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Abstract
Sustainable production of high-quality food is one of today’s major challenges of agriculture.
To achieve this goal, a better understanding of plant physiological processes and a more
integrated approach with respect to current agronomical practices are needed. In this review,
various examples of cooperation between integrative plant physiology and agronomy are
discussed, and this demonstrates the complexity of these interrelations. The examples are
meant to stimulate discussions on how both research areas can deliver solutions to avoid
looming food crises due to population growth and climate change. In the last decades,
unprecedented progress has been made in the understanding of how plants grow and develop
in a variety of environments and in response to biotic stresses, but appropriate management
and interpretation of the resulting complex datasets remains challenging. After providing an
historical overview of integrative plant physiology, we discuss possible avenues of
integration, involving advances in integrative plant physiology, to sustain plant production in
the current post-omics era. Finally, recommendations are provided on how to practice the
transdisciplinary mindset required, emphasising a broader approach to sustainable production
of high-quality food in the future, whereby all those who are involved are made partners in
knowledge generation processes through transdisciplinary cooperation.

Keywords: food production, molecular plant biology, plant physiology, agronomy,
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1. Introduction
The Food and Agriculture Organization’s latest report on the state of food security and
nutrition in the world is disturbing: 820 million people experience hunger, two billion people
are moderately or severely food-insecure (not knowing where and when they may find their
next meal), and hunger is on the rise, particularly in Africa (FAO, 2019). In this context, it is
imperative to reduce hunger and improve food security and human nutrition, as stated in the
United Nations’ sustainability goal 2 (UN, 2015). Increased global pressures, such as climate
shifts and biotic disturbances, compromise crop productivity and widen the gap between food
demands and crop production (FAO, 2017). Avoiding a worldwide food crisis will thus
require transformative breakthroughs in fundamental and applied plant research. This review
argues that integrative plant physiology could play a critical role in providing answers to the
challenging questions of future agronomy. After outlining the historical context and
characteristics of integrative plant physiology, we discuss several examples that demonstrate
the multifaceted links between integrative plant physiology and future agronomy.
Furthermore, we stress that interdisciplinary collaborations will need the active participation
of stakeholders. We conclude this review by proposing a transdisciplinary mind-set to achieve
this aim.

2. Integrative Plant Physiology
2.1 Historical Background
After decades of reductionist approaches and the separate development of distinct fields of
biological research, the concept of integrative biology was introduced to connect different
areas of scientific knowledge (Wake, 2008). In this context, the term integration, although
still vague and relatively unfocused, emphasizes the importance of a unifying approach to
fully understand biological processes. Within this background, Ulrich Kutschera (2015)
coined the term Integrative Plant Physiology when reviewing Julius Sachs' pioneering work.
Sachs had developed plant physiology as a distinct field of study, advancing botany by
adopting novel, quantitative, experimental approaches performed under controlled conditions.
Prior to Sachs, descriptive botany dominated plant sciences, although with notable exceptions
such as work by Jan Baptist van Helmont on biomass-production (1648) and Stephen Hales
on transpiration (1724). Sachs’ emphasis on elucidating physicochemical causes for observed
plant responses ushered in the modern area of plant physiology (Kutschera, 2015; see also
Kutschera and Niklas, 2018). Introducing new standards of scientific rigor, and concurrent
substantial advances in instrumentation, led to remarkable advances in the millennial science
of botany and generated a substantial knowledge base. Perhaps unavoidably, however, this led
to a fragmentation of knowledge, expertise and understanding across a range of subdisciplines of plant physiology, such as, but not limited to, genetic, molecular, cytological,
biochemical, and organismal plant biology. These sub-disciplines often focus on only one or
two among multiple possible organizational levels (gene, RNA, cells, tissues, and organs).
Consequently, the unitary big-picture approach advocated by Sachs has largely disappeared,
and plant molecular disciplines do, at times, operate with little cross-reference.
2.2 Relations to neighboring disciplines
Understanding the integration of physiological functions that regulate plant growth and
development is of paramount importance in plant biology, particularly within the context of
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climate change. In their listing of “Grand Challenges”, Mykles et al. (2010) refer to vertical
integration across organizational levels and bridging e.g. genetic, molecular, cytological,
biochemical, organismal and ecological plant biology. In the strictest sense, the concept of
Integrative Plant Physiology refers to a holistic perspective of plant physiology that integrates
not only across organizational levels, but also between organs within the plant (via, e.g., longdistance signaling and transport). Integrative Plant Physiology is not a novel concept (e.g.
consider Julius Sachs' work), but rather a concept that has become particularly relevant in the
context of rapidly expanding knowledge in the aforementioned sub-disciplines of plant
physiology. Integrative Plant Physiology is also timely as it is needed to address important
challenges in agronomy, such as responses to multiple co-occurring stressors, by elucidating
physiological and genetic bases for complex traits such as yield, developing breeding
strategies for climate adaptation, improving the understanding of plant primary and secondary
metabolism for metabolic engineering, and developing strategies to manage landscape
agroecology. Integrating these challenges into a coherent research strategy requires definitions
of disciplinary roles and relations. Boulton (2005) stresses the importance of keeping
knowledge structures explicit to avoid epistemological confusion, mismatches between scales
of observation and resulting uncertainties of integrated theories. The development of transspecialist understanding and overcoming disciplinary boundaries must also be based on colearning among specialists based on their disciplinary histories and epistemologies (Tell et al.,
2017). It is important in this process to negotiate knowledge among adjacent disciplines to
maintain explicitness of knowledge structures. Simply explaining agronomic observations
with plant molecular biological processes will, in most cases, be highly problematic, because
they would disregard other drivers (Passioura, 2010). The latter will cause variations in
production ecological states which molecular biology does not account for (Fig. 1).
Integrative Plant Physiology is of high importance in this collaboration, because it provides an
understanding of genetic regulatory principles underlying physiological mechanisms that need
to be known for explaining observations at the plant ecological level. Translating the resulting
integrated knowledge into plant production practice requires a transdisciplinary research
approach which addresses relations between people, plant and land that are determined by
social, political, demographic and cultural requirements for plant production.
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Fig. 1 Translating plant molecular and ecological theories into plant production practices
requires transdisciplinary cooperation between integrative plant physiology and agronomy in
specific socio-ecological contexts
2.3 Disciplinary characteristics
Plant biology has generated vast amounts of information on underlying processes that allow
plant growth and development in widely different and fluctuating environments. Highthroughput technologies have generated large OMICs datasets. Combined genomic,
epigenetic, transcriptomic, proteomic, and metabolomic data yield novel insights into the
organizational networks that underpin cellular responses to genetic or environmental change
(Fukushima et al., 2009). To exploit this treasure trove of data, systems biology in particular
aims to predict plant responses based on an understanding of these plant response networks
(Alon 2020) using advances in computational analysis (Mochida and Shinozaki, 2011).
However, despite notable advances in systems biology (Coruzzi et al., 2018; Watanabe et al.,
2019), the use of OMICs approaches to interpret whole plant physiology has been questioned
by some (do Amaral and Souza, 2017). In particular, the Cartesian model, positing that
understanding constituent parts can lead to full understanding of complex processes, has been
questioned (Souza et al., 2016). Passioura (2010) has argued that scaling up from gene
expression to the whole plant needs to address tradeoffs and other interactions to generate
useful new insights. Complex new organismal traits cannot necessarily be inferred from study
of individual components and/or relationships between individual components and organismal
responses are not always linear (Souza et al., 2016).
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Alternative concepts such, as General Systems Theory developed by Bertalanffy (1968),
advocate an organismal perspective that incorporates both bottom-up and top-down elements.
In plant biology, these complementary elements are seen, e.g. in the control of
morphogenesis, where local development is guided by a combination of molecular
information within a cell and organism-wide gradients of positional information (Potters et
al., 2009). The Synergetics concept proposed by Haken (2016) identifies “self-organization as
a property of open and complex systems composed of parts, elements, components and units,
whose network of interactions serves for the exchange of matter, energy and information
among their parts and with their surroundings”. Cooperation among individual components
produces functional systems, with new emerging characteristics surpassing the combination of
traits of the individual traits.
On a more practical level, scaling from gene to organism across organizational levels is a
formidable challenge due to variation in experimental conditions across published studies.
Many studies report plant responses measured under a single set of experimental conditions
that differ from those used by other researchers. Larger, coordinated experiments are needed
to comprehensively identify the major environmental drivers of plant responses (see, e.g.,
Castagna et al., 2017). Alternatively, existing scattered and incoherent information could be
unified using meta-analytic techniques and novel metaheuristic algorithms (Sabzi et al.,
2018), thus generating new insights from the existing knowledge.
Studying plant responses to environmental factors is essential for testing the applicability of
integrative plant physiological knowledge under real ecological conditions. Such testing at the
plant level must include at least three distinct levels of complexity: (i) integration of signals
generated by environmental conditions (both abiotic and biotic); (ii) integration of signals
within the different parts (cells/organs) of the plant; (iii) integration of the developmental
program over time (Fig. 2). Abiotic factors include, e.g. light, water availability, temperature,
and the presence of pollutants. Among biotic factors, all signals deriving from viruses,
bacteria, fungi, and insects must be integrated over time within the plant developmental
program. Some biotic interactions with mycorrhizal fungi and bacteria enhance plant growth
and yield (Finkel et al., 2017). Without carefully considering all environmental conditions,
lab-based plant physiological studies will have limited relevance for plant performance in the
field (Poorter et al. 2016). For instance, photosynthetic capacity and leaf structure markedly
differ between plants grown under realistic, fluctuating light levels, and those subjected to a
square wave pattern (Vialet-Chabrand et al., 2017). Selye (1936) and Lichtenthaler (1998)
visualized the responses of plants to environmental stressors, and identified an alarm phase, a
resistance phase, and an exhaustion phase. Yet, many existing studies capture only one point
in time, for one dose of the environmental parameter, and for one plant species, which results
in incoherent information unsuitable for scaling up.
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Fig 2 Schematic view of the different levels of integration occurring in plant physiological
processes. See text for details.
Integrative plant physiology is defined as an interdisciplinary research area that investigates
the function of the whole plant over its lifetime in complex, realistic environments. In this
definition, interdisciplinarity refers to different sub-disciplines coming together within the
discipline of plant physiology. By this definition, Integrative Plant Physiology is the logical
partner of Agronomy, with the two disciplines working together with a common objective to
sustain world food supply through transdisciplinary research. Achieving this partnership may
not have to be prohibitively complex, as argued by Passioura (2010) who concluded that “the
most effective research in this arena has resulted from a culture of collegiate dialogue
between scientists working at different scales.”

