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Agriculture is one of the main contributors to climate change and is also severely threatened by the 

consequences of the changing climate. To reduce the environmental pressure from agriculture, 

sustainable practices are urgently in need of evaluation and implementation. In croplands, organic 

farming and conservation tillage can reduce energy consumption, greenhouse gas emissions, and 

pollutant production as well as increase carbon sequestration, hence are considered more 

environmental-friendly and sustainable than conventional farming and intensive tillage. Moreover, 

organic farming and conservation tillage are shown to improve soil health such as physical structure, 

chemical conditions, and microbial functionalities. Therefore, these practices are also 

recommended as beneficial to mitigate climate change effects, such as crop drought stress. However, 

if organic farming and conservation tillage are truly climate-smart adaptations for cropping systems 

is still to be tested in different climate conditions.  

Extreme weathers, increasing in frequency and severity due to climate change, are posing extra 

challenges on food security in addition to the growing population. Drought as a top threat causes 

intense damage in agroecosystems, especially in rainfed agriculture. Crop water relations are highly 

responsive to drought stress, and directly linked to growth and productivity. Therefore, 

understanding crop water relations in response to drought can provide insights on assessing 

cropping systems for future climate.  

As introduced in Chapter 1, this thesis aims to bring insights on the effects of cropping systems and 

drought on plant water relations along the soil-plant-atmosphere continuum. This includes root 

water uptake patterns, stem xylem vulnerability and anatomy, leaf water status and physiological 

processes, phenology, growth, and yield. Combining different management practices, four cropping 

systems are studied: conventional intensive tillage, conventional no-tillage, organic intensive tillage, 

and organic reduced tillage. Simulated drought periods with portable shelters were carried out in 

Swiss rainfed cropland under temperate climate. During the 2018 growing season pea-barley 

mixture, an important fodder crop, was studied. Winter wheat, a globally important food source, 

was studied during 2019.   

Root water uptake depths of crops provide important information on drought response and therefore 

may provide insight based on differential outcomes in cropping systems under drought. The foci in 

Chapter 2 are on root water uptake patterns of pea and barley grown in a mixture under the targeted 
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cropping systems and different water availabilities. The water uptake patterns of winter wheat are 

included in Chapter 4. Stable water isotopes were used to estimate the water uptake patterns of these 

three species with a Bayesian framework. In all cropping systems, when subjected to the 

experimental drought, both pea and barley shifted their water uptake patterns to shallower depths 

without niche differentiation, whereas winter wheat went for deeper water uptake. Moreover, due 

to the natural drought period in summer 2018, we also observed responses of pea and barley to this 

more moderate drought compared to our treatment, where only barley shifted up in water uptake 

depths, but pea did not.  

Plant hydraulics greatly determines water transport, and it is shown to be affected by environments 

including soil conditions. The hydraulic traits of pea and barley in response to cropping systems as 

well as their links to growth and productivity are presented in Chapter 3. Xylem vulnerability to 

cavitation of both species was evaluated with the cavitron technique, and percentage loss of 

conductivity derived with xylem water potential in situ was used to assess the drought stress of 

these two species. Once again, different species showed inconsistent responses. Although grown in 

a mixture, cropping systems only affected the hydraulic traits of barley but not pea.  

Crop growth and productivity are shaped by various physiological processes with great 

complexities among regulation and compensation responses. Integrating crop traits along the entire 

continuum into a trait space helps to draw a clear picture on changes responding to the environment 

and managements. Winter wheat traits about crop water relations are presented in Chapter 4. In the 

trait space, cropping systems only changed growth trait space, which differed between organic and 

conventional systems but not between conversation and intensive tillage systems. Meanwhile, the 

drought treatment dominated water trait space, irrelevant to cropping systems.  

Other than the traits investigated on individual plant, visual changes in crop phenology can also 

help reveal cropping system effects. PhenoCams were used to track phenology of pea-barley 

mixture and winter wheat. Crop phenology was not affected by cropping systems for pea-barley 

mixture, but for winter wheat, showing differences consistent with the trait space (i.e., differed 

between organic and conventional systems). Because I contributed to data collection and analysis 

as well as revising the manuscript, this work is included in the Appendix. 

Our results show that cropping systems can affect certain hydraulic, physiological, and growth traits, 

as well as phenology of crops, which could link to yield traits. However, the responses and 

outcomes largely depend on species. These results emphasise that using different cropping systems 

to alleviate drought stress for plants might not be as effective as previously assumed, at least in 

temperate areas, hence compromising the expectation to counteract or compensate the aggravating 

drought threats under the changing climate.   
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�=�X�V�D�P�P�H�Q�I�D�V�V�X�Q�J 
Die Landwirtschaft ist einer der Hauptverursacher des Klimawandels und ist zudem stark von 

dessen Folgen bedroht. Um die Umweltbelastung durch die Landwirtschaft zu reduzieren, müssen 

dringend nachhaltige Praktiken evaluiert und umgesetzt werden. Im Ackerbau können die 

ökologische Landwirtschaft und konservierende Bodenbearbeitung den Energieverbrauch, die 

Treibhausgasemissionen und die Schadstoffproduktion reduzieren sowie die Kohlenstoffbindung 

erhöhen und gelten daher als umweltfreundlicher und nachhaltiger als die konventionelle 

Landwirtschaft und intensive Bodenbearbeitung. Darüber hinaus verbessern die ökologische 

Landwirtschaft und konservierende Bodenbearbeitung nachweislich die Bodengesundheit, wie zum 

Beispiel die physikalische Struktur, die chemischen Bedingungen und die mikrobiellen Funktionen. 

Daher werden diese Praktiken auch als Massnahmen für die Abschwächung der Auswirkungen des 

Klimawandels, wie zum Beispiel Trockenstress, empfohlen. Ob die ökologische Landwirtschaft 

und konservierende Bodenbearbeitung wirklich klimafreundliche Anpassungen für Anbausysteme 

sind, muss jedoch noch unter verschiedenen Klimabedingungen getestet werden.  

Extreme Wetterereignisse, die durch den Klimawandel an Häufigkeit und Intensität zunehmen, 

stellen neben der wachsenden Bevölkerung zusätzliche Herausforderungen für die 

Ernährungssicherheit dar. Trockenheit als starke Bedrohung verursacht intensive Schäden in 

Agrarökosystemen, insbesondere wenn die Systeme nicht bewässert werden. Den Wasserhaushalt 

von Pflanzen reagiert stark auf Trockenstress und ist direkt mit Wachstum und Produktivität der 

Pflanzen verbunden. Daher kann das Verständnis des Wasserhaushalts von Nutzpflanzen als 

Reaktion auf Trockenheit Einblicke in die Bewertung von Anbausystemen für das zukünftige Klima 

liefern.  

Diese Arbeit ziel darauf ab, Erkenntnisse über die Auswirkungen von Anbausystemen und 

Trockenheit auf den Wasserhaushalt von Pflanzen entlang des Kontinuums Boden-Pflanze-

Atmosphäre zu gewinnen. Dies umfasst die Wasseraufnahmemuster der Wurzeln, die Anfälligkeit 

und Anatomie des Stamm-Xylems, den Wasserstatus der Blätter und physiologische Prozesse, 

Phänologie, Wachstum und Ertrag. Durch die Kombination verschiedener Managementpraktiken 

werden vier Anbausysteme untersucht: konventionelle intensive Bodenbearbeitung, konventionelle 

Direktsaat, organische intensive Bodenbearbeitung und organische reduzierte Bodenbearbeitung. 

Simulierte Trockenperioden mit transparenten Dächern wurden im Schweizer Regenfeldbau unter 

gemässigtem Klima durchgeführt. In der Vegetationsperiode 2018 wurde eine Erbsen-Gerste-
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Mischung, eine wichtige Futterquelle für Nutztiere, untersucht. Winterweizen, eine weltweit 

wichtige Futterpflanze, wurde 2019 untersucht.   

Wurzelwasseraufnahmetiefen von Nutzpflanzen liefern wichtige Informationen über die Reaktion 

auf Trockenheit und können daher Erkenntnisse über Anbausysteme unter Trockenheit liefern. Der 

Schwerpunkt in Kapitel 2 liegt auf den Wurzelwasseraufnahmemustern von Erbsen und Gerste, die 

in einer Mischung unter den vier ausgewählten Anbausystemen und unterschiedlichen 

Wasserverfügbarkeiten angebaut wurden. Die Wasseraufnahmemuster von Winterweizen sind in 

Kapitel 4 beschrieben. Stabile Wasserisotope wurden verwendet, um die Wasseraufnahmemuster 

dieser drei Arten mit Bayes'scher Statistik abzuschätzen. In allen Anbausystemen verlagerten unter 

der experimentellen Trockenheit Erbse und Gerste ihre Wasseraufnahmemuster ohne 

Nischendifferenzierung in geringere Tiefen, während Winterweizen Wasser aus grösseren Tiefe 

aufnahn. Darüber hinaus beobachteten wir aufgrund der natürlichen Dürreperiode im Sommer 2018 

auch Reaktionen von Erbsen und Gerste auf diese moderatere Dürre im Vergleich zu unserer 

Behandlung, bei der nur Gerste ihre Wasseraufnahmetiefen nach oben verschob, Erbsen jedoch 

nicht.  

Die Pflanzenhydraulik bestimmt in hohem Masse den Wassertransport, und es hat sich gezeigt, dass 

sie von Umweltbedingungen, einschliesslich der Bodenbedingungen, beeinflusst wird. Die 

hydraulischen Eigenschaften von Erbsen und Gerste als Reaktion auf die ausgewählten 

Anbausysteme sowie ihre Verbindungen zu Wachstum und Produktivität werden in Kapitel 3 

vorgestellt. Die Anfälligkeit des Xylems für Kavitation wurde bei beiden Arten mit der Cavitron-

Technik bewertet, und der prozentuale Verlust der Leitfähigkeit, der aus dem Xylem-

Wasserpotenzial in situ abgeleitet wurde, wurde zur Bewertung des Trockenstresses dieser beiden 

Arten verwendet. Die verschiedenen Arten zeigten erneut unterschiedliche Reaktionen. Obwohl in 

einer Mischung angebaut, beeinflussten die Anbausysteme nur die hydraulischen Eigenschaften 

von Gerste, nicht aber die von Erbsen.  

Das Wachstum und die Produktivität von Nutzpflanzen werden durch verschiedene physiologische 

Prozesse mit einer grossen Komplexität zwischen Regulierung und Kompensationsreaktionen 

beeinflusst. Die Integration von Pflanzenmerkmalen entlang des gesamten Kontinuums in einen 

Merkmalsraum hilft dabei, ein klares Bild von den Veränderungen in Abhängigkeit von 

Umwelteigenschaften und dem Management zu zeigen. Winterweizeneigenschaften zum 

Wasserhaushalt werden in Kapitel 4 vorgestellt. Im Merkmalsraum veränderten die Anbausysteme 

nur den Wachstumsmerkmalsraum, der sich zwischen biologischen und konventionellen Systemen 

unterschied, aber nicht zwischen konservierenden und intensiven Bodenbearbeitungssystemen. 
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Währenddessen dominierte die Trockenheitsbehandlung den Wassermerkmalsraum, unabhängig 

von den Anbausystemen.  

Neben den Merkmalen, die an der einzelnen Pflanze untersucht wurden, können auch visuelle 

Veränderungen in der Phänologie der Pflanzen helfen, die Auswirkungen des Anbausystems 

aufzuzeigen. PhenoCams wurden verwendet, um die Phänologie von Erbsen-Gerste-Mischung und 

Winterweizen zu verfolgen. Die Phänologie der Pflanzen wurde bei der Erbsen-Gerste-Mischung 

nicht durch das Anbausystem beeinflusst, aber bei Winterweizen zeigten sich Unterschiede, die mit 

dem Merkmalsraum übereinstimmen (d.h. sie unterschieden sich zwischen ökologischen und 

konventionellen Anbausystemen). Da ich zur Datenerhebung und -analyse sowie zur Überarbeitung 

des Manuskripts beigetragen habe, ist diese Arbeit im Anhang enthalten. 

Unsere Ergebnisse zeigen, dass Anbausysteme bestimmte hydraulische, physiologische und 

wachstumsbezogene Merkmale sowie die Phänologie der Pflanzen beeinflussen können, die mit 

den Ertragsmerkmalen in Verbindung stehen können. Die Reaktionen und Ergebnisse hängen 

jedoch weitgehend von der Art ab. Die Ergebnisse zeigen auch, dass die Verwendung verschiedener 

Anbausysteme zur Linderung von Trockenstress für Pflanzen möglicherweise nicht so effektiv ist 

wie bisher angenommen - zumindest in gemässigten Klimazonen. 
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1 Chapter 1 

Introduction  

1.1 Agroecosystems and climate change 

As food security is facing the challenges of the growing population and additional stress from the 

ongoing pandemic, there is still vital need of intensification in agricultural production with the 

increase in food needs (IPCC, 2018; HLPE, 2020). However, food systems to support current 

dietary patterns for the world contributes 21% to 37% of total greenhouse gas emissions, listing as 

a major contributor to global warming (FAO et al., 2020). Meanwhile, degradation of 

agroecosystem conditions, such as in soil quality, is leading to a general decrease in agricultural 

production, while climate change will cause further decline in the near future (Bene et al., 2019; 

FAO et al., 2020). For instance, the frequency and severity of weather events, including prolonged 

droughts, are projected to increase as a result of climate change (IPCC, 2018). Drought affects all 

climates and strongly damages agroecosystems (FAO, 2017), hence severely disturbs food supply 

and increases food insecurity (FAO, 2017; Ortiz-Bobea et al., 2021).  

To break the vicious cycle and reduce the unsustainable environmental impacts from agriculture, it 

is recommended to adapt certain farming practices for mitigating climate change, including in 

croplands (IPCC, 2019). One of the Sustainable Development Goals aims to implement resilient 

agricultural practices to ensure crop production, improve soil quality, as well as adapt to climate 

change (United Nations, 2015). Conservation tillage is therefore considered as a climate-smart 

practice with benefits such as reducing soil erosion (e.g., Holland, 2004; Seitz et al., 2019), tillage-

induced particulate emissions (e.g., Busari et al., 2015; Bista et al., 2017), and energy consumption 

(e.g., Sharma et al., 2011; Prechsl et al., 2017). Similarly, organic management is reported to reduce 

negative effects on the environment compared to conventional management such as increasing 

carbon sequestration  and reducing pollutant production (Gomiero et al., 2011; Lorenz & Lal, 2016; 
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Reganold & Wachter, 2016). Hence, organic farming and conservation tillage practices are often 

discussed as sustainable land management (Arneth et al., 2019). In the meantime, organic farming 

indeed has been shown to have less negative environmental impacts per land unit. However, due to 

the nature of lower yields, sometimes from lower farming intensity, it is not always the case per 

product unit as reviewed by Meemken and Qaim (2018). Assumably similar controversy may apply 

to conservation tillage considering different yield responses were observed, according to species 

difference and climatic conditions (e.g., Lopez & Arrue, 1997; Chen et al., 2011). Nevertheless, 

under water-limited conditions, organic farming and conservation tillage could maintain stability 

in yield (see Gomiero et al., 2011; Busari et al., 2015; Niggli, 2015), which adds to the potential of 

safeguarding food security with these practices for the future climate. However, the mechanism 

behind this potential benefit remains unclear, amplifying the uncertainty to rely on organic farming 

and conservation tillage to secure food production in all climates. Moreover, market demands in 

organic agricultural products has been increasing in the past decade, raising the urge to understand 

how drought affects crops managed organically (Reganold & Wachter, 2016; Röös et al., 2018). 

Therefore, cropping systems implementing different farming practices, i.e., organic vs. 

conventional and conservation vs. intensive tillage, need to be assessed for drought adaptation also 

from the crop perspectives. 

1.2 Crop water relations and cropping systems 

The soil-plant-atmosphere continuum (SPAC) is a greatly influential pathway for the water cycle 

in terrestrial ecosystems (Schlesinger & Jasechko, 2014). Crop water relations concern how plants 

are involved in the continuum, such as root water uptake, xylem water transport, and leaf water use 

(Boyer, 1982; Donovan & Sperry, 2000; Schulze et al., 2019). Any modification among those traits 

regarding crop water relations may alter the functionality of the entire continuum, resulting in 

changes in phenology, growth, and yield for crops (Turner, 1997; Wang et al., 2015). Meanwhile, 

crop phenology, responsive to the environment, also feeds back to water relations (Nord & Lynch, 

2009; Rezaei et al., 2017), further determining growth and yield. Therefore, understanding crop 

water relations as well as phenology under drought plays an increasingly important role in 

promoting sustainable agriculture to secure food production. 

Both organic farming and conservation tillage have been shown to maintain or increase soil health, 

with extensive studies showing improved soil physical, chemical, and microbial functionality (see 

Holland, 2004; Lori et al., 2017; Williams et al., 2020). Among those improvements in soil 

conditions, increased soil water holding capacity, from e.g., increased soil organic matter and soil 

aggregation as well as reduced evaporation, is one of the main benefits against drought and 
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maintains higher soil water availability for the crops (Lotter et al., 2003; van Eerd et al., 2014; Das 

et al., 2018). Therefore, organic management and conservation tillage are discussed to mitigate crop 

drought stress under climate change, and are expected to be effective, especially for rainfed 

agriculture (Tyler & Overton, 1982; Gomiero et al., 2011; Boydston et al., 2018). However, 

understanding on how these practices affect crop water relations or phenology under the changing 

climate is still lacking, highlighting the urgent need to assess crop drought response under different 

cropping systems for protecting food security. 

1.3 Root water uptake depths with stable water isotopes 

Root water uptake depths of crops provide important information on interactions between plant 

water use and soil water dynamics, competition among coexisting species, adaptation to drought 

conditions, and irrigation guidelines (Jackson et al., 2000; Aroca & Ruiz-Lozano, 2012). Spatial 

patterns of water uptake from the soil are highly relevant for plant water use as well as soil-plant 

interactions. This is particularly informative during drought periods. Due to a commonly drying 

topsoil and an increasing water content along the soil profile, utilising water from deeper soil layers 

can be a potential response of some plant species to avoid water stress (Teuling et al., 2006; 

Sprenger et al., 2016). Plant water uptake mainly depends on soil water availability, root properties 

and distributions. As these two aspects constantly interact with each other (Caldwell et al., 1998; 

Whitmore & Whalley, 2009; Dietrich et al., 2017), plant water uptake patterns are highly dynamic, 

both spatially and temporally, and difficult to interpret. Since the 1960s, with the stable water 

isotopes, i.e. oxygen and hydrogen isotopes, being implemented in ecohydrology studies 

(Gonfiantini et al., 1965; Zimmermann et al., 1967), stable water isotopes have become a widely 

applied tool to source root water uptake and quantify source contributions (Dawson & Ehleringer, 

1991; Rothfuss & Javaux, 2017; Penna et al., 2018).  

Due to the benefits in increasing soil water availability for crops under organic management and 

conservation tillage stated above, soil water distribution along the soil profile might differ under 

drought with different farming practices. However, root development is also shown to be affected 

by organic management and conservation tillage via changes from altered soil characteristics, i.e., 

air permeability, bulk density, and nutrition distributions (e.g., Colombi et al., 2019; Hirte et al., 

2021). For instance, under conservation tillage, soil physical structure is much less disturbed, 

tending to improve soil pore connectivity and aggregation. However, soil compaction under 

conservation tillage which increases soil mechanical resistance is also observed (e.g., Arvidsson et 

al., 2013), in return discouraging root development to access the preserved water. Therefore, the 
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current assumption on using organic farming and conservation tillage to sustain crop water uptake, 

potentially via stable soil water supply, against drought still needs to be tested. 

1.4 Crop hydraulic traits and water stress 

To further understand crop drought responses, it is imperative to study crop hydraulic behaviours. 

As xylem hydraulic conductivity is critical for water transport and water use, it regulates 

physiological processes and potentially determines biomass and yield production of crops. 

Therefore, the ability to maintain high conductivity which allows high water transport rate is 

beneficial for crop performance in general (Wang et al., 2018; Gleason et al., 2019; Zhu et al., 

2021). Further, managements that sustain crop water uptake and transport to avoid water stress and 

yield loss can be effective to adapt to climate change (Holloway-Phillips & Brodribb, 2011; 

Brodribb et al., 2015; Vitra et al., 2019). However, it is currently unclear how xylem conductivity 

might be associated with plant growth and biomass production.  

Xylem structure and connection, both horizontal and vertical, as well as replacement have been 

investigated and discussed in woody species (e.g., Hacke & Sperry, 2001; Jansen et al., 2004), with 

much less information available on herbaceous species (but see Ahmad et al., 2018; Liu et al., 2020). 

This information helps to illustrate xylem hydraulic properties and functionality under different 

environmental conditions, therefore provides vital instruction on plant drought responses (see Choat 

et al., 2008; Guet et al., 2015; Brodersen, 2016). Several theories and models about plant hydraulic 

vulnerability mainly based on knowledge obtained on woody species (e.g., Sperry, 2000; Martin-

StPaul et al., 2017; Olson et al., 2018; McDowell et al., 2019). However, how much of this 

knowledge is transferable to herbaceous species, if at all, is highly doubtful.   

Sampling difficulties on herbaceous species for technical reasons contributed to the gap of 

knowledge. Another reason might be that herbaceous species often have substantially shorter 

lifespan than most woody species, therefore less time-invested and carbon-invested. The mortality 

of herbaceous species is not as concerning as dying forests. However, with drought increasingly 

threatens all agroecosystems (FAO, 2017), understanding of hydraulic behaviours of annual crops, 

which are dominantly herbaceous, to explain their drought responses becomes more urgent than 

ever.  

1.5 Crop trait space along the soil-plant-atmosphere continuum 

Considering crop water relations involves multiple traits along the SPAC, the interconnections and 

interactions among plant physiological processes and growth create great complexity to challenge 

our understanding of drought responses. A holistic view needs to be taken place from the plant 
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perspective to disentangle the situation and provide integrated information to better evaluate crop 

performances in different cropping systems. 

The trait space is a multidimensional hypervolume concept that was first proposed by Hutchinson 

(1957) and initially intended to describe ecological niches (Blonder, 2018). The plant trait space 

based on this concept has been commonly applied in grassland, both in natural (e.g., Diaz et al., 

2016) and managed systems (e.g., Roscher et al., 2018). Studies in arable crops are much rarer, and 

mostly concern species mixture (intercropping) as reviewed by Malezieux et al. (2009), or 

evaluation of cultivars (e.g., Gleason et al., 2019). Trait-based ecology helps to illustrate species 

responses to the environment, and therefore can be used to assess management in agricultural 

systems as reviewed by Garnier and Navas (2012). However, studies using the trait space as a 

holistic approach in crops remain relatively scarce, highlighting the current gap of knowledge, in a 

comprehensive manner, for crop responses to agricultural practices and climate change. 

1.6 Thesis objectives 

To evaluate climate-smart agriculture, i.e., organic farming and conservation tillage, and assess 

crop drought responses, this doctoral thesis focuses on crop water relations in four common 

cropping systems, i.e., conventional intensive tillage (C-IT), conventional no tillage (C-NT), 

organic intensive tillage (O-IT), and organic reduced tillage (O-RT). Field experiments with 

extensive drought periods simulated by shelters were carried out during growing seasons of pea-

barley mixture and wheat. The following objectives were addressed: 

(1) We aim to investigate how root water uptake patterns of different crops, i.e., pea and barley 

grown in a mixture and winter wheat in monoculture, respond to drought in different 

cropping systems. The studies addressing this objective are discussed in Chapter 2 (pea-

barley mixture) and included in Chapter 4 (winter wheat). 

(2) We aim to test how cropping systems affect plant xylem vulnerability and consequently 

water stress under drought. The study on pea and barley grown in a mixture derived from 

this objective is presented in Chapter 3.  

(3) We aim to bring crop traits along the entire soil-plant-atmosphere continuum together and 

analyse them holistically under different water availabilities and cropping systems. The 

study on trait space of winter wheat derived from this objective is presented in Chapter 4. 
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1.7 Thesis outline 

This thesis was performed within the project on Resilience of Organic and Conventional Production 

Systems to Drought (RELOAD), a collaborative project with Agroscope at the Swiss Federal 

Agricultural research station. The experiments were based on the Farming Systems and Tillage 

experiment (FAST; for details see Wittwer et al., 2017) located in Zurich-Reckenholz, Switzerland 

(47.44° N, 8.53° E). The FAST experiment began in 2009 with a six-year crop rotation typical for 

Swiss cropping systems, i.e., winter wheat, maize, pea-barley mixture, winter wheat, and two years 

of grass-clover mixture. This thesis consists of two years of drought experiments on pea-barley 

mixture (2018) and winter wheat (2019). Following the introduction in Chapter 1, the drought 

experiment on pea-barley mixture is presented in Chapter 2, where the water uptake patterns of 

both species in response to drought is examined. Following, the study on responses in hydraulic 

traits of pea and barley to cropping systems is explained in Chapter 3. Further, with the entire plant 

side of soil-plant-atmosphere continuum taken into consideration, a trait space of winter wheat is 

presented in Chapter 4, where changes in trait space due to cropping systems and drought are 

discussed. Finally, Chapter 5 integrates the findings from previous chapters and discusses current 

understanding on how cropping systems affect crop water relations, then leads to general 

conclusions which include outlooks and highlights future research potentials.  

1.8 Supplementary study 

Besides the studies on crop water relations stated above, an additional study on crop phenology of 

pea-barley mixture and winter wheat is included in Appendix, since I contributed to device 

installation, data collection and analysis, as well as revising an early version of the manuscript. 
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Summary 

�x Agricultural production is under threat of water scarcity due to increasingly frequent and 

severe drought events under climate change. Whether a change in cropping systems can be 

used as an effective adaptation strategy against drought is still unclear. 

�x We investigated how plant water uptake patterns of a field-grown pea-barley (Pisum sativum 

L. and Hordeum vulgare L.) mixture, an important fodder crop, responded to experimental 

drought under four cropping systems, i.e., organic intensive tillage, conventional intensive 

tillage, conventional no-till age, and organic reduced tillage. Drought was simulated after crop 

establishment using rain shelters. Proportional contributions to plant water uptake from 

different soil layers were estimated based on stable water isotopes using Bayesian mixing 

models. 

�x Pea plants always took up proportionally more water from shallower depths than barley 

plants. Water uptake patterns of neither species were affected by cropping systems. Both 

species showed similar responses to the drought simulation and increased their proportional 

contributions from shallow soil layer (0-20 cm) in all cropping systems. 

�x Our results highlight the impact of drought on plant water uptake patterns for two important 

crop species and suggest that cropping systems might not be as successful as adaptation 

strategies against drought as previously thought. 

Keywords: climate change, conservation tillage, FAST, organic farming, stable water isotope, 

water uptake depth  
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2.1 Introduction  

Due to climate change, drought events may occur more frequently and become more severe, and 

hence water scarcity is worsening in many regions of the world (Schewe et al., 2014; IPCC, 2019). 

Thus, agriculture is facing increasing pressure to ensure food security under aggravating conditions 

(FAO, 2018; FAO, 2019). Although crop breeding has large potential to enhance agricultural 

productivity, it should certainly not be seen as the only option. Adapted crop management is 

discussed as an additional solution to mitigate yield loss under drought, either by sustaining plant 

growth or by enhancing soil water availability (Cochard, 2002; Bot & Benites, 2005; Kundel et al., 

2020). Therefore, there is a growing interest in organic farming and conservation tillage (i.e., no 

tillage or reduced tillage), as these management practices have been shown to be beneficial to soil 

health and water holding capacity, ecosystem stability, as well as environmental sustainability (e.g., 

Seitz et al., 2019; Teasdale et al., 2007; Hobbs et al., 2008). However, an evaluation of different 

cropping systems as a means to support arable crops under drought is still urgently needed (IPCC, 

2019). 

Understanding plant water relations under drought plays an increasingly important role in 

promoting sustainable agriculture to secure food production (Penna et al., 2020). Plant water uptake 

and water use, particularly during critical growing stages, greatly determine physiological processes, 

survival, and ultimately crop productivity (Boyer & Rao, 1984; Wang et al., 2015). Although many 

studies reported plant water uptake patterns in response to drought over a broad range of species 

and environments (e.g., Prechsl et al., 2015; Grossiord et al., 2019; Rasmussen et al., 2020; Ding 

et al., 2021), only very few focused on arable agriculture (e.g., Zegada-Lizarazu et al., 2006; Borrell 

et al., 2014; Wu et al., 2018) and none compared arable cropping systems. Moreover, these 

studies found contrasting responses of crop species to changing environments, illustrating the 

current gap of knowledge for cropping systems. 

Plant water uptake mainly depends on soil water availability, root properties and distributions, as 

well as soil-plant interactions (von Freyberg et al., 2020). Soil water availability depends on soil 

physical characteristics and local climatic conditions. Root systems, including root distribution and 

functionality, are affected by soil physical and nutritional conditions as well as plant growth stages 

and species genetics. Soil-root interactions include hydrotropism, root damage caused by drying 

soil, and soil water redistribution (Caldwell et al., 1998; Whitmore & Whalley, 2009; Dietrich et 

al., 2017). Furthermore, plant water uptake patterns are highly dynamic and difficult to track. Since 

the 1960s, stable water isotopes, i.e. oxygen and hydrogen isotopes, have been used in ecohydrology 

studies (Gonfiantini et al., 1965; Zimmermann et al., 1967), e.g. to assess root water uptake patterns 
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(Rothfuss & Javaux, 2017), to detect foliar water uptake (Berry et al., 2019), as well as to partition 

evapotranspiration fluxes (Wang et al., 2010). Stable water isotopes have since become a helpful 

tool to identify plant water uptake sources and quantify source contributions (Dawson & Ehleringer, 

1991; Penna et al., 2018). However, studies in agroecosystems have often focussed on grassland 

species (e.g. Bachmann et al., 2015; Prechsl et al., 2015), much less on crop species as reviewed 

by Penna et al. (2020). 

Hence, our experimental field study investigated how different cropping systems, namely organic 

vs. conventional farming with intensive vs. conservation tillage, affect plant water uptake patterns 

under drought using stable water isotopes. We focused on a pea-barley (Pisum sativum L. and 

Hordeum vulgare L.) mixture, an increasingly popular intercrop for fodder production (Gilliland & 

Johnston, 1992). We aimed at understanding (1) if pea and barley grown in mixture differ in their 

water uptake patterns, (2) how drought affects plant water uptake depths, and (3) if cropping 

systems affect water uptake depths differently. 

