crop performance in different environments and soils.  

(b) The coupled model with the Couvreur RWU model is generic enough to simulate the effects 

of soil water availability on the CO2 and H2O gas fluxes and crop growth of maize with 

varying weather conditions under stony soil. 

(b1) 

- For the Couvreur model, the RWU and dry biomass were more sensitive to the root 

hydraulic conductance parameters than to Ψthresholds and root growth parameters. 

(b2) 

- Overall, both Couvreur and Feddes models performed similarly for biomass, LAI, root 

water uptake, and gross assimilation rate 

- The Feddes model simulated accurately the plant water stress in the first 45 days of the 

growing season whereas the Couvreur model resulted in a lower agreement with 

observations. 

- Considering more specific crop properties, the Couvreur model becomes more error-

prone in comparison to the Feddes model if the dynamic root growth and total root system 

conductance (thus whole-plant hydraulic conductance) were inadequately simulated. 

(c) Winter wheat and maize had various adaptive responses to maintain leaf and canopy 

photosynthesis capacity and a relatively high light use efficiency under decreasing soil 

moisture. 

(c1) 

- Winter wheat showed anisohydric stomatal regulation. 

- Maize displayed isohydric stomatal behavior and maintained a minimum leaf water 

potential of around -1.6 to -2 MPa. 

(c2) 

- For both crops, drought stress strongly reduced the gas exchange and water status of 

leaves as well as the crop growth 

- Despite significant reductions of the leaf water potential and stomatal conductance at the 

leaf level, there was a relatively high light use efficiency (LUE) in both crops under drought 

stress. 

(c3)  
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- A reduction of leaf area and tiller number as desiccant tolerance has a more important 

role than stomatal regulation for wheat canopy gas exchange and crop growth. 

- The isohydric stomatal regulation in maize is not necessary resulting in limitation of the 

photosynthesis capacity under water stress due to the special leaf anatomy and 

physiological advantages of the photosynthesis system which overrules the role of 

stomatal control of water loss. 

- Total effects of the more aggressive stomatal regulation on canopy gas exchange and 

LUE were however modulated by the canopy structure (i.e. the variable response of sunlit 

and shaded leaves), and prominent leaf rolling/plant size adjustments. 

In conclusion, the two-way feedbacks between growth and root water uptake is very important 

for predicting the crop response to different soil water conditions. Using one single critical leaf 

water potential threshold is sufficient to characterize stomatal regulation whereas it is also 

important to represent long-term responses of root and leaf for both winter wheat and maize for 

field-scale modeling applications. The coupled model developed within this thesis provides a 

promising approach that should be evaluated for further crops, soils, and climate conditions to 

be applied for modeling studies at larger spatial scales. 
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Appendix 

Appendix 2A: Leaf photosynthesis and stomatal conductance calculation (wheat)  

𝐴𝑀𝐴𝑋𝑙,𝑡 =
𝑉𝐶𝑀𝐴𝑋𝑙,𝑡( 𝐶𝑖𝑙,𝑡 − 𝛤

∗)

𝐶𝑖𝑙,𝑡 +𝐾𝑀𝐶 (1 +
𝑂2
𝐾𝑀𝑂

)
fwat 

(A1) 

𝐸𝐹𝐹𝑙,𝑡 =
𝐽

2.1

𝐶𝑖𝑙,𝑡 − 𝛤
∗

4.5(𝐶𝑖𝑙,𝑡 + 2𝛤
∗)

 
(A2) 

𝐹𝐺𝑅𝑙,𝑡 = 𝐴𝑀𝐴𝑋𝑙,𝑡 (1 − 𝑒
−𝐼𝑙,𝑡

𝐸𝐹𝐹𝑙,𝑡
𝐴𝑀𝐴𝑋𝑙,𝑡) 

(A3) 

𝐶𝑖𝑙,𝑡 = 𝐶𝑎 − (𝐹𝐺𝑅𝑙,𝑡
1

𝑔𝑠𝑙,𝑡
) 

(A4) 

𝑔𝑠𝑙,𝑡 = 𝑎1 +
𝑏1𝐹𝐺𝑅𝑙,𝑡

(𝐶𝑖𝑙,𝑡 − 𝛤
∗)(1 +

𝐷𝑆𝑙,𝑡
𝐷0

)
fwat 

(A5) 

AMAX is light saturated leaf photosynthesis (μM CO2 m-2 s-1); VCMAX is maximum carboxylation rate 

of Rubisco enzyme (μM m-2 s-1); Ci is intercellular CO2 concentration (μM mol-1); Ca is atmospheric 

CO2 concentration (μM mol-1); KMC is Michaelis-Menten constant for CO2 (μM mol-1); KMO is 