3. Avenues of Integration
3.1 Plant structure and function
Plants exquisitely coordinate and integrate their structure and physiology. Since most plants
are rooted in particular places during their post-embryonic stage of life, they employ
remarkable mechanisms of adjusting growth, reproduction, and defense in response to
environmental cues. Signaling networks perceive and transduce environmental cues and
modulate multiple aspects of plant form and function to coordinate growth, reproduction, and
defense against physical and biological stressors. These networks integrate key regulators
including plant hormones, transcription factors, protein kinases and other components of the
signaling pathways that perceive and relay environmental cues to changes in gene expression.
One example of such relays are ubiquitous, multi-component networks based on the balance
of oxidants and antioxidants (redox balance) that interact with plant hormones, transcription
factors and protein kinases to modulate gene expression (for relevant reviews, see Foyer and
Noctor, 2009; Munné-Bosch et al., 2013; Demmig-Adams et al., 2018, 2019). These networks
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orchestrate a coordinated response of different organs and ultimately of the whole plant to its
environment, including long-distance signaling, not only root-shoot communication through
the xylem but also maintenance of a source-sink balance between the above-ground
photosynthetic structures (source of sugar) with all sugar-consuming sinks of the plant
through the phloem (Adams et al., 2018).
Successfully incorporating plant physiology at the agronomic level requires transformation of
conceptual knowledge about plant structure and function into quantitative relationships via
tools such as Functional-Structural Plant Modeling FSPM (Godin and Sinoquet, 2005; Vos et
al., 2010; Buck-Sorlin, 2013; DeJong et al., 2011; Sarlikioti et al., 2011; Garin et al., 2014;
Sievänen et al., 2014; Evers and Bastiaans, 2016; Vries et al., 2018). Plants flexibly respond
to variations in the physical environment, soil nutrient availability, and various stresses,
mainly by plastically changing their architecture (adding new organs by branching or
shedding old ones by abscission). Contemporary crop models applied in agronomy (for a
comprehensive list of crop models see Di Paola et al. [2015]) do not characterize plant
structure and thus do not fully capture this plastic response of a plant stand. FSPM is a
paradigm that takes process-based modeling a step further by explicitly considering not only
static plant architecture (as a snapshot of plant morphology at a certain developmental stage)
but incorporating patterns of organ formation by defining organs/botanical entities as
modules, which allows a fully object-oriented approach to programming.

Fig. 3 Illustration of a multi-scaled functional structural plant model (FSPM) of rice,
including a micrometeorological model, as well as source and sink activities that are
connected via the central assimilate pool and by a framework of morphogenetic rules that
establish the structure (left). Virtual rice plants at an early (top right) and late (bottom right)
stage of development. Taken from Xu et al. (2011).
Multi-scaled 3D models as illustrated in Fig. 3 are increasingly used to characterize plant
structure and function. In this example, a rice 3D model combines data from quantitative
genetics, morphology, and crop physiology in a comprehensive genotype-phenotype modeling
framework, i.e. the reconstruction of rice morphology from growth rules, QTL-genotype
modifying model parameters, and interaction with a simulated light environment. This
framework also allows some basic “virtual breeding”. However, this explicitness comes at a
cost: fitting numerous model parameters can become daunting, and considering a three-
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dimensional light environment can slow down simulation speed considerably. On the other
hand, increasing availability of new high throughput phenotyping workflows and
development of artificial neural network techniques to automate object segregation from
images promises to widen the bottlenecks of FSPM with respect to phenotyping and
parameterization.
There is an ongoing debate among the different modeling schools of whether crop models for
optimizing plant production are best developed using FSPMs or whether classical crop
models should be refined by implementing more physiological functions. It is, however, clear,
that the complex interactions among carbon, nutrient, and water relations, coupled with
responses to other aspects of the abiotic (e.g., water deficit, light, temperature, salinity) and
biotic (e.g., competition with weeds, pathogen infection, herbivory) environment, need to be
further investigated before the following questions can be answered:




Can and should these interactions be captured in models that must be both
scientifically valid and applicable in agronomic engineering?
Can models give predictive answers to physiological problems that have not yet been
investigated experimentally?
Can models integrate qualitative and quantitative knowledge from different plant
science fields into a single framework?

While initial experiments can be conducted under controlled conditions, findings will need to
be tested under field conditions and using a systems approach that simultaneously addresses
dynamic physical and chemical interactions among soils, plants, and the atmosphere. The
resulting insights may help design improved crop models that incorporate physiological
functions and can be applied to optimize plant-production systems in the face of climate
change.
3.2 Integrating responses to concurrent multiple stressors
Under field conditions, plants can be exposed to multiple stressors, which often cause nonadditive, synergistic responses, and these interactive effects on yield can be genotypedependent (Rossini et al., 2016). The impact of multiple stressors, and their interactions with
others, is difficult to predict. For example, heat and drought often occur together and negate
the expected benefits of elevated atmospheric CO2 concentrations in soybean (Gray et al.,
2016). Elevated CO2 ameliorates the impact of drought stress on rice yield, by allowing 1-2
days further growth when the soil is allowed to dry at panicle initiation and/or anthesis (Baker
et al., 1997). Elevated CO2 or high-temperature exposure during the reproductive stages
increase or decrease rice yields, respectively, while the interactive effect is inconsistent
(Boote et al., 2005; Jagadish et al., 2014). Moreover, plant responses to stressors depends on
developmental stage, with certain phases being particularly sensitive (e.g., increased
vulnerability to heat stress during reproduction). Furthermore, stress can affect the timing of
developmental transitions (Boote et al., 2013; Feng et al., 2019). How plants integrate
responses to multiple stressors, and how this integration can be used to make crops more
climate resilient remains poorly understood.
Under field conditions, plants are often exposed to concurrent abiotic and biotic stresses.
Reactive oxygen species (ROS) have been proposed to integrate stress responses, with ROS
homeostasis conferring cross tolerance against abiotic and biotic stressors (Perez and Brown,
2014; Hossain et al., 2015; Carmody et al., 2016; Raja et al., 2016; Qi et al., 2018). How ROS
formation and scavenging is adjusted to avoid oxidative damage, and stimulates stress-
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protection mechanisms, remains a challenging question. Reactive oxygen and nitrogen species
(RONS) have been proposed to integrate stress responses, with RONS homeostasis conferring
cross tolerance against abiotic and biotic stressors (del Rio, 2015). Numerous studies
identified reactive oxygen species (ROS) and reactive nitrogen species (RNS) as signal
transducers during cross talks of cellular and biological plant processes (Molassiotis and
Fotopoulos, 2011). Priming of seeds or seedlings with UV may increase multiple stress
tolerance by triggering formation of ROS (Thomas and Puthur, 2017; Bigot et al., 2018).
Similarly, priming of plants with chemicals that affect ROS homeostasis or other stresssignaling pathways holds promise for improving stress cross-tolerance (Savvides et al., 2016).
Such approaches are becoming more commonplace, with intensive industry interest in
developing new biostimulants.
Considering the increasing incidence of climate-related stress, it is important to simulate
stress responses in crop models for more targeted intervention and to select the best
genotypes. Integration of Genotype x Environment x Management (GxE(xM)) interactions
into crop models does, however, remain challenging (Boote et al., 2013; Chenu et al., 2017).
Considering the lack of mechanistic understanding of the response to multiple stressors on the
physiology of plants, process-based crop models may not adequately predict yield in future
multi-stress environments or extreme and/or highly variable climates. On the other hand,
statistical models on their own may not provide specific information on adaptation measures.
Recently, a hybrid model incorporating outputs from the process-based APSIM model into a
Random Forest machine-learning model was shown to improve wheat yield projections in
Australia (Feng et al., 2019). In particular, artificial intelligence was proposed to enhance the
ability of process-based models to predict impacts of extreme climatic events on future crop
production (Huntingfort et al., 2019).
3.3 Priming for improved plant stress response
Different methodologies have been employed to enhance plant abiotic stress tolerance; some
are particularly time-consuming (e.g. conventional breeding) and others are currently
unacceptable in many countries (e.g. genetic modification; Hu and Xiong, 2014). Close
examination of plant-to-plant communication in nature has revealed an attractive, alternative
solution, i.e. the strategy of priming. Priming occurs when prior exposure to a mild biotic or
abiotic stress factor makes a plant more resistant to future exposure. This response is
analogous to the concept of vaccination, where administration of inactivated antigenic
material stimulates adaptive disease immunity and, ultimately, defeats pathogen infection.
Although the process of priming has long been known, it has only recently been suggested to
improve crop tolerance to multiple environmental stressors under field conditions, as a form
of cross-protection (Savvides et al., 2016).
Priming can be achieved by pre-exposing plants to mildly stressful conditions, applying
microorganisms (biological priming; Balestrini et al., 2018) or chemical compounds
(chemical priming; Savvides et al., 2016) acting as signal transducers that activate plant
defense systems. Increasing attention is being paid to chemical priming, with either natural or
synthetic compounds, due to the vast range of molecules with the potential to act as priming
agents. Numerous reports exist, with examples including amino acids such as proline (Islam et
al. 2009), hormones such as salicylic acid (Yang et al., 2015), melatonin (Arnao and
Hernández-Ruiz, 2019; Wang et al. 2018), as well as synthetic compounds such as nitric
oxide and hydrogen sulfide (NOSH) chimeras (Antoniou et al., 2020) and even fungicides
applied at low concentrations (Filippou et al., 2016). Reactive oxygen, nitrogen and sulfur
species (RONSS) are of particular interest, because they represent key molecules involved in
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cellular signaling processes and transcript regulation during stress, and play a critical role in
plant acclimation to a multitude of stress factors (Antoniou et al., 2016). Furthermore, recent
reports propose employing advanced nanomaterials (such as nanoparticles and polymers) as
growth-promoting and stress-protecting compounds (Shang et al., 2019; Ioannou et al., 2020),
although these will need to be employed with caution due to their limitations (Zulfiqar et al.,
2019). Plant priming can be considered an example of integrative plant physiology, as it
highlights the potential of inter-disciplinary approaches by combining synthetic biology,
material science, environmental management and plant physiology towards developing
sustainable agricultural technologies.