2.2 Materials and Methods 

2.2.1 Research site and experimental setup 

The research site is in Rümlang near Zurich (47.26° N, 8.31° E), and belongs to the Swiss federal 

agricultural research station Agroscope. Long-term average annual precipitation at the site is 994 

mm, and mean annual air temperature is 9.7 °C (1988 to 2017; MeteoSwiss, 2020). The soil at the 

research site is a calcareous Cambisol with 23% clay, 34% silt, and 43% sand, and total soil carbon 

content of 1.6 to 1.8% (Loaiza Puerta et al., 2018). The plant available soil depth is 50-70 cm, and 

no groundwater is accessible for plants (Kanton Zürich, 2020). Our study used a sub-set of plots in 

the Farming Systems and Tillage Experiment which began in 2009 with a six-year crop rotation 

that is typical for Swiss cropping systems (for details see Wittwer et al., 2017). It combines 

conventional (C) and organic (O) farming with intensive or soil conservation tillage practices. The 

conventional systems are managed accordi�Q�J�� �W�R�� �W�K�H�� �³�3�U�R�R�I�� �R�I�� �(�F�R�O�R�J�L�F�D�O�� �3�H�U�I�R�U�P�D�Q�F�H�´�� ���3�(�3����

guidelines of the Swiss Federal Office for Agriculture (Swiss Federal Council, 2021), which allows 

synthetic fertiliser and pesticide applications. The organic systems were managed following the 

BioSuisse guidelines, prohibiting the use of mineral fertilisers and synthetic plant protection 

products. Intensive tillage (IT) with a mouldboard plough to 20 cm depth followed by seedbed 

preparation with a rotary harrow to 5 cm depth was applied in both conventional (C-IT) and organic 

systems (O-IT). For conservation tillage, direct sowing and no soil management were implemented 

in the no tillage conventional plots (C-NT) but glyphosate was sprayed before sowing of the main 

crops for weed control. A disc or rotary harrow, which superficially disturbed the soil for weed 
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control, was used for reduced tillage in organically managed plots (O-RT) to a maximum depth of 

10 cm. These four cropping systems were repeated in four blocks following a Latin square design. 

Cropping system plots had an area of 6 m × 30 m. 

In 2018, the same pea (Pisum sativum �/���� �F�Y���� �µ�$�O�Y�H�V�W�D�¶���� �D�Q�G�� �E�D�U�O�H�\�� ��Hordeum vulgare L. cv. 

�µ�(�X�Q�R�Y�D�¶�����P�L�[�W�X�U�H���Z�D�V���V�R�Z�Q���L�Q���D�O�O���S�O�R�W�V���R�Q���������0�D�U�F�K���D�Q�G���K�D�U�Y�H�V�W�H�G���R�Q���������-�X�O�\�����1�R���I�H�U�W�L�O�L�V�D�W�L�R�Q���Z�D�V��

applied in any of the treatments because the pea plants were expected to fix dinitrogen from the 

atmosphere. Portable, tunnel-shaped rain shelters (metal frames of 3 m × 5 m base area and 2.1 m 

height at the highest point) with transparent and ultraviolet light-transmissible plastic foil 

���*�H�Z�l�F�K�V�K�D�X�V�I�R�O�L�H�� �8�9������ �������� ���P���� �)�R�O�L�W�H�F�� �$�J�U�D�U�I�R�O�L�H�Q-Vertrieb, Germany) were installed to 

simulate a drought period from 22 May to 28 June 2018. Shelters were open at both ends as well as 

at both sides and had an opening at the top along the full length. This allowed extensive ventilation 

and prevented temperature build-up (for technical details see Hofer et al., 2016). Rain running down 

the foil was collected in PVC half pipes and directed away from the plots (about 2 m). During the 

drought treatment period, 34% of precipitation during the growing season in 2018 (from sowing to 

harvest) was excluded from the drought subplots (Table 2.1). These drought subplots were 

established in each cropping system and located directly next to control subplots which received 

natural precipitation inputs, resulting in a split-plot layout. A total of 16 experimental plots (four 

cropping systems × four replicates) with 32 subplots (16 plots × two water availability treatments) 

were used in this study. 

2.2.2 Climatic data and soil water contents 

Precipitation and air temperature data (Table 2.1; Fig. 2.1) were obtained from a nearby weather 

station, Zürich/Kloten (KLO, 47.48° N, 8.54° E, 4.6 km north of the research site, MeteoSwiss, 

2020). Soil water content (SWC) was continuously measured and recorded at 10 and 40 cm depths 

with two replicates per cropping system (EC-5, Decagon Devices Inc., Pullman, WA, USA; factory-

calibrated). Data were averaged at 10 min intervals by data loggers (CR1000 and CR216, Campbell 

Scientific Ltd., Loughborough, UK), then averaged for daily values. 

2.2.3 Plant and soil water samples for stable isotope analysis 

Plant and soil samples were collected on 7 May, 25 June, and 11 July 2018, i.e., before the drought 

treatment (BT), at the end of the treatment (ET), and after the treatment (AT), respectively. Pea was 

not sampled AT due to progressed senescence. Root crowns were collected for stable isotope 

analysis of plant xylem water as this part best reflects the mixture of water sources taken up from 

the soil in herbaceous plants (Barnard et al., 2006; von Freyberg et al., 2020). Four to six individuals 
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were collected and pooled into one sample per species and subplot. Root crowns were cleaned 

quickly to remove remaining soil and then immediately sealed in air-tight glass tubes (12-ml 

exetainer, Labco Ltd., Ceredigion, UK). In parallel to the plant sampling, soil samples were 

collected close to the sampled plants with a soil auger (1 cm diameter). The soil cores were 

separated into six depth layers �± 0-5, 5-10, 10-20, 20-30, 30-40, and 40-60 cm �± and then 

immediately sealed in glass tubes (18 ml, Schott AG, Mitterteich, Germany). All plant and soil 

samples for stable water isotope analysis were kept in a cool box in the field and then stored 

at -18 °C before extraction with cryogenic vacuum distillation (Ehleringer & Osmond, 1989). 

2.2.4 Stable water isotope analyses 

�7�K�H�� �R�[�\�J�H�Q�� �D�Q�G�� �K�\�G�U�R�J�H�Q�� �V�W�D�E�O�H�� �L�V�R�W�R�S�H�� �U�D�W�L�R�V�� ���/18�2�� �D�Q�G�� �/2H) of extracted water samples were 

analysed with an isotope ratio mass spectrometer (IRMS, DeltaplusXP, Finnigan MAT, Bremen, 

Germany) using the methods described by Werner et al. (1999)���� �$�O�O�� �/18�2�� �D�Q�G�� �/2H values are 

expressed relative to the Vienna Standard Mean Ocean Water (VSMOW-SLAP, Craig & Gordon, 

1965; Gat, 2010) in parts-per-�W�K�R�X�V�D�Q�G�����R�U�����S�H�U���P�L�O�������Å�����H�T����2.1): 

�/ �2��
���� ���R�U���/ �+��

�� � ��
�5�6�$�0�3�/�(

�5�6�7�$�1�'�$�5�'
���±���� (2.1) 

where R is the isotope ratio of the rare isotope to the abundant isotope (18O/16O or 2H/1H). The long-

term precision of the quality-control standard IsoLab 1 over the last four years was 0.22�Å for �G18O 

and 0.59�Å for �G2H. 

The isotopic composition of precipitation at the global scale shows a linear relationship between 

�W�K�H���/18�2���D�Q�G���/2H of meteoric waters (Global Meteoric Water Line, GMWL; Craig, 1961), described 

by the regression line in a "dual-�L�V�R�W�R�S�H�����/18O-�/2H plot (eq. 2.2):  

GMWL:���/ �+��
�� ��� �����������î���/�2��

���� �������������� (2.2) 

Similarly, the Local Meteoric Water Line (LMWL) describes the isotopic composition in rainfall 

for a specific location (Dansgaard, 1964). We fitted the long-term LMWL (1994 to 2017) with 

monthly mean data from the closest GNIP station (Global Network of Isotopes in Precipitation, 

Buchs Suhr, 47.37° N, 8.08° E, 34 km from the research site; IAEA, 2020; eq. 2.3), while the 

LMWL of 2018 was fitted with data of precipitation samples collected at the research site (after 

Prechsl et al., 2014; eq. 2.4) during the growing season and data of 2018 from GNIP Buchs (Fig. 

S2.1): 

long-term LMWL: �/ �+��
�� ��� �����������î���/�2��

���� ������������ (2.3) 

2018 LMWL:���/ �+��
�� ��� �����������î���/�2��

���� �������������� (2.4) 
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2.2.5 Bayesian mixing model for plant water uptake 

Proportional contributions of soil water to plant water uptake (PC) from different depths were 

�H�V�W�L�P�D�W�H�G�� �X�V�L�Q�J�� �P�L�[�L�Q�J�� �P�R�G�H�O�V�� �I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �µ�V�L�P�P�U�¶�� ��Parnell, 2020) within a Bayesian 

framework based on code by Parnell et al. (2013)�����7�K�H���/18�2���R�U���/2H signatures of soil water from 

the six soil layers were used as sources, and plant xylem water was considered the mixture for 

modelling in each subplot at different sampling times, i.e., BT, ET, and AT. Missing replicates of 

soil samples due to sampling difficulties (n = 5 in total) were filled with mean values of the other 

replicates from the same cropping system and treatment to have balanced model inputs. The model 

outputs consisted of 10 000 possible combinations of PC from different soil depths from four 

Markov chain Monte Carlo Bayesian models with at least 300 000 iterations, 50 000 burns, and 100 

times of thinning for each chain. The median of the model outputs on PC (MPC) from each soil 

depth was calculated for each subplot and used for statistical analysis on plant water uptake depths. 

Compared to the most frequent value of the model outputs, MPCs of all the sources usually sum up 

closer to 1. To increase clarity of presentation, PC was grouped into three layers, namely shallow 

(0-20 cm), middle (20-40 cm), and deep (40-60 cm) soil layers for further analyses. The PC values 

from shallow and middle layers are the sum of PC from soil depths of 0-5, 5-10, and 10-20 cm, and 

the sum of PC from soil depths of 20-30 and 30-������ �F�P���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �$�V�� �/18�2�� �D�Q�G�� �/2H yielded 

similar results, only the model outputs of �/18O are described in detail in this paper. 

2.2.6 Data analyses 

For data analyses, the whole growing season was divided into three periods based on the drought 

treatment, namely before the drought treatment (BT; 26 March to 21 May), the drought treatment 

period itself (22 May to 28 June) which was sampled directly before the removal of shelters on 28 

June (termed ET, end of treatment), and after the drought treatment (AT, 29 June to 12 July). All 

statistical analyses were carried out using R (v3.6.2; R Core Team, 2020). The effects of cropping 

systems, drought treatment, and species were tested with linear mixed models using the function 

lmer() �I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���µ�O�P�H�U�7�H�V�W�¶����Kuznetsova et al., 2017�������µ�&�U�R�S�S�L�Q�J���V�\�V�W�H�P�V�����&�6���¶�����µ�G�U�R�X�J�K�W��

�W�U�H�D�W�P�H�Q�W�����'���¶�����D�Q�G���µ�E�O�R�F�N�V�¶���Z�H�U�H���W�K�U�H�H���I�L�[�H�G���I�D�F�W�R�U�V��(Dixon, 2016�������L�Q�W�H�U�D�F�W�L�Y�H���H�I�I�H�F�W�V���E�H�W�Z�H�H�Q���µ�&�6�¶��

�D�Q�G���µ�'�¶���Z�L�W�K���µ�S�O�R�W�V�¶�����D�F�F�R�X�Q�W�L�Q�J���I�R�U���W�K�H���V�S�O�L�W-plot design) were considered as random factors. For 

variables measured on both pea and barley (i.e., stable isotopes of xylem water and MPC for BT 

�D�Q�G���(�7�������µ�S�O�D�Q�W���V�S�H�F�L�H�V�¶�����µ�&�6�¶�����µ�'�¶�����D�Q�G���µ�E�O�R�F�N�V�¶���Z�H�U�H���W�H�V�W�H�G���D�V���I�L�[�H�G���I�D�F�W�R�U�V���F�R�Q�V�L�G�H�U�L�Q�J���L�Q�W�H�U�D�F�W�L�Y�H��

�H�I�I�H�F�W�V�� �D�P�R�Q�J�� �µ�S�O�D�Q�W�� �V�S�H�F�L�H�V�¶���� �µ�&�6�¶���� �D�Q�G�� �µ�'�¶�� �Z�L�W�K�� �µ�S�O�R�W�V�¶�� �D�Q�G�� �µ�V�X�E�S�O�R�W�V�¶�� �D�V�� �U�D�Q�G�R�P�� �I�D�F�W�R�U�V����

Diagnostic plots were checked for normality and homoscedasticity of residuals for model 

assumptions. Differences among cropping systems and between treatments or species were tested 
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by the Tukey HSD (honestly significant difference) test using the function glht(), from the R 

�S�D�F�N�D�J�H���µ�P�X�O�W�F�R�P�S�¶����Hothorn et al., 2008).  

2.3 Results 

2.3.1 Environmental conditions in drought and control subplots 

Air temperatures in 2018 were very high compared to the long-term mean, in particular in May and 

�-�X�Q�H�����Z�L�W�K���D���G�D�L�O�\���D�Y�H�U�D�J�H���D�L�U���W�H�P�S�H�U�D�W�X�U�H���R�I�������������D�Q�G�������������h�&�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�K�L�O�H���W�K�H���O�R�Q�J-term 

������������ �W�R�� ������������ �P�H�D�Q�� �D�L�U�� �W�H�P�S�H�U�D�W�X�U�H�V�� �L�Q�� �W�K�H�V�H�� �W�Z�R�� �P�R�Q�W�K�V�� �Z�H�U�H�� ���������� �D�Q�G�� ���������� �h�&���� �U�H�V�S�H�F�W�L�Y�H�O�\��

(Table 2.1; Fig. 2.1). Annual precipitation was relatively low (Table 2.1), with no precipitation 

between 14 June and 2 July 2018, and an even more pronounced drought period in July (Fig. 2.1). 

Thus, average daily soil water contents (SWC) in the control subplots ranged from 16% to 29% at 

10 cm depth and slightly higher, from 22% to 29%, at 40 cm depth, prior to the rain event on 3 July 

2018. After this rain event, SWC increased in all cropping systems at both depths (Fig. 2.2a, b). 

Variations in SWC among cropping systems were small, particularly during the natural drought in 

June. 

Table 2.1 Precipitation and air temperature data from a nearby weather station, Zürich/Kloten (KLO, 
47.48° N, 8.54° E, 4.6 km north of the research site, MeteoSwiss, 2020) as well as dates for the growing 
season (from sowing to harvest) and treatment periods in 2018. 

 Date Total precipitation  
(mm) 

Mean air temperature  
���•��  

Long-term annual (1988-2017) 1 January to 31 December 994 9.7 

Annual (2018) 1 January to 31 December 856 11.2 

Long-term May (1988-2017) 1 to 31 May 105 13.9 

May 2018 1 to 31 May 102 15.8 

Long-term June (1988-2017) 1 to 30 June 102 17.2 

June 2018 1 to 30 June 40 18.8 

Growing season 2018 26 March to 12 July 231 15.7 

Before drought treatment 26 March to 21 May 108 12.7 

End of drought treatment 22 May to 28 June 79  18.7 

After drought treatment 29 June to 12 July 44 20.0 

SWC in drought subplots of all cropping systems decreased continuously during the drought 

treatment (22 May to 28 June 2018), averaging to 13% at 10 cm and to 19% at 40 cm soil depth 

(Fig. 2.2 c, d). SWC at 10 cm did not show any pronounced differences among cropping systems, 

while SWC at 40 cm tended to be slightly higher in cropping systems with conservation tillage (O-

RT and C-NT) compared to systems with intensive tillage (O-IT and C-IT; Fig. 2.2b, d). 
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Fig. 2.1 Daily air temperature and precipitation in 2018. Dark line segments and bars depict the crop 
growing season from 26 March to 12 July 2018. The shaded area indicates the drought treatment from 
22 May to 28 June 2018. Data from the MeteoSwiss station Zürich/Kloten (KLO, 47.48° N, 8.54° E, 4.6 
km north of the research site, MeteoSwiss, 2020) are given.  
 

Fig. 2.2 Daily mean soil water contents at 10 and 40 cm depth in (a, b) control and (c, d) drought 
subplots under different cropping systems (n = 2 each; Conv. for conventional, Org. for organic). 
Vertical lines indicate sampling dates for stable water isotopes on 7 May, 25 June, and 11 July 2018. 
Shaded areas in (c) and (d) represent the drought treatment period from 22 May to 28 June 2018. 
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2.3.2 Stable isotopes in soil water and plant xylem water 

In the dual-isotope space, stable oxygen and hydrogen isotope ratios of soil and plant xylem waters 

were strongly related with each other (R2 = 0.89 and 0.85, respectively; Fig. S2.1) and generally 

fell below the local meteoric water line (LMWL ) of 2018, representing evaporation. Stable isotope 

signatures of xylem water were lower than the LMWL but higher than those of soil water, indicating 

that xylem water isotope signatures were mixtures of the original source precipitation and the pool 

of soil water, affected by different degrees of fractionation. 

 

 Fig. 2.3 �/18O values of soil water from different depths and plant xylem water in each cropping system 
(a, d) before the drought treatment on 7 May, (b, e) at the end of the drought treatment on 25 June, and 
(c, f) after treatment on 11 July in 2018 (Conv. for conventional, Org. for organic). Horizontal dotted 
lines separate isotopic composition of soil and plant samples (P for pea, B for barley). Pea plants were 
already senesced in early July, therefore no stable water isotope data are available after the drought 
treatment. Means and 1 SE (horizontal bars) are given for each cropping system (n = 3-4). 
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Table 2.2 Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the interaction (CS × 
D, df = 3) on stable water isotopes (�G18O and �G2H) in different soil depths before the drought treatment on 7 
May, at the end of treatment on 25 June, and after the treatment on 11 July (in 2018 tested by linear mixed 
models.  

Isotope Depth (cm) CS D CS × D Blocks 
Before drought treatment 

�/18O 

0-5  0.580   0.555   0.458   0.788  

5-10  0.119   0.276   0.073   0.367  

10-20  0.489   0.836   0.516   0.459  

20-30  0.201   0.164   0.128   0.069  

30-40  0.135   0.437   0.882   0.311  

40-60  0.960   0.898   0.845   0.404  

�/2H 

0-5  0.831   0.120   0.423   0.982  

5-10  0.158   0.118   0.056   0.516  

10-20  0.467   0.416   0.574   0.571  

20-30  0.105   0.026   0.064   0.181  

30-40  0.089   0.125   0.959   0.308  

40-60  0.560   0.291   0.853   0.436  

End of drought treatment 

�/18O 

0-5  0.316   0.835   0.253   0.367  

5-10  0.189   0.247   0.766   0.168  

10-20  0.080   0.603   0.920   0.673  

20-30  0.898   <0.001   0.852   0.94  

30-40  0.437   <0.001   0.651   0.954  

40-60  0.073   0.008   0.616   0.594  

�/2H 

0-5  0.295   <0.001   0.168   0.479  

5-10  0.330   0.005   0.859   0.215  

10-20  0.091   0.029   0.700   0.659  

20-30  0.889   <0.001   0.863   0.820  

30-40  0.388   <0.001   0.551   0.970  

40-60  0.136   0.006   0.469   0.809  

After drought treatment 

�/18O 

0-5  0.393   0.059   0.848   0.291  
5-10  0.730   0.672   0.111   0.031  
10-20  0.538   0.612   0.734   0.993  
20-30  0.933   0.136   0.936   0.944  
30-40  0.881   0.048   0.979   0.772  

40-60  0.751   0.001   0.560   0.380  

�/2H 

0-5  0.776   0.056   0.667   0.421  

5-10  0.117   0.958   0.649   0.636  

10-20  0.228   0.887   0.926   0.815  

20-30  0.710   0.104   0.888   0.705  

30-40  0.877   0.050   0.919   0.699  

40-60  0.841   <0.001   0.493   0.484  

Note: CS and D were tested as two fixed effect factors for all subplots (P values are given). Significant 
differences are shown in bold (P < 0.05). 
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The stable water isotope profiles of soil water showed a characteristic pattern at all times, for all 

cropping systems and both treatments, with most enriched values in the uppermost soil and 

increasingly depleted values with increasing soil depth (Table S2.1; Fig. 2.�����I�R�U���/18O; Fig. S2.2 for 

�/2�+�������7�K�H���G�U�R�X�J�K�W���W�U�H�D�W�P�H�Q�W���V�K�R�Z�H�G���Q�R���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W�V���E�H�I�R�U�H���W�K�H���W�U�H�D�W�P�H�Q�W�����%�7�����I�R�U���/18O nor 

�/2�+�����H�[�F�H�S�W���I�R�U���/2H at 20-30 cm; Table 2.2). In contrast, at the end of the drought treatment (ET), 

�V�R�L�O���Z�D�W�H�U���/18O values from 20-60 cm (20-30, 30-40, and 40-�������F�P�����D�V���Z�H�O�O���D�V���/2H values from all 

depths were strongly affected by the drought treatment (all P < 0.05; Table 2.2), with more depleted 

signatures in the drought than in control subplots due to the exclusion of more enriched summer 

precipitation. Even after the shelters were removed and the treatment had been finished (AT), the 

drought treat�P�H�Q�W���V�W�L�O�O���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W�H�G���E�R�W�K���/18�2���D�Q�G���/2H of soil water, albeit only in deeper 

soil depths (30-40 and 40-�������F�P���I�R�U���/18O and 40-�������F�P���I�R�U���/2H; all P < 0.05; Table 2.2). Overall, 

cropping systems did not significantly affect the stable isotopic signatures in soil water at any time 

(Table 2.2). 

Pea xylem water was always significantly more enriched in 18O and 2H compared to barley (all P < 

0.001; Table S2.2). The �/18O values in xylem water for pea ranged between -8.8�Å and -5.7�Å, and 

significantly lower between -10.1�Å and -5.8�Å��for barley (averages per cropping system, treatment, 

and time; Table 2.3; Table S2.2). Similarly, the �/2H values in xylem water for pea ranged 

between -65.6�Å and -52.1�Å, and significantly lower between -74�Å and -47.1�Å for barley (Table 

2.3; Table S2.2). Overall, isotopic signatures in xylem water became more enriched in 18O and 2H 

during the growing season for both pea and barley (Fig. 2.3, Table S2.2, Fig. S2.2). On average, the 

�[�\�O�H�P���/18O for pea was -�������Å���E�H�I�R�U�H���W�K�H���W�U�H�D�W�P�H�Q�W�����%�7�����D�Q�G��-�������Å���D�W���W�K�H���H�Q�G��of the treatment 

(ET), compared to -�������Å�����%�7������-�������Å�����(�7�������D�Q�G��-�������Å���D�I�W�H�U���W�K�H���W�U�H�D�W�P�H�Q�W�����$�7�����I�R�U���E�D�U�O�H�\�����:�K�L�O�H��

�D�Y�H�U�D�J�H�� �/2H values for pea were -���������Å�� ���%�7���� �D�Q�G��-���������Å�� ���(�7������ �/2H values averaged -���������Å��

(BT), -���������Å�����(�7�������D�Q�G��-���������Å�����$�7�����I�R�U���E�D�U�O�H�\����Fig. 2.3; Table 2.1; Fig. S2.2). Since there was a 

�V�W�U�R�Q�J���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���/18�2���D�Q�G���/2H in xylem water (Fig. S2.1; R2 = 0.85), our analyses are 

�P�D�L�Q�O�\���I�R�F�X�V�H�G���R�Q���/18O in the text (but see Table 2.3, Table S2.2, and Fig. S2.2 for analyses on 

�/2H). 

�)�R�U���S�H�D�����F�U�R�S�S�L�Q�J���V�\�V�W�H�P�V���G�L�G���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W���/18�2���Q�R�U���/2H in xylem water at either time 

(BT and ET; Table S2.2), while the drought treatment significantly affected the isotopic signatures 

of 18O only at the end of treatment (ET: P = 0.022; no interactions between cropping systems and 

drought treatment: P = 0.085; Table S2.2). 18O in pea xylem water were significantly more enriched 

in the �G�U�R�X�J�K�W���W�K�D�Q���L�Q���W�K�H���F�R�Q�W�U�R�O���V�X�E�S�O�R�W�V�����R�Q���D�Y�H�U�D�J�H�����/18O of -�������Å���D�Q�G��-�������Å�����U�H�V�S�H�F�W�L�Y�H�O�\���� 
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�,�Q�� �F�R�Q�W�U�D�V�W�� �W�R�� �S�H�D���� �F�U�R�S�S�L�Q�J�� �V�\�V�W�H�P�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �D�I�I�H�F�W�H�G�� �/18O in barley xylem water (ET: P = 

0.035; Table S). The drought treatment significantly affected the isotope signatures of both 18O and 
2H at the end of treatment (ET: both P < 0.01; no interactions between cropping systems and drought 

treatment; Table S). However, unlike pea, the xylem water of barley showed significantly lower 

�/18O values in drought than in control subplots for all cropping systems (on average, -�������Å��

and -�������Å�����U�H�V�S�H�F�W�L�Y�H�O�\�������D�O�W�K�R�X�J�K���W�K�H���G�L�I�I�H�U�H�Q�F�H���Z�D�V���V�P�D�O�O����Table S). A similar pattern was also 

�R�E�V�H�U�Y�H�G���I�R�U���/2H at the end of treatment (ET), with significantly lower values on average in drought 

than in control subplots (ET: -���������Å���D�Q�G��-�����������Å�����U�H�V�S�H�F�W�L�Y�H�O�\������ 

Table 2.3 Effects of species (df = 1), cropping systems (CS, df = 3), drought treatment (D, df = 1) and the 
interaction (species × CS, df = 3; species × D, df = 1; CS × D, df = 3; species x CS × D, df = 3) on stable 
water isotopes (d2H and d18O) of pea and barley before the drought treatment on 7 May and at the end of 
treatment on 25 June in 2018 tested by linear mixed models.  

Factor 
Before drought treatment  End of drought treatment  

�/18O �/2H �/18O �/2H 

Species  <0.001   <0.001   <0.001   <0.001  

CS  0.251   0.382   0.038   0.055  

D  0.106   <0.001   0.143   0.001  

Species × CS  0.184   0.023   0.312   0.348  

Species × D  0.796   0.486   0.004   0.016  

CS × D  0.190   0.117   0.051   0.081  

Species × CS × D  0.290   0.045   0.120   0.070  

Blocks  0.485   0.599   0.004   0.162  

Note: CS and D were tested as two fixed effect factors for all subplots (P values are given). Significant 
differences are shown in bold (P < 0.05). 

2.3.3 Modelled plant water uptake depths 

The outputs of the Bayesian mixing model on the proportional contribution to total plant water 

uptake (PC) showed highly significantly different behaviours of pea and barley, mirroring some of 

the differences seen in the xylem water isotopic signatures of these two species (Fig. 2.4; Fig. 2.5). 

Since frequency density distributions provide not only one estimate per soil depth, but a full 

frequency distribution, the medians were calculated for each soil depth to assist in the analyses 

(Table S2.�����I�R�U���U�H�V�X�O�W�V���I�U�R�P���/18O; Table S2.�����I�R�U���U�H�V�X�O�W�V���I�U�R�P���/2H). As both stable isotope signatures 

�V�K�R�Z�H�G���V�L�P�L�O�D�U���U�H�V�X�O�W�V�����Z�H���K�H�U�H���I�R�F�X�V���R�Q���U�H�V�X�O�W�V���G�H�U�L�Y�H�G���I�U�R�P���/18O only. In addition, we grouped 

the uptake depths into shallow (0-20 cm as sum of 0-5, 5-10, and 10-20 cm), middle (20-40 cm as 

sum of 20-30 and 30-40 cm), and deep (the original 40-60 cm) soil layers (Table 2.4; Table 2.5). 

Overall, both species took up water from the entire soil profile studied (0 to 60 cm soil depth), albeit 

with different proportions depending on species, time (i.e., BT, ET, and AT) and treatment (i.e., 

control vs. drought; Table 2.4; Table 2.5). 
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Table 2.4 Effects of species (df = 1), cropping systems (CS, df = 3), drought treatment (D, df = 1) and the 
interaction (species × CS, df = 3; species × D, df = 1; CS × D, df = 3; species × CS × D, df = 3) on the 
median proportional contributions from different soil depths to water uptake (MPC) of pea and barley 
before the drought treatment on 7 May and the end of treatment on 25 June in 2018 tested by linear mixed 
models.  

Factor 
Before drought treatment  End of drought treatment  

0-20 cm 20-40 cm 40-60 cm 0-20 cm 20-40 cm 40-60 cm 

Species  <0.001   0.036   <0.001   <0.001   <0.001   <0.001  

CS  0.506   0.555   0.992   0.374   0.440   0.252  

D  0.849   0.775   0.629   0.003   0.546   0.004  

Species × CS  0.255   0.865   0.702   0.303   0.799   0.180  

Species × D  0.424   0.619   0.336   0.009   0.001   0.359  

CS × D  0.454   0.293   0.098   0.278   0.811   0.141  

Species × CS × D  0.404   0.064   0.079   0.201   0.315   0.495  

Blocks  0.360   0.667   0.534   0.008   0.115   0.016  

Note: �0�3�&���Z�D�V���G�H�U�L�Y�H�G���I�U�R�P�����������������V�L�P�X�O�D�W�L�R�Q�V���E�\���P�L�[�L�Q�J���P�R�G�H�O�V���X�V�L�Q�J���/18O data. Proportional 
contribution from 0-20 cm is the sum from 0-5, 5-10, and 10-20 cm, and 20-40 cm is the sum from 20-30 
and 30-40 cm. CS and D were tested as two fixed effect factors for all subplots (P values are given). 
Significant differences are shown in bold (P < 0.05). 

 
Fig. 2.4 Frequency density distribution of 
model outputs on the proportional 
contribution of soil water to pea water 
uptake from shallow (0-20 cm, sum of 0-5, 
5-10, and 10-20 cm), middle (20-40 cm, 
sum of 20-30 and 30-40 cm), and deep 
(40-60 cm) soil layers under different 
cropping systems (a, b) before the drought 
treatment on 7 May and (c, d) at the end of 
treatment on 25 June in 2018. Frequency 
density was derived from 10 000 
simulations at 2% increment of mixing 
�P�R�G�H�O�V���X�V�L�Q�J���/18O for each subplot (Conv. 
for conventional, Org. for organic). Data 
were pooled for all subplots in each 
cropping system. Symbols on the curves 
indicate the median of the model outputs 
for each soil layer. Means and 1 SE 
(horizontal bars) of each cropping system 
are given (n = 3-4). 
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For pea, soil water contributions to total plant water uptake decreased with increasing soil depth in 

both control and drought subplots before (BT) and at the end of the treatment (ET) for all cropping 

systems (Fig. 2.4). The median of PC values (MPC) differed significantly among shallow (0-20 

cm), middle (20-40 cm), and deep (40-60 cm) layers, averaging 47%, 33%, and 16%, respectively, 

for both treatments and all cropping systems (BT; Table 2.5; Fig. 2.4a, c). At ET, pea plants 

subjected to drought significantly shifted their water uptake to even higher contributions from the 

shallow layer (67%) and less uptake from middle (22%) and deep (8%) soil layers compared to BT 

(Table 2.5; Fig. 2.4d; Table S2.5). Pea plants in control subplots did not display such a significant 

shift, but remained with average MPC from shallow, middle, and deep soil layers of 52%, 31%, and 

14%, respectively (Table 2.5; Fig. 2.4b; Table S2.5). Cropping systems did not significantly affect 

MPC before (BT) or at the end of (ET) treatment (also no interactions between cropping systems 

and drought, Table 2.5; Fig. 2.4d).  