Michaelis-Menten constant for O2 (μM mol-1); O2 is atmospheric oxygen concentration (μM mol-1); Γ* 

is CO2 compensation point (μM mol-1); EFF is quantum yield (μM CO2 MJ-1); J is conversion energy 

from radiation to mole photon (mole photons MJ-1); FGR is leaf photosynthesis rate (μM CO2 m-2 s-1); 

I is the total absorbed flux of radiation (MJ m-2 s-1); gs is bulk stomatal conductance (mol m-2 s-1); a1 

is residual stomatal conductance (mol m-2 s-1) when FGR = 0; b1 is fitting parameter (-); DS is the 

vapor pressure deficit at the leaf surface (Pa); D0 is empirical coefficient reflecting the sensitivity of 

the stomata to VPD (Pa); l is sub-indices indicates canopy layer (sunlit and shaded leaf) (-); t is sub-

indices indicates time of the day (-); fwat is water stress factor for stomatal conductance and 

maximum carboxylation rate (-);  

 

Appendix 2B: Scale up leaf stomatal conductance to canopy resistance in hourly simulation 

To scale up from leaf stomatal conductance to canopy and for computation efficiency, we 

approximate the integrals  

∫ 𝑓(𝑙)𝑑𝑙
𝐿𝐴𝐼

0

 

By Gaussian quadrature 𝐿𝐴𝐼 ∑ 𝑤𝑗 ∗ 𝑓(𝐿𝐴𝐼 ∗ 𝑥𝑗)
5
𝑗=1  where xj are the nodes and wj the weights of the 5-

point gaussian quadrature (Goudriaan and van Laar, 1994). LAI is the leaf area index and f is a 
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function dependent on leaf area for instance gsH2O.The above mentioned bulk stomatal 

conductance to CO2 (gsl,t - mol m-2 s-1) of sunlit and shaded leaf to stomatal conductance was 

converted to stomatal conductance to H2O (m s-1) based on the molar density of air.  

𝑔𝑠𝐻2𝑂𝑠𝑢𝑛 =  1.56 ∗ 𝑔𝑠𝑠𝑢𝑛/41.66 (B1) 

𝑔𝑠𝐻2𝑂𝑠ℎ𝑎𝑑𝑒 = 1.56 ∗ 𝑔𝑠𝑠ℎ𝑎𝑑𝑒/41.66 (B2) 

Leaf stomatal conductance to H2O (m s-1) was calculated based on fraction of sunlit leaf area FSLLA  

𝑔𝑠𝐻2𝑂𝑙𝑒𝑎𝑓 = 𝑔𝑠𝐻2𝑂𝑠𝑢𝑛 ∗ 𝐹𝑆𝐿𝐿𝐴 + 𝑔𝑠𝐻2𝑂𝑠ℎ𝑎𝑑𝑒 (1 − 𝐹𝑆𝐿𝐿𝐴) (B3) 

The hourly canopy conductance HourlyGSCropH2O (m s-1) was calculated in Eq. (B4)  

𝐻𝑜𝑢𝑟𝑙𝑦𝐺𝑆𝐶𝑟𝑜𝑝𝐻2𝑂 = 𝐿𝐴𝐼 ∗ ∑ 𝑤𝑗
5
𝑗=1 𝑔𝑠𝐻2𝑂𝑙𝑒𝑎𝑓 (B4) 

 

Hourly canopy resistance (s m-1) was the reciprocal of hourly canopy conductance  

 
𝐻𝑟𝑠 =  1/HourlyGSCropH2O (B5) 

 

 Hourly aerodynamic resistance (ra) was calculated as Equation 4 in the Chapter 2 in the FAO 

Irrigation and Drainage Paper No. 56, (Allen et al., 1998). Assuming the leaf cuticle resistance and 

soil surface resistance were minor and neglected, the calculated canopy resistance (Hrs) with fwat = 

1 was directly used to calculate hourly crop evapotranspiration (ETP) using Penman-Monteith (Eq. 

B6) (See Equation 3, Chapter 2 in the FAO Irrigation and Drainage Paper No. 56, Allen et al., 

(1998)). 

ETP = 
∆(𝑅𝑛−𝐺)+𝜌𝑎𝑐𝑝

(𝑒𝑠−𝑒𝑎)

𝑟𝑎

𝜆(∆+𝛾(1+
𝐻𝑟𝑠
𝑟𝑎
))

 
(B6) 

 

Rn is net radiation (MJ m-2 h-1) ; G is soil heat flux (MJ m-2 h-1); es is saturation vapor pressure at the 

air temperature (kPa); ea is actual vapor pressure at the air temperature (kPa); ρa is mean air 

density at constant pressure( kg m-3); cp is the specific heat at constant pressure of the air (1.013 10-

3 MJ kg-1 ◦C-1); ∆ is slope of the saturation vapor pressure-temperature relationship (kPa ◦C-1); γ is 

the psychrometric constant of instrument (kPa ◦C-1), Hrs is canopy resistance (s m-1); ra is the 

aerodynamic resistance (s m-1); λ is the latent heat of vaporization (2.45 MJ kg-1). 
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Appendix 2C: Crop parameters used in the modelling work (wheat) 