Fig. 4 (A) Pre-treatment with a priming-inducing stimulus (e.g., chemical priming agent)
and/or environmental stimulus results in enhanced cell tolerance and reduces plant growth
inhibition. (B) Chemical priming technologies turn on signaling pathways, potentially
resulting in systemic accumulation of dormancy-tolerance signals; upon stress exposure,
primed plants show enhanced tolerance-related responses (e.g. ROS-detoxification,
osmoprotection), or ion balance that are, at least partly regulated by different molecular
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mechanisms (e.g. transcriptional regulation, post-translational modifications); enhanced plant
tolerance improves physiological equilibrium and plant growth. Figure adapted from Savvides
et al. (2016).
Growth protocols are needed that simultaneously optimize crop yield and nutritional quality.
Priming of antioxidant production by strategic, mild exposures to environmental stressors can
enhance crop nutritional quality without curbing yield under field conditions, as successfully
demonstrated for increasing the concentration of various phytochemicals, and improving
flavor of grape berries, without decreasing yield (Acevedo-Opazo et al., 2010; Teixeira et al.,
2013).
Production of antioxidant vitamins and essential antioxidant micronutrients for the human
consumer by leafy crops is challenging, since leaves produce antioxidants particularly when
absorbed light is in excess of the excitation energy that can be used for photosynthesis and
growth (Cohu et al., 2014; Stewart et al., 2020). When plant growth is fast under favorable
conditions, foliar levels of antioxidants involved in removing excess excitation energy are
lower; when growth is slower under harsher conditions, foliar antioxidant levels rise. For
example, the growth light intensity needed to saturate plant yield is lower than that needed to
produce high levels of zeaxanthin, an essential human micronutrient that protects the human
eye against damage by intense light as well as protecting membrane function in other organs
(Cohu et al., 2014). The same is true for vitamin E (tocopherol), a lipophilic antioxidant that
generally accumulates in leaves under stressful conditions to protect chloroplasts from
oxidative damage when growth is limited (Muñoz and Munné-Bosch, 2019). Since such
biostimulants are potent gene regulators acting at low concentrations in a highly contextspecific manner, more work is needed to exclude any unintended effects on human health
(Demmig-Adams et al., 2019; Tran and Demmig-Adams, 2007).
3.4 Integrating responses to sequential multiple stressors – a case of water-saving irrigation
Irrigation science is a sub-discipline in which a significant disparity can be encountered
between farmer practice (water is applied when it is available, often with little consideration
for plant requirements) and physiological principles that aim to apply enough irrigation at the
times it is needed. Plant physiological measurements of leaf / stem water potential, canopy
temperature and stem diameter have all been utilized in irrigation scheduling (Jones, 2004;
Fernández and Cuevas, 2010), but limitations of cost, labor and technical expertise restrict
their routine use by farmers. Nevertheless, scientist-farmer collaborations can help
commercial enterprises to make significant water savings by using an understanding of actual
crop water requirements to change farmer decision-making (e.g., La Rosa et al., 2016). Such
knowledge exchange may ultimately prove more effective in guiding farmer practice than
developing high-tech precision irrigation systems that use plant physiological knowledge to
intentionally alter product quality.
Relatively simple agronomic changes in irrigation practices that are easily implemented offer
opportunities for in planta integration of different physiological processes to save water,
while maintaining yield and increasing product quality. Alternate wetting and drying (AWD)
of rice intentionally imposes sequential multiple stressors by allowing soil water status to
fluctuate between inundation (paddy rice) and a mild-to-moderate level of soil drying. Farmer
adoption is encouraged by installing perforated plastic pipes in the soil to estimate water table
height, with safe AWD requiring re-flooding when the water table drops to 15-20 cm below
soil surface (Bouman et al., 2007). Although a comprehensive meta-analysis of 56
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independent studies demonstrated that AWD substantially decreased water use (by 25%)
while maintaining rice yields compared to continuous flooding, the yield response in a given
trial (Carrijo et al., 2017) depends on integration of various environmental cues during crop
phenology (Fig. 2) and co-ordination of root and shoot growth responses. More severe soil
drying (soil < -20 kPa) during AWD thus substantially limited rice yields in alkaline soils
(pH > 7), possibly because ammonia volatilization under these soil conditions significantly
decreased crop nitrogen uptake (Carrijo et al., 2017). Likewise, imposing AWD for the entire
cropping season significantly decreased yield, in contrast to imposing AWD only during the
vegetative or reproductive growth stages (Carrijo et al., 2017). Co-ordination of root and
shoot growth (presumably mediated by long-distance exchange of photoassimilates and
phytohormones) may be critical to allow the plant to allocate resources according to the most
limiting resource.
Any specific irrigation technique has potential trade-offs (e.g. yield versus quality) and
integrating knowledge from diverse sub-disciplines may be necessary to ensure viable
agronomic packages that do not compromise productivity. For example, flooding of rice
constrains weed growth and weed control is an inherent challenge with AWD. However,
combining deep fertilizer placement with AWD restricts root growth of the weed
Echincochloa crus-galli, making it less competitive with rice (Weerarathne et al. 2015).
Contributions from both irrigation and weed sciences thus demonstrate that rice integrates
abiotic and biotic environmental cues, and allows development of an integrated package to
sustain productivity. Moreover, restricting the phenological period of AWD implementation
from the heading stage substantially increases 2-acetyl-1-pyrroline biosynthesis and grain
quality of aromatic rice, and is based on a significant OMICs data set on metabolomics and
gene expression (Bao et al., 2018). Water-saving irrigation can thus be implemented without
compromising quality.
While AWD can increase rice yields under some circumstances (Norton et al., 2017; Thakur
et al., 2018), these gains appear difficult to reproduce without an integrated understanding of
plant physiological responses. While conventional analysis partitions grain yield into a
number of spikes, seed number and 1000 grain weight, trade-offs among these variables imply
fine-regulation of tillering, seed set and grain filling rate (perhaps mediated by hormones
altering source-sink relations) in response to prevailing acute stresses experienced by the plant
at specific phenological phases.
Whereas AWD can alter leaf angle, thereby affecting light penetration into canopy and
photosynthesis (Price et al., 2013) as well as tiller dynamics and leading to a greater fraction
of productive tillers (Howell et al., 2015; Norton et al., 2017), the role of hormones in
remobilizing stem carbohydrates to the grain has also been studied (Yang and Zhang, 2010).
Early-flowering superior spikelets showed no treatment differences in grain filling-rates or the
activities of enzymes involved in converting sucrose to starch, but higher ABA concentrations
in the grains of AWD-treated plants were highly correlated with enzyme activities and
increased grain-filling rate in later-flowering inferior spikelets (Zhang et al., 2012). Future
work should aim to understand phytohormonal regulation of other plant physiological
responses (e.g., leaf growth and photosynthesis) in vegetative plants (e.g., see Pérez-Pérez et
al. [2020] and Puertolas et al. [2020]; in this issue), and how constitutive variation in
phytohormone levels (using rice transformed with hormone biosynthesis/metabolism genes)
affects grain-filling rates. Such understanding may be able to direct plant breeding efforts in
selecting specific alleles that allow favorable agronomic responses to specific crop
management techniques such as AWD.
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3.5 Plant breeding
Traditional breeding methods have made important contributions to crop productivity and
sustainability over the past 50 years (Voss-Fels et al., 2019), but are unable to keep pace with
the rapidly rising food demand (Fischer and Edmeades, 2010). Contemporary breeding
methods implementing marker-assisted or genomic selection, at various stages of breeding, or
CRISP-CAS9-based genome editing for rapid transfer of desirable genetic variants (Chen et
al., 2019; Taylor, 2019; Wolter et al., 2019; Zhang et al., 2019), accelerate breeding progress,
and offer more flexible opportunities for selecting specific traits. However, overcoming the
genotype-phenotype gap (Gjuvsland et al., 2013) is an increasing challenge as molecular
biology provides ever more information. Even though breeding progress is generally rapid for
simple traits (e.g., plant height, monogenic disease resistances, environmentally-stable grain
quality traits), the physiological and genetic basis of complex traits (such as yield, abiotic
stress tolerance or nutrient-use efficiency) and their environmental interactions is not yet
understood well enough to enable efficient and effective selection for traits with low
heritability. An increased focus on integrative plant physiological research may help
overcome this bottleneck.
In the past, physiological models were not suitable to incorporate GxE (xM) interactions into
systems models, due to a lack of high-quality physiological data about relevant developmental
processes and systems across the entire cropping cycle under realistic field conditions. Due to
this limitation, models are frequently based on either (i) high-resolution data across various
processes throughout the lifecycle of a single genotype (e.g., cultivar), (ii) medium-resolution
data across fewer processes on a selection of representative cultivars, or (iii) very-lowresolution data on large populations of genotypes. Option (i) provides excellent insight for
modeling at a physiological process level, but no information on the general relevance of the
model across cultivars. Option (iii) can provide deep insight into GxE interactions, but no
information on the impact of genetic variation for key processes or GxE interactions.
Compromising on the resolution of physiological data (with respect to temporal density or
variety of measurements), the genetic resolution (number of genotypes), or on the resolution
of environmental or management factors (number of environments) inevitably weakens the
relevance of models. Thus far, this situation has represented the status quo because optimizing
all aspects at once was not technically feasible.
Recent technical advances are providing exciting new opportunities to overcome these
previous limitations. Generation of standardized, high-resolution genotype data in large
populations (including regulatory data that can help explain gene-gene interactions and
metabolic systems in an environmental context) is no longer a major financial bottleneck
(Voss-Fels and Snowdon, 2016). For selected crops, high-throughput controlled-environment
phenotyping systems can intensively analyze large populations for specific characters (e.g.,
early biomass development, root morphology, leaf architecture, heat or drought stress
responses) or trait-calibrated physiological parameters (reflectance, temperature, water loss) at
a single-plant or pot level. Large-container phenotyping systems (Hohmann et al., 2016) can
provide considerable detail on physiological and architectural responses of plants growing in
a field-like situation, throughout the entire vegetation period and under well-characterized
environmental conditions.
Finally, field-based phenotyping systems using cameras and sensors carried on drones or
tractors can provide high-resolution physiological and developmental data throughout the
growing season in association with corresponding environmental data (Araus and Cairns,
2014). In the future, increased resolution and reduced cost of satellite imaging may further
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increase the availability of detailed data on crop development and performance. This growing
accessibility and resolution of phenotype data for broad genotype collections provides deeper
insight into how cultivar differences impact performance under different conditions.
Phenotyping methods informed by a physiological framework that dissects and model
complex traits in relation to highly resolved genotypes can help incorporate GxE(xM) data
into performance models. Models based on such comprehensive data allow cultivar-specific
management decisions based on more accurate predictions of genotype performance in given
environmental scenarios.
3.6 Breeding for climate adaptation – learning from wild species
Current crops were bred to be high-yielding in systems that minimize exposure to stress
which makes current management practices unsustainable. Breeding crops for improved
climate adaptation is a necessity in the face of climate change with increased occurrences of,
e.g., heat and drought, and the need to exploit marginal lands for crop production. Ancestral
lines or relatives of elite crops are generally more stress-tolerant, but have lower yields than
the elite cultivars. Current attention is focusing on wild crop relatives, not just as models to
study stress responses, but also as sources for introgressing alleles that confer tolerance into
elite germplasm (Mickelbart et al., 2015; Prohens et al., 2017; Mammadov et al., 2018) or for
improved exploitation limiting resources. Successful examples include, e.g., introgression of
disease-resistance traits from wild crop relatives, such as light blight resistance into potato or
stem rust resistance into wheat (Dempewolf et al., 2017).
Genetic analyses have shown substantial gene flow during and after domestication between
crops and their wild relatives, indicating wild introgression of alleles with potentially
beneficial effects (Janzen et al., 2017; Wang et al., 2019; Wolfe et al., 2019). Recent
successful attempts to increase abiotic and biotic stress resistance by creating introgression
lines from crosses of crops with wild relatives include disease resistance in pigeon pea
(Sharma et al., 2019), or drought tolerance in peanut (Dutra et al., 2018) and sunflower
(Hussain et al., 2019). Such pre-breeding approaches are useful to re-capture genetic diversity
that may have been lost in the gene pool of elite cultivars.
More targeted marker-assisted breeding approaches can be used to introgress specific genetic
loci with known function. This approach requires an understanding of the genetic basis of
desirable traits, which can be advanced by mapping of quantitative trait loci (QTL), e.g., in
crosses between cultivated crops and their wild relatives (Hartmann et al., 2014; Li et al.,
2019) or through genome-wide association mapping (Rothan et al., 2019). Based on
knowledge gained from wild crop relatives, targeted insertion or modification of genes
through gene-editing technologies such as CRISP-CAS9 can also increase the adaptability of
elite germplasm to climate change (Rothan et al., 2019). However, the policy and regulation
landscape, especially in the European Union, may currently hamper introduction of geneedited crops (Schulman et al., 2020).
3.7 Climate-smart plant production
Future plant production systems must be adaptable to climate change. Understanding
integrated plant physiological responses to climate-change related perturbations of the
physical environment is an important prerequisite. How plants maintain productivity under
more extreme environmental conditions, but also under increasing variability of conditions
over the course of the growing season, both need to be better understood. This challenge has
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led to calls to develop “climate-resilient crops for improving global food security and safety”
(Dhankher and Foyer, 2018).
As an example of the guidance that can be provided by integrative plant physiology,
concomitant characterization of plant photosynthetic capacity and leaf vascular anatomy
identified foliar anatomical features that help maintain high photosynthetic productivity under
extreme temperatures. These features included foliar sugar-transporting infrastructure (Adams
et al., 2014, 2016, 2018) as well as traits protecting the integrity of the leaf’s water-transport
system against injury (Glime et al. [2020], in this issue). Of particular interest to develop
climate-resilient crops are trait combinations that offer simultaneous protection against both
heat/drought-induced and freeze-thaw-induced injury to plant water transport (Glime et al.
[2020], in this issue). Leaves achieve a multitude of trait combinations to match a wide range
of climates by independently adjusting xylem traits at the level of single water conduits,
individual veins and their composition, and the total length of veins and volume of water
conduits at the leaf level. A better understanding of such trait combinations will support the
development of crops customized for specific environmental contexts.
Understanding plant physiological responses is essential to unravel crop responses to climate
change. However, climatic changes may also affect essential ecosystem services that could
compromise crop yield. Farming with alternative pollinators (Christmann and Aw-Hassan,
2012) has been proposed as a strategy to increase surrounding biodiversity of wild pollinators
and increase crop productivity. Modifying adjacent natural habitats not only attracts and
protects pollinators, but also attracts predators and increases system biodiversity, thus
increasing system resilience (Richards, 2001; Tschumi et al., 2015). Knowledge on the
combined physiological responses of multi-species assemblages is required to design effective
wildflower strips that provide enhanced pollination services to future cropping systems.
Globalization has brought increased numbers of invasive species that affect global
biodiversity, and most countries have a limited capacity to act against invasions (Early et al.,
2016). In addition, agricultural practices themselves also affect non-native weed richness in
crop fields (Ikegami et al., 2019). Invasive plant species may exert different impacts on crop
cultivars by competing for resources or pollinators through secondary plant defense
compounds, such as root exudates of Ambrossia artemisiifolia that inhibit tomato, lettuce, and
winter wheat growth (Vidotto et al., 2013). The impact of invasive species depends on
interactions among environmental conditions, soil type, community assemblages, and crop
management strategies, and thus requires an understanding of crop physiological responses,
the invader and the surrounding community.
3.8 Remote sensing, artificial intelligence and robotics
High-resolution methods of near- and remote sensing are promising alternatives for deducing
spatio-temporal dynamics in plant physiological behavior from hyperspectral, thermal, and
optical measurements of plant canopy signals. It may be possible to integrate canopy
information from the soil-plant-atmosphere continuum with routine environmental monitoring
networks, biophysical modeling, and artificial intelligence. The resulting outputs and realtime information about physical, chemical, and physiological states of plant production
systems would considerably improve decision making beyond traditional heuristic agronomic
management approaches.
Assimilating spatio-temporal variation into plant modeling requires integration of vast
amounts of data (Fig. 5). Advances in high-throughput sequencing technologies, mass
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spectrometry, improved sensor technology and high-throughput phenotyping platforms have
facilitated massive data acquisition through sensor-to-plant and plant-to-sensor approaches
(Argueso et al., 2019). Moreover, plant phenotypic plasticity, including memory or
acclimation processes and non-linear responses can generate complex physiological data sets
on plant responses to the environment (Fenollosa and Munné-Bosch, 2019). Physiological and
transcriptional memory in guard cells during repetitive drying stress, for example, determines
physiological-hydraulic adaptation to fluctuating soil water supply conditions (Virlouvet and
Fromm, 2015). Crop water demand modeling under fluctuating soil water availability requires
temporal definition of plant physiological responses by considering plant memory from an
integrative point of view. However, integrating genetic diversity and GxE(xM) interactions
into crop models remains challenging (Boote et al., 2013; Chenu et al., 2017). Highlyreplicated phenotyping across time and space may result in large datasets that accomplish the
seven V from Big Data, i.e. high volume, high acquisition velocity, data variety, variability,
diverse veracity, visualization and value (Ma et al., 2014). The greatest challenge is not
acquiring massive amounts of data, but analyzing these to create understanding (Tardieu et
al., 2017). Complex algorithms that consider spatio-temporal variability using zone
segmentation in a multivariate climate space have allowed better predictions of crop yield
(Leroux et al., 2018). To improve crop-yield predictions in the context of climate change,
integrative plant physiology needs to assimilate data science to truly merge spatio-temporal
and variability dynamics of crop production as well as design and test strategies of mitigation
and adaptation to environmental pressures.
While regression analysis can infer crop yield under conditions with specific limiting
environmental variables, multivariate analyses are better suited to accounting for a larger
fraction of crop-yield variability. In addition, machine-learning algorithms (such as
multivariate regression, decision trees, Bayesian models and artificial neural networks) are
beginning to be used to predict crop yields (Fig 5). Machine-learning algorithms can make
predictions without being explicitly programmed to perform the task, instead relying on
pattern recognition from a data subset optimized over a remaining random subset (Liakos et
al., 2018). Such algorithms include different data structures, such as images, gene or
environmental information. Today, crop yield datasets can be mined with different approaches
including supervised, unsupervised and reinforced machine learning algorithms (Fig 5). Their
predictions of crop yield may outperform classical approaches (Marko et al., 2017).
Relationships between meteorological variables and rice-yield variability were evaluated
using conditional inference forests (Delerce et al., 2016), and partial least-squares regression
predicted leaf photosynthetic capacity (Heckmann at al., 2017). Pre-harvest remote sensing
images were used to predict soybean yield using convolutional and recurrent neural networks
(You et al. 2017). Convolutional neural networks were used to predict crop yields from
satellite images, which outperformed other machine-learning methods (Russello, 2018), and
are thus proposed as key tools to link plant physiology to crop yield for gaining a holistic
understanding of plant physiology responses (Yamamoto, 2019). Despite the huge potential of
machine-learning algorithms, model construction requires more than simply running a default
algorithm (see Khaki and Wang, 2019), and depends on experts who understand the
agricultural system’s requirements, plant physiology responses, as well as the mathematics
behind the algorithms. Such expertise is needed to reduce uncertainty and stochasticity in
crop-production models for climate-smart crop production solutions.
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Fig. 5 Big data and machine learning for climate-smart production. List of machine learning
models from Liakos et al. (2018).
Recent advances in robotics and automation offer new opportunities for plant sensing,
vegetation classification, phenotyping, and executing field management. Novel robotic vision
techniques are currently developed to facilitate automated navigation in agricultural fields,
improve perception of plant environments and performing field management tasks such as
weeding (Lehnert et al., 2020). Challenges associated with accurate steering through crop
stands can be met by equipping robots with real-time differential Global Navigation Satellite
Systems (GNSS), path tracking and motion controllers and applying advanced adaptive
nonlinear modeling approaches for controlling movement (Kayacan et al., 2018). Stereovision and laser-scanning methods offer fascinating new opportunities for detecting and
classifying plant architecture features such as branching angles, stem lengths, threedimensional leaf shapes and their distribution within canopies (Guo and Xu, 2016; Paulus et
al., 2013; Wahabzada et al., 2015; Lottes et al., 2018). Such knowledge is crucially important
for interpreting physiology-related vegetation signals such as sun-induced fluorescence from
diverse vegetation types using airborne hyperspectral measurements and applying radiative
transfer modeling (Bandopadhyay et al., 2019; Schickling et al., 2016). Using appropriate
sensors, unmanned aerial systems (UAS) are increasingly used for carrying out such
operations and determining phenotype characteristics (Roth et al., 2018). Pretto et al. (2019)
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developed an exciting solution for improving precision-management of crop stands through
coupling UAS with unmanned ground vehicles (UGV). UGS infer spatial information about
crop density, nitrogen status and weed infestation from processing signals of appropriate
sensors directed towards large areas, transmit this information into UGVs for comparison
against their own perceptions of plant stands and environments, negotiate both types of
information through dedicated algorithms and decide on automated management actions on
this basis. On the other hand, human capabilities of perception, thinking and action,
unmatched by autonomous robots, can be utilized in human-robot interactions to carry out
farming operations which are unhealthy to manual operators such as spraying (Bechar and
Vigneault, 2015; Berenstein and Edan, 2017). The advantage of such systems is that sensing,
precision management, artificial and human intelligence are fused to minimize negative
impacts of agrochemicals on the environment, such as robots that perform weeding operations
without applying selective herbicides (van Evert et al., 2011; Wu et al. 2020). Figure 6 shows
an unmanned robot that fuses optical and ultrasonic information from dedicated sensors for
identifying weeds that are laser-burned at early stages of development (methods described in
Pretto et al., 2019 and Wu et al. 2020). The underlying vegetation classification can allow
micro-scale management of highly diverse plant communities, thus making monocultures and
their vulnerabilities (Na et al., 2019) obsolete and opening new options for agroecological
design of cropping systems.