In contrast to pea, barley plants showed very different water uptake patterns before the treatment 

(BT), with significantly lower PC from the shallow soil layer compared to the middle and deep 

layers. For barley, MPC values averaged 19%, 44%, and 35% for shallow, middle, and deep soil 

layers, respectively, for both treatments and all cropping systems (Fig. 2.5a, d). However, at the 

end of the treatment (ET), barley plants significantly increased the contributions from the shallow 

layer in drought subplots, similar to pea (Table 2.5; Fig. 2.5e; Table S2.5), resulting in MPC values 

of 38%, 41%, and 18% from shallow, middle, and deep soil layers, respectively. The MPC further 

shifted after the treatment (AT) to values of 62%, 27%, and 10% from shallow, middle, and deep 

layers, respectively (Fig. 2.5f). Also in control subplots, barley plants showed the same significant 

shift from BT to ET, with MPC values at ET of 35%, 34%, and 29% from shallow, middle, and 

deep layers, respectively (Table 2.5; Fig. 2.5b; Table S2.5), and from ET to AT with MPC values 

AT of 59%, 29%, and 12% from shallow, middle, and deep layers, respectively (Table 2.5; Fig. 

2.5c; Table S2.5). Similar to pea, barley water uptake patterns were not significantly affected by 

cropping systems (Table 2.5). 

Overall, MPC values from shallow and deep layers for pea and barley were positively correlated (r 

= 0.64 and 0.55, respectively; Fig. 2.6). This means when barley took up more water from the 

shallow layer, so did pea.  
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Table 2.5 Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the interaction (CS × 
D, df = 3) as well as the median proportional contributions from different soil depths to water uptake 
(MPC) of pea and barley before the drought treatment on 7 May, at the end of treatment on 25 June, and 
after the drought treatment on 11 July in 2018 tested by linear mixed models.  

 
Note: �0�3�&���Z�D�V���G�H�U�L�Y�H�G���I�U�R�P�����������������V�L�P�X�O�D�W�L�R�Q�V���E�\���P�L�[�L�Q�J���P�R�G�H�O�V���X�V�L�Q�J���/18O data. Pea plants were 
already senesced in early July therefore no stable water isotope data are available after the treatment. 
Proportional contribution from 0-20 cm is the sum from 0-5, 5-10, and 10-20 cm, and 20-40 cm is the sum 
from 20-30 and 30-40 cm. CS and D were tested as two fixed effect factors for all subplots (P values are 
given). Significant differences are shown in bold (P < 0.05). Mean ± 1 SE for MPC (%) are given for 
different cropping systems (C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT 
for Organic intensive tillage, and O-RT for Organic reduced tillage). Different small and capital letters 
indicate significant differences among cropping systems in control and drought subplots, respectively, 
tested with Tukey HSD (honestly significant difference, P < 0.05). 

 

Organic as well as reduced/no tillage cropping systems are discussed as adaptation strategies under 

climate change conditions to ensure arable crop production. Thus, we analysed plant water uptake 

depths in drought subplots at the end of treatment (ET) more in detail, although cropping systems 

showed no significant effects on water uptake depths for either species and no interactions occurred 

between cropping systems and drought treatment (Table 2.5). Pea plants in both intensive systems 

(C-IT and O-IT) showed significantly higher (O-IT: 77%) or similar (C-IT: 65%) contributions to 

total water uptake (as MPC) from the shallow layer (0-20 cm) compared to conservation tillage 

systems (64% in both C-NT and O-RT; Table 2.5; Fig. 2.4d). Conversely, contributions from the 
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middle layer (20-40 cm) for pea at the end of treatment (ET) were only 15% in O-IT compared to 

24% in the other three cropping systems (O-RT, C-IT, and C-NT). Differences among cropping 

systems under drought were even smaller for barley than for pea (Table 2.5; Fig. 2.5e). MPC values 

of barley for uptake from the shallow layer were 47% (C-IT), 39% (O-RT), 31% (O-IT), and 32% 

(C-NT). Conversely, contributions from the middle layer were the largest in C-NT (47%), followed 

by O-IT (44%) and O-RT (41%), and lowest in C-IT (34%).  

 

 

Fig. 2.5 Frequency density distribution of model outputs on the proportional contribution of soil water 
to barley water uptake from shallow (0-20 cm, sum of 0-5, 5-10, and 10-20 cm), middle (20-40 cm, sum 
of 20-30 and 30-40 cm), and deep (40-60 cm) soil layers under different cropping systems (a, b) before 
the drought treatment on 7 May, (c, d) at the end of treatment on 25 June, and (e, f) after treatment on 
11 July in 2018. Frequency density was derived from 10 000 simulations at 2% increment of mixing 
models usi�Q�J���/18O for each subplot (Conv. for conventional, Org. for organic). Data were pooled for all 
subplots in each cropping system. Symbols on the curves indicate the median of the model outputs for 
each soil layer. Means and 1 SE (horizontal bars) of each cropping system are given (n = 3-4). 
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2.4 Discussion 

Root water uptake patterns are often discussed for their important role in plant water relations, but 

only few studies considered arable crop species (Penna et al., 2020). In addition, most studies on 

responses of crop root water uptake patterns to drought took place in pots or under controlled 

conditions (e.g., Zegada-Lizarazu & Iijima, 2004; Araki & Iijima, 2005), so that information on 

field conditions is particularly scarce, except maize (Ma & Song, 2016), wheat (Ma & Song, 2018), 

oilseed rape, and barley in monoculture (Wu et al., 2016). Furthermore, studies comparing the role 

of different cropping systems for crop water uptake are completely lacking. Here, we showed for 

the first time that root water uptake patterns of field-grown pea and barley in mixture responded to 

drought but not to different cropping systems. Subjected to a pronounced drought period (37 d 

without precipitation), both crop species shifted to relying more on shallow soil layer (0-20 cm) for 

water uptake. This drought response was independent of the cropping system, i.e. organic vs. 

conventional farming or intensive vs. conservation tillage.  

Fig. 2.6 Relationships of median 
proportional contributions to plant water 
uptake (MPC) from the shallow and deep 
soil layers of pea vs. barley (Conv. for 
conventional, Org. for organic; n = 29-31). 
The relationship of MPC from the middle 
layer (20-40 cm) is not significant (r = 0.2, 
data not shown). Symbols with dark outlines 
were from control subplots, those with light 
outlines from drought subplots. MPC was 
derived from 10 000 simulations of mixing 
models using stable water isotope data. 
Proportional contribution from the shallow 
layer is the sum of 0-5, 5-10, and 10-20 cm 
depths and the deep layer represents 40-60 
cm. Asterisks indicate the significance of 
linear regression (*** P �������������������
�
���������������”��
P < 0.01). 
 



Water uptake patterns of pea and barley   29 

 

 

Previous research on root water uptake patterns in crop as well as grassland species showed 

ambiguous responses to drought. For some species, root water uptake depth was dependent on root 

distribution during wet periods, but on soil water availability during dry periods (Sprenger et al., 

2016). Therefore, utilising more water from deep than from shallow soil layer is typically the 

anticipated drought response, such as barley in monoculture (Wu et al., 2018), maize (Ma & Song, 

2016), wheat, rice, soybean (Zegada-Lizarazu & Iijima, 2004), or chickpea (Purushothaman et al., 

2017). However, other studies reported that crop and grassland species do not take up water from 

deeper depths under drought but even absorb more water from shallow soil layer (e.g., barley in 

monoculture, maize, pigeon pea, cowpea; Zegada-Lizarazu & Iijima, 2004), or grassland species 

(Hoekstra et al., 2014; Prechsl et al., 2015; Wu et al., 2016). This is in accordance with our results 

in which both pea and barley increased their proportional water uptake from shallow layer (0-20 

Fig. 2.7 Absolute changes in median proportional contributions to plant water uptake (MPC) of pea (a, 
c) and barley (b, d), calculated as the difference of MPC at the end (25 June; ET) and before the drought 
treatment (7 May; BT), from three soil layers in control (a, b) and drought (c, d) subplots. MPC was 
derived from 10 000 simulations of mixing models using stable water isotope data. Proportional 
contribution from the shallow layer is the sum of 0-5, 5-10, and 10-20 cm depths, the middle layer is the 
sum of 20-30 and 30-40 cm depths, and the deep layer represents 40-60 cm. Means and 1 SE (horizontal 
lines) are given (n = 14-16). 
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cm) at the end of treatment (ET) in the drought subplots. Although soil water contents (SWC) were 

still higher at 40 cm than at 10 cm at the end of the treatment (ET; Fig. 2.2c, d), SWC at 40 cm and 

10 cm depths were both very low. Thus, the whole soil profile showed very low water availability 

at the end of the treatment (ET), and fine root distributions most likely dominated plant water uptake 

patterns.  

Rooting profiles for legumes with increased proportions of deeper roots under drought, e.g., below 

23-30 cm, have been reported (Benjamin & Nielsen, 2006; Purushothaman et al., 2017), although 

different responses in root growth to drought were found among different varieties (Kashiwagi et 

al., 2006; Kumar et al., 2012; Purushothaman et al., 2017). The architecture of legume root systems 

is strongly affected by rhizobia, which typically find better living conditions in terms of oxygen 

and nitrogen concentrations higher up in the soil profile than at greater depths (Concha & Doerner, 

2020), also in dry soils. Moreover, barley grown under drought conditions has been reported to 

develop proportionally more shallow roots (0-20 cm depth) relative to deeper soil depths (Carvalho 

et al., 2014). Also, studies on grassland plants (both legume and grass species) found increasing 

root biomass production in shallow soil depths (0-15 cm) in response to drought (e.g., Prechsl et 

al., 2015). Moreover, shifting to shallower water uptake depths during drought might actually be 

beneficial for nutrient acquisition (Querejeta et al., 2021), since not only concentrations of soil 

water and atmospheric N2 are higher in the top soil than in the deeper soil, but also litter inputs for 

N mineralisation. Although we did not investigate root distributions for either crop species, they 

most likely follow such evolutionary strategies as well, in addition to recent crop breeding efforts 

leading to less deep root systems in general (Canadell et al., 1996; Thorup-Kristensen et al., 2020). 

Thus, besides the low soil moisture within the entire soil profiles, root systems biology clearly 

contributed to the shift towards shallower water uptake depths under drought for both pea and barley 

in this study. 

The year 2018 was characterised by low precipitation during our experimental period, which 

affected pea and barley plants in our control subplots differently (Fig. 2.7a, b). While pea did not 

shift its water uptake pattern (Fig. 2.7a; Table S2.5), barley grown in the control subplots reacted 

very similar to the natural 11-d dry period (before the ET sampling, 14 to 25 June; Fig. 2.2) as 

barley subjected to our drought treatment, namely with a clear shift from deep (40-60 cm) to shallow 

(0-20 cm) soil layer (Fig. 2.7b, d; Table S2.5). However, barley still relied more on water uptake 

from the deep soil layer during this natural dry period than under the experimental drought (P = 

0.017; Table 2.5). Hence, these different reactions of the two species to the dry period clearly 

indicated that barley was more susceptible than pea even to a mild water stress. This observation is 

fully in line with measurements of stem hydraulic traits (i.e., loss of xylem conductance) from the 
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same experiment (Sun et al., 2021). Barley plants lost xylem conductance much earlier than pea 

plants when xylem water potentials decreased. In addition, legumes like pea can maintain low 

stomatal conductance to avoid water stress without compromising photosynthesis when growing 

under conditions with limiting water supply, due to their high foliar N concentrations (Adams et al., 

2018). This adds to the hydraulic trait benefits of pea and explains why pea was less affected by the 

natural dry period. Nevertheless, as shown in our study, if severities and frequencies of droughts 

increase in the future, one can expect negative consequences not only on the performance of barley, 

but also of pea (Martin & Jamieson, 1996). 

Moreover, the two species growing together in the pea-barley mixture showed distinct niches for 

root water uptake before drought, with pea relying more on water from shallow (0-20 cm) and 

barley from deep (40-60 cm) soil layers, in accordance with resource partitioning in the absence of 

water limitation as observed in intercrops, e.g., pearl millet and cowpea (Zegada-Lizarazu et al., 

2006) and in mixed-species grasslands (e.g., Hoekstra et al., 2014). However, the niches became 

more similar under drought conditions, contradicting ecological theory which postulates more 

pronounced niche differentiation and less niche overlap under stressful conditions, such as during 

a drought (see Nippert & Knapp, 2007; Silvertown et al., 2015; Guderle et al., 2018). However, our 

results were in line with results from biodiversity studies in temperate grasslands (Bachmann et al., 

2015; Barry et al., 2020; Hoekstra et al., 2014) which also did not show niche differentiation in 

response to increased competition or drought. Thus, further detailed knowledge on the dynamics of 

intercrop water uptake patterns is needed to solve this contradiction and to decrease the uncertainty 

for arable crop production now and under future climate conditions. 

As global agriculture has already been considerably compromised by and become increasingly 

sensitive to climate change (Ortiz-Bobea et al., 2021), farming practices such as organic 

management and conservation tillage are being discussed widely. They have been shown to 

improve general soil conditions compared to conventional management and intensive tillage, 

particularly under drought (Bot & Benites, 2005; Gomiero et al., 2011; Choudhary et al., 2016). 

For instance, organic management and conservation tillage can increase soil water holding capacity, 

therefore providing higher water availability than conventional management and intensive tillage 

(e.g., Colombi et al., 2019; Kundel et al., 2020). In this study, the systems with conservation tillage 

(C-NT and O-RT) indeed showed slightly higher SWC than systems with intensive tillage (C-IT 

and O-IT) at 40 cm (Fig. 2.2d). However, this did not result in any benefit for root water uptake 

patterns of pea and barley against drought. Water uptake of both species shifted to the shallow layer 

(0-20 cm) in all cropping systems under drought, without cropping system effects or interactive 

effects between cropping systems and drought treatment. The relatively short period that annual 



32 

crop species are growing under these conditions might limit the potential benefits from improved 

soil conditions present in those systems (e.g., Dennert et al., 2018; Loaiza Puerta et al., 2018; 

Schluter et al., 2018). Although it remains to be seen if the observed behaviour of a pea-barley 

mixture also holds true for other crop species, our results clearly challenge the potential of cropping 

management under temperate climate as a tool to adapt arable agriculture to climate change. 

2.5 Conclusion 

Water uptake patterns of pea and barley both shifted under drought in all cropping systems and both 

species relied more on water from the shallow soil layer (0-20 cm) than on water from deeper in 

the soil profile. This was also the case for organic and reduced/no tillage cropping systems, which 

are often discussed as beneficial for crop performance, particular under water-limited conditions, 

and are thus suggested as adapted cropping management practices under a future climate. However, 

in this study, we showed for the first time that cropping systems could not counteract the drought 

effects on plant water uptake patterns for pea and barley grown in mixture. It remains to be seen if 

this observation also holds true for other, major crops grown under water-limited conditions.  
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Table S2.1 �6�W�D�E�O�H���Z�D�W�H�U���L�V�R�W�R�S�H���Y�D�O�X�H�V�����/18�2���D�Q�G���/2�+�����Å�����R�I���V�R�L�O���L�Q���F�R�Q�W�U�R�O���D�Q�G���G�U�R�X�J�K�W���V�X�E�S�O�R�W�V���X�Q�G�H�U��
different cropping systems. 

Table S2.2 �(�I�I�H�F�W�V���R�I���F�U�R�S�S�L�Q�J���V�\�V�W�H�P�V�����G�U�R�X�J�K�W���W�U�H�D�W�P�H�Q�W���D�Q�G���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���R�Q���V�W�D�E�O�H���L�V�R�W�R�S�H���G�D�W�D�����/18O 
�D�Q�G���/2�+�����Å�����R�I���S�H�D���D�Q�G barley as well as mean ± 1 SE for each species in control and drought subplots 
under different cropping systems. 

Table S2.3 Effects of cropping systems, drought treatment and the interaction on the median proportional 
contributions from different soil depths to water uptake of pea and barley as well as mean ± 1 SE of MPC 
�X�V�L�Q�J���/18O data. 

Table S2.4 Effects of cropping systems, drought treatment and the interaction on the median proportional 
contributions from different soil depths to water uptake of pea and barley as well as mean ± 1 SE MPC 
�X�V�L�Q�J���/2H data. 

Table S2.5 Effects of cropping systems, sampling times and the interaction on the proportional 
�F�R�Q�W�U�L�E�X�W�L�R�Q�V���I�U�R�P���G�L�I�I�H�U�H�Q�W���V�R�L�O���G�H�S�W�K�V���W�R���Z�D�W�H�U���X�S�W�D�N�H���R�I���S�H�D���D�Q�G���E�D�U�O�H�\���V�L�P�X�O�D�W�H�G���I�U�R�P���/18O data in 
control and drought subplots. 

Fig. S2.1 Dual isotope plot of soil and plant samples from control and drought subplots. 

Fig. S2.2 �/2H values of soil water from different depths and plant xylem water in each cropping system in 
2018. 

Data Availability Statement 

The data that support the findings of this study will be openly available in the ETH Zurich 
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2.8 Supporting information  

Table S2.1 Stable water isotope values ���/18O and �/2�+�����Å�����R�I��soil in control and drought subplots under 
different cropping systems before the drought treatment (7 May), at the end of treatment (25 June), and 
after the treatment (11 July) in 2018.  

 

Note: Mean ± 1 SE are given. Different small and capital letters indicate significant differences among CS 
in control and drought subplots, respectively, tested with Tukey HSD (honestly significant difference, P < 
0.05).  
Abbreviations: C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for Organic 
intensive tillage, and O-RT for Organic reduced tillage 
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Table S2.2 Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the interaction (CS 
× D, df = 3) on stable water isotope data (�/18O and �/2�+�����Å�����R�I���S�H�D���D�Q�G���E�D�U�O�H�\���L�Q���F�R�Q�W�U�R�O���D�Q�G���G�U�R�X�J�K�W��
subplots under different cropping systems before the drought treatment (7 May), at the end of treatment (25 
June), and after the treatment (11 July) in 2018 tested by linear mixed models (P values are given).  

 

Note: Pea plants were already senesced in early July, therefore no stable water isotope data are available 
after the treatment. Significant differences are shown in bold (P < 0.05). Mean ± 1 SE are given. Different 
small and capital letters indicate significant differences among different cropping systems in control and 
drought subplots, respectively, tested with Tukey HSD (honestly significant difference, P < 0.05). 

Abbreviations: C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for Organic 
intensive tillage, and O-RT for Organic reduced tillage 
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Table S2.3 Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the interaction (CS 
× D, df = 3) on the median proportional contributions (MPC) from different soil depths to water uptake of 
pea and barley before the drought treatment (7 May), at the end of treatment (25 June), and after the 
drought treatment on (11 July) in 2018 tested by linear mixed models.  

 

Note: Proportional contributions were derived from 10 000 simulations of mixing models using �/18O data. 
Pea plants were already senesced in early July, therefore no stable water isotope data are available after the 
treatment. Proportional contribution from 0-20 cm is the sum from 0-5, 5-10, and 10-20 cm, and 20-40 cm 
is the sum from 20-30 and 30-40 cm. CS and D were tested as two fixed effect factors for all subplots (P 
values are given). Significant differences are shown in bold (P < 0.05). Moreover, mean ± 1 SE for MPC 
(%) are given for different cropping systems. Different small and capital letters indicate significant 
differences among cropping systems in control and drought subplots, respectively, tested with Tukey HSD 
(honestly significant difference, P < 0.05). 

Abbreviations: C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for Organic 
intensive tillage, and O-RT for Organic reduced tillage 
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Table S2.4 Effects of cropping systems (CS), drought treatment (D) and the interaction (CS × D) on the 
median proportional contributions (MPC) from different soil depths to water uptake of pea and barley 
before the drought treatment (7 May), at the end of treatment (25 June), and after the drought treatment (11 
July) in 2018 tested by linear mixed models.  

 

Note: Proportional contributions were derived from 10 000 simulations of mixing models using �/2H data. 
Pea plants were already senesced in early July, therefore no stable water isotope data were available after 
the treatment. Proportional contribution from 0-20 cm is the sum from 0-5, 5-10, and 10-20 cm, and 20-40 
cm is the sum from 20-30 and 30-40 cm. CS and D were tested as two fixed effect factors for all subplots (P 
values are given). Significant differences are shown in bold (P < 0.05). Moreover, mean ± 1 SE for MPC 
(%) are given for different cropping systems. Different small and capital letters indicate significant 
differences among cropping systems in control and drought subplots, respectively, tested with Tukey HSD 
(honestly significant difference, P < 0.05). 

Abbreviations: C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for Organic 
intensive tillage, and O-RT for Organic reduced tillage 
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Table S2.5 Effects of cropping systems (CS, df = 3), sampling times (Time, df = 1) and the interaction (CS 
× Time, df = 3) on the median proportional contributions (MPC) from different soil depths to water uptake 
of pea and barley. Differences in MPC before the drought treatment (7 May) compared to MPC at the end 
of treatment (25 June) as well as MPC at the end of treatment compared to MPC after the treatment (11 
July) for the three soil layers in 2018 tested for control and drought subplots separately by linear mixed 
models (P values are given).  

 

Note: Proportional contributions were derived from 10 000 simulations of mixing models using �/18O data. 
Pea plants were already senesced in early July, therefore no stable water isotope data are available after 
treatment. CS and D were tested as two fixed effect factors for all subplots, and CS was tested as fixed 
factor separately in control or drought subplots. Significant differences are shown in bold (P < 0.05). 
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Fig. S2.1 Dual isotope plot of soil and plant samples from control and drought subplots. The long-term 
local meteoric water line (LMWL; 1994 to 2017; R2 = 0.98) was fitted with data from the closest GNIP 
station (Global Network of Isotopes in Precipitation, Buchs Suhr, 47.37° N, 8.08° E, 34 km from the 
research site, solid line). The local meteoric water line of 2018 (2018 LMWL ; R2 = 0.98) was fitted with 
data of precipitation samples collected at the field during the growing season combined with data of 
2018 from GNIP Buchs (dashed line). All the precipitation data presented here are monthly means. 
Regressions for soil water (R2 = 0.89) and plant xylem water (R2 = 0.85) were fitted for both treatments 
together. 
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Fig. S2.2 �/2H values of soil water from different depths and plant xylem water in each cropping system 
(a, d) before the drought treatment on 7 May, (b, e) at the end of the drought treatment on 25 June, and 
(c, f) after treatment on 11 July in 2018 (Conv. for conventional, Org. for organic). Horizontal dotted 
lines separate isotopic composition of soil and plant samples (P for pea, B for barley). Pea plants were 
already senesced in early July, therefore no stable water isotope data are available after treatment. 
Means and 1 SE (horizontal bars) are given of each cropping system (n = 3-4). 
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Abstract 

Extreme events such as drought and heatwaves are among the biggest challenges to agricultural 

production and food security. However, effects of cropping systems on drought resistance of arable 

crops via their hydraulic behaviour remain unclear. We investigated how hydraulic traits of a field-

grown pea-barley (Pisum sativum L. and Hordeum vulgare L.) mixture were affected by different 

cropping systems, i.e., organic and conventional farming with intensive or conservation tillage. 

Xylem vulnerability to cavitation of both species was estimated by measuring the pressure inducing 

50% loss of hydraulic conductivity (P50), while the water stress plants experienced in the field was 

assessed using native percentage loss of hydraulic conductivity (nPLC). Pea and barley showed 

contrasting hydraulic behaviours: pea was less vulnerable to xylem cavitation and less stressed than 

barley; cropping systems affected xylem vulnerability of barley, but not of pea. Barley grown under 

conventional farming with no tillage was more vulnerable and stressed than under organic farming 

with intensive tillage. nPLC proved to be a valuable indicator for plant water stress. Our results 

highlight the impact of cropping systems on crop xylem vulnerability and drought resistance, thus 

plant hydraulic traits, for protecting food security under future climate. 

Keywords: cavitation, conservation tillage, organic farming, xylem vulnerability  
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3.1 Introduction  

Under changing climate, agricultural production systems will be progressively subjected to more 

frequent and severe drought events as well as heatwaves (IPCC, 2012; IPCC, 2019). The effect of 

these extreme events on agricultural production represents one of the biggest challenges to food 

security (Boyer, 1982; Farooq et al., 2009; Dai, 2011). Thus, adaptations of farming practices to 

climate change require assessing the responses of different crops and cropping systems to drought 

(Vermeulen et al., 2012; FAO et al., 2013). Besides crop breeding and cultivar selection to reduce 

transpiration or increase drought resistance, some of the most important and widely discussed 

measures in arable agriculture include organic farming and soil conservation tillage (Tiessen et al., 

1994; Follett, 2001). Both measures affect physical soil properties relevant for the soil water regime. 

For example, increased soil organic matter and improved soil structure can increase soil moisture 

holding capacity and thereby soil water availability, in general but maybe also longer into a drought 

(Hudson, 1994; Fliessbach et al., 2007; Colombi et al., 2019). In addition, organic matter increases 

the diversity and activity of soil organisms, which have been reported to improve drought resistance 

of crops (Auge, 2001; Bot & Benites, 2005; Gosling et al., 2006; Grover et al., 2011). Moreover, 

soil conservation practices (i.e., reduced or no tillage) have been proposed to improve soil texture 

by forming soil aggregates (Loaiza Puerta et al., 2018), to increase carbon sequestration (Lal, 1997; 

Emmel et al., 2018), and to reduce energy consumption (Holland, 2004; Wittwer et al., 2017). On 

the other hand, intensive tillage can be helpful for improving infiltration and water harvesting 

(Falkenmark & Rockstrom, 2006) and for reducing weed pressure (O'Donovan & McAndrew, 

2000). However, if these cropping systems can outweigh any benefits of breeding when a drought 

actually occurs, remains to be seen (Messina et al., 2015). Especially, how plant-water relations 

and crop productivity change under different cropping systems, and how drought resistance of crops 

can be increased by farming practices is currently unclear. 

To better understand the drought resistance of crops, their hydraulic behaviour needs to be 

investigated. Droughts, i.e. conditions with low soil water availability, high atmospheric water 

demand or the combination thereof, can lead to xylem hydraulic failure (Anderegg, 2015). In other 

words, as soil water potentials decline and the tension of the water in the xylem increases due to 

continued transpiration, the water being transported in the xylem might undergo a phase-change 

from liquid to gas. As a result, air bubbles (emboli) will form within the xylem conduits, slowing 

and even stopping the conductance of liquid water. As emboli spread in the xylem under tension, 

the water conduits become "embolised", also called "cavitated" (Sperry & Tyree, 1988). Hydraulic 

failure and thereby drought vulnerability of plants can be assessed by studying the relationship 

between the percentage loss of hydraulic conductivity (PLC, Tyree & Sperry, 1989; Cochard et al., 
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2013) and xylem water potential, which is typically referred to as a vulnerability curve (VC; Sperry 

et al., 2003). It is commonly an S-shaped curve fitted with sigmoidal functions (Pammenter & 

Vander Willigen, 1998). The P50 value, i.e., the xylem water potential when 50% of hydraulic 

conductivity is lost (Pammenter & Vander Willigen, 1998), is one of the most commonly used 

hydraulic thresholds for assessing xylem vulnerability to drought. The higher the P50 value (i.e., the 

less negative the xylem water potential), the higher the xylem vulnerability to cavitation. 

Combining these VCs, assessed in the laboratory by the Cavitron technique (Cochard, 2002), with 

xylem water potential measurements in the field, the range of native PLC (nPLC) can then be 

estimated (Stiller & Sperry, 2002; Lens et al., 2016), i.e., the water stress that plants experience in 

the field. As xylem hydraulic conductivity is influential for plant physiological processes and 

consequently biomass production, maintaining a low nPLC which allows high water transport is 

beneficial for overall plant performance (Wang et al., 2018; Gleason et al., 2019; Zhu et al., 2021). 

Therefore, farming practices and crop improvement programs which aim at maintaining plant water 

uptake and transport, thus avoiding water stress and yield reductions, might be effective means to 

adapt to climate change (Holloway-Phillips & Brodribb, 2011; Brodribb et al., 2015; Vitra et al., 

2019). However, how exactly xylem vulnerability and nPLC might further be associated with 

specific plant growth traits and biomass production, will need further investigation.  

While the majority of research on xylem vulnerability has focused on trees and other woody species 

(see Jansen et al., 2004; Olson et al., 2018; McCulloh et al., 2019), studies on herbs or grasses are 

generally scarce. On the one hand, this is probably due to the technical difficulties in conducting 

measurements on non-woody tissues, e.g., their fragility and relatively lower hydraulic 

conductivities. On the other hand, crop hydraulics might not have gained similar attention as tree 

hydraulics since crops are more heavily bred for certain traits or even irrigated. Moreover, most 

studies on non-woody plant species took place under controlled conditions in pots, and only a few 

studies were conducted under field conditions (Neufeld et al., 1992; Stiller et al., 2003; Gleason et 

al., 2017). Hence, the knowledge on hydraulic failure of crops and the consequences for agricultural 

systems is still considerably limited (McDowell et al., 2019; Lamarque et al., 2020), strongly 

restricting our ability to identify solutions for improving crop drought resistance and safeguarding 

food security. 

In this study, we aimed to determine whether organic farming and soil conservation tillage affect 

crop vulnerability to cavitation, and hence crop drought resistance in the field. We focused on a 

pea-barley (Pisum sativum L. and Hordeum vulgare L.) mixture, an important intercrop that 

provides animal feed and can be used as cover crop (Gilliland & Johnston, 1992). Specifically, this 

research aimed to (1) identify hydraulic traits of pea and barley grown under field conditions; (2) 
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determine their vulnerability when grown under different cropping systems; and (3) assess the 

potential implications of plant hydraulic vulnerability on yields. 

3.2 Materials and Methods 

3.2.1 Research site and experimental setup 

The study was conducted at the Swiss Federal Agricultural research station Agroscope in Zurich-

Reckenholz, Switzerland (47.44° N, 8.53° E) within the Farming Systems and Tillage experiment 

(FAST; for details see Wittwer et al., 2017). The soil at the field site is a calcareous Cambisol with 

23% clay, 34% silt, and 43% sand, and an organic carbon content of 1.6 to 1.8% (Loaiza Puerta et 

al., 2018). The long-term average annual precipitation is 994 mm, and the mean annual temperature 

is 9.7 °C (1988 to 2017; MeteoSwiss, 2020).  

The FAST experiment began in 2009 with a six-year crop rotation typical for Swiss cropping 

systems, including conventional and organic farming as well as intensive and soil conservation 

�W�L�O�O�D�J�H�� �V�\�V�W�H�P�V���� �7�K�H�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �V�\�V�W�H�P�V�� �D�U�H�� �P�D�Q�D�J�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �³�3�U�R�R�I�� �R�I�� �(�F�R�O�R�J�L�F�D�O��

�3�H�U�I�R�U�P�D�Q�F�H�´�����3�(�3�����J�X�L�G�H�O�L�Q�H�V���R�I���W�K�H���6�Z�L�V�V���)�H�G�H�U�D�O���2�I�I�L�F�H���I�R�U���$griculture, which allow synthetic 

fertilisers and pesticide applications. Intensive tillage (IT) with a plough to 20 cm depth and a rotary 

harrow to 5 cm depth for seedbed preparation was applied in both conventional (C-IT) and organic 

systems (O-IT). Direct sowing and no soil management (but herbicide spraying) were implemented 

in the no tillage conventional plots (C-NT). A disc or rotary harrow (5 cm depth), which 

superficially disturbed the soil for weed control, was used for reduced tillage in organically 

managed plots (O-RT). A total of 16 experimental plots (four cropping systems × four replicates) 

were investigated. In 2018, a pea (Pisum sativum �/�����F�Y�����µ�$�O�Y�H�V�W�D�¶�����D�Q�G���E�D�U�O�H�\����Hordeum vulgare L. 