Sub-models Parameters Explanation (unit) Stony Silty Reference 

LINTULCC2 

VCMAX25 
Maximum carboxylation rate of Rubisco 
at 25°C (μM m-2 s-1) 

62.1 Yin et al., (2009) 

Ca Atmospheric CO2 concentration (μM mol-
1) 

410  

RGRL 
Relative growth rate of leaf area during 
exponential growth (°Cd)-1 

0.007 van Laar et al., (1997) 

LAICR Critical leaf area index (-) 5 van Laar et al., (1997) 

SLIMROOT 

RSROOTma

x 
Maximal elongation rate of seminal roots 
per day (m d-1) 

0.03 Watt et al., (2006) 

DRRATE Daily fraction of dying roots (-) 0.008  

RINPOP 
Number of emerged plants per square 
meter (number m-2) 

350  

MAXDEP Maximum root depth (m) 1.5  

NRSPP 
Number of seminal root per plant  
(number plant-1) 

3 
Shorinola et al., (2019); 
Huang et al., (1991) 

WLROOT Specific weight for lateral root (g m-1) 0.0061 0.004 

Jamieson and Ewert, 
(1999); Noordwijk and 
Brouwer (1991) 

WSROOT Specific weight of seminal root (g m-1) 0.02 0.015 Jamieson and Ewert, 
(1999); Huang et al., (1991) 

Feddes 

hlim1 
Soil water pressure head at anaerobic 
limit (m) 

0 Cai et al., (2018) 

hlim2 
Upper limit of  pressure head range for 
optimal transpiration (m) 

-0.01 Cai et al., (2018) 

hlim3h 
Lower limit of  pressure head range for 
optimal transpiration for high transpiration 
rate, Tpot3h (m) 

-2.79 Cai et al., (2018) 

hlim3l 
Lower limit of  pressure head range for 
low transpiration rate, Tpot3l (m) 

-7.47 Cai et al., (2018) 

hlim4 
Soil water pressure head at wilting point 
(m) 

-160 Cai et al., (2018) 

Tpot3h High transpiration rate (m d-1) 0.0048 Cai et al., (2018) 

Tpot3l Low transpiration rate (m d-1) 0.00096 Cai et al., (2018) 

Couvreur 

Ψthreshold 
Critical leaf hydraulic head for specific 
plant (m) 

-200 
Cochard, (2002); Tardieu 
and Simonneau, (1998) 

Krs, normalized 
Initial normalized root hydraulic 
conductance  (cm d-1) 0.2544 10-5 Cai et al., (2018) 

Kcomp, 

normalized 

Initial normalized compensatory hydraulic 
conductance (cm d-1) 0.0636 10-5 Cai et al., (2018) 

 Fraction to upscale from Krs to Kplant (-) 0.55  

 

 

 

 



151 

 

Appendix 2D: Soil physical parameters at the top (0-30 cm) and subsoil (30-150 cm) 

Soil types 
Layers α n l θ_r θ_s ks 

 (m-1) (-) (-) (m3 m-3) (m3 m-3) (m s-1) 

Stony 
Top soil 3.61 1.386 3.459 0.0430 0.3256 10.7*10-6 

Sub soil 4.95 1.534 3.459 0.0543 0.2286 5.83*10-8 

Silty 
Top soil 2.31 1.292 1.379 0.1392 0.4089 1.16*10-6  

Sub soil 0.50 1.192 1.379 0.1304 0.4119 1.73*10-6 

The θ_r and θ_s are residual and saturation soil water content, respectively; α, n, l are empirical 

coefficients affecting the shape of the van Genuchten hydraulic functions ; ks is saturated hydraulic 

conductivity of the soil  

Appendix 2E: Feddes root water uptake model  

The root water uptake in HILLFLOW 1D model which is limited by soil water content in the root zone 

calculated by reduction of potential transpiration (Tpot). The semi-empirical reduction function α(Ψm,i) 

is derived from soil pressure head (Feddes et al., 1978). The α(𝜓𝑚,𝑖) also depends on Tpot because 

𝜓3 (soil pressure head where optimum condition for transpiration) is calculated via piecewise linear 

function of Tpot (Wesseling and Brandyk, 1985). The root water uptake was calculated based on 

relative root length density which is output from the SLIMROOT root growth model.  