Fig. 6 Robot scanning an agricultural field with various sensors, classifying species, detecting
weeds and targeting them for burning with a laser (left). Crop and weeds as seen from a robot
(top right). Laser-burning a weed (bottom right). Pictures courtesy of CRC Phenorob,
University of Bonn (www.phenorob.de).
3.9 Landscape agroecology
Agricultural land-use typically follows a pattern from pre-settlement natural vegetation to
frontier clearing, subsistence agriculture, small-scale farms, and, finally, to intensive
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agriculture (Foley, 2005). Today, crop and pasture lands cover about 40% of the earth’s land
area (FAO, 2019). Options for further expansion of land are limited and human influences on
global biogeochemical cycles are unprecedented (Evans, 1998; Murphy 2007; Waters 2016).
Massive use of chemicals and fossil-fuel-based energy in industrial crop farming cause major
environmental problems at local and global scales (Malézieux et al., 2012). Agroecology
mitigates such negative impacts by applying plant-ecological concepts and principles to
design and manage agricultural systems (Altieri, 1995).
Varying species composition, spacing, density, spatial patterns, timing and sequencing
provides multiple options for agroecological plant production design (Woijtkowski, 2019).
Such options will leverage the realization that each plant grows in the context of other plants
(Tixier, 2020), and that plant physiological principles can be applied to generate synergistic
effects to optimize resource use by minimizing plant-to-plant competition, and improve stress
adaptation to climate-change-related perturbations of the physical environment. Malézieux et
al. (2009) discuss several options for improving resource uses, yield stability and product
quality through mixed cropping design. Using nature as a design principle has a large
potential for improving the sustainability and resilience of cropping systems as demonstrated
by Malézieux et al. (2012), Li et al. (2014), Lambers and Olivera (2020), Mitchell et al.
(2008) and Funashabi (2016). Knowledge on multispecies physiological responses will be
required to design effective wildflower strips that benefit cropping systems and boost soil
microbial biodiversity, increase early growth and performance after short-term cover crop
rotation (Peralta et al., 2018; Tschumi et al., 2016). A global long-term agroecological
network, similar as the Long-Term Ecological Research (Willig and Walker, 2016), needs to
be established to monitor and test these and other approaches in different environments to
gain insights into their spatio-temporal dynamics, as well as understanding their ecological
and social consequences. Applying the various technical options described in the previous
section has a huge potential for attaining this goal.
Scaling agroecological principles to the landscape level requires consideration of reciprocal
interactions between patterns and processes, heterogeneity, scaling, critical thresholds, and
boundaries and flows (Turner and Gardner, 2015). Solutions will need to be context-specific
since interactions between physical, climatic, chemical and biological landscape
characteristics are highly site-specific and influenced by local cultures. Furthermore,
extrapolating these characteristics into the future will be challenging, because landscapes
might change in unpredictable ways. Past landscapes no longer exist, and present ones will
likely change dramatically (Wiens, 2013).
In the past, agroecological research focused primarily on solving scientific and technical
problems while disregarding feedbacks between plant production-systems and social
communities. Repeated failures in applying technical solutions recently motivated
agroecologists to develop participatory and transdisciplinary research approaches (Mendez et
al., 2019). The application of evolutionary ecology models and concepts to the study of
human behavioral diversity (Winterhalder and Smith, 2000) is a research area in its infancy
that may provide highly relevant information about human-landscape interactions. Human
dependency on plants can be traced back at least 50000 years and encompassed thousands of
plant species (Murphy, 2007). In contrast, global crop production today is based primarily on
cultivating just five species, i.e., rice, wheat, maize, millet and sorghum (Beck et al., 2016),
all of which were selected for their economic characteristics while disregarding social and
environmental consequences (IAASTD, 2009). To become successful, future agronomy
should adopt plant-physiological and ecological principles as well as consider social
perceptions and consequences of the methods they propose. Comparing historical and today's
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interrelations among people, plants and land will reveal general behavioral-response patterns
that might inform the design of future agroecological landscapes.
Repeated food crises and global change have generated a renewed interest in applying a
variety of cultivation options (Wojtkowski, 2019) to create forms of agriculture that are more
ecologically and biologically diverse as well as more resilient, sustainable and socially just
(Altieri 2012; Snapp and Pound 2017). Whether such goals can be achieved in the context of
current approaches to development is debatable (Mugwanya, 2019), with land-use
development strategies failing when planners are insensitive or directly inimical to local
people, or when ideas are shaped by naive and idealized visions of apolitical conservation
(Anderson and Grove, 1999). These and other examples demonstrate that implementing
concepts developed by integrative plant physiology and agronomy is not a trivial task, and
requires consideration of the multi-facetted nature of people-land relations. A
transdisciplinary concept is proposed in the following section to tackle these challenges.