�F�Y�����µ�(�X�Q�R�Y�D�¶�����P�L�[�W�X�U�H���Z�D�V���V�R�Z�Q���L�Q���D�O�O���S�O�R�W�V���R�Q���������0�D�U�F�K������18 and harvested on 12 July 2018. No 

fertilisation was applied to the pea-barley mixture because pea plants were expected to provide 

sufficient nitrogen supply through rhizobium symbiosis.  

3.2.2 Precipitation and soil water content 

Precipitation data were obtained from a nearby MeteoSwiss station, Zürich/Kloten (KLO, 47.48° 

N, 8.54° E, 4.6 km from the research site). The study year (2018) was extremely warm with a mean 

annual temperature of 11.2 °C and an annual precipitation of 854 mm considerably below the long-

term average (Fig. S1). Particularly, June 2018 had the lowest precipitation recorded in the last 30 

years (MeteoSwiss, 2020). Therefore, this natural drought in 2018 (Gharun et al., 2020) provided 

an ideal opportunity to study the effect of different cropping systems on plant hydraulic traits. Soil 

water content (SWC) was continuously recorded at 10 and 40 cm depths with two replicates per 
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cropping system (EC-5, Decagon Devices Inc., Pullman, WA, USA). Data were averaged at 10 min 

intervals by data loggers (CR1000 and CR216, Campbell Scientific Ltd., Loughborough, UK).  

3.2.3 Vulnerability to cavitation and hydraulic traits  

To assess vulnerability to cavitation, plants were cut 1 cm above the ground between 07:00 h and 

11:00 h on a cloudy day (7 June 2018). Eight to ten individuals per species were collected from 

each plot. The stems were promptly defoliated to reduce water loss by transpiration, then cut to 40 

cm length, wrapped in wet paper tissue, and sealed in a plastic bag to minimise dehydration during 

transport to the laboratory within two days. Upon arrival in the laboratory, the samples were kept 

in a fridge before finishing all measurements within three days. A flow-centrifuge method, i.e., 

Cavitron technique, housed at University of Bordeaux (France), was used to generate vulnerability 

curves (VCs; Cochard, 2002; Cochard et al., 2005). Stems were completely rehydrated in water 

before the measurements to ensure that no functional vessels would be even partially embolised 

and bias the results. Prior to the measurements, stems were cut again underwater to 27 cm length. 

To increase the water flow, four to six stems were grouped to a bundle with a diameter between 1 

and 2.5 cm for each VC measurement. The stem segments were then fixed to water reservoirs at 

both ends. Three to five bundles were measured for pea and four to six for barley per cropping 

system. The Cavitron technique generates negative pressure at the central part of the measured stem 

segments, and at the same time measures the mass flow of water transported through the stems from 

the reservoirs to calculate xylem hydraulic conductance (after Alder et al., 1997). The negative 

pressure is gradually decreased by 0.3 to 0.6 MPa, by spinning the stems with a 27 cm diameter 

rotor, until the measured conductance reaches 0. PLC was calculated according to eq. 3.1: 
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where K (m2 MPa-1 s-1) is the conductance measured as water flowed through the stem segment 

under a given pressure (i.e., water potential), and Kmax is the maximum conductance of the stem 

segment measured at a xylem water potential of 0 MPa.  

VCs were obtained for each measurement by fitting the relationship of PLC and xylem water 

�S�R�W�H�Q�W�L�D�O�����%x) according to eq. 3.2: 
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where P50 ���0�3�D�����L�V���W�K�H���%x when 50% of xylem hydraulic conductivity is lost, and slope (% MPa�í1) 

is the slope of the VC at the inflection point (Pammenter & Vander Willigen, 1998). A non-linear 

fitting with the optimisation function, optim(), from base R (v3.6.2; R Core Team, 2020) was used 

to obtain the parameters of eq. (3.2), i.e., P50 and slope. The native PLC (nPLC) can then be 

determined using eq. (3.2) and the midday plant water potential measured in the field, based on the 

assumption that the VC does not change during the experimental period. P12 and P88 are additional 

�F�R�P�P�R�Q�O�\�� �X�V�H�G�� �K�\�G�U�D�X�O�L�F�� �W�K�U�H�V�K�R�O�G�V�� �R�I�� �%x when 12 and 88% of hydraulic conductivity is lost, 

respectively. The slope at the inflection point indicates how fast cavitation and embolism developed 

in the xylem (Domec & Gartner, 2001). The highest nPLC recorded for each plot was noted as 

nPLCmax. 

Plant water potentials were measured on one plant per species per plot in the field with a Scholander 

pressure chamber (SKPM, Skye Instruments Ltd., Powys, UK). We used stems cut below the top 

leaves for pea and youngest mature leaves for barley, which was also used as proxy for plant water 

�S�R�W�H�Q�W�L�D�O�V���W�R���F�D�O�F�X�O�D�W�H���Q�3�/�&�����3�U�H�G�D�Z�Q���P�H�D�V�X�U�H�P�H�Q�W�V�����%pd) took place between 03:00 h and 05:00 

�K���R�Q�������D�Q�G���������-�X�Q�H���������������P�L�G�G�D�\���P�H�D�V�X�U�H�P�H�Q�W�V�����%md) were taken on sunny days between 11:00 h 

and 13:00 h during the driest period of the growing season, on 15, 20, and 26 June 2018. 

3.2.4 Plant height and aboveground biomass 

Plant height was measured from the ground to the growing point for pea plants and from the ground 

to the youngest leaf auricle for barley. This was done with a ruler with 10 replicates per species in 

each plot on 22 May, 6 and 20 June 2018 and then averaged per species per plot for each 

measurement date. Aboveground biomass was collected within two 0.25 m2 areas per plot by cutting 

the plants 1 cm above the ground before harvest. Grain yield and straw biomass for pea and barley 

were separated and weighed for fresh weight before and dry weight after oven drying at 60 °C until 

dry weight was constant. Pea plant number and barley stem number were counted at harvest time 

to calculate biomass per plant and per stem, respectively. Total aboveground biomass was the sum 

of grain yield and straw biomass. Grain dry matter content (DM) and harvest index (HI) were 

calculated according to eq. 3.3 and 3.4, respectively:  

�&�/ 
L
�@�N�U���C�N�=�E�J���S�A�E�C�D�P

�B�N�A�O�D���C�N�=�E�J���S�A�E�C�D�P
 (3.3) 
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 (3.4) 
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3.2.5 Statistical analyses 

All statistical analyses were carried out using R (v3.6.2; R Core Team, 2020). The effects of 

cropping systems were tested with linear effect mixing models using the function lmer() from the 

�5���S�D�F�N�D�J�H���µ�O�P�H�U�7�H�V�W�¶����Kuznetsova et al., 2017). Differences among cropping systems were tested 

�E�\���W�K�H���7�X�N�H�\���+�6�'�����K�R�Q�H�V�W�O�\���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�����W�H�V�W���Z�L�W�K���³�%�+���P�H�W�K�R�G�´����Benjamini & Hochberg, 

1995) using the function glht() �I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���µ�P�X�O�W�F�R�P�S�¶����Hothorn et al., 2008). Differences 

between pea and barley were �D�V�V�H�V�V�H�G���X�V�L�Q�J���6�W�X�G�H�Q�W�¶�V���W-tests. 

3.3 Results 

3.3.1 Xylem vulnerability to cavitation of pea and barley 

The VCs for pea showed a steep S-�V�K�D�S�H�����Z�L�W�K���Y�H�U�\���O�R�Z���3�/�&���Y�D�O�X�H�V���I�R�U���[�\�O�H�P���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�V�����%x) 

between 0 and -2 MPa for all cropping systems, and a quick development of PLC between -2.5 and 

-3.5 MPa, until reaching very high PLC values below -4 MPa (Fig. 3.1). The P12 threshold for pea 

was reached between -1.98 and -2.47 MPa, while P50 ranged from -2.84 to -3.03 MPa, and P88 was 

finally reached between -3.70 and -4.04 MPa (Table 3.1). In contrast, barley showed flatter curves 

compared to pea. VCs of barley developed gradually and reached P12 �D�W���U�H�O�D�W�L�Y�H�O�\���K�L�J�K���%x, between 

-0.87 and -1.07 MPa. The P50 of barley was already reached from -2.04 to -2.92 MPa, and P88 from 

-3.21 to -4.77 MPa (Table 3.1������ �7�K�X�V���� �W�K�H�� �[�\�O�H�P�� �R�I�� �S�H�D�� �Z�D�V�� �O�H�V�V�� �Y�X�O�Q�H�U�D�E�O�H�� �D�W�� �K�L�J�K�� �%x, with 

significantly lower P12 and P50 values, compared to barley (P ���� ���������������� �+�R�Z�H�Y�H�U���� �R�Q�F�H�� �S�H�D�� �%x 

reached P12, cavitation progressed significantly faster in pea than in barley as indicated by steeper 

VCs (P = 0.004). The P88 thresholds of pea and barley were not significantly different from each 

other (Table 3.1�������L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���D���%x below c. -3.45 MPa would be highly dangerous if not fatal 

for both pea and barley.  

Besides the general shape, also the VCs of the different cropping systems for pea and barley were 

different. For pea, the four VCs were very similar and the xylem vulnerability to cavitation was not 

affected by the different cropping systems (Fig. 3.1). Although not significantly different among 

cropping systems, pea under C-NT tended to be the most vulnerable, while the least vulnerable 

under C-IT. On the other hand, the VCs of the four cropping systems for barley were more distinct 

(Fig. 3.1). Cropping systems significantly affected P50 and P88 of barley (P = 0.045 and 0.024, 

respectively; Table 3.1). Barley plants grown under C-NT were more vulnerable to cavitation as 

indicated by higher P50 and P88 values (-2.04 and -3.21 MPa, respectively), followed by those under 

O-RT and C-IT. Barley under O-IT were least vulnerable, with lower P50 and P88 values (-2.92 and 

-4.77 MPa, respectively).  
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Table 3.1 Hydraulic thresholds (the xylem water potentials at 12, 50, and 88% loss of hydraulic 
conductivity: P12, P50, and P88, in MPa) and the slope of vulnerability curves (in % MPa-1) for pea (Pisum 
sativum L.) and barley (Hordeum vulgare L.) under different cropping systems (n = 3 to 5 for pea and 4 to 6 
for barley).  

 

Note: Effects of cropping systems were tested with linear mixed models (lmm). Different letters indicate 
significant differences among cropping systems tested with Tukey HSD (P < 0.05). Differences in the 
thresholds and slope between pea and barley were tested with a t-test (n = 15 for pea and n = 21 for barley). 
Asterisks indicate significant effects of cropping systems or differences between pea and barley. 

Abbreviations: C-IT, Conventional intensive tillage; C-NT, Conventional no tillage; O-IT, Organic 
intensive tillage; O-RT, Organic reduced tillage; df, degrees of freedom. 

Fig. 3.1 Vulnerability of stem hydraulic 
conductivity to cavitation for pea (Pisum 
sativum L.) and barley (Hordeum vulgare 
L.) under different cropping systems 
(Conv. for conventional, Org. for organic). 
Mean vulnerability curves are fitted with 
eq. (3.1) for pea and barley (n = 3 to 5 for 
pea and n = 4 to 6 for barley under each 
cropping system). The symbols on the 
curves correspond to the mean xylem water 
potential at 50% loss of hydraulic 
conductivity (P50) of pea and barley. The 
shaded areas indicate 1 SE of P50. The 
horizontal dashed lines indicate the 
thresholds when 12, 50, or 88% loss of 
hydraulic conductivity as labelled. 
Asterisks at the three levels of threshold 
indicate significant effects of cropping 
systems according to linear mixed models: 
�
�������������”��P < 0.05. Different letters indicate 
significant differences among cropping 
systems tested with Tukey HSD (P < 0.05). 
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3.3.2 Plant water potentials in situ and native percentage loss of conductivity 

Precipitations in 2018, and particularly between end of June and beginning of July, were 

exceptionally low (Fig. 3.2a). Thus, soil moisture at 10 cm and 40 cm depths dropped to relatively 

low values, which were slightly higher in organic compared to conventional cropping systems (Fig. 

3.2�E�����F�������&�R�Q�V�H�T�X�H�Q�W�O�\�����%pd was significantly reduced by the end of June compared to early June for 

�E�R�W�K���V�S�H�F�L�H�V�����2�Q���D�Y�H�U�D�J�H�����S�H�D���H�[�K�L�E�L�W�H�G���%pd values from -0.15 to -0.73 MPa, and barley from -0.14 

to -0.69 MPa (Fig. 3.3, Table S1). 

 

Fig. 3.2 (a) Precipitation recorded at a 
nearby weather station (Zürich/Kloten, 
KLO, 47.48° N, 8.54° E, 4.6 km from the 
research site; data from 1988 to 2017, 
MeteoSwiss, 2020), and (b) daily soil 
water content at 10 cm and (c) 40 cm 
depths under different cropping systems 
(Conv. for conventional, Org. for organic, 
n = 2 each). Vertical bars indicate dates 
when vulnerability curves (VC) and water 
potentials for the crops were measured: the 
black bar shows the sampling date for VC 
on 6 June 2018; dark grey bars show 
�S�U�H�G�D�Z�Q���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�����%pd) 
measurements on 2 and 28 June 2018; light 
grey bars show midday water potential 
���%md) measurements on 15, 20, and 26 June 
2018. Note that there was no precipitation 
between 14 June to 2 July 2018. 

Fig. 3.3 Predawn water 
potentials of (a) pea (Pisum 
sativum L.) and (b) barley 
(Hordeum vulgare L.) under 
different cropping systems 
(Conv. for conventional, Org. 
for organic). Means and 1 SE 
are shown (n = 4). Different 
letters indicate significant 
differences among cropping 
systems tested with Tukey 
HSD (P < 0.05). 
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Table 3.2 Native percentage loss of hydraulic conductivity (nPLC, in %) on different dates as well as the 
highest nPLC (nPLCmax, in %) of pea (Pisum sativum L.) and barley (Hordeum vulgare L.) under different 
cropping systems (n = 4) during 15 to 26 June 2018.  

 

Note: Effects of cropping systems were tested with linear mixed models (lmm). Different letters indicate 
significant differences among cropping systems tested with Tukey HSD (P < 0.05). Differences in the 
thresholds and slope between pea and barley were tested with a t-test (n = 15 for pea and n = 21 for barley). 
Asterisks indicate significant effects of cropping systems or differences between pea and barley. 

Abbreviations: C-IT, Conventional intensive tillage; C-NT, Conventional no tillage; O-IT, Organic 
intensive tillage; O-RT, Organic reduced tillage; df, degrees of freedom. 

�1�H�Y�H�U�W�K�H�O�H�V�V�����L�Q���Q�R�Q�H���R�I���W�K�H���F�U�R�S�S�L�Q�J���V�\�V�W�H�P�V���S�H�D���%md values exceeded P12, which represents the 

threshold for embolism development (Fig. 3.4a). While pea under O-IT had the highest nPLCmax of 

11% (P � �����������������G�X�H���W�R���W�K�H���O�R�Z�H�V�W���%md (albeit not significant), plants grown under all other cropping 

systems showed values only between 2 and 6% (Fig. 3.4b, Table 2), clearly indicating that 

negligible cavitation occurred in pea during the dry sum�P�H�U�������������� �0�X�F�K���L�Q���F�R�Q�W�U�D�V�W���� �E�D�U�O�H�\�� �%md 

values (-1.87 to -2.31 MPa) were very close to the P50 values (-2.04 to -2.92 MPa) during this dry 

period (late June 2018; Fig. 3.4c). Although cropping systems did not have a significant effect on 

�E�D�U�O�H�\�� �%md (Fig. 3.4c), barley nPLC was significantly affected by cropping systems (Fig. 3.4d). 

Barley plants grown under C-NT were the most stressed, showing nPLC values of 54% on average, 

while the least stressed under O-IT, with nPLC values of 27% on average (Table 2). Moreover, 

drought stress as indicated by nPLCmax was also significantly affected by cropping systems for 

barley (P < 0.001; Tble 2). Similarly to P50 and P88 values, barley plants were the most stressed 

under C-NT with the highest nPLCmax (68%), followed by O-RT and C-IT (52 and 49%, 

respectively), while the least stressed under O-IT with the lowest nPLCmax (32%; Fig. 3.4d, Table 

2). In addition, barley plants with higher xylem vulnerability, indicated by high P50 and P88 values, 

were also more stressed, shown by field-derived nPLCmax being positively related with P50 and P88 

(Fig. 3.5). No such relationship was found for pea (data not shown). 
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3.3.3 Plant height 

Cropping systems significantly affected plant height of pea and barley (P < 0.05 except for pea at 

the end of June; Table S1). Under intensive tillage (C-IT and O-IT), pea plants were generally taller 

and barley plants had longer stems than those under soil conservation tillage (C-NT and O-RT). 

However, despite those height differences, no relationships of plant height with P50 or nPLCmax 

were observed for pea (data not shown), supported by similar P50 values and low nPLCmax values 

for pea in all four cropping systems. In contrast, taller barley plants were less vulnerable (lower P50 

value) and less stressed (lower nPLCmax value) than shorter ones, as shown by the significant 

negative correlations of barley plant height with P50 and nPLCmax (Fig. S3.2). Moreover, 

relationships of barley plant height with nPLCmax were consistently stronger than with P50. 

Fig. 3.4 (a, c) Midday water �S�R�W�H�Q�W�L�D�O�V�����%md) of pea (Pisum sativum L.) and barley (Hordeum vulgare 
L.) under different cropping systems (Conv. for conventional, Org. for organic) measured on 15, 20, and 
26 June 2018 with the lowest value measured for each plot �W�R���W�K�H���U�L�J�K�W�����%min), and (b, d) native 
percentage loss of conductivity (PLC) of pea and barley with the highest value (nPLCmax) to the right. 
Means and 1 SE are shown (n = 4). Asterisks indicate significant effects of cropping systems according 
to lineal mixed models: *** P < 0.�����������
�
���������������”��P �����������������
�������������”��P < 0.05, while different letters 
indicate significant differences among cropping systems tested with Tukey HSD (P < 0.05). 
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3.3.4 Aboveground biomass and grain yield 

For pea, cropping systems showed no impact on total aboveground biomass and grain yield per 

plant or on harvest index (HI), but on grain dry matter content (DM; P = 0.016). Nevertheless, pea 

tended to have higher grain yield per plant under C-NT than under O-RT (Table S1). In comparison, 

cropping systems affected barley grain yield per stem (P = 0.021), grain DM (P < 0.001), and HI 

(P = 0.002), but not total aboveground biomass per stem (P = 0.239; Table S1). Barley under C-IT 

and O-IT had significantly higher grain yield per stem, grain DM and HI, followed by O-RT, 

whereas C-NT had the lowest yield. In addition, the more stressed barley plants were (i.e., higher 

nPLCmax value), the lower their grain yield per stem, grain DM, and HI, as shown by the negative 

relationships with nPLCmax (Fig. 3.6). No significant relationships were found between 

�D�E�R�Y�H�J�U�R�X�Q�G���E�L�R�P�D�V�V���R�U���J�U�D�L�Q���\�L�H�O�G���Z�L�W�K���%pd �R�U���%md for pea nor barley. 

Fig. 3.5 (a) Relationships between the xylem water potential at 50% loss of hydraulic conductivity (P50) 
and the highest native PLC during the growing season recorded for barley (Hordeum vulgare L.) in 
2018 (nPLCmax), and (b) between the xylem water potential at 88% loss of hydraulic conductivity (P88) 
and nPLCmax (Conv. for conventional, Org. for organic). Small symbols show individual replicates (n = 
14). Means and 1 SE are given with big symbols for all cropping systems. The dashed lines indicate 
linear regression based on 14 individual values across the four cropping systems. The shaded band lines 
correspond to the 95% confidence interval; asterisks indicate the significance of linear correlation: ** 
�������������”��P �����������������
�������������”��P < 0.05. 
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Fig. 3.6 Relationships of barley (Hordeum vulgare L.) (a) aboveground biomass per stem and the 
highest native PLC during the growing season (nPLCmax) in 2018, (b) nPLCmax and grain yield per stem, 
(c) grain dry matter content (DM) and nPLCmax, and (d) harvest index (HI) and nPLCmax (Conv. for 
conventional, Org. for organic). Small symbols show individual replicates (n = 16). Means and 1 SE are 
given with big symbols for all cropping systems. The dashed lines indicate linear regression based on 16 
individual values across the four cropping systems (if significant). The shaded band lines correspond to 
the 95% confidence interval. Asterisk indicates the significance of linear correlation: *** P < 0.001, ** 
�������������”��P �����������������
�������������”��P < 0.05. 
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Table 3.3 Studies on xylem vulnerability to cavitation of herbaceous crops. 

 

a How cavitation is induced and assessed. 
b Values for root and stem reported by Skelton et al. (2017) were P40 instead of P50. 

Abbreviations: P, pot experiment; F, field experiment; CE, controlled environment; GH, greenhouse; CA, 
conductivity apparatus. 
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3.4 Discussion 

Research on the xylem vulnerability of crop species is still rare, especially under field conditions 

(Table 3), as most of the studies on crops (c. 80%) took place in pots under controlled conditions. 

The majority of studies focussed on grass species (both C3 and C4), while only two legume species 

were studied, common bean (Holste et al., 2006) and pea (this study). Moreover, different methods 

were employed, most likely contributing to some variability in the reported P50 values (but see 

Venturas et al., 2019; Yin et al., 2019). Our P50 values for barley and pea were within the ranges of 

other field studies. Pea had a significantly lower stem xylem vulnerability (e.g., lower P12 and P50 

values) than barley, in agreement with a recent review which showed field pea having a lower yield 

reduction under water limitation than barley (Daryanto et al., 2017), but in contrast to Lens et al. 

(2016) who did not find a significant general difference in stem P50 values between grasses and 

herbaceous dicots using a global dataset. Thus, understandings on the vulnerability to hydraulic 

failure for a wide variety of crops remain insufficient, increasing the uncertainty for food security 

under future climate conditions.  

Selection of crop species as well as cropping systems can help to ensure agricultural production. 

Here, we demonstrated that cropping systems affected xylem vulnerability (reflected in P50) and 

water stress (shown by nPLCmax) of barley, but not of pea, although the same seed mixture was 

sown in all plots. This excluded genetic diversity as an explanation for the observed differences, 

but rather indicated phenotypic acclimation to the respective cropping systems. P50 values for barley 

showed a wide range of 0.88 MPa, with plants being more vulnerable under C-NT (P50 of -2.04 

MPa) than under O-IT (P50 of -2.92 MPa; Table 1). Since nPLCmax was positively correlated with 

P50 (Fig. 3.5), this translated to an identical ranking for water stress (Table 2). Barley plants were 

most water-stressed under C-NT (nPLCmax of 68%) and least under O-IT (nPLCmax of 32%), with 

O-RT and C-IT being intermediate (nPLCmax of c. 50%). Thus, particularly for C-NT, water 

potentials in barley were close to or below P50 during June/July 2018, while barley grown under O-

IT suffered much less, typically losing < 30% of their hydraulic conductivity. Lower soil water 

contents at 40 cm in C-NT compared to O-IT during the dry period (Fig. 3.2) supported this ranking. 

This situation was most likely further intensified by differences in soil hydraulic conductivity 

among cropping systems, driven by the type of tillage. It is well known that soils under conservation 

tillage have lower total porosity and less macropores in the top soil compared to intensive tillage 

(e.g., Kay & VandenBygaart, 2002; Colombi et al., 2019), leading to lower saturated soil hydraulic 

conductivity (see Strudley et al., 2008). Indeed, estimating saturated soil hydraulic conductivity for 

our plots, based on soil texture and bulk density at 10 cm depth using the Rosetta database (Schaap 

et al., 2001), resulted in significantly lower values for C-NT (22 cm d-1) and O-RT (25 cm d-1) than 
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O-IT (59 cm d-1), with C-IT being intermediate (40 cm d-1). The low soil water supply to plant roots 

in C-NT compared to O-IT triggered phenotypic changes in xylem hydraulic traits as observed for 

barley in this study. Similar acclimation with higher stem xylem vulnerability in soils with lower 

saturated soil hydraulic conductivity was also reported by Holste et al. (2006), while Hacke et al. 

(2000) reported the opposite pattern for Pinus taeda. However, annual herbaceous species are 

known to have different strategies than long-lived perennial trees and to show different responses 

to environmental factors, including soil conditions (e.g., McCulloh et al., 2019). Nonetheless, the 

trade-off between xylem hydraulic conductivity and xylem vulnerability (see Sperry et al., 2003; 

Brodersen, 2016; Liu et al., 2020) can be highly relevant when selecting different cropping systems 

as well, since the physical conditions created by the respective soil management (tillage) can have 

unwanted consequences on plant hydraulic traits and thus their drought resistance. However, these 

pronounced consequences on plant hydraulic traits were not observed in pea. While the P50 values 

of pea tended to be lower for C-NT than for the others, the differences were very small (0.27 MPa) 

and insignificant (Table 1). Although the nPLCmax values of pea differed among cropping systems, 

they never exceeded 11% (Table 2), clearly showing that pea was never severly stressed. This might 

be due to their N2 fixing capability. Field studies, both experimental (Signarbieux & Feller, 2011) 

and based on observations (Adams et al., 2018), showed that N2-fixing plants can maintain low 

stomatal conductance when water is limited without compromising photosynthesis due to high 

foliar N concentrations. Therefore, unfavourable soil hydraulic conditions might not affect pea to 

the same extent as barley. Whether soil depths for root water uptake also generally differ between 

legumes and grasses is not fully clear and might be species-specific (Hoekstra et al., 2014; 

Bachmann et al., 2015). Nevertheless, since N2-fixing legume crops also spare soil mineral N 

(Temperton et al., 2007), they can be considered highly beneficial crop species for climate 

mitigation, withstanding frequent drought events in the future.  

In addition to management, xylem vulnerability was also expected to relate to plant height and crop 

yields. No effect of cropping systems was found on total aboveground biomass production of barley 

nor pea (Table S1), probably since they are bred for grain (or pod) yield. Yet, we found strong 

effects of cropping systems on plant height and grain yield for both species (Table S1). This was 

mirrored by strong negative relationships between plant height and grain yield with P50 and nPLCmax 

for barley (Fig. S3.2, Fig. 3.6). When functioning at lower nPLC (e.g., nPLCmax 32.1% under O-IT 

and 49.4% under C-IT), plants can potentially maintain a relatively high transpiration rate compared 

to plants with higher nPLC (e.g., nPLCmax of 51.6% under O-RT and 67.6% under C-NT). Then 

this behaviour might lead to roots taking up more water from the soil and consequently higher soil 

water redistribution to the root zone (Couvreur et al., 2014; Sprenger et al., 2016; Logsdon, 2019), 
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thereby extracting soil water that would otherwise be unavailable to the plant. The higher grain 

yield of barley under C-IT and O-IT compared to plants under C-NT and O-RT may have resulted 

from higher soil water extraction. This relationship was not observed for pea, most probably 

�E�H�F�D�X�V�H���H�Y�H�Q���W�K�H���O�R�Z�H�V�W���%md values recorded for pea were still higher than the P12 values for all 

cropping systems (Table S1). 

Lastly, the nPLC values proved to be highly sensitive to soil conditions created by the cropping 

�V�\�V�W�H�P�V���� �U�H�I�O�H�F�W�L�Q�J�� �G�L�I�I�H�U�H�Q�F�H�V�� �E�H�W�W�H�U�� �W�K�D�Q�� �W�K�H�� �F�O�D�V�V�L�F�D�O�� �S�O�D�Q�W�� �%md (Fig. 3.4). Moreover, nPLCmax 

�Y�D�O�X�H�V���� �E�X�W�� �Q�R�W�� �%md, were significantly correlated with barley grain yield and harvest index, 

suggesting that nPLCmax �P�L�J�K�W���E�H���D���E�H�W�W�H�U���L�Q�G�L�F�D�W�R�U���W�K�D�Q���%md for water stress of certain crops.  

3.5 Conclusion 

The emphasis of this study was to understand the impact of cropping systems on crop hydraulic 

traits and their vulnerability, which, to the best of our knowledge, is the first study to report such 

work. Barley, but not pea, clearly responded to the different cropping systems with altered xylem 

vulnerability, thus with phenotypic acclimation. These results highlight the potential of cropping 

systems, in particular the organic intensive tillage system, as well as of legume crops for climate 

change adaptation in arable agriculture. Moreover, we suggest using nPLCmax as a more sensitive 

and therefore better indicator for plant water stress since it proved to be more responsive to 

environmental conditions compared to the classical plant water potentials. Thus, the outcomes of 

this study provide important implications of plant hydraulics for future crop breeding and 

management as well as food security in the face of climate change.  
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3.8 Supporting In formation 

Table S3.1 Water potentials (in MPa, n = 4), plant height (in cm, n = 3 to 4), aboveground biomass (in g, n 
= 4) and grain yield (in g, n = 4) per plant for pea and per stem for barley, grain dry matter content (DM, in 
g g-1, n = 4) and harvest index (in g g-1, n = 4) for pea (Pisum sativum L.) and barley (Hordeum vulgare L.) 
under different cropping systems in 2018.  

 

Note: Effects of cropping systems were tested with linear mixed models (lmm). Differences of predawn 
water potentials measured on 2 June and 28 June were tested with t-tests. Asterisks indicate significant 
effects of cropping systems or significant differences between predawn water potentials, while different 
letters indicate significant differences among cropping systems tested with Tukey HSD (P < 0.05). 

Abbreviation: C-IT, Conventional intensive tillage; C-NT, Conventional no tillage; O-IT, Organic intensive 
tillage; O-RT, Organic reduced tillage; df, degrees of freedom. 
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Fig. S3.1 Long-term annual (top) and June (bottom) air temperatures (solid line) and precipitation (bars) 
from a nearby weather station (Zürich/Kloten, KLO, 47.48° N, 8.54° E, 4.6 km from the research site; 
data from 1988 to 2017, MeteoSwiss, 2020. Dark symbols highlight data from 2018. Dotted lines in 
light and dark grey indicate the mean and the highest records for air temperature (from 1988 to 2017), 
respectively. Dashed lines in light and dark grey indicate the mean and the lowest records for 
precipitation, respectively. 
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Summary 

�x Changes in land use, from intensive managements, such as organic farming and 

conservation tillage are recommended as adaptation strategies for sustainable agriculture 

against increasing drought threats under future climate. However, how cropping systems 

and drought affect plant water relations is currently not well understood. 

�x A drought experiment was conducted with winter wheat (Triticum aestivum L.), one of 

the most important crops globally, to investigate cropping systems (conventional 

intensive tillage, organic intensive tillage, conventional no-till age, organic reduced 

tillage) and drought effects on crop water relations in rainfed agriculture. Water traits 

along the whole soil-plant-atmosphere continuum, i.e., root water uptake depth, stem 

metaxylem area, leaf water potential, stomatal conductance, as well as growth traits, i.e., 

leaf chlorophyll content, plant height, and leaf area, were included in a trait space using 

principal component analysis (PCA). 