𝛼 (𝜓𝑚,𝑖) =

{
 

 
    0                                                       𝜓𝑚,𝑖 ≥ 𝜓1, 𝜓𝑚,𝑖 ≤ 𝜓4
(𝜓𝑚,𝑖 − 𝜓1)/(𝜓2 − 𝜓1)                       𝜓2 ≤ 𝜓𝑚,𝑖 ≤ 𝜓1
1                                                                 𝜓3 ≤ 𝜓𝑚,𝑖 ≤ 𝜓2
(𝜓𝑚,𝑖 − 𝜓4)/𝜓3 −𝜓4)                        𝜓4 ≤ 𝜓𝑚,𝑖 ≤ 𝜓3

 

 

 

 

(F1) 

𝜓3 =

{
 
 

 
 
   𝜓3ℎ                                                                        𝑇𝑝𝑜𝑡 > 𝑇3ℎ

 

𝜓3ℎ + 
(𝜓3𝑙 − 𝜓3ℎ)(𝑇3ℎ − 𝑇𝑝𝑜𝑡)

(𝑇3ℎ − 𝑇3𝑙)
        𝑇3𝑙 < 𝑇𝑝𝑜𝑡 < 𝑇3ℎ

𝜓3𝑙                                                                      𝑇𝑝𝑜𝑡 < 𝑇3𝑙

 

 

(F2) 

α(Ψm,i) transpiration reduction as function of soil pressure head (-); Ψ1 is soil water pressure head at 

anaerobic limit (m); Ψ4 is soil pressure head at wilting point (m); Ψ2 and Ψ3 are upper and lower 

limits of pressure head for optimal transpiration (m), respectively; Tpot is potential transpiration (m d-

1); Ψ3h is lower limit of pressure head range for optimal transpiration for high transpiration rate, Tpot3h 

(m); T3h is high potential transpiration rate (m d-1); Ψ3l is lower limit of pressure head range for low 

transpiration rate, Tpot3l (m); T3l is low potential transpiration rate (m d-1). 
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Appendix 2F: 

 

Appendix 2F: Comparison ratio of the observed total root length from minirhizotubes to observed total root length from 

F1P2 (green line with squares) and ratio of simulated total root length to the simulated total root length from F1P2 on 11 

July 2016 (DOY 193) from Couvreur (Co, solid red, dots), and Feddes (Fe, solid blue, triangles) model at the sheltered 

(P1), rainfed (P2), and irrigated (P3) plots of the stony soil (F1) and the silty soil (F2) 
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Appendix 2G: Statistic RMSEs of soil water content simulated by the two models: the Couvreur (Co) 

and Feddes (Fe) in the sheltered (P1), rainfed (P2), and irrigated (P3) plots of the stony soil (F1), 

and the silty soil (F2). RMSE is cm3
 cm-3 

 

  
F1 F2 

 
Depth (cm) Co Fe Co Fe 

P1 

10 0.09 0.09 0.08 0.08 

20 0.08 0.08 0.06 0.05 

40 0.04 0.04 0.07 0.07 

60 0.07 0.07 0.03 0.03 

80 0.08 0.08 0.03 0.03 

120 0.03 0.03 0.06 0.05 

P2 

10 0.10 0.10 0.09 0.08 

20 0.10 0.10 0.07 0.07 

40 0.06 0.06 0.07 0.06 

60 0.06 0.06 0.05 0.05 

80 0.05 0.04 0.06 0.06 

120 0.06 0.06 0.06 0.05 

P3 

10 0.11 0.12 0.10 0.11 

20 0.12 0.12 0.08 0.08 

40 0.08 0.08 0.09 0.08 

60 0.07 0.07 0.06 0.05 

80 0.05 0.06 0.06 0.06 

120 0.03 0.03 0.07 0.07 
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Appendix 3A: List of main variables used in the photosynthesis models and their units 

Variables Explanation  Unit 

VCMAX Maximum carboxylation rate  μM m-2 s-1 

Jmax Maximum electron transport rate  μM electrons m-2 
s-1 J Electron transport rate μM electrons m-2 
s-1 Ca Atmospheric CO2 concentration  μM mol-1 

Ci Intercellular CO2 concentration  μM mol-1 

Cm Mesophyll CO2 concentration  μM mol-1 

Cbs Bundle-sheath CO2 concentration  μM mol-1 

O2 Atmospheric O2 concentration  mM mol-1 

rCiCa Ratio of intercellular CO2 to atmospheric CO2 concentration   (-) 

gbd Boundary layer conductance m s-1 

gs Stomatal conductance  mol m-2 s-1 

gbs Bundle-sheath conductance to CO2 mM m-2 s-1 

gm Mesophyll conductance to CO2 mol m-2 s-1 

g0 
Residual stomatal conductance when irradiance 
approaches zero 

mol m-2 s-1 

αm Fraction relates stomatal conductance and mesophyll 
conductance 

(-) 

DS Leaf to air vapor pressure deficit (VPD) kPa 

D0 
Parameters reflect the sensitivity of stomatal conductance 
to VPD 

kPa 

Γ* CO2 compensation point in the absence of day respiration μM mol-1 

a1  Empirical coefficient relates photosynthesis and stomatal 
conductance 

(-) 