4. Practicing a Transdisciplinary Mindset
Examples of interactions between integrative plant physiology and agronomy discussed in the
previous sections demonstrate the complexity of interrelations that remain to be synthesized
into a coherent research framework. Examples were chosen based on the authors’ expertise to
stimulate discussions on how the two research areas may contribute to avert looming food
crises (Evans, 1998; Murphy, 2007; Oreskes and Conway, 2014). Collaboration between
integrative plant physiology and agronomy will also require an exercise in metacognition –
thinking about thinking. Past concepts of technology adoption (Sumberg, 2016) need to be
broadened to include all stakeholders in knowledge generation through transdisciplinary
cooperation.
Approaches for improving transdisciplinary cooperation, establishing societal relevance, and
transforming science into decision making (Klein, 2014), include a philosophical framework
for open and critical transdisciplinary inquiry of Russel (2010) that is based on Habermas'
theory of "knowledge and human interests" (Habermas, 1972). It posits that the structure and
dynamics of systems cannot be conclusively determined with the scientific method, because
these systems are open systems, subject to socio-cultural influences and exist independently
of human understanding, which is shaped by beliefs, values, and interests. This realization
leads to a call for a pluralistic approach in which concepts of inquiry are subjected to
continuous negotiation and revision as well as use of ethical considerations in the selection of
what is included or excluded in transdisciplinary inquiry.
In order to base transdisciplinary research on the above commitments (Russel, 2010),
integrative plant physiology and agronomy should actively engage with relevant stakeholders,
thus transitioning from a "science for society" towards "science with society" approach
(Scholz and Staufacher, 2009). Such collaboration involves science-policy dialogue, publicprivate partnerships, developing science-based solutions together with agricultural extension
services, environmental protection agencies, public administration or environmental
legislation. While elaboration of these topics is beyond the scope of the present review, here
we use the example of small farmers (Fig. 7), who represent the majority of farmers
worldwide (Altieri, 2012), are exposed to rapid changes in developments in their societies,
and are in states of transitions between traditional and modern farming.
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Fig. 7 Tanzanian rice farmer contemplating about the future of her farm plot. Understanding
the integration of molecular biological processes at the plant level and transforming this
knowledge into agronomic practices has a great potential to make plant production in rural
areas such as shown above more sustainable. Transdisciplinary exchange among farmers,
agronomists and plant physiologists should be promoted to overcome knowledge boundaries
and make solutions socially and ecologically viable. Picture courtesy of CRC Future Rural
Africa, University of Bonn (www.crc228.de).
Small farmers have developed an astonishing variety of plant-cultivation methods that
evolved from continuous adaptation to environmental constraints in many places over long
times since the Neolithic revolution (Bellwood, 2007; Murphy, 2007). These farmers’ mode
of investigation is holistic, locally-valid, contextual and value-laden (Herman, 2016), thereby
leading to highly nuanced, practical agroecological knowledge in social contexts based on
long-term trial-and-error. However, the current rate of global change compromises
continuation with this approach that requires long times. Integrating these farmers' traditional
methods of investigation into transdisciplinary research conducted by agronomy and
integrated plant physiology has a great potential to overcome this dilemma. For example,
small farmers adapt to drought stress by considering a change of crop types, varieties and
adjusting management within the range of environmental, technological and social options
available to them. This process can be accelerated by utilizing plant physiological knowledge
about genetic, biochemical and organismal regulatory principles of plant adaptation to
drought stress. Translating this knowledge into stress management practices requires careful