�x Cropping systems mainly affected growth traits, while the drought treatment dominated 

water traits, both affecting yield via those traits. The PCA clearly separated water trait 

spaces between organic vs. conventional systems and between drought vs. control 

conditions. Moreover, trait spaces by cropping systems and drought did not interact. 

�x Thus, trait space analysis was more powerful than single trait analysis to understand crop 

water relations. Our study raised concerns about mitigating drought impacts on crops by 

management practices. 

Keywords: climate change, conservation tillage, organic farming, soil-plant-atmosphere 

continuum (SPAC), trait space, root water uptake, xylem anatomy  
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4.1 Introduction  

Global warming as a result of increasing greenhouse gas concentrations in the atmosphere is 

becoming progressively disturbing (IPCC, 2018; IPCC, 2019). Current food systems contribute c. 

21 to 37% of total greenhouse gas emissions globally (FAO et al., 2020). Given the necessity to 

promote a more sustainable agriculture under a changing climate, farming practices such as organic 

management and conservation tillage are recommended to reduce soil carbon losses, soil erosion 

and energy consumption, while increasing soil health (Gattinger et al., 2012; IPCC, 2019; Seitz et 

al., 2019). Many benefits of those practices have been reported in fields managed under different 

cropping systems for many years, including soil physical and chemical properties (e.g., van Eerd et 

al., 2014; Loaiza Puerta et al., 2018; Colombi et al., 2019) as well as microbial diversity and 

functionality (e.g., Haines & Uren, 1990; Mader et al., 2002; Fliessbach et al., 2007). However, 

research on crop performance was often limited to yields (see Pittelkow et al., 2015; Lorenz & Lal, 

2016), much less considering changes in plant ecophysiology and growth characteristics. Therefore, 

our current understanding of crop responses to different cropping systems is still insufficient.  

Moreover, as water scarcity intensifies with climate change (IPCC, 2018), agroecosystems are 

facing growing challenges to maintain productivity (FAO et al., 2020; Ortiz-Bobea et al., 2021). 

Around 90% of the water footprint by humankind is related to crop production (Hoekstra & 

Mekonnen, 2012; United Nations, 2021), and agroecosystems are strongly affected by drought 

(FAO, 2017). Nonetheless, improved soil conditions due to organic management and conservation 

tillage are expected to better sustain crop growth and productivity under drought compared to 

conventional management and intensive tillage (Ding et al., 2009; Knutson et al., 2011). However, 

relevant studies to show if these advantages can translate to higher crop drought resistance reported 

inconsistent results, depending on crop species and climate (e.g., Lotter et al., 2003; Pimentel et al., 

2005; Kundel et al., 2020). Thus, there is an urgent need to assess crop drought responses under 

different cropping systems to ensure food security also under future climate change.  

To better understand crop drought responses, detailed studies on crop water relations along the soil-

plant-atmosphere continuum, from root water uptake, via xylem transport to leaf water use 

(Donovan & Sperry, 2000), are highly relevant to safeguard crop growth and productivity (Boyer, 

1985; Lambers & Oliveira, 2019). Crop water relations have been investigated among species and 

across climates since long (see Turner, 1997; Sourour et al., 2017). Nevertheless, in-depth studies 

for crops using multiple traits along this continuum are scarce (e.g., Gleason et al., 2019 comparing 

different maize cultivars), as concluded e.g. for root water uptake of arable crops (Penna et al., 

2020). Especially studies addressing a more holistic view on the water trait space seem to be lacking, 
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e.g., studies which combine traits such as root water uptake, stem anatomy, important for water 

transport within the plant, and foliar ecophysiology, both driver of and driven by plant water 

potentials, in turn modulating root water uptake (Schulze et al., 2019). This is even more surprising 

since a limited number of major arable crops, such as wheat, rice, maize, and barley, feed the world, 

with increasing trends towards homogeneity in global food supply (Khoury et al., 2014). For 

example, wheat is the most important source of food calories globally, covering the largest share of 

global cropland (c. 14%; OECD/FAO, 2020).  

Therefore, we carried out a drought experiment with winter wheat (Triticum aestivum L.), grown 

under conventional vs. organic farming systems with intensive vs. conservation tillage. We aimed 

to investigate plant water relations along the soil-plant-atmosphere continuum, and asked (1) how 

cropping systems affect plant traits of winter wheat, (2) how drought affects these traits of winter 

wheat grown under different cropping systems, and (3) if the water trait space changes in response 

to cropping systems and drought.  

4.2 Materials and methods 

4.2.1 Research site and drought simulation 

The research site is operated by the Swiss Federal Agricultural research station Agroscope and is 

located in Rümlang, near Zurich, Switzerland (47.26° N, 8.31° E). The long-term average annual 

precipitation for the site is 988 mm, and mean annual temperature is 9.8 °C (1989 to 2018; Table 

4.1), based on data obtained from a nearby MeteoSwiss station, Zürich/Kloten (KLO, 47.48° N, 

8.54° E, 4.6 km to the north of the research site, MeteoSwiss, 2020). The soil at the field site is a 

calcareous Cambisol with 23% clay, 34% silt, and 43% sand, and a total soil carbon content of 1.6 

to 1.8% (Loaiza Puerta et al., 2018). The plant available soil depth is 50-70 cm, with solid rock 

below (Kanton Zürich, 2020).  

Our study took place within the Farming Systems and Tillage experiment (FAST; for details see 

Wittwer et al., 2017) which began in 2009 with a typical Swiss crop rotation of six years. Winter 

wheat (Triticum aestivum �/���� �F�Y���� �µ�&�+�� �&�D�P�H�G�R�¶���� �Z�D�V�� �V�R�Z�Q�� �R�Q�� ������ �2�F�W�R�E�H�U�� ���������� �R�Q�� �D�O�O�� �S�O�R�W�V�� �D�Q�G��

harvested on 24 July 2019 (Table S4.1). The experiment includes conventional (C) and organic 

farming (O) with intensive or soil conservation tillage practices. The conventional systems were 

�P�D�Q�D�J�H�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���³�3�U�R�R�I���R�I���(�F�R�O�R�J�L�F�D�O���3�H�U�I�R�U�P�D�Q�F�H�´���J�X�L�G�H�O�L�Q�H�V���R�I���W�K�H���6�Z�L�V�V���)�H�G�H�U�D�O���2�I�I�L�F�H��

for Agriculture (Swiss Federal Council, 2021). The organic systems were managed under the 

BioSuisse guidelines, without any use of mineral fertilizers or synthetic products (BioSuisse, 2021). 

Hence, different fertilisations were applied in conventional and organic systems, while pesticides 
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were only used in conventional systems. Intensive tillage (IT) was applied using a mouldboard 

plough to 20 cm depth. and seedbed preparation was carried out with a rotary harrow to 5 cm depth 

in both conventional (C-IT) and organic systems (O-IT). Direct sowing and no soil management 

were implemented in the conventional no tillage plots (C-NT). A disc or rotary harrow to a 

maximum of 10 cm depth was used for reduced tillage in organically managed plots (O-RT) to 

superficially disturb the soil for weed control. These four cropping systems were repeated in four 

blocks with a 6 m × 30 m area per cropping system in each block following a Latin-square design. 

In addition, portable rain shelters made of metal frames (3 m × 5 m at base area and around 2.1 m 

of height at the highest point of the roof) covered with transparent and ultraviolet light-transmissible 

�S�O�D�V�W�L�F�� �I�R�L�O�� ���*�H�Z�l�F�K�V�K�D�X�V�I�R�O�L�H�� �8�9������ �������� ���P���� �)�R�O�L�W�H�F�� �$�J�U�D�U�I�R�O�L�H�Q-Vertrieb, Germany) were 

installed to simulate a drought period from 24 April to 19 June 2019. The shelters had an opening 

at both ends, to all sides, and at the top along the full length, which allowed extensive ventilation 

(for technical details, see Hofer et al., 2016). PVC half pipes were used to collect rain running down 

the foil and to direct it away from the plots (about 2 m). The drought subplots were set up right next 

to control subplots in all cropping systems. Control subplots received natural precipitation during 

the entire growing season (from sowing to harvest). In total, 32 experimental subplots (four 

cropping systems × two water availability treatments × four replicates) were used in this study 

reported here.  

4.2.2 Soil water content 

Volumetric soil water content (SWC) at 10 and 40 cm depths was measured continuously with two 

replicates in all cropping systems (EC-5, Decagon Devices Inc., Pullman, WA, USA), from 15 April 

(a week prior to the drought treatment) to 24 July 2019 (the day of harvest). Data were averaged 

for every 10 min and recorded by data loggers (CR1000 and CR216, Campbell Scientific Ltd., 

Loughborough, UK), then averaged for daily values.  

4.2.3 Stable water isotopes 

Root water uptake depths were assessed using stable water isotopes in xylem water and soil water 

from different depths (Ehleringer & Osmond, 1989). Plant and soil samples were collected on 19 

April and 14 June 2019, i.e., before the drought treatment (BT) and at the end of the drought 

treatment (ET). Root crowns, best representing the xylem water as the mixture of water sources 

from the soil in herbaceous plants, were collected for stable isotope analysis (Barnard et al., 2006; 

von Freyberg et al., 2020). Four to six root crowns were collected and pooled into one sample per 

subplot, cleaned quickly to remove remaining soil before immediately sealed in air-tight glass tubes 

(12-ml exetainer, Labco Ltd., Ceredigion, UK). At the same time, soil cores were sampled close to 
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the sampled plants with a soil auger (1 cm diameter) and separated into six depths, i.e., 0-5, 5-10, 

10-20, 20-30, 30-40, and 40-60 cm, and then immediately sealed in air-tight glass tubes (18 ml, 

Schott AG, Mitterteich, Germany). All root crown and soil samples were kept in a cool box when 

in the field and afterwards stored at -18 °C. Extraction of xylem and soil water was carried out with 

cryogenic vacuum distillation (Ehleringer & Osmond, 1989). The extracted water samples were 

�D�Q�D�O�\�V�H�G���I�R�U���V�W�D�E�O�H���R�[�\�J�H�Q���L�V�R�W�R�S�H���U�D�W�L�R�V�����/18O) with an isotope ratio mass spectrometer (IRMS, 

DeltaplusXP, Finnigan MAT, Bremen, Germany; Werner et al., 1999������ �$�O�O�� �/18O values are 

expressed in delta notation relative to the Vienna Standard Mean Ocean Water (VSMOW-SLAP, 

Craig & Gordon, 1965; Gat, 2010) in parts-per-�W�K�R�X�V�D�Q�G�����R�U�����S�H�U���P�L�O�������Å�������7�K�H���O�R�Q�J-term precision 

of the quality-control standard IsoLab 1 �R�Y�H�U���W�K�H���O�D�V�W���I�R�X�U���\�H�D�U�V���Z�D�V�����������Å���I�R�U���/18O. 

4.2.4 Root water uptake depths 

We estimated the proportional contributions of soil water from different soil layers to total root 

�Z�D�W�H�U���X�S�W�D�N�H���X�V�L�Q�J���P�L�[�L�Q�J���P�R�G�H�O�V���I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���µ�V�L�P�P�U�¶����Parnell, 2020) within a Bayesian 

framework based on Parnell et al. (2013)�����7�K�H���/18O signatures of xylem water were considered the 

�P�L�[�W�X�U�H���W�R���E�H���P�R�G�H�O�O�H�G�����Z�K�L�O�H���W�K�H���/18O values of soil water from the six soil depths (i.e., 0-5, 5-10, 

10-20, 20-30, 30-40, and 40-60 cm) were used as model inputs for each subplot at both sampling 

times (BT and ET). Six missing soil sample in total (due to sampling difficulties) were estimated 

based on the mean values of the other replicates from the same cropping system and treatment to 

ensure balanced model inputs. Results from four Markov chain Monte Carlo Bayesian models (with 

at least: iterations = 300 000, burns = 50 000, thinning = 100 times for each chain; four chains), 

summing up to 10 000 possible combinations of contributions from sampled soil depths, were the 

model outputs. Next, the proportional contribution values were aggregated into three layers, namely 

shallow (0-20 cm) as the sum of 0-5 cm, 5-10 cm, and 10-20 cm depths, middle (20-40) as the sum 

of 20-40 cm and 30-40 cm depths, and deep (40-60 cm). Finally, the median of the model outputs 

on the proportional contribution (MPC) from each soil layer was calculated for each subplot and 

used for further statistical analyses on root water uptake depths. Compared to the most frequent 

value of the model outputs, MPC values of all the sources usually sum up closer to 1. 

4.2.5  Stem anatomy 

Plant stems were sampled on 24 June 2019 with one stem per subplot and kept cool until further 

preparation. Two stem positions were sampled per plant stem, one at the top of the stem close to 

the spike (cross-section 1), and one in the middle of an internode (cross-section 2; Fig. 4.1a). Stems 

cross-sections were cut and prepared for microscopic observation according to Gärtner and 

Schweingruber (2013). Digital images of each slide were taken using a slide scanner (Axio Scan 
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Z1, Zeiss, Germany). The metaxylem area of individual inner vascular bundles (Fig. 4.1b, c) was 

measured and averaged for each cross-section per subplot using Fiji v1.51n (Schindelin et al., 2012). 

As the number of vascular bundles are determined genetically (Abbasi et al., 2017; Nakhforoosh et 

al., 2021), the wheat cultivar was identical in all subplots, and the drought treatment started six 

months after sowing (around stem elongation stage, well after crop establishment), no differences 

in the number of vascular bundles among cropping systems are expected. 

4.2.6 Leaf water potentials and stomatal conductance 

Leaf water potentials were measured on one plant per subplot with a Scholander pressure chamber 

(SKPM, Skye Instruments Ltd., Powys, UK), using the youngest mature leaf. Predawn 

mea�V�X�U�H�P�H�Q�W�V�����%pd) were taken between 03:00 h and 05:00 h on 19 April 2019 (before the drought 

�W�U�H�D�W�P�H�Q�W�����%�7�������D�Q�G���R�Q���������-�X�Q�H���������������D�W���W�K�H���H�Q�G���R�I���W�U�H�D�W�P�H�Q�W�����(�7�������0�L�G�G�D�\���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�V�����%md) 

were measured on sunny days between 11:00 h and 13:00 h on 18 April (before the drought 

treatment, BT), on 7 and 17 May 2019 and 1 June (during the drought treatment, T) as well as on 

13 June 2019 (at the end of treatment, ET).  

Stomatal conductance (gs) was measured with a handheld porometer (SC-1 Leaf Porometer; 

Decagon Inc., Pullman, WA, USA) on the youngest mature leaf of one plant per subplot, the same 

�Z�K�L�F�K���Z�D�V���D�O�V�R���X�V�H�G���I�R�U���%md. Both sides of the leaf, i.e., adaxial and abaxial, were measured, and 

the values were summed up as the gs of the leaf. Measurements took place on sunny days between 

11:00 h and 13:00 h on 18 April (before the drought treatment, BT), on 7 and 17 May and 1 June 

2019 (during the drought treatment, T) as well as on 13 June 2019 (at the end of treatment, ET). 

4.2.7 Leaf chlorophyll content 

Leaf chlorophyll content was assessed using SPAD values measured with a SPAD-502 meter 

(Konica-Minolta, Japan; Markwell et al., 1995) using always the youngest mature leaves. Three 

leaves were measured in each subplot, with ten SPAD measurements along each leaf on 18 April 

(before the drought treatment, BT), 7 and 17 May and 1 June (during the treatment T) as well as on 

13 June 2019 (at the end of treatment, ET). The SPAD readings were then averaged per subplot for 

each measurement date. 
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4.2.8 Plant height and leaf area 

Plant height was measured from the ground to the youngest leaf auricle using a folding rule on ten 

plants in each subplot on 23 April (before the drought treatment, BT), 7 and 17 May and 1 June 

(during the treatment, T) as well as on 13 June 2019 (at the end of treatment, ET), and then averaged 

per subplot for each measurement date. Three to five youngest mature leaves were collected on 23 

April (BT) and 14 June 2019 (T) in each subplot, then scanned and analysed using Fiji v1.51n 

(Schindelin et al., 2012) to assess leaf area.  

4.2.9 Yield variables 

To assess yields, plants were cut 1 cm above the ground within two 0.25 m2 areas per subplot on 

24 July 2019. In addition, the number of tillers was recorded for both areas. The grains were 

separated from the straw of harvested plants, then oven-dried at 60 °C until constant weight. Grain 

yield per tiller and total grain yield per area were calculated accordingly. 

Fig. 4.1 Schematic diagram of (a) the above-ground parts of a winter wheat plant (Triticum aestivum L.) 
showing the position of cross-section 1 (stem cross-section close to the spike) and cross-section 2 (stem 
cross-section at the middle of internode) as well as cross-section images at (b) cross-section 1 and (c) 
cross-section 2, with a zoom-in on the metaxylem to the right. 
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4.2.10 Statistical analyses 

Statistical analyses were done using R (v4.0.4; R Core Team, 2020). Linear effect mixing models 

were used to test the effects of cropping systems and drought treatment with the function lmer() 

�I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �µ�O�P�H�U�7�H�V�W�¶�� ��Kuznetsova et al., 2017������ �µ�&�U�R�S�S�L�Q�J�� �V�\�V�W�H�P�V�� ���&�6���¶���� �µ�G�U�R�X�J�K�W��

�W�U�H�D�W�P�H�Q�W�� ���'���¶���� �D�Q�G�� �µ�E�O�R�F�N�V�¶�� �Z�H�U�H�� �W�U�H�D�W�H�G�� �D�V�� �W�K�U�H�H�� �I�L�[�H�G�� �I�D�F�W�R�U�V�� ��Dixon, 2016), with interactive 

�H�I�I�H�F�W�V���E�H�W�Z�H�H�Q���µ�&�6�¶���D�Q�G���µ�'�¶�����&�6��× �'�����D�V���Z�H�O�O���D�V���µ�S�O�R�W�V�¶�����G�X�H���W�R���W�K�H��split-plot design) as random 

factors included in the models. Model assumptions were checked visually for normality and 

homoscedasticity of residuals with diagnostic plots. Differences among cropping systems and 

between treatments were tested by the Tukey HSD (honestly significant difference) test using the 

function glht() �I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �µ�P�X�O�W�F�R�P�S�¶�� ��Hothorn et al., 2008). Principal components 

analysis (PCA) with the function prcomp() was used to assess the multivariate covariation among 

plant traits measured before (BT) and at the end (ET) of the drought treatment. Only those traits 

were included which were significantly affected by either cropping systems or the drought treatment 

or both. Missing values due to sampling difficulties were filled with the mean values of other 

replicates from the same cropping system and treatment (n = 1 for metaxylem area, MX, at top of 

the stem, n = 2 for MX at the middle of internode). All traits were scaled to unit variance for the 

PCA. The important traits contributing to each principal component (PC) were assessed with the 

function fviz_contrib(), and factor loadings were extracted with the function get_pca_var(), both as 

�S�D�U�W�V���R�I���5���S�D�F�N�D�J�H���µ�I�D�F�W�R�H�[�W�U�D�¶����Kassambara & Mundt, 2020). Correlation matrix was plotted using 

the chart.Correlation() from the R pac�N�D�J�H�� �µ�3�H�U�I�R�U�P�D�Q�F�H�$�Q�D�O�\�W�L�F�V�¶�� ��Brian G. Peterson & Peter 

Carl, 2020). 

Table 4.1 Precipitation and air temperature close (4.6 km north) to the research site (data from a nearby 
weather station, Zürich/Kloten KLO, 47.48° N, 8.54° E; MeteoSwiss, 2020), as well as dates for the 
growing season (from sowing to harvest) of winter wheat (Triticum aestivum L.) and the treatment periods. 
 

Date Total precipitation 
(mm) 

Mean air temperature 
���•��   

Long-term annual (1989-2018) 1 January to 31 December 988 9.8 

Annual (2019) 1 January to 31 December 1072 10.5 

Growing season 25 October 2018 to 24 July 2019 775 8.6 

Before drought treatment 25 October 2018 to 24 April 2019 438 4.9 

During drought treatment 25 April to 19 June 2019 229  13.1 

After drought treatment 20 June to 24 July 2019 108 21.0 



80 

4.3 Results 

4.3.1 Environmental conditions 

Annual precipitation during the study year (2019) was relatively high with 1072 mm compared to 

the long-term mean (Table 4.���������6�L�P�L�O�D�U�O�\�����P�H�D�Q���D�Q�Q�X�D�O���W�H�P�S�H�U�D�W�X�U�H���L�Q�������������Z�D�V�������������h�&�������������h�&��

higher than the years before. During the drought treatment period (25 April to 19 June 2019), about 

30% of the growing season precipitation was excluded by the rain shelters, since several heavy rain 

events with amounts of c. 30 mm occurred during this time (Fig. S4.1). Consequently, average daily 

soil water contents (SWC) strongly fluctuated at both 10 and 40 cm depths in control subplots, 

averaging 25% at 10 cm and 30% at 40 cm depth (Fig. 4.2a, b). In the drought subplots, SWC at 

both 10 and 40 cm depths declined continuously during the drought treatment, averaging 18% at 10 

cm and 26% at 40 cm depth (Fig. 4.2c, d). Lowest values were reached after shelter removal, with 

15% and 24% at 10 and 40 cm depth, respectively. The differences in SWC among cropping 

systems were small in both control and drought subplots, except for C-NT which tended to have 

slightly lower SWC at 40 cm in both subplots compared to the other cropping systems. 

  

 

Fig. 4.2 Daily mean soil water contents at 10 and 40 cm depth (n = 2 each) in (a, b) control and (c, d) 
drought subplots under different cropping systems (Conv. for conventional, Org. for organic) in 2019. 
Breaks in continuous lines indicate sensor malfunction. Shaded areas in (c) and (d) represent the 
drought treatment period from 25 April to 19 June 2019. 
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4.3.2 Root water uptake depths 

Winter wheat plants took up water mainly from the shallow layer (0-20 cm) of the soil profile when 

water was sufficient, i.e., in control subplots both before (BT) and at the end of (ET) drought 

treatment, as well as in drought subplots before the treatment (BT; Fig. 4.3a, b, c). The median 

values of the proportional contributions of soil water from different soil layers to total root water 

uptake (MPC) were between 41% and 64% for the shallow layer (0 to 20 cm depth; Table S4.2), 

between 25% and 39% for the middle layer (20 to 40 cm depth), and between 9% and 31% for the 

deep layer (40 to 60 cm depth) for all subplots under all cropping systems (CS: P �• 0.379; D: P �• 

0.139; CS × D: P �• 0.233; Table 4.2) before the treatment started (BT). At the end of treatment 

(ET), only the drought treatment significantly affected MPC (P �” 0.013), with winter wheat taking 

up proportionally less water from shallow (0 to 20 cm depth) and more from middle (20 to 40 cm 

depth) as well as deep (40 to 60 cm depth) layers in drought compared to control subplots (Table 

4.2; Table S4.2). However, cropping systems did not show any significant effects (P �• 0.362). There 

were also no significant interactions between cropping systems and the drought treatment for any 

of the soil layers (P �• 0.233; Table 4.2). 

 Fig. 4.3 Frequency density 
distribution of model outputs on the 
proportional contribution of soil 
water to winter wheat water uptake 
from shallow (0-20 cm, sum of 0-5, 
5-10, and 10-20 cm depths), middle 
(20-40 cm, sum of 20-30 and 30-40 
cm depths), and deep (40-60 cm) 
soil layers under different cropping 
systems (a, c) before the drought 
treatment on 19 April and (b, d) at 
the end of treatment on 14 June 
2019 in (a, b) control and (c, d) 
drought subplots. Frequency density 
was derived from 10 000 
simulations at 2% increment of 
�P�L�[�L�Q�J���P�R�G�H�O�V���X�V�L�Q�J���/18O for each 
subplot. Data were pooled for all 
subplots in each cropping system 
(Conv. for conventional, Org. for 
organic). Symbols on the curves 
indicate the median of the model 
outputs for each soil layer. Means ± 
1 SE of each cropping system are 
given (n = 3-4). 
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4.3.3 Metaxylem area 

The metaxylem area (MX) of winter wheat stems were smaller at the top of stem, close to the spike 

(cross-section 1; Fig. 4.4a) compared to the MX in the middle of the internode (cross-section 2; Fig. 

4.4b), with on average 665 ���P2 vs. 1171 ���P2, respectively. The MX was not significantly affected 

by cropping systems at either position (P = 0.644 and 0.156 for cross-sections 1 and 2, respectively; 

Table 4.2). However, after the drought treatment, MX in drought subplots (627 ���P2 at cross-section 

1, 1053 ���P2 at cross-section 2) was significantly smaller compared to those in control subplots (704 

���P2 at cross-section 1, 1299 ���P2 at cross-section 2) under all cropping systems (P = 0.035 and 

0.001, respectively; Table 4.2). Significant differences among the cropping systems were only 

found in drought subplots where the MX in the middle of the internode for winter wheat grown 

under O-IT were smaller than under C-IT, while MX under O-RT and C-NT were intermediate (Fig. 

4.4; Table S4.2). There were no significant interactions between cropping systems and drought 

treatment on either cross-section (P = 0.536 and 0.145, respectively; Table 4.2).  

  Fig. 4.4 Average metaxylem area of vascular bundles at (a) cross-section 1 (at the top of the stem) and 
(b) cross-section 2 (at middle of the internode) of winter wheat (Triticum aestivum L.) grown under 
different cropping systems (C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, 
O-IT for Organic intensive tillage, O-RT for Organic reduced tillage) in control (white bars) and 
drought (grey bars) subplots. Means ± 1 SE are given (n = 3-4); samples were taken after the drought on 
24 June 2019 (AT). Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the 
interaction (CS × D, df = 3) were tested with linear mixed models are shown (P values are given). Block 
effects were not significant: both P = 0.907. Different letters in (b) indicate significant differences 
among CS in control subplots, tested with Tukey HSD (honestly significant difference, P < 0.05). 
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Table 4.2 Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and their interaction (CS 
× D, df = 3) on anatomical and ecophysiological as well as yield traits of winter wheat (Triticum aestivum 
L.) at different times during the study, i.e., before (BT), during (T), and at the end of the drought treatment 
(ET). P values of linear mixed models are given for the medians of proportional contributions to root water 
uptake (MPC) from different soil layers (shallow: 0-20 cm, middle: 20-40 cm, deep: 40-60 cm), metaxylem 
areas (MX) at the top of the stem and the middle of the internode, predawn and midday leaf water 
potentials, leaf stomatal conductance, leaf chlorophyll content, plant height, leaf area, as well as yield per 
tiller, tiller density and total yield. Significant differences are shown in bold as well as marked with 
�D�V�W�H�U�L�V�N�V���I�R�U���G�L�I�I�H�U�H�Q�W���O�H�Y�H�O�V�����
�������������”��P �����������������
�
���������������”��P < 0.05, *** P < 0.001). 

Variable Date 
lmm: CS × D  

CS  D  CS × D  Block  

MPC (shallow) 

19 April (BT) 

0.819  0.262  0.233  0.154  

MPC (middle) 0.652  0.660  0.389  0.263  

MPC (deep) 0.379  0.139  0.256  0.326  

MPC (shallow) 

14 June (ET) 

0.434  <0.001 ***  0.458  0.381  

MPC (middle) 0.362  0.003 **  0.351  0.429  

MPC (deep) 0.775  0.013 *  0.675  0.650  

MX at stem top 24 June (ET) 0.644  0.035 *  0.537  0.907  

MX at internode 24 June (ET) 0.156  0.001 **  0.145  0.907  

Predawn leaf water potential 
19 April (BT) 0.291  0.034 *  0.334  0.163  

18 June (ET) 0.122  <0.001 ***  0.855  <0.001 ***  

Midday leaf water potential 

18 April (BT) 0.572  0.352  0.258  0.701  

7 May (T) 0.620  0.162  0.070  0.299  

17 May (T) 0.570  <0.001 ***  0.359  0.123  

1 June (T) 0.094  <0.001 ***  0.452  0.019 *  

13 June (ET) 0.170  0.001 **  0.156  0.280  

Stomatal conductance 

18 April (BT) 0.168  0.606  0.430  0.049 *  

7 May (T) 0.367  0.396  0.009 **  0.832  

17 May (T) 0.782  0.555  0.657  0.985  

1 June (T) 0.391  0.001 **  0.015 *  0.899  

13 June (ET) 0.199  <0.001 ***  0.069  0.183  

Leaf chlorophyll content 

18 April (BT) 0.001 **  0.879  0.047 *  0.504  

7 May (T) 0.008 **  0.976  0.765  0.348  

17 May (T) 0.007 **  0.008 **  0.623  0.491  

1 June (T) <0.001 ***  0.007 **  0.274  0.079  

13 June (ET) 0.013 *  0.395  0.067  0.393  

Plant height 

23 April (BT) <0.001 ***  0.045 *  0.218  0.442  

7 May (T) 0.001 **  0.490  0.789  0.257  

17 May (T) 0.009 **  0.499  0.448  0.211  

1 June (T) 0.112  0.008 **  0.219  0.134  

13 June (ET) 0.913  <0.001 ***  0.780  0.887  

Leaf area 
23 April (BT) 0.109  0.973  0.114  0.256  

14 June (ET) 0.042 *  0.008 **  0.934  0.526  

Yield per tiller 

24 July 

0.039 *  0.102  0.723  0.128  

Tiller density 0.001 **  <0.001 ***  0.115  0.224  

Total yield 0.011 *  <0.001 ***  0.182  0.092  
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4.3.4 Predawn and midday leaf water potentials 

�3�U�H�G�D�Z�Q�� �O�H�D�I�� �Z�D�W�H�U�� �S�R�W�H�Q�W�L�D�O�� ���%pd) ranged between -0.3 and -0.5 MPa in all subplots before the 

drought treatment (BT; Fig. 4.5a), while the variation became larger at the end of drought treatment 

(ET), with values ranging between -0.2 and -0.6 MPa (Fig. 4.5b). This was due to significant 

drought effects at ET (P ���������������������U�H�V�X�O�W�L�Q�J���L�Q���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���%pd values in drought (-0.6 MPa) 

than in control (-0.3 MPa) subplots. A small yet significant drought �H�I�I�H�F�W���R�Q���%pd was present before 

the drought treatment started (BT; P = 0.034; drought: -0.4 MPa, control: -0.5 MPa), but was 

completely overtaken by the experimental drought effect at the ET (Table S4.2). Cropping systems 

�G�L�G���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W���%pd at either date (P = 0.291 and 0.122 at BT and ET, respectively) or 

interacted with drought (P = 0.334 and 0.855, respectively; Table 4.2).  