Rd Day respiration rate μM m-2 s-1 

Rm Mesophyll mitochondrial respiration rate μM m-2 s-1 

KMC Michaelis-Menten constant for CO2  μM mol-1 

KMO Michaelis-Menten constant for O2  mM mol-1 

EAVCMX Energy activation for maximum carboxylation rate  J mol-1 

An Net photosynthesis rate μM m-2 s-1 

Ac Rubisco activity limited net photosynthesis rate μM m-2 s-1 

Aj RuBp limited photosynthesis rate μM m-2 s-1 

Lbs Rate of CO2 leakage from bundle-sheath to mesophyll μM m-2 s-1 

Vp The PEP carboxylation rate μM m-2 s-1 

Vpmax The maximum PEP carboxylation rate μM m-2 s-1 

Kp The Michaelis-Menten constant for CO2 of PEP μM mol-1 

Vpr The PEP regeneration rate μM m-2 s-1 

I2 The absorbed irradiance μM m-2 s-1 

θ Empirical curvature parameter of hyperbolic function (-) 

fwat Water stress index (-) 
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Appendix 3B: Description of photosynthesis approach for maize (C4) 

The CO2 transfers along the path from atmospheric CO2 concentration (Ca) to intercellular CO2 

concentration (Ci) according to Fick’s law of diffusion: 

𝐶𝑖 = 𝐶𝑎 − 𝐴𝑛 (
1

𝑔𝑏𝑑
+
1

𝑔𝑠
) 

(C1) 

Where Ca and Ci are atmospheric and intercellular CO2 concentration (μmol mol-1). The 1/gbd and 

1/gs are boundary layer resistance and stomatal resistance, respectively. The width of sunlit and 

shaded maize leaves was assumed 0.01 m and their boundary layer resistance were computed 

following (Campbell and Norman, 1998):  

1

𝑔𝑏𝑑
= 300√0.01/𝑢 

(C2) 

Where u is wind speed (m s-1). Air diffusion from intercellular space to mesophyll cell is given: 

𝐶𝑚 = 𝐶𝑖 − 𝐴𝑛/𝑔𝑚 (C3) 

In addition to stomatal conductance, the non-stomatal limitations (here mesophyll conductance) 

appear to be co-regulated under water stress (Flexas et al., 2004). Stomatal conductance and 

internal conductance (or mesophyll conductance) were both proportionally decreased under soil 

water deficit (Warren, 2008). In our work, due to the absence of detailed data, we assumed gm is 

proportional to gs, namely gm = αm * gs. The proportionality differed among species that αm is ranging 

from 0.77 to 2.31 (Ouyang et al., 2017; Warren, 2008).  

Stomatal conductance was simulated based on the Leuning approach (Leuning, 1995) with 

consideration of water stress (fwat), the effect of leaf to air vapor pressure deficit (1+ DS/D0), 

intercellular CO2 concentration (Ci), Γ* is CO2 compensation point in the absence of day respiration 

(Rd). 

𝑔𝑠 = 𝑔0 +
𝑎1𝐴𝑛

(𝐶𝑖 − 𝛤
∗)(1 +

𝐷𝑆
𝐷0
)
𝑓𝑤𝑎𝑡 

(C4) 

Following the approach from Farquhar et al., (1980) and von Caemmerer, (2000), the Rubisco 

limited rate of photosynthesis rate is given by 

𝐴𝑐 =
𝑉𝐶𝑀𝐴𝑋( 𝐶𝑏𝑠 − 𝛤

∗)

𝐶𝑏𝑠 + 𝐾𝑀𝐶 (1 +
𝑂2
𝐾𝑀𝑂)

𝑓𝑤𝑎𝑡 − 𝑅𝑑 
(C5) 

Where Cbs and O2 are the CO2 and O2 concentration at the site of photosynthesis activities which is 

bundle sheath cell in maize; VCMAX is the maximum catalytic activity of Rubisco at leaf 

temperature; Γ* is CO2 compensation point at the absence of Rd; KMC and KMO are Michaelis-

Menten kinetics for CO2 and O2. 
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The photosynthesis can be limited by the RuBp regeneration rate which is driven by ATP and 

NAPDH that supplied by the electron transport rate J. The rate of RuBp-limited CO2 assimilation was 

computed by: 

𝐴𝑗 = 𝐽
𝐶𝑏𝑠 − 𝛤

∗

4.5𝐶𝑏𝑠 + 10.5𝛤
∗
− 𝑅𝑑 

(C6) 

Where Cbs is the CO2 concentration at the bundle sheath cell. The electron transport J was 

estimated based on the absorbed irradiance (I2), empirical curvature parameter of hyperbolic 

function (θ) (von Caemmerer, 2000): 

𝐽 =  
𝐼2 + 𝐽𝑚𝑎𝑥 +√(𝐼2 + 𝐽𝑚𝑎𝑥)

2 − 4𝜃𝐼2𝐽𝑚𝑎𝑥
2𝜃

 
(C7) 

The leaf net photosynthesis (An) was the function of both Ac and Aj 

𝐴𝑛 = min (𝐴𝑐 , 𝐴𝑗) (C8) 

C4 photosynthesis involves both the mesophyll and bundle sheath cells of the leaves which 

characterized a high CO2 concentrating mechanism that allows Rubisco at this location to fix CO2. 