-

24

-

selection of technology options. Alternatively, high-tech solutions such as robotics, precision
agriculture and efficient computation are inaccessible to small farmers, but may not be
irrelevant to them. Improved understanding about the spatio-temporal complexity of crop
physiological dynamics, gained by applying advanced technology, could very well be utilized
to design field management practices that fit local ecological, environmental and sociocultural contexts. Successful implementation will require involving local communities,
government institutions, and policy makers. Transdisciplinary research need to be based on
joint knowledge-generation processes to ensure societal relevancy of the proposed technology
options. Ethical issues need to be considered, such as equal access to sufficient food to sustain
a healthy and productive life and eradication of hunger (Pinstrup-Andersen and PandyaLorch, 1998; UN, 2017). Balancing the right for food against the need for environmental
protection will require close communication among all stakeholders to resolve these and other
ethical concerns via carefully negotiated knowledge.
This example elucidates a vision for how each participant’s knowledge about agronomic
systems can become relevant by integration with the knowledge of other participants and
consideration of socio-cultural influences. To overcome obstacles in integration (Campbell,
2005), it is important to keep knowledge structures explicit (Boulton et al., 2005). A
knowledge-exchange network of pluralistic nature is envisioned that considers social
consequences of technologies for local socio-cultural settings. Evaluating societal
consequences of transdisciplinary research is required to achieve this aim (Holzer et al.,
2019). Such integration and evaluation will not only improve the quality of transdisciplinary
research, but also increase the societal value of joint integrated plant physiological and
agronomic research.

Conclusions
The post-omics era has led to an explosion of fragmented, highly specialized knowledge
about plants. Advances in analyzing methods, artificial intelligence, and computer science
offer unprecedented new opportunities for establishing causal relations between different
levels of plant system organization and developing complex plant physiological theories on
this basis. Integrative plant physiology applies these methods to characterize plant function in
complex, realistic environments. The resulting insights into complex plant responses to the
environment can be utilized by various means to improve the adaptive capacities of plant
production systems to population growth and climate change. Strengthening linkages between
integrative plant physiology and agronomy has a large potential to reach this aim, as
demonstrated by the examples discussed in this review. Implementation in practice requires
development and application of dedicated transdisciplinary research approaches to make
solutions socially relevant and ecologically sustainable. Whether the research framework we
propose becomes successful depends on how open we are in overcoming our knowledge
boundaries.

References
Acevedo-Opazo, C., Ortega-Farias, S., Fuentes, S., 2010. Effects of grapevine (Vitis vinifera L.) water
status on water consumption, vegetative growth and grape quality: An irrigation scheduling
application to achieve regulated deficit irrigation. Agricultural Water Management 97, 956–964.
Adams, W.W., Stewart, J.J., Demmig-Adams, B., 2018. Photosynthetic modulation in response to
plant activity and environment. In: Adams III, W.W., Terashima, I. (Eds.), The Leaf: A Platform
for Performing Photosynthesis. Advances in Photosynthesis and Respiration, Including Bioenergy

-

25

-

and Related Processes, Vol. 44. Springer International Publishing, Cham, Switzerland, pp. 493–
563.
Adams III, W.W., Stewart, J.J., Cohu, C.M., Muller, O., Demmig-Adams, B., 2016. Habitat
temperature and precipitation of Arabidopsis thaliana ecotypes determine the response of foliar
vasculature, photosynthesis, and transpiration to growth temperature. Frontiers in Plant Science 7,
1026.
Adams III, W.W., Cohu, C.M., Amiard, V., Demmig-Adams, B., 2014. Associations between the
acclimation of phloem-cell wall ingrowths in minor veins and maximal photosynthesis rate.
Frontiers in Plant Science 5, 24.
Alon, U., 2020. An Introduction to Systems Biology. Design Principles of Biological Circuits. CRC
Press, Boca Raton, FL, USA.
Altieri, M.A., 1995. Agroecology. The Science of Sustainable Agriculture, Second Edition. CRC
Press, Boulder, CO, USA.
Altieri,M.A, Nicholls, C.I. 2012. Agroecology Scaling up for Food Sovereignty and Resiliency. In:
Lichtfouse, E. (Ed.), Sustainable Agriculture Reviews 11, Springer, Dordrecht, Netherlands, pp. 129.
Anderson, D., Grove, R., 1999. Conservation in Africa. People, Politics and Practice. Cambridge
Univ. Press, Cambridge, UK.
Antoniou, C., Savvides, A., Christou, A., Fotopoulos, V., 2016. Unravelling chemical priming
machinery in plants: the role of reactive oxygen-nitrogen-sulfur species in abiotic stress tolerance
enhancement. Current opinion in plant biology 33, 101–107.
Antoniou, C., Xenofontos, R., Chatzimichail, G., Christou, A., Kashfi, K., Fotopoulos, V., 2020.
Exploring the potential of nitric oxide and hydrogen sulfide (NOSH)-releasing synthetic
compounds as novel priming agents against drought stress in Medicago sativa plants.
Biomolecules 10, 120.
Araus, J.L., Cairns, J.E., 2014. Field high-throughput phenotyping: the new crop breeding frontier.
Trends in Plant Science 19, 52–61.
Argueso, C.T., Assmann, S.M., Birnbaum, K.D., Chen, S., Dinneny, J.R., Doherty, C.J., Eveland,
A.L., Friesner, J., Greenlee, V.R., Law, J.A., Marshall‐Colón, A., Mason, G.A., O'Lexy, R., Peck,
S.C., Schmitz, R.J., Song, L., Stern, D., Varagona, M.J., Walley, J.W., Williams, C.M., 2019.
Directions for research and training in plant omics: Big questions and big data. Plant Direct 3, 116.
Arnao, M.B., Hernández-Ruiz, J., 2019. Melatonin: a new plant hormone and/or a plant master
regulator? Trends in Plant Science 24, 38–48.
Baker, J., Hartwell, A.,L., Boote, K.J., Pickering, N., 1997. Rice responses to drought under carbon
dioxide enrichment. 1. Growth and yield. Global Change Biology 3, 119–128.
Balestrini, R., Chitarra, W., Antoniou, C., Ruocco, M., Fotopoulos, V., 2018. Improvement of plant
performance under water deficit with the employment of biological and chemical priming agents.
Journal of Agricultural Science 156, 680–688.
Bandopadhyay, S., Rastogi, A., Rascher, U., Rademske, P., Schickling, A., Cogliati, S., Julitta, T.,
Mac Arthur, A., Hueni, A., Tomelleri, E., Celesti, M., Burkart, A., Stróżecki, M., Sakowska, K.,
Gąbka, M., Rosadziński, S., Sojka, M., Iordache, M.-D., Reusen, I., van der Tol, C., Damm, A.,
Schuettemeyer, D., Juszczak, R., 2019. Hyplant-derived sun-induced fluorescence—A new
opportunity to disentangle complex vegetation signals from diverse vegetation types. Remote
Sensing 11, 1691.
Bao, G., Ashraf, U., Wang, C., He, L., Wei, X., Zheng, A., Mo, Z., Tang, X., 2018. Molecular basis
for increased 2-acetyl-1-pyrroline contents under alternate wetting and drying (AWD) conditions
in fragrant rice. Plant Physiology and Biochemistry 133, 149–157.
Bechar, A., Vigneault, C., 2016. Agricultural robots for field operations: Concepts and components.
Biosystems Engineering 149, 94–111.
Beck, A., Haerlin, B., Richter, L. Agriculture at a Crossroads. IAASTD findings and recommendations
for future farming,
https://www.globalagriculture.org/fileadmin/files/weltagrarbericht/EnglishBrochure/BrochureIAA
STD_en_web_small.pdf (accessed February 26th 2020)
Bellwood, P.S., 2007. First farmers. The Origins of Agricultural Societies. Blackwell Pub, Malden,
MA, USA.