 

 Fig. 4.5 Predawn leaf water potential of winter wheat (Triticum aestivum L.) grown under different 
cropping systems (C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for 
Organic intensive tillage, O-RT for Organic reduced tillage) in control (white bars) and drought (grey 
bars) subplots. Means ± 1 SE are given (n = 4); measurements were taken BT (a) and ET (b). Effects of 
cropping systems (CS, df = 3), drought treatment (D, df = 1) and their interaction (CS × D, df = 3) were 
tested with linear mixed models. P values are given. Block effects were not significant before the 
treatment (P = 0.163), but significant end of treatment (P < 0.001). Different small and capital letters 
indicate significant differences among CS in drought and control subplots, respectively, tested with 
Tukey HSD (honestly significant difference, P < 0.05). 
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�&�R�P�S�D�U�H�G���W�R���W�K�H���S�U�H�G�D�Z�Q���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�V�����%pd; Fig. 4.5), midday leaf water potentials of all winter 

�Z�K�H�D�W���S�O�D�Q�W�V�����%md; Fig. 4.6a) were much lower, and decreased with time from about -1.3 MPa in 

April (before the drought treatment; BT) to -1.8 MPa in June (during and at the end of the drought 

treatment; T and �(�7�������&�U�R�S�S�L�Q�J���V�\�V�W�H�P�V���Q�H�Y�H�U���D�I�I�H�F�W�H�G���%md (all dates: P �• 0.094; Table 4.2), while 

the drought treatment started to show significant effects in mid-May, three weeks into the drought 

treatment period (Table 4.2). These effects persisted until the end of treatment in June (ET; Fig. 

4.���D������ �6�L�P�L�O�D�U���W�R���W�K�H�� �H�I�I�H�F�W�V�� �R�Q���%pd���� �G�U�R�X�J�K�W���U�H�V�X�O�W�H�G���L�Q�� �F�R�Q�V�L�V�W�H�Q�W�O�\�� �O�R�Z�H�U���%md values for winter 

wheat grown in drought (-1.3 to -1.9 MPa) compared to control subplots (-1.2 to -1.6 MPa) at those 

three measurement times in May and June (Fig. 4.6a; Table S4.2). There was no significant 

interaction between cropping systems and drought observed (all P �• 0.070). 

 

4.3.5 Stomatal conductance 

Similar to midday water p�R�W�H�Q�W�L�D�O�V�����%md), leaf stomatal conductance (gs) showed a gradual change 

over time (Fig. 4.6b; Table S4.2). The gs values increased from April (BT; 366 mmol m�í2 s�í1) to 

June (T; 1022 mmol m�í2 s�í1), exhibiting a very large variation among cropping systems and 

treatments. Towards the end of the drought treatment (ET), gs declined again to 729 mmol m�í2 s�í1 

(Fig. 4.6b; Table S4.2). 

Fig. 4.6 Midday leaf water 
potential (�%md; a) and stomatal 
conductance (gs; b) of winter 
wheat (Triticum aestivum L.) 
grown under different cropping 
systems (C-IT for Conventional 
intensive tillage, C-NT for 
Conventional no tillage, O-IT 
for Organic intensive tillage, O-
RT for Organic reduced tillage) 
in control (grey symbol outline) 
and drought (black symbol 
outline) subplots measured on 
different dates. Means ± 1 SE 
are given (n = 4). Shaded areas 
reflect the drought treatment 
period from 25 April to 19 June 
2019. 
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�0�R�U�H�R�Y�H�U�����D�V���I�R�U���%md, gs was not significantly affected by cropping systems at any time (all P �• 

0.168; Table 4.2). In contrast, the drought treatment triggered significant differences in gs in June, 

five weeks into the drought treatment period (both P �”����������������Table 4.2), but two weeks later than 

�I�R�U�� �%md (Fig. 4.6b). For two out of the five measurements times during the drought treatment, 

significant interactions occurred between cropping systems and drought treatment (both P �”��0.015; 

Table 4.2). At both times (early May and early June), gs differed only among cropping systems in 

the control, but not the drought subplots, with plants growing under intensive tillage showing higher 

gs than under reduced and no-tillage (Table S4.2). 

4.3.6 Leaf chlorophyll content 

Leaf chlorophyll content did not show large variations over time, ranging from 39 to 52 SPAD 

values (Table S4.2; Fig. S4.2). Cropping systems significantly affected leaf chlorophyll contents 

(all dates: �3�� �”�� ������13; Table 4.2), with values being significantly higher in conventional than in 

organic systems (considering all dates and both control and drought subplots; Table S4.2; Fig. S4.2). 

Drought started to show significant effects on leaf chlorophyll content in mid-May (Table 4.2), 

three weeks into the drought treatment, although differences were small (Table S4.2; Fig. S4.2). At 

the end of the treatment in June (ET), the differences between drought and control subplots 

disappeared (P = 0.395; Table 4.2; Table S4.2; Fig. S4.2). No significant interactions between 

cropping systems and drought were observed during the treatment period (all P �• 0.067: Table 4.2). 

4.3.7 Plant height and leaf area 

The height of all winter wheat plants increased from on average 13 cm in April (BT) to on average 

60 cm in June (ET; Table S4.2; Fig. S4.2). Cropping systems significantly affected height of winter 

wheat in April and May (BT and T, all P �”��������09; Table 4.2), with plants in conventional systems 

being significantly taller than those in organic systems (averaging over all control and drought 

subplots; Table S4.2). These differences among cropping systems disappeared in June. Similar to 

gs, plant height was not significantly affected by the drought treatment till the end of the treatment 

(June, ET; P = 0.008 and P < 0.001), with plants being significantly shorter in drought than in 

control subplots (Fig. S4.2, Table S4.2). Cropping systems and drought treatment never showed 

significant interactions (P �• 0.218; Table 4.2).  

The average leaf area of the youngest mature leaves was not affected by cropping systems nor 

drought in April (BT), although leaf area was slightly higher in conventional systems compared to 

organic systems (Table S4.2). During June (ET) this changed, and both cropping systems and 

drought significantly affected leaf area (P = 0.042 and 0.008, respectively; Table 4.2). Both 
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conventional systems had significantly larger leaves than the two organic systems (Table S4.2). 

Moreover, the youngest mature leaves were larger in control than in drought subplots (Table S4.2). 

Cropping systems and drought treatment never showed significant interactions (both P �• 0.114; 

Table 4.2). 

 

 

4.3.8 Yield 

At the harvest on 24 July 2019, different yield variables were assessed. The grain yield per tiller 

ranged between 2.2 and 2.6 g for all subplots (Fig. 4.7a). While the drought had no effect (P = 

0.102), cropping systems significantly affected the grain yields per tiller (P = 0.039, no interaction 

CS × D; Table 4.2), with lowest yields in C-NT compared to all other cropping systems (Table 

S4.2). In contrast, tiller density was significantly affected by both, cropping systems (P = 0.001) 

and the drought treatment (P < 0.001, no interaction CS × D; Table 4.2). Conventional systems had 

significantly higher tiller density than organic systems, independent of the drought treatment (Table 

Fig. 4.7 Grain yield per tiller (a) and total yield (b) of winter wheat (Triticum aestivum L.) grown under 
different cropping systems (C-IT for Conventional intensive tillage, C-NT for Conventional no tillage, 
O-IT for Organic intensive tillage, O-RT for Organic reduced tillage) in control (white bars) and 
drought (grey bars) subplots. Means ± 1 SE are given (n = 4); samples were taken on 24 July 2019. 
Effects of cropping systems (CS, df = 3), drought treatment (D, df = 1) and the interaction (CS × D, df = 
3) were tested with linear mixed models (P values are given). Block effects were not significant: (a) P = 
0.128 and (b) P = 0.092. Different small and capital letters indicate significant differences among CS in 
drought and control subplots, respectively, tested with Tukey HSD (honestly significant difference, P < 
0.05). 
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S4.2); drought subplots exhibited significantly lower tiller density than control subplots, 

independent of cropping systems (Table S4.2). As a result, total yield per area ranged from 4.2 to 

6.6 t ha-1 for all subplots, and was significantly affected by both cropping systems (P = 0.011) and 

drought treatment (P < 0.001, no interaction CS × D; Fig. 4.6b, Table 4.2). Total yield in 

conventional systems was significantly higher than in organic systems, independent of the drought 

treatment (Table S4.2); yields in drought subplots were significantly lower than those in control 

subplots, independent of cropping systems (Fig. 4.6b; Table S4.2).  

4.3.9 Water trait space 

To integrate the information from the many traits described above and to assess the water trait space, 

a principal component analysis (PCA) was performed (Fig. 4.8). A total of 56.0% of the overall 

subplot variation in the dataset was captured by the first two principal component axes. The first 

principal component (PC; 34.8 %) was related the most to root water uptake (MPC from all three 

soil layers) at the end of treatment (ET), plant height (ET), metaxylem area at internode (cross-

�V�H�F�W�L�R�Q�����������O�H�D�I���D�U�H�D�����(�7�����D�Q�G���S�U�H�G�D�Z�Q���O�H�D�I���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�����%pd, ET; Table S4.3). This means that 

high scores on the first PC axis therefore indicated high MPC from the shallow soil layer (0-20 cm) 

and low MPC from the middle (20-40 cm) and deep (40-60 cm) layers, large plant height (ET), 

large metaxylem area at the middle of the i�Q�W�H�U�Q�R�G�H�����O�D�U�J�H���O�H�D�I���D�U�H�D�����(�7�������D�Q�G���K�L�J�K���%pd (ET). The 

second PC (21.2%) was negatively associated with leaf chlorophyll content before (BT) and at the 

end (ET) of treatment, and plant height (BT), but positively correlated with midday leaf water 

�S�R�W�H�Q�W�L�D�O���%md (ET; Fig. 4.8a). This means that high scores on the second PC were associated with 

�O�R�Z���O�H�D�I���F�K�O�R�U�R�S�K�\�O�O���F�R�Q�W�H�Q�W�����%�7���D�Q�G���(�7�����D�Q�G���S�O�D�Q�W���K�H�L�J�K�W�����%�7�������D�Q�G���K�L�J�K���%md. As overlays, yield 

per tiller and total yield had nearly perpendicular loadings. Yield per tiller was positively correlated 

with the second PC (R2 = 0.21), while tiller density was largely explained by both PCs, being 

positively related to the first PC (R2 = 0.38) and negatively the second PC (R2 = 0.43). This resulted 

in the total yield also being associated with both PCs, and the first PC (R2 = 0.43) explaining more 

variation in total yield than the second (R2 = 0.22; Fig. 4.7a; Table S4.3). Moreover, total yield was 

closely aligned with leaf area (ET), indicating a strong correlation between these two variables (Fig. 

4.8a; for correlation see Fig. S4.3). For the correlation matrix of the variables used for principal 

component (PC) analysis and yield variables see Fig. S4.4.  

The PC scores of winter wheat in individual subplots showed clear groupings of conventional (C-

IT and C-NT) vs. organic (O-IT and O-RT) systems, with conventional systems on the lower right 

relative to organic systems (Fig. 4.8b). This separation reflected the generally higher chlorophyll 

content both before (BT) and end of (ET) treatment, higher plant height (BT), and leaf area (ET) of 
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winter wheat in subplots under conventional compared to organic systems (Table 4.2; Table S4.2). 

Therefore, the differentiation between conventional and organic systems was mainly based on 

growth and biomass related traits. Subplots with intensive tillage and conservation tillage in organic 

and conventional systems largely mixed and showed no such separation (Fig. 4.8b). 

 

 

Drought and control treatments also showed clear separation with only little overlap, with drought 

subplots being located more to the left relative to control subplots based on their PC scores (Fig. 

4.8c). This showed that winter wheat in drought subplots was mainly characterized by lower MPC 

from shallow (0-20 cm) and higher MPC from middle (20-40 cm) and deep (40-60 cm) layers at 

the end of treatment (ET), lower plant height (ET), smaller metaxylem area at internode (cross-

�V�H�F�W�L�R�Q�����������V�P�D�O�O�H�U���O�H�D�I���D�U�H�D�����(�7�������D�Q�G���O�R�Z�H�U���%pd (ET) as well as gs (ET) than control subplots (Table 

4.2; Table S4.2). Traits such as plant height before the treatment (BT), and leaf chlorophyll content 

Fig. 4.8 Principal component plots of selected traits for winter wheat (Triticum aestivum L.) on subplot 
level. (a) Vector loading map of traits with yield per tiller, tiller density, and total yield as overlays (red 
dashed lines); (b) same analysis showing organic vs. conventional and (c) drought vs. control 
groupings. Principal components were derived from traits significantly affected by cropping systems or 
drought: medians of proportional contributions to root water uptake (MPC) from three soil layers 
(shallow: 0-20 cm, middle: 20-40 cm, deep: 40-60 cm) at the end of the drought treatment (ET), stem 
metaxylem areas (MX) at the top of the stem (cross-section 1) and at the internode (cross-section 2), 
�S�U�H�G�D�Z�Q���O�H�D�I���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�V�����%pd) before (BT) and the end (ET) of the drought treatment, midday leaf 
�Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�����%md; ET), leaf stomatal conductance (gs; ET), leaf chlorophyll contents (Chl; BT and 
ET), plant heights (BT and ET), and leaf area (ET). 
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before (BT) or end of (ET) treatment were quite irrelevant for the separation of control and drought 

plots. Thus, contrary to the cropping system separation, drought and control subplots mostly 

differed in traits related to water relations at the end of treatment (ET). Furthermore, the relative 

positioning of conventional and organic systems vs. drought and control subplots were nearly 

perpendicular to each other (Fig. 4.8b, c), illustrating the lack of interactions between cropping 

systems and drought treatment. This clearly suggested that changes in water relations due to the 

drought were independent of cropping systems, supporting the analyses for individual traits above. 

4.4 Discussion  

Crop water relations along the soil-plant-atmosphere continuum (SPAC) are highly relevant in 

arable agriculture, especially for rainfed systems facing climate change. However, research 

considering the whole continuum as well as growth traits is still rare. This study for the first time 

assessed crop water traits of winter wheat along the continuum and finally related these traits to 

yield as the final outcome of all environmental and land use impacts, here represented by drought 

and cropping systems in a trait space.  

Cropping systems have been extensively studied in their effects on soil properties (see Holland, 

2004; Lori et al., 2017; Williams et al., 2020). Some of those effects were discussed to sustain crop 

growth and yield even under water-limited condition, such as via increasing water holding capacity, 

(e.g., Lotter et al., 2003; van Eerd et al., 2014; Das et al., 2018). Our results agree with the effects 

on growth and yield, such as leaf chlorophyll content, plant height, and leaf area. These traits, 

especially leaf chlorophyll content which is strongly related to leaf N concentration (Marschner, 

2011), are susceptible to soil N (Blackmer & Schepers, 1995). Thus, the cropping system effects 

were most likely due to different soil chemical as well as structural properties (as shown by 

Gattinger et al., 2012; Colombi et al., 2019) resulting from field management, such as different N 

fertilisation rates. However, no cropping system effects were observed on water traits of winter 

wheat, especially under drought conditions. Therefore, cropping systems are shown to have limited 

impact on crop water relations of winter wheat, which questions the potential of using different 

cropping systems to mitigate drought effects on crops. 

Drought, on the other hand, showed a different path to manipulate yield of winter wheat. Water 

traits of winter wheat along the entire SPAC were all affected similarly by the experimental drought 

in the different cropping systems. Winter wheat subjected to drought shifted its water uptake to 

deeper soil layers and increased the proportional contribution from middle layer (20-40 cm) while 

the proportional contribution from the shallow layer (0-20 cm) decreased. This is in line with 

previous studies that found wheat increased proportional water uptake from deeper soil layer as a 
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response to drying topsoil in a pot experiment Zegada-Lizarazu and Iijima (2004). The metaxylem 

area at both locations of the winter wheat stem decreased in response to drought stress. Reduced 

metaxylem area might reduce water transport efficiency while increase cavitation resistance as 

suggested by Hacke et al. (2017) who compared vessel diameter and xylem vulnerability among 

tree species. Smaller xylem areas accompanied lower xylem vulnerability has also recently been 

observed in different grain cereals including spring wheat when comparing different cultivars by 

Degraeve et al. (2021). In our study, the impaired the plant water status was reflected by midday 

leaf water potential as well as stomatal conductance becoming significantly lower three to five 

weeks into the drought treatment and finally also by significantly lower predawn leaf water potential 

at the end of treatment (ET) under drought compared to control conditions. However, it is unclear 

whether the potential effects on reducing water transport efficiency, by reduced metaxylem area, 

would worsen plant water status together with the declining soil water content, or compensate the 

situation by maintaining some water conductivity from cavitation.  

Other than water traits along the SPAC, the drought effects expanded to winter wheat growth traits 

as well. Leaf chlorophyll content was higher during the drought treatment (T) in winter wheat 

undergoing water limitation compared to control conditions with small differences. The leaf 

chlorophyll content dropped for winter wheat at the end of drought treatment (ET) and was close 

to values measured under control condition. This could be attributed to earlier senescence caused 

by drought (Yang et al., 2003). Meanwhile, plant height and leaf area of winter wheat were also 

reduced by drought, and further resulted in a significant loss in yield as a common outcome from 

water stress (Nawaz et al., 2013; Farooq et al., 2014). Therefore, drought affected all the water 

traits along the entire SPAC, and those effects were also translated to growth traits around the same 

time, ultimately reducing yield in all cropping systems. 

In other to include all the traits along the SPAC and growth traits in a holistic perspective, a trait 

space can provide a clear overview. Different trait spaces have been commonly discussed on 

community scale (e.g., Lamanna et al., 2014; Roscher et al., 2018; Ajal et al., 2021) or among 

species across different ecosystems (e.g., Lamy et al., 2014; Schuldt et al., 2016; Santiago et al., 

2018). However, studies on traits in arable crops mainly considered multiple species or varieties 

and focused only on growth and yield (e.g., Peltonen-Sainio et al., 2008; Nouri et al., 2011), or 

single traits but not a holistic assessment along the soil-plant-atmosphere continuum, e.g., hydraulic 

conductivity in different maize genotypes (Gleason et al., 2019), root water uptake in different 

wheat genotypes (Nakhforoosh et al., 2021), soil properties and evapotranspiration in tomato (Chen 

et al., 2015). This study, for the first time, showed a water trait space of winter wheat, following 

the entire SPAC, from root water uptake, xylem water transport (metaxylem area), and leaf water 
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status (leaf water potential) and water use (stomatal conductance), as well as growth traits such as 

leaf chlorophyll content, plant height, and leaf area. 

Pervious research has shown tillage effects on growth, physiological processes, and yield of winter 

wheat due to changed soil physical properties, large variations within those studies due to climatic 

conditions and N fertilisations are also reported (e.g., Khan et al., 2020; Li  et al., 2020a; Li  et al., 

2020b; Ding et al., 2021). In this study, the growth traits were indeed altered by cropping systems, 

with clear groupings between organic vs. conventional systems however not intensive vs. 

conservation tillage in the water trait space. Hence, how exactly intensive and conservation tillage 

affect crop water relations of winter wheat is still unclear. Meanwhile, the water trait space was 

clearly altered due to the experimental drought. The changes in wheat trait space due to organic vs. 

conventional systems and the experimental drought well capture their effects on individual drought, 

as well as show yield being affected by both of them. Therefore, winter wheat traits such as water 

uptake patterns, plant height, xylem anatomy, and flag leaf area to assess drought stress and yield. 

Interestingly and importantly, the groupings of organic vs. conventional systems nearly fall 

perpendicular to the groupings of drought vs. control. This clearly suggests that changes in trait 

space due to the experimental drought are independent of intensive vs. conservation tillage or 

organic vs. conventional, further undermining the expectation to mitigate drought stress on crops 

via changes in cropping systems.  

Nevertheless, cropping systems were shown to alter hydraulic traits of barley (but not pea) in a pea-

barley mixture leading to different drought stress under water limited conditions at the same site 

(Sun et al., 2021). Hence, cropping system effects on crop water relations largely differ among crop 

species, potentially also due to different crop management (intercrop vs. monoculture). Moreover, 

length of growing season, in our case less than four months for pea-barley mixture and nine months 

for winter wheat, might also be a factor for the crops to exploit cropping system effects or overcome 

them. More research on considering crop conditions are needed to evaluate cropping systems under 

climate change. Until then, if adapting cropping systems can stably alleviate drought threat in 

temperate regions remains ambiguous.  

4.5 Conclusion 

Using winter wheat, one of the most important crops in the world, we show for the first time that 

the changes in trait space indicate the drought threats persist irrelevant of cropping systems. Thus, 

our results question the role of organic farming and conservation tillage as adaptations to ensure 

future food security under the changing climate, emphasising the necessity to rediscuss the 

strategies while accounting for different crops, crop managements (intercrop vs. monoculture), and 
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growing season lengths (spring crop vs. winter crop). Furthermore, based on our findings, we 

recommend measuring a set of water-related traits along the soil-plant-atmosphere continuum, such 

as water uptake patterns, plant height, xylem anatomy, and flag leaf area for winter wheat, to 

construct the crop trait space and help describe the mechanisms for yield loss to drought. Our study 

showed that the tool of trait-based ecology works adequately also in managed monoculture systems. 
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4.8 Supporting Information  

Table S4.1 Management operations in control and drought subplots under different cropping systems (C-IT 
for Conventional intensive tillage, C-NT for Conventional no tillage, O-IT for Organic intensive tillage, O-
RT for Organic reduced tillage). 

 
aAmmonium nitrate: 25% N, 8% S, 2.5% Mg 
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Table S4.2 Means ± 1 SE of winter wheat traits. Median of proportional contribution to root water uptake 
(MPC; in %, n = 3-4) from different soil layers (shallow: 0-20 cm, middle: 20-40 cm, deep: 40-60 cm), 
metaxylem area (MX; in ���P2, n = 3-4) at the top of the stem and the middle of the internode, predawn and 
midday leaf water potentials (in MPa, n = 4), leaf stomatal conductance (in mmol m�í2 s�í1, n = 4), leaf 
chlorophyll content (in SPAD, n = 4), plant height (in cm, n = 4), leaf area (in cm2, n = 4), as well as yield 
per tiller (in g, n = 4), tiller density (in tiller m-2, n = 4), and total yield (in t ha-1, n = 4) of winter wheat 
(Triticum aestivum L.) grown under four cropping systems (C-IT for Conventional intensive tillage, C-NT 
for Conventional no tillage, O-IT for Organic intensive tillage, O-RT for Organic reduced tillage) in control 
and drought subplots are given. Different small and capital letters indicate significant differences among CS 
in control and drought subplots, respectively, tested with Tukey HSD (honestly significant difference, P < 
0.05). 
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Table S4.3 Characterization of the first six principal components (PC) derived from selected traits of winter 
wheat (Triticum aestivum L.) based on the median of proportional contribution to root water uptake (MPC) 
from different soil layers (shallow: 0-20 cm, middle: 20-40 cm, deep: 40-60 cm) at the end of treatment 
(ET), metaxylem area (MX) at the top of the stem (cross-section 1) and the middle of internode (cross-
section 2), predawn leaf water potential ���%pd) before (BT) and at the end (ET) of treatment, midday leaf 
water potential ���%md; ET), stomatal conductance (gs ; ET), leaf chlorophyll content (Chl; BT and ET), plant 
height (BT and ET) and leaf area (ET). Contributions to PC from different traits as well as regressions 
between each PC and overlay traits, i.e., yield per tiller, tiller density, and total yield, are given as R2. 
Values of important contributors to each PC are marked in bold. All data were scaled to unit variance prior 
to analysis. 

  PC1 PC2 PC3 PC4 PC5 PC6 

Standard deviation 2.21 1.72 1.14 1.03 0.98 0.86 

Proportion of variance 34.8% 21.2% 9.3% 7.6% 6.8% 5.3% 

Cumulative Proportion 34.8% 56.0% 65.3% 72.9% 79.7% 85.0% 

Traits Contribution to components 

MPC (shallow ET) 0.17 0.01 0.06 0.01 0.04 0.00 

MPC (middle ET) 0.14 0.00 0.06 0.02 0.08 0.04 

MPC (deep ET) 0.11 0.01 0.13 0.00 0.05 0.06 

MX (cross-section 1) 0.02 0.05 0.40 0.03 0.07 0.01 

MX (cross-section 2) 0.10 0.00 0.12 0.15 0.00 0.07 

�%pd (BT) 0.02 0.07 0.04 0.42 0.03 0.13 

�%pd (ET) 0.08 0.00 0.12 0.09 0.04 0.26 

�%md (ET) 0.01 0.15 0.01 0.00 0.30 0.07 

gs (ET) 0.06 0.07 0.01 0.01 0.30 0.15 

Chl (BT) 0.02 0.21 0.00 0.08 0.04 0.00 

Chl (ET) 0.03 0.17 0.01 0.00 0.00 0.16 

Plant height (BT) 0.04 0.17 0.01 0.09 0.05 0.00 

Plant height (ET) 0.11 0.01 0.02 0.04 0.00 0.03 

Leaf area (ET) 0.09 0.07 0.03 0.06 0.00 0.01 

  Overlay regression with components 

Yield per tiller 0.00 0.21 0.09 0.04 0.04 0.00 

Tiller density 0.38 0.43 0.00 0.03 0.00 0.00 

Total yield 0.43 0.22 0.03 0.09 0.02 0.00 
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Fig. S4.1 Daily air temperature and precipitation during the growing season from 25 October 2018 to 24 
July 2019. The shaded area indicates the drought treatment. Data from the MeteoSwiss station 
Zürich/Kloten (KLO, 47.48° N, 8.54° E, 4.6 km north of the research site, MeteoSwiss, 2020) are given.  
 

Fig. S4.2 Leaf chlorophyll content (a) and plant height (b) of winter wheat (Triticum aestivum L.) 
grown under different cropping systems (C-IT for Conventional intensive tillage, C-NT for 
Conventional no tillage, O-IT for Organic intensive tillage, O-RT for Organic reduced tillage) in control 
(grey symbol outline) and drought (black symbol outline) subplots were measured on different dates. 
Shaded areas represent the drought treatment period from 25 April to 19 June 2019. Means ± 1 SE are 
given (n = 4). 
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Fig. S4.3 Correlation between leaf area at the 
end of treatment (ET) and total yield of winter 
wheat (Triticum aestivum L.). Means ± 1 SE 
are given with large symbols for all cropping 
systems in control (grey symbol outline) and 
drought (black symbol outline) subplots. Small 
symbols show the individual replicates (n = 
32). The dashed line indicates the linear 
relationship based on the 32 individual values 
in all subplots with (P < 0.001). The shaded 
band corresponds to the 95% confidence 
interval.  
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Fig. S4.4 Correlation matrix and correlation coefficients among winter wheat traits. The median of 
proportional contribution to root water uptake (MPC) from different soil layers (shallow: 0-20 cm, 
middle: 20-40 cm, deep: 40-60 cm) at the end of treatment (ET), metaxylem area (MX) at the top of the 
stem (cross-section 1) and the middle of internode (cross-section 2), predawn leaf water potential ���%pd) 
before (BT) and at the end (ET) of treatment, midday leaf water potential ���%md; ET), stomatal 
conductance (gs; ET), leaf chlorophyll content (Chl; BT and ET), plant height (PH; BT and ET) and leaf 
area (LA; ET), yield per tiller, tiller density, and total yield are included. The size of coefficients 
corresponds to the value. Asterisks indicate the significance of linear correlation: *** P < 0.001, ** 
�������������”��P �����������������
�������������”��P < 0.05. 
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6 General Discussion 

 

 

Discussion 

Plant water relations provide vital information on arable agriculture and food production under a 

changing climate. We investigated drought responses of important arable crops, pea and barley in 

a mixture and winter wheat in monoculture, under different cropping systems which included 

practices that are recommended as beneficial for drought adaptation, i.e., organic farming and 

conservation tillage. Along the soil-plant-atmosphere continuum, crop traits related to water 

relations were discussed for assessing crop drought responses.  

Although cropping systems were shown to effectively manipulate soil properties, such as bulk 

density, total porosity, as well as water holding capacity at our field site (data collected and analysed 

in another work package in our project, not presented in this thesis), they did not affect root water 

uptake patterns of any crops studied. As presented in Chapter 2 for pea-barley mixture and 

Chapter 4 for winter wheat, the changes in root water uptake depths in response to drought 

depended on species. Winter wheat was the only species that shifted to deeper water uptake 

responding to drought, which is commonly considered as a more beneficial drought response (see 

Rothfuss & Javaux, 2017). When subjected to the extensive experimental drought, pea and barley 

both shifted up for water uptake without niche differentiation, which might further aggravate the 

water-limited situation by competing in the drying topsoil. It suggests intercrop such as pea-barley 

mixture in a temperate climate might not ameliorate severe drought stress for co-existing species. 

However, under the relatively moderate natural drought period, the shifts to shallow water uptake 

were only observed on barley but not pea, possibly due to pea not being as stressed as barley.  
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Therefore, instead of relying on changing drought responses in root water uptake depths via 

different cropping systems, it might be more practical to choose species that present a more 

favourable response to drought, according to the severity of drought events. Nonetheless, this 

recommendation requires a more accurate and precise prediction of the upcoming climate to be 

applicable. 

Without altering crop water uptake patterns, cropping systems still might provide different soil 

water availabilities as a result of modified soil properties. Unfortunately, our project did not obtain 

data on soil water potential or enough replicates for soil water content for statistical analysis to 

verify this potential benefit of certain cropping systems. 

However, potentially through modified soil physical conditions, crop hydraulic traits can be altered 

by cropping systems as discussed in Chapter 3. With the majority of studies on plant hydraulic 

traits carried out on woody species, a considerably small number of studies still showed large 

differences among herbaceous species (see Lens et al., 2016; McCulloh et al., 2019). These studies 

also showed environmental factors, including soil properties, can affect crop hydraulic traits. This 

inspired us to investigate cropping system effects on a field-grown pea-barley mixture in summer 

2018 when a natural drought took place during the growing season. Differences between hydraulic 

traits of pea and barley were not surprising, yet different responses to cropping systems still needed 

to be explained. As our results show that cropping systems only affected hydraulic traits of barley 

but not of pea, there are more questions to be answered. 

First, it is unclear if the cropping system effects on barley hydraulic traits were a result of different 

xylem structures, such as xylem area. Unfortunately, we did not investigate barley stem anatomy, 

but we sampled for winter wheat with this question in mind. Interestingly, the stem metaxylem area 

of winter wheat grown under organic intensive tillage system tended to be the smallest. If the 

conductivity vs. vulnerability trade-off (see Fichot et al., 2010; Hajek et al., 2014; Wang et al., 

2016) holds true for xylem transport of winter wheat, it implies that the xylem vulnerability of 

winter wheat under organic intensive tillage system would tend to be the lowest, same as barley. 

However, we could not obtain information on xylem hydraulic conductivity due to measurement 

failure, as the vessel length of wheat plant possibly exceeded the limit for the cavitron technique 

(see Cochard, 2002). Some more recently developed methods measuring hydraulic traits without 

concerning vessel length, such as using X-ray (see Cochard et al., 2015; Losso et al., 2019), have 

succeeded on herbaceous plants (e.g., Savi et al., 2017; Skelton et al., 2017), including winter wheat 

(e.g., Corso et al., 2020). Therefore, the question is still open if a connection exists between 
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metaxylem area and xylem vulnerability in winter wheat stem, which could provide further 

information on responses of winter wheat hydraulic traits in response to the cropping systems. 