This process inhibits the oxygenation reaction and reduces the photorespiration rate. The supply of 

CO2 due to the PEP carboxylation (Vp) can be formulated as a function of CO2 assimilation (A), the 

rate of CO2 leakage from bundle-sheath to mesophyll (Lbs), and mitochondrial respiration (Rm). 

𝑉𝑝 = A+ 𝐿𝑏𝑠 + 𝑅𝑚 (C9) 

The rate of PEP carboxylation (Vp) is given by a Michaelis-Menten equation (von Caemmerer, 2000): 

𝑉𝑝 = min(
𝐶𝑚𝑉𝑝𝑚𝑎𝑥

𝐶𝑚 + 𝐾𝑝
, 𝑉𝑝𝑟) 

(C10) 

Where Cm is CO2 concentration in the mesophyll; Vpmax is the maximum PEP carboxylation rate and 

Kp is the Michaelis-Menten constant for CO2; Vpr is a constant and upper-bound PEP regeneration 

rate (von Caemmerer, 2000).  

The CO2 leakage from bundle-sheath cell back to the mesophyll cell was driven by the CO2 

concentration gradient difference and the conductance (gbs) between them: 

𝐿𝑏𝑠 = 𝑔𝑏𝑠(𝐶𝑏𝑠 − 𝐶𝑚) (C11) 
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Appendix 3C: Cumulative precipitation and irrigation (Prec+Irri), simulated potential 

evapotranspiration (ETP), potential transpiration (Tp), and actual transpiration (RWU or Ta) 

 

 

 

 

 

 

 

 

Appendix 3C. Cumulative precipitation and irrigation (Prec+Irri), simulated potential evapotranspiration 
(ETP), potential transpiration (Tp), and actual transpiration (RWU or Ta) by Couvreur (Co) and Feddes 
(Fe), and measured transpiration by sap flow sensors (Obs) (a) at the irrigated plot in 2017 (2017F1P3) 
for before calibration (2017F1P3_B) and after calibration (2017F1P3_A) and (b) at the rainfed plot in 
2017 (2017R1), the irrigated plot with normal sowing date (2018F1P3), rainfed with normal sowing date 
(2018F1P2) and rainfed plot with late sowing date (2018F1P1). Data was shown from 08 July to harvest 
12 September in 2017, while it was from 29 June to 21 August in 2018. 
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Appendix 3D: Comparison between simulated from the Couvreur (Co) and Feddes (Fe) RWU 

models and observed dry biomass (kg m-2) at harvest before and after modeling calibration for 

2017F1P3 and modeling validation for 2017F1P2, 2018F1P3, 2018F1P2, and 2018F1P1 treatments 

(cf. Fig. 3.1 and Table 3.2). 

 2017F1P3 2017F1P2 2018F1P3 2018F1P2 2018F1P1 

 
Before           

calibration 
After 

calibration 
Validation 

Measured 
1.884 

(0.199) 
1.656 

(0.231) 
2.045 

(0.137) 
0.880 

(0.121) 
0.580 

(0.198) 

Simulated 
Co 

0.895 1.875 1.711 1.492 1.025 0.574 

Simulated Fe 0.969 1.649 1.320 1.371 0.728 0.337 

Numbers in the brackets indicate the standard deviation of 7 measured replicates. 

 

Appendix 3E 

 

Appendix 3E: Correlation of simulated and observed (a) daily transpiration (RWU or Ta) and (b) gross 
photosynthesis rate (Pg) from Couvreur model before and after calibration (CoB and CoA, respectively), 
Feddes before and after calibration (FeB and FeA, respectively) at the irrigated plot in 2017 (2017F1P3). 
The black dashed lines are 1:1 lines. The solid and dotted lines are the linear regressions lines between 
simulated and observed data from two models before and after calibration (LinCoB, LinCoA, LinFeB, and 
LinFeA). 
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Appendix 3F: Root mean square error (RMSE, cm3 cm-3), coefficient of correlation (r), and agreement index (I) of soil water content before 

and after modeling calibration for 2017F1P3 and modeling validation for 2017F1P2, 2018f1P3, 2018F1P2, and 2018F1P1 treatments (cf. Fig. 

3.1 and Table 3.2). * means the overall performance of the model from all validated plots (2017F1P2, 2018F1P3, 2018F1P2, and 2018F1P1). 