-

26

-

Berenstein, R., Edan, Y., 2017. Human-robot collaborative site-specific sprayer. Journal of Field
Robotics 34, 1519–1530.
Bertalanffy, L. von, 1968. General System Theory. Foundations, Development, Applications.
Braziller, New York, NY, USA.
Bigot, S., Buges, J., Gilly, L., Jacques, C., Le Boulch, P., Berger, M., Delcros, P., Domergue, J.‐B.,
Koehl, A., Ley‐Ngardigal, B., van Canh, L.T., Couée, I., 2018. Pivotal roles of environmental
sensing and signaling mechanisms in plant responses to climate change. Global Change Biology
24, 5573–5589, https://onlinelibrary.wiley.com/doi/pdf/10.1111/gcb.14433.
Boote, K.J., Allen, L.H., Prasad, P.V.V., Baker, J.T., Gesch, R.W., Snyder, A.M., Pan, D.,Thomas,
J.M.G, 2005. Elevated temperature and CO2 impacts on pollination, reproductive growth and yield
of several globally important crops. Journal of Agricultural Meteorology 60:469-474.
Boote, K.J., Jones, J.W., White, J.W., Asseng, S., Lizaso, J.I., 2013. Putting mechanisms into crop
production models. Plant, Cell and Environment 36, 1658–1672.
Boulton, A., Panizzon, D., Prior, J., 2005. Explicit knowledge structures as a tool for overcoming
obstacles to interdisciplinary research. Conservation Biology,19, 2026–2029.
Bouman, B.A.M., Lampayan, R.M., Tuong, T.P., 2007. Water Management in Rice: Coping with
Water Scarcity. IRRI, Los Baños, Philippines.
Buck-Sorlin, G., 2013. Functional-structural plant modeling. In: Dubitzky, W., Wolkenhauer, O., Cho,
K.-H., Yokota, H. (Eds.), Encyclopedia of Systems Biology. Springer, New York, NY, USA, pp.
778–781.
Campbell, L., M., 2005. Overcoming obstacles to interdisciplinary research. Conservation Biology 19,
574–577.
Carmody, M., Waszczak, C., Idänheimo, N., Saarinen, T., Kangasjärvi, J., 2016. ROS signalling in a
destabilised world: A molecular understanding of climate change. Journal of Plant Physiology 203,
69–83.
Carrijo, D.R., Lundy, M.E., Linquist, B.A., 2017. Rice yields and water use under alternate wetting
and drying irrigation: A meta-analysis. Field Crops Research 203, 173–180,
Castagna, A., Csepregi, K., Neugart, S., Zipoli, G., Večeřová, K., Jakab, G., Jug, T., Llorens, L.,
Martínez-Abaigar, J., Martínez-Lüscher, J., Núñez-Olivera, E., Ranieri, A., Schoedl-Hummel, K.,
Schreiner, M., Teszlák, P., Tittmann, S., Urban, O., Verdaguer, D., Jansen, M.A.K., Hideg, É.,
2017. Environmental plasticity of Pinot noir grapevine leaves: A trans-European study of
morphological and biochemical changes along a 1,500-km latitudinal climatic gradient. Plant, Cell
and Environment 40, 2790–2805.
Chen, K., Wang, Y., Zhang, R., Zhang, H., Gao, C., 2019. CRISPR/Cas genome editing and precision
plant breeding in agriculture. Annual Reviews of Plant Biology 70, 667–697.
Chenu, K., Porter, J.R., Martre, P., Basso, B., Chapman, S.C., Ewert, F., Bindi, M., Asseng, S., 2017.
Contribution of crop models to adaptation in wheat. Trends in Plant Science 22, 472–490,
Christmann, S., Aw-Hassan, A.A., 2012. Farming with alternative pollinators (FAP)—An overlooked
win-win-strategy for climate change adaptation. Agriculture, Ecosystems and Environment 161,
161–164.
Cohu, C.M., Lombardi, E., Adams, W.W., Demmig-Adams, B., 2014. Increased nutritional quality of
plants for long-duration spaceflight missions through choice of plant variety and manipulation of
growth conditions. Acta Astronautica 94, 799–806.
Coruzzi, G.M., Burga, A.R., Katari, M.S., and Gutiérrez, R.A., 2018. Systems biology: principles and
applications in plant research. In: Coruzzi, G. M., and Gutíerrez, R. A. (Eds.) Annual Plant
Reviews, 35, 3–40.
DeJong, T.M., Da Silva, D., Vos, J., Escobar-Gutiérrez, A.J., 2011. Using functional–structural plant
models to study, understand and integrate plant development and ecophysiology. Annals of Botany
108, 987–989.
Del Río, L.A., 2015. ROS and RNS in plant physiology: an overview. Journal of Experimental Botany
66, 2827–2837.
Delerce, S., Dorado, H., Grillon, A., Rebolledo, M.C., Prager, S.D., Patiño, V.H., Garcés Varón, G.,
Jiménez, D., 2016. Assessing weather-yield relationships in rice at local scale using data mining
approaches. PloS One 11, e0161620.
Demmig-Adams, B., Stewart, J.J., Adams, W.W.3., 2019. Less photoprotection can be good in some
genetic and environmental contexts. Biochemical Journal 476, 2017–2029.

-

27

-

Demmig-Adams, B., Stewart, J.J., Baker, C.R., Adams, W.W., 2018. Optimization of photosynthetic
productivity in contrasting environments by regulons controlling plant form and function.
International Journal of Molecular Sciences 19, 872.
Dempewolf, H., Baute, G., Anderson, J., Kilian, B., Smith, C., Guarino, L., 2017. Past and future use
of wild relatives in crop breeding. Crop Science 57, 1070–1082.
Dhankher, O.P., Foyer, C.H., 2018. Climate resilient crops for improving global food security and
safety. Plant, Cell and Environment 41, 877–884.
Di Paola, A., Valentini, R., Santini, M., 2016. An overview of available crop growth and yield models
for studies and assessments in agriculture. Journal of the Science of Food and Agriculture 96, 709–
714.
do Amaral, M.N., Souza, G.M., 2017. The challenge to translate OMICS data to whole plant
physiology: The context matters. Frontiers in Plant Science 8, 2146.
Dutra, W.F., Guerra, Y.L., Ramos, J.P.C., Fernandes, P.D., Silva, C.R.C., Bertioli, D.J., Leal-Bertioli,
S.C.M., Santos, R.C., 2018. Introgression of wild alleles into the tetraploid peanut crop to improve
water use efficiency, earliness and yield. PloS one 13, e0198776.
Early, R., Bradley, B.A., Dukes, J.S., Lawler, J.J., Olden, J.D., Blumenthal, D.M., Gonzalez, P.,
Grosholz, E.D., Ibañez, I., Miller, L.P., Sorte, C.J.B., Tatem, A.J. Global threats from invasive
alien species in the twenty-first century and national response capacities. Nature Communication,
7, 1–9.
Evans, L.T., 1998. Feeding the Ten Billion. Plants and Population Growth. Cambridge University
Press, Cambridge, UK.
Evers, J.B., Bastiaans, L., 2016. Quantifying the effect of crop spatial arrangement on weed
suppression using functional-structural plant modelling. Journal of Plant Research 129, 339–351.
FAO, 2017. The future of food and agriculture. Trends and challenges. Food and Agriculture
Organization of the United Nations, Rome. http://www.fao.org/3/a-i6583e.pdf (Accessed 27
February 2020)
FAO, 2019. The State of Food Security and Nutrition in the World.
http://www.fao.org/3/ca5162en/ca5162en.pdf (Accessed 27. February 2020)
Feng, P., Wang, B., Liu, D.L., Waters, C., Yu, Q., 2019. Incorporating machine learning with
biophysical model can improve the evaluation of climate extremes impacts on wheat yield in
south-eastern Australia. Agricultural and Forest Meteorology 275, 100–113.
Fenollosa, E., Munné‐Bosch, S. Physiological Plasticity of Plants Facing Climate Change (en). In:
Annual Plant Reviews online 2.
Fernández, J.E., Cuevas, M.V., 2010. Irrigation scheduling from stem diameter variations: A review.
Agricultural and Forest Meteorology 150, 135–151.
Filippou, P., Antoniou, C., Obata, T., van der Kelen, K., Harokopos, V., Kanetis, L., Aidinis, V., van
Breusegem, F., Fernie, A.R., Fotopoulos, V., 2016. Kresoxim-methyl primes Medicago truncatula
plants against abiotic stress factors via altered reactive oxygen and nitrogen species signalling
leading to downstream transcriptional and metabolic readjustment. Journal of Experimental
Botany 67, 1259–1274.
Finkel, O.M., Castrillo, G., Herrera Paredes, S., Salas Gonzalez, I., Dangl, J.L., 2017. Understanding
and exploiting plant beneficial microbes. Current Opinion in Plant Biology 38, 155–163.
Fischer, R.A., Edmeades, G.O., 2010. Breeding and cereal yield progress. Crop Science 50, 85-98.
Foley, J.A., Defries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., Coe, M.T.,
Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., Kucharik, C.J.,
Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K., 2005. Global consequences
of land use. Science 309, 570–574.
Foyer, C.H., Noctor, G., 2009. Redox regulation in photosynthetic organisms: signaling, acclimation,
and practical implications. Antioxidants and Redox Signaling 11, 861–905.
Fukushima, A., Kusano, M., Redestig, H., Arita, M., Saito, K., 2009. Integrated omics approaches in
plant systems biology. Current Opinion in Chemical Biology 13, 532–538.
Funabashi, M., 2016. Synecological farming: Theoretical foundation on biodiversity responses of
plant communities. Plant Biotechnology, 33, 213–234.
Garin, G., Fournier, C., Andrieu, B., Houles, V., Robert, C., Pradal, C., 2014. A modelling framework
to simulate foliar fungal epidemics using functional-structural plant models. Annals of Botany
114, 795–812.