Second, it remains uncertain if the cropping system effects on barley hydraulic traits were due to 

soil physical properties. According to previous research, organic management and conservation 

til lage greatly change soil physical and chemical characteristics, including saturated soil hydraulic 

conductivity. Especially for conservation tillage, a reduction in soil saturated conductivity is 

commonly observed as reviewed by Strudley et al. (2008). Although other research found opposite 

results, where conservation tillage led to increased soil hydraulic conductivity, and attributed the 

change to the formation of pore connectivity (e.g., Benjamin, 1993; Vogeler et al., 2009). This 

could be due to different lengths of management years, and the composition and functionality of 

local soil organism communities. Controversial as it is, different tillage practices can manipulate 

soil hydraulic conductivity according to different preconditions. Nonetheless, since the conductivity 

vs. vulnerability within in plant xylem is still debatable, for both woody and herbaceous species, it 

might be reasonable to broaden the range of investigation on xylem hydraulics and start looking 

outside of the plants. As part of the soil-plant-atmosphere continuum, understanding plant 

hydraulics should not be limited to only one link. In our case, the soil saturated hydraulic 

conductivities in different cropping systems, derived from soil texture data, suggest a potential 

connection between soil hydraulic conductivity and xylem vulnerability to cavitation in the plant 

stem. Therefore, studies on xylem vulnerability as well as conductivity may benefit from including 

soil information. 

Last, if soil hydraulic properties can be linked to plant hydraulic traits, whether this plays a role in 

the different xylem vulnerabilities between pea and barley could be tested. Species differences in 

xylem structure most likely contributed to these differences. However, since pea constantly relied 

more on water from shallower soil depth than barley, both under the extensive experimental drought 

and the moderate natural drought (Chapter 2), yet soil characteristics change along with the profile, 

they might also add to their different xylem vulnerabilities. Therefore, understanding how soil 

affects plant hydraulic traits not only guides crop managements under drought, but may generally 

instruct hydraulically diverse or homogeneous compositions in croplands as well as grasslands, 

adding building blocks to soil-plant hydraulic engineering. 

Moreover, upon unveiling the responses of single crop traits to cropping systems and drought, it is 

important to bring them together and bring insights on yield. As presented in Chapter 4, water trait 

space of winter wheat, integrating crop water relations following the soil-plant-atmosphere 

continuum and growth traits showed that total yield as an outcome was affected by both cropping 
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systems, via growth traits, and drought, via water traits. But the change of water trait space by 

drought was independent of cropping systems. This in turn has great potentials for crop and 

agroecosystem modelling. However, depending on the model layout, the dynamics of root water 

uptake depths, potential species differences in xylem hydraulic vulnerability and its responses, as 

well as phenological acclimation to land use and environments would need to be considered. Since 

vegetation as one of the major land cover types is a crucial link in the water cycle and carbon cycle, 

these results are also informative for Earth system models. 

Conclusion 

Implementing certain cropping systems for a more sustainable environment or economic reasons 

has been widely discussed and well established, however there is not enough evidence considering 

food security under the changing climate. This doctoral thesis contributes to current knowledge of 

the cropping system and drought effects on some of the most important crops globally in a temperate 

climate. The effectiveness of ameliorating water stress by agricultural practices such as organic 

management and conservation tillage is not consistent with the crops studied in this thesis (pea-

barley mixture and winter wheat). The different responses of crops might not only come from 

genetic regulations by crop types, i.e., legume vs. grass, and species i.e., barley vs. winter wheat, 

but be attributed to different crop managements, i.e., intercrop vs. monoculture, soil water regimes 

between the experiment years, i.e., severity of the simulated drought as well as the natural drought, 

and the duration of growing seasons, i.e., spring crop vs. winter crop. Overall, these results highlight 

the certain potential of adjusting crop water relations, e.g., via xylem vulnerability or water uptake 

depth, by different cropping systems. However, this potential might be limited to well-watered 

conditions or depend on crop species. Thus, it remains necessary to test those managements on 

other crop species as well as under different water availabilities and climates to shine more light on 

protecting food security against climate change. More importantly, our studies raise questions for 

the unclear mechanisms behind these effects or the lack thereof. Therefore, we urge others, 

especially those in different climates, to expand the investigation on plant water relations among 

the soil-plant-atmosphere continuum, such as into soil properties. An expanded body of work might 

reveal unexplainable plant responses when purely based on plant physiological regulations. 
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Highlights 

�x PhenoCams are applicable for tracking crop phenology and the impacts of cropping 

systems in both pea-barley mixture and winter wheat. 

�x Organic farming was characterized by delayed phenology and a shorter duration of the 

stable growth period in winter wheat. 

�x Crops managed with reduced/no-tillage systems showed an initial growth lag in both pea-

barley mixture and winter wheat. 

�x Crop phenology was strongly correlated with harvest characteristics in winter wheat, but 

not in pea-barley mixture.  

�x Crop phenology was able to explain the effect of cropping systems on harvest 

characteristics in winter wheat. 

Graphic abstract 
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Abstract  

Crop phenology integrates information of how environmental drivers and management practices 

affect plant performance and crop yields. However, little is known about the impact of cropping 

systems (CS) on crop phenology and how this relates to differences in yield. We assessed how 

phenology of two crops is affected by four CS, i.e., organic vs. conventional farming with either 

intensive or conservation (no/reduced) tillage, and how crop phenology is related to harvest 

characteristics such as grain yields and quality. We used time-lapse cameras (PhenoCams) to track 

vegetation changes in the two crops (pea-barley mixture, winter wheat) and extracted the green 

chromatic coordinate (GCC) to estimate different phenological metrics, i.e., dates with major 

�F�K�D�Q�J�H�V���L�Q���*�&�&���D�V���³�3�K�H�Q�R�7�L�P�H�3�R�L�Q�W�V�´�����W�K�H���G�X�U�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�R�V�H���D�V���³�3�K�H�Q�R�3�K�D�V�H�V�´�����D�Q�G���W�K�H���U�D�W�H��

of increasing or decreasing GC�&���D�V���³�3�K�H�Q�R�6�O�R�S�H�V�´�����:�H���I�X�U�W�K�H�U���D�V�V�H�V�V�H�G���K�R�Z���S�K�H�Q�R�O�R�J�L�F�D�O���P�H�W�U�L�F�V��

were affected by different CS. Finally, we related phenological metrics to harvest characteristics 

and tested how well these explained the effects of CS. CS significantly affected phenological 

metrics of both crops, but much less in the pea-barley mixture compared to winter wheat, with 

stronger effects for early season PhenoTimePoints than for late-season PhenoTimePoints. For 

winter wheat, organic compared to conventional farming delayed early season phenology (up to 7 

days) and caused a shorter duration (approximately 10 days) of the period with stable GCC values. 

Reduced/no-tillage systems showed a tendency towards an initial growth lag (up to 5 days) 

compared to intensive tillage. While phenological metrics explained harvest characteristics of 

winter wheat well, they were almost unrelated to those of pea-barley mixture, most likely because 

pea-barely yields did not differ among CS. For winter wheat, effects of CS on harvest characteristics 

could be well explained by phenological metrics (max. R2 = 0.9). Thus, our study clearly 

demonstrated that CS affected crop phenology, which translated into changes in crop yields and 

quality. Using PhenoCams was demonstrated to be a practical tool for high-resolution temporal 

monitoring of crop growth dynamics and phenology, with a strong link to crop yields. These 

findings can help to optimize CS and to understand their impacts on crop physiology and food 

production. Thus, the choice of CS should be considered as a tool for climate change adaptation, as 

CS can shift phenology and impact growing season length, which can result in higher yields. 
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5.1 Introduction  

Phenology, the timing of recurring biological phases, plays a critical role for major ecosystem 

functions such as water and carbon (C) fluxes (Yao et al., 2017; Du et al., 2019). It drives seasonal 

soil C dynamics (Hoffmann et al., 2018), determines plant water and nutrient acquisition (Nord & 

Lynch, 2009), and thus controls gross primary productivity and crop yields (Xia et al., 2015; Liu et 

al., 2016; Chen et al., 2019). Minor changes in phenology can lead to significant variations in 

ecosystem productivity (Xia et al., 2015; Yan et al., 2019). For example, the length of the growing 

season was reported to be positively related to net ecosystem productivity (Churkina et al., 2005; 

Baldocchi, 2008; Craufurd & Wheeler, 2009). Thus, vegetation phenology has been widely used to 

examine the ecological responses of vegetation changes to water supply (Estrada-Medina et al., 

2013), nutrient conditions (Wang & Tang, 2019), and climate change (Eyshi Rezaei et al., 2017; 

Piao et al., 2019; Macgregor et al., 2019). How phenology affects agricultural ecosystems and their 

performance is, however, much less understood. 

Previous studies on crop phenology focused mostly on tracking changes due to climate change 

(Craufurd & Wheeler, 2009; Rezaei et al., 2018) or on mapping the large-scale spatial variation of 

crop phenology (de Castro et al., 2018; Gao & Zhang, 2021), or both (Yang et al., 2020), and were 

typically based on remote sensing data. As part of regional or global PhenoCam networks, changes 

in vegetation and phenology in croplands have been monitored, but the drivers of phenology 

variation specifically for croplands were not studied (Brown et al., 2016; Richardson et al., 2018a). 

Compared to unmanaged or extensively managed systems, phenology in croplands is rather 

complex as the relationship between intensive agricultural management and crop phenology is 

bidirectional. On the one hand, agricultural management practices, including fertilization, pesticide 

and herbicide applications, are often applied according to a specific crop phenological stage, and 

are thus guided by phenology. On the other hand, crop phenology is not only determined by 

environmental factors, but also by management practices, such as sowing date (Mo et al., 2016; 

Klepeckas et al., 2020), cultivar choice or genotypes (Mo et al., 2016; Eyshi Rezaei et al., 2017; 

Rezaei et al., 2018; Schoving et al., 2020; Aasen et al., 2020) or nitrogen additions (Wang & Tang, 

2019). For example, a meta-study showed that phenological changes after nitrogen additions were 

more pronounced in cropland than in grassland (Wang & Tang, 2019). Therefore, it is necessary to 

monitor phenology to provide guidance for agricultural management. 

To sustainably provide high-quality food from cropland, various management practices have been 

proposed, including conservation (no/reduced) tillage and the use of cover crops (e.g., Wittwer et 

al., 2017). Due to their ecological benefits such as the mitigation of greenhouse gases (GHG) and 
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C sequestration (Gattinger et al., 2012; Huang et al., 2018; Skinner et al., 2019), the preservation 

of soil fertility (Loaiza Puerta et al., 2018) and the reduction of soil erosion (Seitz et al., 2019), 

these practices are promising tools to improve wide-spread cropping systems such as organic and 

conventional farming. Thus, although extensive research has shown how these practices affect crop 

yields (Pittelkow et al., 2015; Reganold & Wachter, 2016; Huang et al., 2018; Knapp & van der 

Heijden, 2018), insights into the impact of different cropping systems on crop phenology and 

development is still scarce.  

Furthermore, looking solely on final yields does not necessarily allow for assessing in-season 

management interactions with crop development (Verhulst et al., 2011), and thus limits our 

understanding of the impacts of different management practices. Continuous monitoring of crop 

growth and development could help to determine in-season crop phenology and to gain mechanistic 

insights in the consequences of cropping systems on crop growth and development. Digital time-

lapse photography with PhenoCams has been widely used to track large-scale vegetation phenology 

for many ecosystems, e.g. in the PhenoCam network (Migliavacca et al., 2011; Wingate et al., 2015; 

Filippa et al., 2016), to characterize the development of canopy structure such as leaf area index 

(LAI; Garrity et al., 2011; Keenan et al., 2014), to explain temporal changes in CO2 fluxes 

(Migliavacca et al., 2011), and to quantify the relationship between phenology and gross primary 

productivity (Ahrends et al., 2009; Toomey et al., 2015). Despite the ability to track ecological 

processes in many ecosystems, to our knowledge only one other study has used PhenoCams to study 

agricultural practices in a typical field phenotyping setting (Aasen et al., 2020). However, if 

PhenoCams could actually be used to track crop phenology and differentiate the effects from 

different cropping systems. Moreover, the link between crop phenology with yield at harvest and 

the link between PhenoCam-observed vegetation changes with temporal changes of other stand 

characteristics like LAI or canopy height have not yet been studied.  

Here, we used time-lapse PhenoCams to track crop phenology, since these cameras are easy to use 

and cost-efficient tools to obtain high resolution temporal and spatial information on crop growth. 

We assessed how crop phenology is affected by different cropping systems, i.e., organic vs 

conventional farming with either intensive or conservation (no/reduced) tillage, and how crop 

phenology is related to harvest characteristics. We tested the following hypotheses: 

1)  PhenoCams can be used to track phenology and extract different phenological metrics for 

arable crop species. 

2)  Different cropping systems influence crop phenology differently, e.g., organic or conventional 

farming, conservation or intensive tillage. 
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3)  Crop phenology affects harvest characteristics such as grain and straw yields, total N uptake, 

thousand kernel weight (TKW), and ear density. 

4)  Crop phenology explains the effects of cropping systems on harvest characteristics. 

5.2 Materials and methods  

The study site, soil management and cropping systems was previously described in Chapter 2. The 

experiment for this chapter was conducted in the 16 main plots of FAST I under ambient rainfall 

conditions in the year of 2018 and 2019, during which a pea-barley mixture (Pisum sativum L. and 

Hordeum vulgare L. sown on 26 March 2018, harvested on 16 July 2018) and winter wheat 

(Triticum aestivum L. sown on 25 October 2018, harvested on 24 July 2019) were grown. 

5.2.1 Camera installation 

We installed time-lapse cameras (TLC 100, Brinno, Taipeh City, Taiwan, China) in all 16 plots to 

record hourly images of the crops. The cameras were mounted at 1.5 m height on wooden poles 

that were installed at the south side of the plots, pointing downwards to the crops (60° angle from 

horizontal) and northwards to the center of each plot. Images were recorded hourly from 24 May 

(DOY 144) to 11 July (DOY 192) in 2018 for pea-barley mixture, and half-hourly from 5 April 

(DOY 95) at conventional plots (C-IT and C-NT) and 10 April (DOY 100) at organic plots (O-IT 

and O-RT) to 30 June (DOY 181) in 2019 for winter wheat. For the pea-barely mixture, the camera 

installation was late, thus early phenology in 2018 was missed. In both years, cameras had to be 

taken down a few days before the respective harvests due to logistical reasons.  

5.2.2 Image analysis and extraction of Green Chromatic Coordinate values 

�,�P�D�J�H���S�U�R�F�H�V�V�L�Q�J���D�Q�G���D�Q�D�O�\�V�L�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���Z�L�W�K���W�K�H���5���S�D�F�N�D�J�H���³�3�K�H�Q�R�S�L�[�´��(Filippa et al., 2016). 

First, we determined the region of the image that depicted the crop (region of interest, ROI; Fig 5.1) 

and calculated the Green Chromatic Coordinate (GCC, eq. 5.1), which is able to efficiently 

demonstrate a color change of the vegetation by reducing the effect of scene illumination and can 

be used with non-calibrated cameras (Sonnentag et al., 2012). 
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(5.1) 

where greenDN, redDN, and blueDN represent the average digital number (DN) of the green, red, 

and blue channels extracted from the ROI, respectively. To calculate any other CC value (BCC or 

RCC), the nominator needs to be replaced accordingly. 
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We excluded night-time images by excluding images with a brightness (i.e., the sum of redDN, 

greenDN and blueDN) lower than 85. To exclude images with cloudy or rainy weather conditions, 

�O�R�Z���L�O�O�X�P�L�Q�D�W�L�R�Q���D�Q�G���G�L�U�W�\���O�H�Q�V�H�V�����Z�H���X�V�H�G���D���V�H�W���R�I���I�L�O�W�H�U�L�Q�J���S�U�R�F�H�V�V�H�V���L�Q���D���V�H�T�X�H�Q�F�H���R�I���³blue, mad, 

spline, max�  ́as embedded in the function AutoFilter(), see Filippa et al. �����������������7�K�H���³blue�´���I�L�O�W�H�U��

was designed to remove images with clouds or snow using BCC values (Julitta et al., 2014). The 

�³mad�´�� �I�L�O�W�H�U�� �G�H�W�H�F�W�V�� �R�X�W�O�L�H�U�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �G�R�X�E�O�H-differenced time series using the median of 

absolute deviation about the median (Papale et al., 2006)�����7�K�H���³spline�´���I�L�O�W�H�U���L�V���E�D�V�H�G���R�Q���U�H�F�X�U�V�L�Y�H��

spline smoothing and residual computation, removing outliers falling outside a given residual 

envelope (Migliavacca et al., 2011)�����)�L�Q�D�O�O�\�����Z�H���X�V�H�G���W�K�H���³max�´���I�L�O�W�H�U���W�R���H�[�F�O�X�G�H���Y�D�O�X�H�V���R�X�W�V�L�G�H���W�K�H��

90th percentile intervals along with a three-day moving average in order to minimize day-to-day 

variations, mainly caused by changing illumination under different weather conditions (Sonnentag 

et al., 2012; Hufkens et al., 2012). 

5.2.3 Curve fitting of the GCC seasonal course and extraction of phenological metrics 

The GCC signal represents an integrated signal of canopy greenness (Aasen et al., 2020). To extract 

the phenological metrics, we first fitted double logistic functions to the extracted GCC values, as 

presented by Beck et al. (2006), to reduce the influence of single observations and to better capture 

seasonal behavior (eq. 5.2). The Beck double logistic function models the GCC as a function of 

time (t) using six parameters,  

 
�)�%�%�:�P�; 
L ���I�J ��
E���:�I�T 
F���I�J �; �Û��
l

�s

�A
k�?�å�æ�ã�Û�:�ç�?�Ì�È�Ì�;
o
��
E��

�s

�A
k�?�å�Ô�è�Û�:�ç�?�¾�È�Ì�;
o

p 

(5.2) 

where mn represents the minimum GCC and mx represents maximum GCC, SOS (start of season) 

and EOS (end of season) represent the increasing and decreasing inflection points, and rsp and rau 

represent the rate of increase or rate of decrease in GCC at SOS and EOS, respectively. 

For each plot in both years, we calculated several phenological metrics from each fitted seasonal 

curve (Fig 5.1). We defined three categories of phenological metrics, i.e., �³�3�K�H�Q�R�7�L�P�H�3�R�L�Q�W�V�´����

�³�3�K�H�Q�R�3�K�D�V�H�V�´���D�Q�G���³�3�K�H�Q�R�6�O�R�S�H�V�´�����$���³�3�K�H�Q�R�7�L�P�H�3�R�L�Q�W�´���L�V���D���G�D�\���G�X�U�L�Q�J���W�K�H���\�H�D�U�����'�2�<�����W�Kat refers 

�W�R�� �D�Q�� �H�Y�H�Q�W�� �Z�L�W�K�� �P�D�M�R�U�� �F�K�D�Q�J�H�V�� �L�Q�� �*�&�&���� �$�� �³�3�K�H�Q�R�3�K�D�V�H�´�� �L�V�� �D�� �W�H�P�S�R�U�D�O�� �S�H�U�L�R�G�� �G�X�U�L�Q�J�� �W�K�H��

phenological development with a certain duration (Aasen et al., 2020), usually framed by two 

�3�K�H�Q�R�7�L�P�H�3�R�L�Q�W�V�����Z�K�L�O�H���D���³�3�K�H�Q�R�6�O�R�S�H�´���U�H�S�U�H�V�H�Q�W�V���W�K�H���U�D�W�H���R�I���L�Q�F�U�H�D�V�H���R�U���G�H�F�U�H�D�V�H���L�Q���*�&�&���G�X�U�L�Q�J��

a PhenoPhase. See Table 3.1 for a detailed description of all extracted phenological metrics. 
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To fit GCC seasonal courses for each cropping system separately, we calculated daily mean GCC 

from four replicated measurements (i.e., four plots) and then fitted the curves according to eq. (2). 

�:�H���F�R�P�S�X�W�H�G���W�K�H���H�I�I�H�F�W���R�I���R�U�J�D�Q�L�F���I�D�U�P�L�Q�J�����³organic effect�´�����E�\���F�R�P�S�D�U�L�Q�J���W�K�H���G�D�L�O�\���G�L�I�I�H�U�H�Q�F�H���L�Q��

GCC between O-IT and C-IT relative to C-IT (eq.5.3). The effect of no-tillage between two 

�F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�\�V�W�H�P�V�����³no-�W�L�O�O�D�J�H���H�I�I�H�F�W�´) was computed by comparing the daily difference in GCC 

between C-NT and C-IT relative to C-IT (eq.5.4); and the effect of reduced tillage between two 

organic systems was computed by comparing the daily difference in GCC between O-RT and O-IT 

relative to O-IT (eq.5.���������7�K�H�Q�����Z�H���I�L�W�W�H�G���S�R�O�\�Q�R�P�L�D�O���U�H�J�U�H�V�V�L�R�Q�V���R�I���G�H�J�U�H�H�������W�R���W�K�H���³organic effect�´����

�³no-tillage effect�  ́and �³reduced-till effect�´�����D�V���W�K�H���H�I�I�H�F�W�V���L�Q�F�U�H�D�V�H�G���L�Q���W�K�H���P�L�G�G�O�H���R�I���W�K�H���J�U�R�Z�L�Q�J��

season and then decreased before harvest.  

 
�1�N�C�=�J�E�?���A�B�B�A�?�P
L��

�)�%�%�:�P�;�S�?�M�X
F���)�%�%�:�P�;�G�?�M�X��
�)�%�%�:�P�;�¼�?�M�X��

 
(5.3) 

 
�0�K
F�P�E�H�H�=�C�A���A�B�B�A�?�P
L��

�)�%�%�:�P�;�¼�?�R�X
F���)�%�%�:�P�;�G�?�M�X��
�)�%�%�:�P�;�G�?�M�X��

 
(5.4) 

 
�4�A�@�Q�?�A�@
F�P�E�H�H���A�B�B�A�?�P
L��

�)�%�%�:�P�;�S�?�V�X
F���)�%�%�:�P�;�S�?�M�X��
�)�%�%�:�P�;�S�?�M�X��

 
(5.5) 

Fig. 5.1 From PhenoCam pictures (a) to phenology (b). A region of interest (ROI in a) was used to 
determine daily Green Chromatic Coordinate (GCC) values (black dots in b), which were fitted to 
double logistic equation (eq. 5.2 in methods section) and resulted in a continuous seasonal course of 
GCC. Phenological metrics were then determined with different methods, either based on the first 
derivative of the fitted GCC values (derivatives, dashed vertical lines) or according to the approaches 
suggested by Gu et al. (solid vertical lines; Gu et al., 2009). Abbreviations and explanations for all 
phenological metrics (PhenoTimePoints, PhenoPhases and PhenoSlopes) are given in Table 5.1. 
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5.2.4 Harvest and stand characteristics 

Aboveground biomass was collected within two 0.25 m2 areas that contains three rows of crops per 

plot by cutting the plants 1 cm above the ground before the harvest. Grain yields and straw yields 

(t ha-1 of 100% dry matter) were recorded separately after drying grains and straws at 60 °C until 

constant weight. Yields were calculated by transferring the weight of two 0.25 m2 areas per plot to 

tons per hectare (t/ha). The thousand-kernel weight (TKW; given in g/1000 grains) was calculated 

by weighing 100 randomly selected grains or pods, respectively. Ear density (ears/m2) was 

estimated by counting the number of wheat and barley ears per m2 or pods in the harvested areas. 

N concentration (N%; g/kg of dry matter) in grain and straw was measured using an elemental 

analyzer (Euro EA, HEKAtech GmbH, Wegberg, Germany). Total N uptake (kg N/ha) was 

calculated according to eq. 5.6: 

 �6�K�P�=�H���0���Q�L�P�=�G�A��
L���0�¨ �Ú�å�Ô�Ü�á��
H���C�N�=�E�J���U�E�A�H�@�O
E���0�¨ �æ�ç�å�Ô�ê��
H���O�P�N�=�S���U�E�A�H�@�O�� (5.6) 

where �0�¨ �Ú�å�Ô�Ü�á and �0�¨ �æ�ç�å�Ô�ê represent N concentrations in grain and straw, respectively. 

Plant height was measured from the ground to the highest natural point with 10 replicates per plot 

per species, with a folding ruler, recorded four times between 22 May and 9 July 2018 for the pea-

barley mixture, and six times between 6 Mar and 27 June 2019 for winter wheat. Ten plants within 

the central region (inner 1 m �u 1.5 m) of each plot were chosen randomly for these height 

measurements. The Leaf Area Index (LAI; m2 m-2) measurements consisted of a first measure above 

the canopy, followed by nine measurements below the canopy (replicated three times during each 

measurement) at regular intervals during 23 April and 25 June 2019 using a LAI-2000 (Li-Cor, 

Logan, UT, USA) within the central region. LAI was measured for winter wheat only. Additionally, 

the Normalized Different Vegetation Index (NDVIs) was computed from aerial images taken with 

a multispectral camera (Parrot Sequoia, capturing Green (550 nm), Red (660 nm), Red Edge (735 

nm) and Near Infrared (790 nm) reflectance values) mounted on an autonomous unmanned aerial 

vehicle (eBee, SenseFly). Five flights were carried out between 20 April and 10 July 2018 for the 

pea-barley mixture, and five flights between 22 March and 4 June 2019 for winter wheat, at an 

average ground resolution of 5 cm per pixel. Additional to camera setting calibrations, a sunshine 

sensor (Parrot Sequoia) and a reflectance panel were used for radiometric calibration of the pictures 

during image processing with the software Pix4Dmapper (Pix4D, v.4). For each flight, reflectance 

maps for each band were generated and an NDVI Index map calculated (eq. 5.7) as:  

 �0�&�8�+��
L���:�0�+�4��
F���4�A�@�;�������:�0�+�4
E�4�A�@�; (5.7) 
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where NIR and Red are the reflectance values at 790 nm and 660 nm, respectively. NDVI values 

at the plot level were then extracted as mean pixel values from the inner 50% area of each plot.  

To compare the temporal trend of GCC seasonal dynamics with other stand characteristics, we 

normalized daily measured values (�ï�4) relative to minimum and maximum values (�ï�à�Ô�ë��and �ï�à�Ü�á) 

over the growing season for each individual plot (eq. 5.8). 

 �ò�á�â�å�à
L��
�ï�4��
F���ï�à�Ü�á

�ï�à�Ô�ë��
F���ï�à�Ü�á
 (5.8) 

where �ï�4 refers to NDVI, LAI, height, or daily means of fitted GCC for each plot.  

5.2.5 Statistical analysis 

In total, our dataset was composed of valid observations from 15 plots in the pea-barley mixture 

and 15 plots in winter wheat. Pictures were missing in one O-RT plot in pea-barley mixture and 

one C-IT plot in winter wheat due to recording failures. We only used images from 10 Apr (DOY 

100) until 21 June (DOY 172) for winter wheat as the cameras were started on different dates, and 

some of the cameras ran out of batteries earlier than expected. 

To test if the GCC seasonal courses differed among the four cropping systems, we used a repeated 

measures ANOVA by including time (DOY) as a random effect in the linear mixed model using 

the lmer() �I�X�Q�F�W�L�R�Q���I�U�R�P���W�K�H���S�D�F�N�D�J�H���³�O�P�H���´�����%�D�W�H�V��et al., 2015). We tested the effect of cropping 

systems on each phenological metric and on all harvest characteristics by using linear mixed models. 

The cropping system was treated as a fixed effect (four levels), while the experimental block (four 

levels) was treated as a random effect by using lmer() �I�U�R�P���W�K�H���S�D�F�N�D�J�H���³�O�P�H���´�����%�D�W�H�V��et al., 2015). 

�:�H���F�K�H�F�N�H�G���I�R�U���R�Y�H�U�O�\���L�Q�I�O�X�H�Q�W�L�D�O���G�D�W�D���L�Q���W�K�H���O�L�Q�H�D�U���P�L�[�H�G���P�R�G�H�O���Z�L�W�K���W�K�H���5���S�D�F�N�D�J�H���³�L�Q�I�O�X�H�Q�F�H���0�(�´��

�X�V�L�Q�J�� �&�R�R�N�¶�V�� �G�L�V�W�D�Q�F�H��(Nieuwenhuis et al., 2012). Whenever significant main effects of a fixed 

�I�D�F�W�R�U���Z�H�U�H���G�H�W�H�F�W�H�G�����G�L�I�I�H�U�H�Q�F�H�V���D�P�R�Q�J���J�U�R�X�S�V���Z�H�U�H���I�X�U�W�K�H�U���H�[�S�O�R�U�H�G���X�V�L�Q�J���7�X�N�H�\�¶�V���F�R�P�S�D�U�L�V�R�Q��

of means at the level of 0.05 using the glht() function from the package �³�P�X�O�W�F�R�P�S�´��(Hothorn et 

al., 2008) with the BH method (Benjamini & Hochberg, 1995). Diagnostic plots were used to 

visually check model assumptions for normality and homoscedasticity of residuals.  

To evaluate the relevance of phenological metrics for crop performance at harvest, we explored 

their relations to different harvest characteristics (i.e., grain yields, straw yields, total N uptake, 

TKW and ear density with the Pearson correlation coefficient (Pearson's r). To find the best fitting 

model for predicting harvest characteristics with multiple phenological metrics, we started with a 

multiple linear model (full model) containing all previously identified significant phenological 

metrics and selected the model with the most powerful predictors by using stepAIC() with direction 
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�³�E�R�W�K�´���I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���³�0�$�6�6�´��(Venables & Ripley, 2002). The optimal multiple regression 

model for each harvest characteristic was determined by the lowest Akaike information criterion 

(AIC). The model assumption of normal distribution of residuals was tested with the 

jarqueberaTest() �I�X�Q�F�W�L�R�Q�� �I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �³�I�%�D�V�L�F�V�´�� �D�Q�G�� �W�K�H�� �L�Q�G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �U�H�V�L�G�X�D�O�V�� �Z�D�V��

tested with the Durbin-�:�D�W�V�R�Q���W�H�V�W���I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���³�O�P�W�H�V�W�´�����9�L�V�X�D�O���S�O�R�W�V���Z�H�U�H���X�V�H�G���W�R���F�K�H�F�N��

for the homoscedasticity of residuals. Finally, to test how crop phenology explained the effects of 

cropping systems on harvest characteristics, we analyzed the individual contribution of cropping 

systems and crop phenology on harvest characteristics with a variance partitioning test using the 

varpart() �I�X�Q�F�W�L�R�Q���I�U�R�P���W�K�H���5���S�D�F�N�D�J�H���³�9�H�J�D�Q�´��(Oksanen et al., 2020). The functions partition the 

variation in response variable into components accounted for by two to four explanatory tables and 

their combined effects. As varpart() allows for a maximum of four explanatory variables, we 

conducted another model selection prior to the variance partitioning using the regsubsets() function 

�I�U�R�P�� �W�K�H�� �5�� �S�D�F�N�D�J�H�� �³�O�H�D�S�V�´�� �W�R�� �V�H�O�H�F�W�� �W�K�H�� �W�K�U�H�H�� �E�H�V�W�� �S�U�H�G�L�F�W�R�U�V�� �Z�L�W�K�� �K�L�J�K�H�V�W�� �H�[�S�O�D�Q�D�W�R�U�\�� �S�R�Z�H�U��

(Lumley, 2020). Categorical CS were converted to continuous variables using an intensity gradient, 

from 1 = C-IT, 2 = C-NT, 3 = O-IT, to 4 = O-RT. All analyses were performed with the R version 

4.0.2 (2020-06-22) (R Code Team, 2020). 