    
Before 

Calibration 
After calibration Validation 

    2017F1P3 2017F1P2 2018F1P3 2018F1P2 2018F1P1 Overall* 

Depth (cm)   Co Fe Co Fe Co Fe Co Fe Co Fe Co Fe Co Fe 

10 

RMSE 0.033 0.047 0.038 0.051 0.052 0.051 0.028 0.028 0.038 0.039 0.037 0.033 0.039 0.038 

r 0.7 0.67 0.7 0.68 0.8 0.78 0.9 0.92 0.87 0.84 0.88 0.94 0.86 0.87 

I 0.67 0.65 0.69 0.64 0.76 0.75 0.94 0.94 0.92 0.91 0.92 0.94 0.89 0.89 

n 74 74 74 74 75 75 90 90 90 90 113 113 368 368 

20 

RMSE 0.036 0.033 0.03 0.035 0.03 0.027 0.055 0.051 0.034 0.021 0.046 0.028 0.041 0.032 

r 0.63 0.73 0.73 0.75 0.95 0.93 0.79 0.81 0.93 0.97 0.9 0.97 0.89 0.92 

I 0.66 0.8 0.8 0.8 0.93 0.94 0.83 0.83 0.96 0.98 0.92 0.97 0.91 0.93 

n 74 74 74 74 57 57 89 89 90 90 114 114 350 350 

40 

RMSE 0.038 0.022 0.026 0.024 0.047 0.037 0.042 0.033 0.047 0.037 0.057 0.048 0.048 0.039 

r 0.66 0.87 0.85 0.9 0.98 0.96 0.89 0.93 0.96 0.98 0.96 0.99 0.95 0.97 

I 0.52 0.82 0.73 0.81 0.65 0.71 0.83 0.88 0.84 0.89 0.77 0.82 0.77 0.83 

n 74 74 74 74 60 60 90 90 90 90 114 114 354 354 

60 

RMSE 0.015 0.044 0.032 0.046 0.039 0.036 0.027 0.029 0.032 0.026 0.015 0.01 0.028 0.025 

r 0.89 0.46 0.67 0.49 0.97 0.97 0.98 0.98 0.93 0.94 0.98 0.98 0.97 0.97 

I 0.87 0.48 0.61 0.48 0.69 0.7 0.94 0.93 0.89 0.92 0.97 0.98 0.87 0.88 

n 73 73 73 73 74 74 84 84 90 90 114 114 362 362 

80 

RMSE 0.048 0.06 0.055 0.061 0.036 0.033 0.02 0.022 0.03 0.028 0.049 0.045 0.034 0.032 

r 0.12 0.24 0.19 0.23 0.42 0.4 0.98 0.98 0.96 0.96 0.96 0.97 0.83 0.83 

I 0.38 0.36 0.37 0.36 0.59 0.58 0.94 0.93 0.84 0.84 0.59 0.62 0.74 0.74 

n 73 73 73 73 69 69 89 89 90 90 114 114 362 362 

120 

RMSE 0.024 0.027 0.025 0.027 0.052 0.051 0.008 0.007 0.037 0.038 0.014 0.012 0.028 0.027 

r -0.68 -0.64 -0.65 -0.63 0.31 0.3 0.95 0.95 0.91 0.88 0.92 0.92 0.77 0.76 

I 0.03 0.08 0.06 0.08 0.36 0.36 0.97 0.97 0.61 0.58 0.8 0.85 0.69 0.69 

n 74 74 74 74 75 75 88 88 90 90 112 112 365 365 
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Appendix 3G: Simulated whole plant hydraulic conductance in different water treatments 

and sowing dates 

 