5.3 Results 

5.3.1 Phenology across different cropping systems 

Seasonal GCC courses of the two crops 

Phenology of both crops (pea-barley mixture and winter wheat) could be continuously tracked with 

GCC from late spring for pea-barley mixture and for early spring for winter wheat throughout the 

growing season until crop senescence/ripening set in before the respective harvests (Fig 5.2). The 

pea-barley mixture reached its maximum GCC value (POP, i.e., position of peak greenness) around 

DOY 150 (except for C-NT) and stayed at relatively high values (up to 0.4) rather long (until around 

DOY 170, the DD, i.e., Downturn Date), before decreasing relatively fast. Low GCC values (of 

around 0.34 after DOY 185) were reached during ripening, prior to harvest.  

A slightly different course of the GCC-based phenology was observed for winter wheat (Fig 5.2b). 

Here, GCC values increased gradually from low values of the overwintering plants (0.37 for C-NT 

and O-RT and 0.38 for C-IT and O-IT at DOY 100) and reached their maxima (POP; at DOY 130) 

relatively fast (within 30 days). Both organic cropping systems (O-IT and O-RT) showed a 

relatively short period with outstanding high GCC values (StablePhase; period between SD and 

DD, i.e., between Stabilisation Date and Downturn Date) in the middle of growing season (up to 
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0.45). The StablePhase for both conventional cropping systems (C-IT and C-NT) was longer and 

characterised by lower GCC values (up to 0.41). For all cropping systems, GCC values then steadily 

decreased, reaching low, stable GCC values (around 0.36 at DOY 170) during ripening, prior to 

harvest.  

 

Effect of cropping systems on phenological metrics 

Phenology, represented by temporal trajectories of GCC values, of pea-barley mixture as well as 

winter wheat was significantly different among cropping systems (repeated measures ANOVA, 

pea-barley mixture: F = 23.42, P < 0.001; winter wheat: F = 552.79, P < 0.001). Not only the 

temporal trajectories of GCC values differed among the cropping systems, but also many of the 

phenological metrics derived from the curves differed (Table 5.2). In pea-barley, POP was earliest 

in O-RT (DOY 145.7), followed by O-IT and C-IT (DOY 148.4 and 148.5; respectively), and 

significantly later in C-NT (DOY 160.3). No effects of cropping systems in pea-barley mixture 

were detectable on the BrownDownPhase and its associated DD and EOS (End of Season) dates. 

Much in contrast, in winter wheat, cropping systems particularly affected the early season 

Fig. 5.2 Seasonal course (dots and 
curves) of Green Chromatic Coordinate 
(GCC) and phenological metrics of 
cropping systems for (a) pea-barley 
mixture and (b) winter wheat. Curves 
were fitted with the daily mean GCC 
values (different dots) of each cropping 
system. Start and end of each box 
represent the measurement periods 
during the two years with a later start 
for pea-barley mixture in 2018. 
Phenological metrics are shown as 
means and standard errors of 
PhenoTimepoints. PhenoPhases are 
shown with different colors. 
Abbreviations and explanations for all 
phenological metrics are given in Table 
1. Cropping systems are conventional 
intensive tillage (C-IT), conventional 
no-tillage (C-NT), organic intensive 
tillage (O-IT) and organic reduced 
tillage (O-RT). Statistical results for 
effects of cropping systems on each 
single phenological metric are given in 
Table 5.2.  
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PhenoTimePoints, i.e., SOS, SD, and POP, while the late season PhenoTimePoints, i.e., DD and 

EOS, were again unaffected. Noticeably, winter wheat grown under intensive tillage (C-IT and O-

IT) had an earlier growth compared to those managed under no/reduced tillage (C-NT and O-RT), 

indicated by relatively early dates of SOS, SD and POP, in both conventional and organic systems. 

For example, SOS was earliest in C-IT (DOY 103.3), followed by C-NT and O-IT (DOY 107.8 and 

110.3; respectively), and latest in O-RT (DOY 114.8), while POP was earliest in C-IT (DOY 124), 

followed by O-IT, C-NT and O-RT (DOY 130.5, 131.8 and 133.9; respectively). This resulted in 

an almost two times longer StablePhase for winter wheat in the two conventional systems (22 to 28 

days) than those in two organic systems (13 to 14 days). Subsequently, with relative early dates of 

DD and late dates of EOS, both organic systems completed the growing season with a significantly 

longer BrownDownPhase (13 to 14 days) compared to the two conventional systems (7 to 10 days; 

Table 5.2). Additionally, the BrownDownSlope was steepest in C-IT (-5.3), indicating the slowest 

decrease in GCC toward ripening, followed by C-NT (-14.3) and O-IT (-20.4)), and slowest in O-

RT (-27.3). In contrast, no cropping system effects were found on GreenUpSlope and LOS, 

suggesting that the increase in GCC before its peak was irrespective of cropping systems (Fig 5.2b, 

Table 5.2).  

�7�R���I�X�U�W�K�H�U���H�[�S�O�R�U�H���W�K�H�V�H���H�I�I�H�F�W�V���R�I���F�U�R�S�S�L�Q�J���V�\�V�W�H�P�V���R�Q���S�K�H�Q�R�O�R�J�\�����Z�H���F�R�P�S�X�W�H�G���W�K�H���³�R�U�J�D�Q�L�F���H�I�I�H�F�W�´��

and �³�Q�R-ti�O�O�D�J�H�� �H�I�I�H�F�W�´, using C-IT as reference (Fig 5.3). �2�Y�H�U�D�O�O���� �W�K�H�� �³�R�U�J�D�Q�L�F�� �H�I�I�H�F�W�´��was 

typically positive, i.e., resulting in higher GCC values compared to C-IT, while the �³�Q�R-tillage 

�H�I�I�H�F�W�´��was most often negative for both crops, i.e., resulting in lower GCC values compared to the 

�U�H�I�H�U�H�Q�F�H�����7�K�H���³�R�U�J�D�Q�L�F���H�I�I�H�F�W�´��was highest during the middle of the growing season for both crops, 

with a maximum increase in GCC of 4% for pea-barley mixture on DOY 165 (mid of June, shortly 

before DD), and an almost 12% increase for winter wheat around DOY 140 (mid of May, around 

DD). �2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���³no-�W�L�O�O�D�J�H���H�I�I�H�F�W�´��reduced GCC values the most early in the growing 

season (-3% in pea-barley mixture, -6% in winter wheat), and then diminished to zero for pea-

barley mixture around EOS (DOY 175, end of June), while staying negative (around -1%) beyond 

EOS in winter wheat (DOY 150, end of May; Fig 5.���������6�L�P�L�O�D�U�O�\�����W�K�H���³reduced-till effect�´���Z�D�V���D�O�V�R��

typically negative over time, with highly variable values in pea-barley mixture over time, and values 

starting from -6% and increasing over time, reaching zero at the end of the season in winter wheat 

(Fig S5.2). 
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Fig. 5.3. Effects of different 
management practices on GCC 
seasonal courses of two crops. (a, c) 
Temporal development of the organic 
effect, i.e. comparing the daily GCC 
difference between O-IT and C-IT 
relative to C-IT in pea-barley mixture 
and winter wheat, and (b, d) temporal 
development of the no-till effect, i.e. 
comparing the daily GCC difference 
between C-NT and C-IT relative to C-
IT in pea-barley mixture and winter 
wheat. Cropping systems are 
conventional intensive tillage (C-IT), 
conventional no-tillage (C-NT), organic 
intensive tillage (O-IT) and organic 
reduced tillage (O-RT). Solid lines 
represent polynomial regressions with 
degree 2. Dash lines represents zero 
lines as visual aids. Dots close to the 
zero lines correspond to no or small 
differences. 
 

Fig. 5.4 Seasonal course of Green Chromatic Coordinate (GCC) and NDVI in relation to further stand 
characteristics such as plant height and LAI in (a) pea-barley mixture and (b) winter wheat. For 
comparability, all measurements were normalized to range from 0 to 1. Solid lines indicate mean values 
of each variable averaged over all plots (n = 15 for pea-barley mixture, n=15 for winter wheat for GCC; 
n=16 for other variables for both pea-barley mixture and winter wheat). Shaded areas indicate duration 
of PhenoPhases. 
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Relationships between phenology and stand characteristics 

While GCC and NDVI can be recorded continuously using cameras, other stand characteristics are 

typically obtained manually and only sporadically. Comparing these stand characteristics revealed 

similar seasonal dynamics for GCC and NDVI in both crops (Fig 5.4), with NDVI slightly lagging 

behind GCC (by about 10 days). Moreover, while GCC and NDVI showed pronounced maxima, 

crop height of all crop species increased beyond these GCC maxima and stayed high. Maximum 

values of crop height occurred at around the date of DD in pea-barley mixture (Fig 5.4a) and even 

after EOS in winter wheat (DOY 151; Fig 5.4b). Moreover, GCC peaked much earlier than stand 

LAI and crop height for winter wheat (Fig 5.4b). During the GreenUpPhase of GCC, LAI was still 

very low (<10% of its maximum value), before it began to increase rather fast during the 

StablePhase of GCC (SD at DOY 120), reaching its maximum shortly after the end StablePhase of 

GCC (DD at DOY 140). When GCC peaked at DOY 130, LAI had reached 76% of its maximum 

value, while height was only at 45% of its maximum. LAI stayed stable during the 

BrownDownPhase of GCC (EOS at DOY 151), only decreasing very late towards crop 

ripening/senescence (Fig 5.4b). These findings also held true when assessed for each cropping 

system separately (Fig S5.1). 

5.3.2 Harvest characteristics 

Effects of cropping systems on harvest characteristics  

Testing the effects of cropping systems on harvest characteristics for both crops, revealed 

pronounced differences between the pea-barley mixture and winter wheat (Table 5.2). For pea-

barley mixture, only ear density was affected, while all other harvest characteristics such as the total 

grain and straw yields, total N uptake, and TKW were not affected by cropping systems. Highest 

ear density was achieved in O-IT (approximately 235 per m2), compared to those in other cropping 

systems (between 130 and 151 per m2). In contrast, for winter wheat, all five harvest characteristics 

were significantly affected by cropping systems. Grain yields (on average 5.64 t/ha) were highest 

in C-IT, intermediate in C-NT and O-IT, and lowest in O-RT. Even more pronounced were the 

differences for straw yields, which were 25% higher in the two conventional systems (8 to 8.2 t/ha) 

than in two organic systems (5.7 to 6.4 t/ha). Similar to straw yields, total N uptake (on average 172 

kg N/ha) was 47% higher in conventional systems than in organic systems. In contrast, TKW (on 

average 39 g/1000 grain) was 7.6% higher in organic than in conventional systems. In case of ear 

density, we observed highest numbers in the two conventional systems (on average 272 ears/m2), 

intermediate numbers in O-IT (213 ears/m2, and lowest ear density in O-RT (178 ears/m2, Table 

5.2). 
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Effects of phenology on harvest characteristics 

In general, phenological metrics were stronger correlated with harvest characteristics for winter 

wheat than for pea-barley mixture (Fig 5.5). In the pea-barley mixture, the BrownDownSlope 

correlated significantly with total N uptake (Pearson's r = 0.52), indicating that a slower rate of 

descending GCC was related to higher N uptake. Because smaller (more negative values) of 

BrownDownSlope depict a steeper decrease of the GCC curves, this positive correlation indicated 

that the higher the N uptake, the flatter the decrease in GCC between DD and EOS. However, all 

other phenological metrics showed no significant correlation with any harvest characteristics of 

pea-barley mixture (- 0.35 < Pearson's r < 0.39). When analysing the harvest characteristics for pea 

and barley separately, BrownDownSlope was found to be positively correlated with grain yields, 

straw yields and total N uptake of pea (Pearson's r > 0.55, Fig S5.3). However, none of the 

phenological metrics correlated with any harvest characteristics of barley (Fig S5.3). 

 

 

Fig. 5.5 Pearson correlation coefficient 
(Pearson's r) of phenological metrics 
and harvest characteristics, including 
grain yields, straw yields, total N 
uptake, Thousand Kernel Weight 
(TKW), and ear density in pea-barley 
mixture and winter wheat. Pearson's r 
is given as pie chart. Abbreviations and 
explanations for all phenological 
metrics (PhenoTimePoints, 
PhenoPhases and PhenoSlopes) are 
given in Table 1. Levels of significance 
are given as * (P < 0.05), ** (P < 0.01) 
and *** (P< 0.001).  
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Much in contrast, grain and straw yields as well as total N uptake and ear density of winter wheat 

were negatively correlated to SOS, SD, POP and EOS (Pearson's r < -0.59), and positively 

correlated with the length of the StablePhase, and BrownDownSlope (Pearson's r > 0.60). 

Specifically, harvest characteristics decreased the most with SOS and SD, thus the later the season 

started, the later GCC peaked, and the shorter the StablePhase, the lower was the crop performance. 

Among all PhenoPhases, the StablePhase (i.e., the period between SD and DD) showed the highest 

positive correlations with harvest characteristics (except with TKW; Pearson's r > 0.60), 

demonstrating that the longer the StablePhase, the higher the harvest characteristics. However, 

GreenUpPhase, BrownDownPhase, and LOS showed no or only weak correlations to harvest 

characteristics, suggesting that especially the start (SD) of the StablePhase was highly relevant for 

crop performance, also because SD but not DD was responsible for differences in the length of the 

StablePhase. Regarding the two PhenoSlopes, the BrownDownSlope was strongly positively 

correlated with all harvest characteristics (Pearson's r > 0.70; except TKW), while on the contrary, 

the GreenUpSlope had no correlations to harvest characteristics (Fig 5.5). In case of TWK, 

significant positive correlations were found with SD, EOS, and BrownDownPhase, but a negative 

correlation with BrownDownSlope, indicating that TKW was rather determined at the end of the 

growing season (Fig 5.5).  

Using those phenological metrics which significantly correlated with harvest characteristics of 

winter wheat (P < 0.05, Fig 5.5), we explored the best fitting model to predict harvest characteristics 

(Table 5.3). While only 50.5% of the variability in TKW could be explained by a combination of 

BrownDownPhase and BrownDownSlope, a combination of two (grain yields and straw yields) to 

four (total N uptake, ear density) phenological metrics were able to explain between 80 and 90% of 

the variability in other harvest characteristics. Specifically, both POP and StablePhase (with 

positive coefficients) as well as SOS and EOS (with negative coefficients) were often selected to 

explain harvest characteristics. 

Table 5.3 Best fitting models explaining harvest characteristics by multiple phenological metrics for winter 
wheat in the year 2019. Harvest characteristics are grain yields, straw yields, total N uptake, thousand-
kernel weight (TKW) and ear density. Best regression models were identified by a stepwise reduction of 
predictors according to the minimum AIC of the respective model.  
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Phenology explaining cropping systems effects on harvest characteristics 

With the information on how phenological metrics related to harvest characteristics and how 

phenological metrics were affected by cropping systems in winter wheat, it was possible to test if 

and how phenology could explain the effect of cropping systems on harvest characteristics. To 

facilitate the analysis of variance partitioning, we restricted the multiple regressions to a 

combination of cropping systems and a maximum of three phenological metrics for all harvest 

characteristics. Consequently, SOS, StablePhase and EOS were used for variance participation of 

total N uptake, while SOS, POP and BrownDownSlope were used for variance participation of ear 

density. 

Results show that when phenological metrics were added for variance participation, cropping 

systems themselves were not able to explain any variability in most of the harvest characteristics in 

presence of phenological metrics (lack of additionally explained variance as indicated by the lack 

of a number in outer circles/ovals; Fig 5.6), expect for ear density (17%). SD and EOS explained 

29% and 12% of the variability in grain yields, respectively (Fig 5.6a). Another 26% of the 

variability in grain yields was explained jointly by cropping systems, SD and EOS, and 20% 

together by cropping system and SD. For straw yields, the largest fractions of the variability (24% 

and 23%) were explained by the combination of cropping systems, SD, POP and EOS, as well as 

the combination of SD and POP, respectively (Fig 5.6b). In case of total N uptake, 26% of the 

variability was explained by the shared fraction of EOS with cropping systems, and another 20% 

of the variability was explained by the combination of cropping systems, SOS and StablePhase (Fig 

5.6c). Similar to the stepwise regression analysis shown in Table 5.3, also accounting for cropping 

systems in the variance partitioning for TKW resulted in a large proportion of unexplained variance 

(residuals = 0.54), with all the explained variability either explained by BrownDownSlope (8%) or 

shared by the combination of cropping systems with BrownDownSlope (19%) or with 

BrownDownPhase (17%) or the combination of the all the three factors (12%; Fig 5.6d). The 

biggest fraction of the variability in ear density (43%; Fig 5.6e) was explained by the shared fraction 

of cropping systems with the three phenological metrics, i.e. SOS, POP and BrownDownPhase, 

followed by 24% of the variability in ear density explained by the shared fraction of cropping 

systems with BrownDownPhase. 
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Fig. 5.6. Variance partitioning of the effects of cropping systems vs. phenological metrics on harvest 
characteristics of winter wheat: (a) grain yields, (b) straw yields, (c) total N uptake, (d) Thousand 
Kernel Weight (TKW), and (e) ear density (n = 15 each). Abbreviations and explanations for all 
phenological metrics (PhenoTimePoints, PhenoPhases and PhenoSlopes) are given in Table 1. Numbers 
represent respective fractions of total variance (based on adjusted R2). For further details on the variance 
partitioning, see methods section. 
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5.4 Discussion  

5.4.1 PhenoCams as an effective tool tracking phenology and vegetation 
development of arable crops 

In this study, we successfully tracked the phenology of two different arable crops, a pea-barley 

mixture and winter wheat, based on GCC values extracted from PhenoCam images and GCC-

derived phenological metrics. PhenoCam-based phenological metrics were previously used in 

natural and semi-natural vegetation (Klosterman et al., 2014; Richardson et al., 2018a), and only 

few studies were able to identify phenological metrics in annual vegetation such as summer-dry 

grasslands (Migliavacca et al., 2011; Julitta et al., 2014; Hufkens et al., 2016) or arable (Aasen et 

al., 2020). With PhenoCams, we were able to automatically and continuously monitor crop growth 

and development near real-time, with low-cost cameras, albeit complex data processing and 

statistical analyses. More importantly, PhenoCams monitors the peak and the growth rate of 

greenness, which are not detectable by human observer. However, the complex data processing and 

statistical analyses might limit the applicability of such a technique to more scientific applications 

unless image processing and data analyses are embedded in easy-to-use decision support tools for 

farmers, e.g., comparing current crop development to benchmark curves from earlier seasons. 

However, since smart farming and precision farming have progressed quite far and fast in the last 

years (Walter et al., 2017; Finger et al., 2019), the use of near-real time phenological data in early-

detection or warning tools against detrimental environmental and biological impacts can be 

expected to be the next logical step to further develop sustainable arable agriculture, and to assess 

the effects of climate change on crop productivity. The application of PhenoCams can effectively 

contribute to expanding agro-phenological databases with real-time observations and thus improve 

crop model stimulations (Ceglar et al., 2019). 

To cover larger spatial scales, many studies on crop phenology are based on remote sensing data. 

For example, For example, Sadeh et al. (2019) estimated crop growth pattern of different crop types 

and practices in sugarcane and Sakuma and Yamano (2020) identified sowing dates of crop fields 

with no-tillage practice, suggesting the potential of using high resolution satellite imagery in crop 

phenology studies. However, spatial and temporal resolutions represent the critical limitation for 

satellite-based data, especially in heterogeneous, fragmented ecosystems (Xu et al., 2013; Garonna 

et al., 2016; Filippa et al., 2018). In contrast, digital repeat photography with cameras provides a 

high temporal frequency and finer spatial scale than satellite remote sensing (Richardson et al., 

2009). In order to reflect the complexity of e.g. smallholder cropping systems, such a fine spatial 

resolution of the data is needed, but can usually not be derived from satellites observations. These 

data requirements, which could be addressed with PhenoCam imagery, limit the integration of crop 
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phenology in particular in the attempts to unpick the causes of yield gaps (Duncan et al., 2015). 

PhenoCams are well suited for tracking local scale phenology and are used to validate numerous 

other products (Browning et al., 2017; Richardson et al., 2018b; Thapa et al., 2021). Likewise, in 

our study, tracking phenology with PhenoCams was closely related to NDVI. In addition, studies 

comparing PhenoCam and satellite-derived phenology found higher accuracy of PhenoCam 

observations in assessing the gradual process towards ripening and senescence phases (Liu et al., 

2017; Yan et al., 2019). Furthermore, while PhenoCams are permanently installed and 

automatically record images on pre-defined intervals without manual interference, manual drone 

flights require experienced pilots and respective person-time. Thus, PhenoCams are highly valuable 

tools to continuously observe crop development.  

Previous studies compared the seasonal dynamics of GCC with leaf physiological characteristics 

such as chlorophyll content or stand gross photosynthesis, but often only in forests (Liu et al., 2015). 

However, although GCC and NDVI were generally positively correlated in our study, PhenoCam 

phenology provided different information than field measurements of stand characteristics such as 

LAI, as we found a temporal mismatch between peak GCC (POP) and plant height or canopy LAI. 

In addition, NDVI lagged behind GCC, consistent with findings in forest or grassland, suggesting 

that GCC is more sensitive to changes in leaf color, while NDVI was suggested to be more sensitive 

to changes in leaf area and therefore structure (Filippa et al., 2018). This indicates that canopy 

greenness was rather decoupled from stand biomass production, which is closely related to LAI. 

Thus, depending on the specific study objectives, a combination of different methods is needed to 

best assess crop performance and growth beyond phenological development.  

5.4.2 Crop management as driver of phenology and harvest characteristics 

Despite the same cultivar and the same sowing dates for respective crops in this study, the temporal 

development of crops was not simultaneous under different crop management, as seen in several 

phenological metrics being clearly different among the four studied cropping systems. However, 

these effects seem to be crop-specific and/or depended on the intensity of crop management. In 

total, we had five phenological metrics in common for pea-barley and winter wheat. For the 

unfertilized pea-barley, we found only one out of five phenological metrics being significantly 

affected by cropping systems, while there were three out of five phenological metrics for the 

fertilized winter wheat. Effects of crop management on phenology are in line with previous studies, 

which reported crop phenology to respond to different fertilization intensities (meta-analysis by 

Wang and Tang, 2019) and different levels of tillage (Chevalier & Ciha, 1986; Engel et al., 2009; 

Basir et al., 2016). 
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We demonstrated that early-stage PhenoTimePoints (only recorded in winter wheat) and peak 

greenness (recorded in both crops) were more affected by cropping systems than the late-stage 

PhenoTimePoints. This suggests that management practices, which change the conditions during 

the early growing season, might impact most on crop yields. Late phenological stages might depend 

more on weather and seasonal changes, and are thus less responsive to crop management. Organic 

farming is known to affect plant health, soil fertility and N losses (Röös et al., 2018). In spring, the 

availability of mineral N in soil is usually lower with only organic fertilizers than with mineral 

fertilizer (Dahlin et al.�����������������%�D�U�á�y�J��et al., 2020). Besides, the risk of nitrogen leaching tend to 

higher under organic farming compared to conventional farming (Tuomisto et al., 2012). Thus, the 

delay in phenology in organic farming might be due to low N availability, limiting the early 

establishment and growth of crops, which was reported in other studies not being able to efficiently 

suppress weed development, and thus increase weed pressure (Olesen et al., 2007). Weed was also 

observed in our images and thus considered together with crops to compute GCC and phenology 

metrics. However, weed biomass accounted for only a small proportion of the total biomass at 

harvest (5.3% of pea-barley mixture, 2.7% of winter wheat), when impacts of cropping systems on 

phenology were largest. Therefore, the potential bias created by weeds was negligible.  

We observed an initial growth lag under no/reduced tillage systems. Thus, the negative effects of 

conservation tillage such as increased prevalence of pests or weeds (Mohler, 1993; Fernández-

Ugalde et al., 2009), lower quality of seed placement (Van den Putte et al., 2010), greater 

penetration resistance (Lampurlanés & Cantero-Martínez, 2003; Fernández-Ugalde et al., 2009) 

and delayed soil warming (Rasmussen, 1999) seemed to have outweighed possible benefits such as 

increased water availability (Holland, 2004) or greater water storge (Su et al., 2007) in our study. 

A lower mineralization rate in no/reduced tillage compared to conventional tillage (Six et al., 2002) 

is also likely to be detrimental for initial crop growth. Additionally, significantly lower root biomass 

was observed under no/reduced compared to conventional tillage (Haddaway et al., 2017), 

suggesting that root growth might have been hampered, resulting in the initial growth lag under 

no/reduced tillage.  

Grain yields were distinct between organic and conventional system only for winter wheat, most 

likely because N supply was lower with organic fertilizer compared to mineral fertilizer (Askegaard 

et al., 2011). However, this difference was not observed in pea-barley mixture, when no fertilizer 

was applied. Since legumes have been reported to have a considerably smaller yield gap than cereals 

when either one is grown in monoculture (Röös et al., 2018), growing a mixture of legumes (pea) 

with cereals (barley) was obviously beneficial to overcome this yield gap. This clearly illustrates 

the potential of legumes to increase yields in arable agriculture by intercropping. 
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5.4.3 Crop phenology as driver for harvest characteristics 

Many previous studies pointed out the importance of growing season length for harvest 

characteristics (Mueller et al., 2015), e.g. using growing season length to predict yields (Jägermeyr 

& Frieler, 2018; Gadanakis & Areal, 2020). However, in our study, we demonstrated for the first 

time that the timing of the start of high GCC values (SD) was more important than the length of 

period with high GCC values (StablePhase), as SD explained more variations in grain and straw 

yields than StablePhase (Fig 5.6). Noticeably, early-stage phenological metrics such as SD and 

POP contributed to the large fraction of explained variation in grain yields (29% by SD) and straw 

yields (7% by SD; 23% by the combination of SD and POP), much larger than the fraction of 

variability explained by late-stage EOS (12% for grain yields; 5% for straw yields). This is in 

agreement with de Cárcer et al. (2019) who showed that climatic conditions around the heading 

phase, thus during the early crop development, explained about 22% of the variance in long-term 

wheat yields, while the effects of soil tillage and late-stage phenological metrics were negligible. 

In contrast, EOS explained a larger share of the variability in total N uptake (12%) than early-stage 

phenological metrics (2% by SOS; Fig 5.6). TKW was rather determined by late-stage phenological 

metrics, i.e., BrownDownPhase and BrownDownSlope, which is not surprising as grain formation 

and filling happened exactly during this phase. Overall, our results suggest that the timing of early 

crop establishment is crucial for final yields, while the timing towards end of season is highly 

relevant for crop quality.  

Moreover, the tight links between GCC-based phenological metrics and yields support earlier 

studies using NDVI, either derived from remote sensing data (Shammi & Meng, 2021) or drone-

mounted hyperspectral cameras (Herrmann et al., 2020). Fernandez-Gallego and colleagues 

highlighted that the differences in canopy color were key to assessing grain yields in wheat 

(Fernandez-Gallego et al., 2019). The use of RGB imagery was reported to be highly relevant in 

estimating barley biomass (Brocks & Bareth, 2018). Thus, in addition to widely studied adaptation 

measures to climate change, e.g. selecting specific crop cultivars and adjusting sowing dates to 

prolong growing seasons and thus benefit yields (Ruiz-Ramos et al., 2018; Liu et al., 2018), the 

choice of cropping systems should also be considered as an adaptation measure to climate change 

as cropping systems can strongly shift phenology and impact growing season length, which can 

result in higher yields.  

5.4.4 Phenology explaining the effects of cropping systems on harvest characteristics 

Our study has shown that cropping systems were not able to explain a significant share of the 

variability in any of the harvest characteristics when changes in phenological metrics were 
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(statistically) taken into account. This can be seen as an indication that cropping systems effects on 

harvest characteristics act strongly via changes in phenology. Other effects of cropping systems 

such as nutrient availability and reduced competition with weeds (Birkhofer et al., 2008; Wittwer 

et al., 2017) were possibly integrated in these phenological shifts. Otherwise, cropping systems 

would have additionally explained a share of the variability in harvest characteristics.  

Phenological metrics were strongly correlated to harvest characteristics only for winter wheat and 

not for pea-barley. One of the reasons might be that �Å other than for winter wheat �Å most of the 

harvest characteristics for pea-barley mixture were unaffected by cropping systems, most likely 

because crop management in the unfertilized and unsprayed pea-barley mixture was generally less 

intensive and thus resulted in smaller differences among the cropping systems compared to winter 

wheat. This indicates that the relationship between phenology and crop yield might only become 

evident once cropping systems considerably affect crop phenology and yields. 

5.5 Conclusions 

Our results clearly demonstrated the possibility to track crop phenology and growth dynamics with 

PhenoCams, which thus represent a valuable tool for high-resolution temporal monitoring of crops, 

both in practice as well as in science. We found strong effects of crop management on crop 

phenology, in particular delayed phenology by organic and reduced/no-tillage practices, resulting 

in lower crop yields. If these relations also hold true under conditions with environmental stress, 

e.g. during a drought, remains to be investigated. Moreover, future research needs to test if cropping 

system effects on harvest characteristics via changes in crop phenology also occur for other crops 

than the ones studied here. This will help to understand the effects of crop management and 

environmental drivers such as climate change on food production, the selection of suitable crop 

varieties, and the temporal adjustment of management practices to optimize cropping systems.  
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Fig. S5.1. Seasonal course of the Green Chromatic Coordinate (GCC) in relation to further stand 
characteristics in a pea-barley mixture (left panels) and in winter wheat (right panels) under different 
cropping systems. 

Fig. S5.2. Effects of reduced tillage on GCC seasonal courses of two crops. Temporal development of the 
reduced-till  effect 

Fig. S5.3. Pearson correlation coefficient (Pearson's r) of phenological metrics and harvest characteristics 
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5.8 Supporting Information  

 

 

Fig. S5.1 Seasonal course of the Green Chromatic Coordinate (GCC) in relation to further stand 
characteristics in a pea-barley mixture (left panels) and in winter wheat (right panels) under different 
cropping systems. (a, e) C-IT: conventional intensive tillage, (b, f) C-NT: conventional no tillage, (c, g) 
O-IT: organic intensive tillage, (d, h) O-RT organic reduced tillage. For comparability, all 
measurements were normalized within each cropping system from 0 to 1. Solid lines indicate mean 
values of each variable averaged over all plots (n = 15 for pea-barley mixture, n=15 for winter wheat for 
GCC; n=16 for other variables for both pea-barley mixture and winter wheat). 
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Fig. S5.2 Effects of reduced tillage on GCC seasonal courses of two crops. Temporal development of 
the reduced-till  effect, i.e. comparing the daily GCC difference between O-RT and O-IT relative to O-IT 
in (a) pea-barley mixture and (b) winter wheat. Solid lines represent polynomial regressions with degree 
2. Dash lines represents zero lines as visual aids. Dots close to the zero lines correspond to no or small 
differences. 
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Fig. S5.3 Pearson correlation 
coefficient (Pearson's r) of 
phenological metrics and harvest 
characteristics, including grain yields, 
straw yields, total N uptake, Thousand 
Kernel Weight (TKW), and ear density 
for pea and barley. Pearson's r is given 
as pie chart. Abbreviations and 
explanations for all phenological 
metrics (PhenoTimePoints, 
PhenoPhases and PhenoSlopes) are 
given in Table 1. Levels of significance 
are given as * (P < 0.05), ** (P < 0.01) 
and *** (P < 0.001). 
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