Appendix 3G: Comparison of simulated whole plant hydraulic conductance (Kplant) by Couvreur 
model (Co) from sowing to harvest in different water treatments (a) in 2017 seasons and (b) in 2018. 
Two plots in 2017 are the irrigated plot – 2017F1P3 and rainfed plot – 2017F1P2. Three plots in 2018 
are the irrigated plot with normal sowing date – 2018F1P3, rainfed plot with normal sowing date – 
2018F1P2, and rainfed plot with late sowing date – 2018F1P1 (Table 3.2 and Fig. 3.1). The Kplant 
from 2017F1P3 was from Couveur before calibration (CoB) and Couveur after calibration (CoA). The 
Kplant from the validated treatments (2017F1P2, 2018F1P3, 2018F1P2, and 2018F1P1) based on the 
calibrated parameters (see Table 3.3). 
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Appendix 3H: Diurnal course of observed data (black dots) and the simulated output from Couvreur 
model when Ψthresholds are changing, -200 m (black lines), -160 m (yellow lines), -140 m (blue lines), 
and -120 m (green lines) of 5 selected days: 20 June (DAS 43), 05 July (DAS 58), 17 July (DAS 70), 
19 July (DAS 72), and 02 August 2018 (DAS 86) (a) global radiation (Rs, black dash line) and vapor 
pressure deficit (VPD, cyan dash line) (b) actual transpiration (RWU or Ta), (c) canopy hydraulic head 
(ψc), (d) stomatal conductance to water vapor (gs), and (e) gross assimilation rate (Pg) in 2018 with 
normal sowing date at the rainfed plot (2018F1P2). Sap flow sensors were installed on 29 June 
2018. Simulated stomatal conductance are from sunlit leaves. Measurements in DAS 70 and DAS 72 
were done from predawn and before and after irrigation, respectively. Vertical black bars in (b) 
represent the standard deviation of the flux measurements in the different stems. All simulations 
used the parameter set after calibration (see Table 3.3). 
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Appendix 3I: Diurnal course of observed (black dots) and the simulated output from Couvreur model 
when Ψthresholds are changing, -200 m (black lines), -160 m (yellow lines), -140 m (blue lines), and -
120 m (green lines) of 5 selected days: 20 June (DAS 43), 05 July (DAS 58), 17 July (DAS 70), 19 
July (DAS 72), and 02 August 2018 (DAS 86) (a) global radiation (Rs, black dash line) and vapor 
pressure deficit (VPD, cyan dash line) (b) actual transpiration (RWU or Ta), (c) canopy hydraulic head 
(ψc), (d) stomatal conductance to water vapor (gs), and (e) gross assimilation rate (Pg) in 2018 with 
normal sowing date at the irrigated plot (2018F1P3). Sap flow sensors were installed on 29 June 
2018. Simulated stomatal conductance are from sunlit leaves. Measurements in DAS 70 and DAS 72 
were done from predawn and before and after irrigation, respectively. Vertical black bars in (b) 
represent the standard deviation of the flux measurements in the different stems. All simulations 
used the parameters after calibration (see Table 3.3). 
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Appendix 4A: Comparison the means from all measured days and hours for shaded leaves (blue color) 

and sunlit leaves (yellow color) of four variables: (a-b) net photosynthesis (An), (c-d) stomatal 
conductance to water vapor (Gs), (e-f) transpiration rate (E), and (g-h) leaf water potential (LWP). 
The left panel refers to maize in 2017 at the two rainfed plots (2017P1 and 2017P2), and irrigated 
plot (2017P3). The right panel refers to maize in 2018 at the rainfed plot with late sowing date 
2018P1, rainfed plot with normal sowing date (2018P2) and irrigated plot with normal sowing date 
(2018P3) (cf. Table 4.1). Error bars indicate standard deviation of population with n = 42 and 79 
measured shaded and sunlit leaves, respectively for each treatment in 2017 while n = 83 and 177 
measured shaded and sunlit leaves, respectively for each treatment in 2018. The symbol ns (non-

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

2017 2018 
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significant), *, **, ***, and **** indicate the results of T-test with P-value > 0.05, P-value ≤ 0.05, P 
value ≤ 0.01, P-value ≤ 0.001, and P-value ≤ 0.0001, respectively.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4B: Diurnal course of (a) global radiation (Rs) and vapor pressure deficit (VPD),  (b, c, d) 
leaf net photosynthesis (An), (e, f, g) leaf stomatal conductance (Gs), (h, i, j) leaf transpiration (E), 
and (k, l, m) leaf water potential (LWP) measured on July 17 in maize in 2018 before irrigation at the 
rainfed plot with late sowing date  (2018P1– red), rainfed plot with normal sowing date (2018P2 – 
black), and irrigated plot with normal sowing date (2018P3 – blue) (cf. Table 4.1). Measurement was 
carried out from shaded leaves (plus symbol) and two sunlit leaves (solid dots). 

(b) (c) (d) 

(e) (f) (g) 

(h) (i) (j) 

(k) (l) (m) 

(a) 
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Appendix 4C: Seasonal stomatal conductance to water vapor (Gs) versus leaf water potential (LWP) 
of different water treatments in (a-b-c) winter wheat in 2016 at the sheltered plot (2016P1 – red), 
rainfed plot (2016P2 – black dots), and irrigated plot (2016P3 – blue), (d-e-f) in maize in 2017 at the 
two rainfed plots (2017P1 – red and 2017P2 – black), and irrigated plot (2017P3 – blue), and (g-h-i) 
in maize 2018 at the rainfed plot with late sowing date 2018P1– red, rainfed plot with normal sowing 
date (2018P2 – black) and irrigated plot with normal sowing date (2018P3 – blue) (cf. Table 4.1). 
Vertically continuous and dashed lines indicated LWP at -1.5 and -2 MPa, respectively. 
Measurement was carried out 3-4 upmost fully developed leaves in 2016, while measurement was 
carried out from shaded leaf (plus symbol) and two sunlit leaves (solid dots). 
 

 

(d) (f) (e) 

(a) (c) (b) 

(g) (i) (h) 
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