-

28

-

Gjuvsland, A.B., Vik, J.O., Beard, D.A., Hunter, P.J., Omholt, S.W., 2013. Bridging the genotypephenotype gap: what does it take? The Journal of Physiology 591, 2055–2066.
Glime et al., 2020. This issue.
Godin, C., Sinoquet, H., 2005. Functional–structural plant modelling. New Phytologist 166, 705–708.
Gray, S.B., Dermody, O., Klein, S.P., Locke, A.M., McGrath, J.M., Paul, R.E., Rosenthal, D.M., RuizVera, U.M., Siebers, M.H., Strellner, R., Ainsworth, E.A., Bernacchi, C.J., Long, S.P., Ort, D.R.,
Leakey, A.D.B, 2016. Intensifying drought eliminates the expected benefits of elevated carbon
dioxide for soybean. Nature Plants 2, 1–8.
Guo, J., Xu, L., 2017. Automatic Segmentation for Plant Leaves via Multiview Stereo Reconstruction.
Mathematical Problems in Engineering 2017, 1–11.
Habermas, J., 1972. Knowledge and Human Interests. Polity Press, Cambridge, UK.
Haken, H., Portugali, J., 2016. Information and self-organization: A unifying approach and
applications. Entropy 18, 197.
Hartman, Y., Hooftman, D.A.P., Uwimana, B., Schranz, M.E., van de Wiel, C.C.M., Smulders,
M.J.M., Visser, R.G.F., Michelmore, R.W., van Tienderen, P.H., 2014. Abiotic stress QTL in
lettuce crop-wild hybrids: comparing greenhouse and field experiments. Ecology and Evolution 4,
2395–2409.
Heckmann, D., Schlüter, U., Weber, A.P.M., 2017. Machine Learning Techniques for Predicting Crop
Photosynthetic Capacity from Leaf Reflectance Spectra. Molecular Plant 10, 878–890.
Herman, R.D.K., 2016. Traditional knowledge in a time of crisis: climate change, culture and
communication. Sustainability Science 11, 163–176.
Hohmann, M., Stahl, A., Rudloff, J., Wittkop, B., Snowdon, R.J., 2016. Not a load of rubbish:
simulated field trials in large‐scale containers. Plant, Cell and Environment 39, 2064–2073.
Holzer, J.M., Adamescu, C.M., Cazacu, C., Díaz-Delgado, R., Dick, J., Méndez, P.F., Santamaría, L.,
Orenstein, D.E., 2019. Evaluating transdisciplinary science to open research-implementation
spaces in European social-ecological systems. Biological Conservation 238, 108228.
Hossain, M.A., Bhattacharjee, S., Armin, S.-M., Qian, P., Xin, W., Li, H.-Y., Burritt, D.J., Fujita, M.,
Tran, L.-S.P., 2015. Hydrogen peroxide priming modulates abiotic oxidative stress tolerance:
insights from ROS detoxification and scavenging. Frontiers in Plant Science 6, 420.
Howell, K.R., Shrestha, P., Dodd, I.C., 2015. Alternate wetting and drying irrigation maintained rice
yields despite half the irrigation volume, but is currently unlikely to be adopted by smallholder
lowland rice farmers in Nepal. Food and Energy security 4, 144–157.
Hu, H., Xiong, L., 2014. Genetic engineering and breeding of drought-resistant crops. Annual Review
of Plant Biology 65, 715–741.
Huntingford, C., Jeffers, E.S., Bonsall, M.B., Christensen, H.M., Lees, T., Yang, H., 2019. Machine
learning and artificial intelligence to aid climate change research and preparedness. Environmental
Research Letters 14, 124007.
Hussain, M.M., Rauf, S., Warburton, M.L., 2019. Development of drought‐tolerant breeding lines
derived from Helianthus annuus × H. argophyllus interspecific crosses. Plant Breeding 138, 862–
870.
IAASTD, 2009. International assessment of agricultural knowledge, science and technology for
development (IAASTD) : Global report. Island Press, Washington DC, USA.
Ikegami, M., Wandrag, E., Duncan, R.P., Hulme, P.E., 2019. Length of cultivation determines native
and non-native weed richness in crop fields worldwide. Biological Invasions 21, 363–375.
Ioannou, A., Gohari, G., Papaphilippou, P., Panahirad, S., Akbari, A., Dadpour, M.R., KrasiaChristoforou, T., Fotopoulos, V., 2020. Advanced nanomaterials in agriculture under a changing
climate: the way to the future? Environmental and Experimental Botany (in press;
10.1016/j.envexpbot.2020.104048).
Islam, M.M., Hoque, M.A., Okuma, E., Banu, M.N.A., Shimoishi, Y., Nakamura, Y., Murata, Y.,
2009. Exogenous proline and glycinebetaine increase antioxidant enzyme activities and confer
tolerance to cadmium stress in cultured tobacco cells. Journal of Plant Physiology 166, 1587–
1597.
Janzen, G.M., Wang, L., Hufford, M.B., 2019. The extent of adaptive wild introgression in crops. The
New phytologist 221, 1279–1288.
Jones, H.G., 2004. Irrigation scheduling: advantages and pitfalls of plant-based methods. Journal of
Experimental Botany 55, 2427–2436.

-

29

-

Kadam, N.N., Xiao, G., Melgar, R.J., Bahuguna, R. V., Quinones, C., Tamilselvan, A., Prasad, P.V.V.,
Jagadish, K.S.V., 2014. Agronomic and physiological responses to high temperature, drought, and
elevated CO2 interactions in cereals. In Sparks, D. (Ed.) Advances in Agronomy 127,111-156.
Academic Press, Cambridge, MA, USA.
Kayacan, E., Young, S.N., Peschel, J.M., Chowdhary, G., 2018. High-precision control of tracked
field robots in the presence of unknown traction coefficients. J. Field Robotics 35, 1050–1062.
Khaki, S., Wang, L., 2019. Crop yield prediction using deep neural networks. Frontiers in Plant
Science 10, 621.
Klein, J.T., 2014. Discourses of transdisciplinarity: Looking back to the future. Futures 63, 68–74.
Kutschera, U., 2015. 150 years of an integrative plant physiology. Nature Plants 1, 15131.
Kutschera, U., Niklas, K.J., 2018. Julius Sachs (1868): The father of plant physiology. American
Journal of Botany 105, 656–666.
La Rosa, J.M. de, Dodd, I.C., Domingo, R., Pérez-Pastor, A., 2016. Early morning fluctuations in
trunk diameter are highly sensitive to water stress in nectarine trees. Irrigation Science 34, 117–
128.
Lambers, H., Oliveira, R.S., 2020. Plant Physiological Ecology. Springer, Cham, Switzerland.
Lehnert, C., McCool, C., Corke, P., Sa, I., Stachniss, C., Henten, E.J., Nieto, J., 2020. Special issue on
agricultural robotics. Journal of Field Robotics 37, 5–6.
Leroux, C., Jones, H., Taylor, J., Clenet, A., Tisseyre, B., 2018. A zone-based approach for processing
and interpreting variability in multi-temporal yield data sets. Computers and Electronics in
Agriculture 148, 299–308.
Li, K., Wen, W., Alseekh, S., Yang, X., Guo, H., Li, W., Wang, L., Pan, Q., Zhan, W., Liu, J., Li, Y.,
Wu, X., Brotman, Y., Willmitzer, L., Li, J., Fernie, A.R., Yan, J., 2019. Large-scale metabolite
quantitative trait locus analysis provides new insights for high-quality maize improvement. The
Plant Journal 99, 216–230.
Li, L., Tilman, D., Lambers, H., Zhang, F.-S., 2014. Plant diversity and overyielding: insights from
belowground facilitation of intercropping in agriculture. The New Phytologist 203, 63–69.
Liakos, K.G., Busato, P., Moshou, D., Pearson, S., Bochtis, D., 2018. Machine Learning in
Agriculture: A Review. Sensors, 18, 2674.
Lichtenthaler, H.K., 1998. The stress concept in plants: an introduction. Annals of the New York
Academy of Sciences 851, 187–198.
Lottes, P., Behley, J., Chebrolu, N., Milioto, A., Stachniss, C., 2020. Robust joint stem detection and
crop‐weed classification using image sequences for plant‐specific treatment in precision farming.
Journal of Field Robotics 37, 20–34.
Ma, C., Zhang, H.H., Wang, X., 2014. Machine learning for Big Data analytics in plants. Trends in
Plant Science 19, 798–808.
Malézieux, E., Crozat, Y., Dupraz, C., Laurans, M., Makowski, D., Ozier-Lafontaine, H., Rapidel, B.,
Tourdonnet, S., Valantin-Morison, M., 2009. Mixing plant species in cropping systems: concepts,
tools and models: A review. Agronomy for Sustainable Development 29, 43–62.
Malézieux, E., 2012. Designing cropping systems from nature. Agron. Sustain. Dev. 32, 15–29.
Mammadov, J., Buyyarapu, R., Guttikonda, S.K., Parliament, K., Abdurakhmonov, I.Y., Kumpatla,
S.P., 2018. Wild Relatives of maize, rice, cotton, and soybean: Treasure troves for tolerance to
biotic and abiotic Stresses. Frontiers in Plant Science 9, 886.
Marko, O., Brdar, S., Panić, M., Šašić, I., Despotović, D., Knežević, M., Crnojević, V., 2017. Portfolio
optimization for seed selection in diverse weather scenarios. PLoS ONE 12, e0184198.
Méndez, V.E., Bacon, C.M., Cohen, R., Gliessman, S.R. (Eds.), 2019. Agroecology. A
Transdisciplinary, Participatory and Action-Oriented Approach. CRC Press, Boca Raton, FL,
USA.
Mickelbart, M.V., Hasegawa, P.M., Bailey-Serres, J., 2015. Genetic mechanisms of abiotic stress
tolerance that translate to crop yield stability. Nature Reviews. Genetics 16, 237–251.
Mitchell, P.J., Veneklaas, E.J., Lambers, H., Burgess, S.S.O., 2008. Using multiple trait associations to
define hydraulic functional types in plant communities of south-western Australia. Oecologia 158,
385–397.
Mochida, K., Shinozaki, K., 2011. Advances in omics and bioinformatics tools for systems analyses of
plant functions. Plant and Cell Physiology 52, 2017–2038.

-

30

-

Molassiotis, A., Fotopoulos, V., 2011. Oxidative and nitrosative signaling in plants: two branches in
the same tree? Plant Signaling and Behavior 6, 210–214.
Mugwanya, N., 2019. Why agroecology is a dead end for Africa. Outlook Agric 48, 113–116.
Munné-Bosch, S., Queval, G., Foyer, C.H., 2013. The impact of global change factors on redox
signaling underpinning stress tolerance. Plant Physiology 161, 5–19.
Muñoz, P., Munné-Bosch, S., 2019. Vitamin E in plants: biosynthesis, transport and function. Trends
Plant Sci 24, 1040–1051.
Murphy, D.J., 2007. People, Plants, and Genes. The Story of Crops and Humanity. Oxford University
Press, Oxford, UK.
Mykles, D.L., Ghalambor, C.K., Stillman, J.H., Tomanek, L., 2010. Grand challenges in comparative
physiology: integration across disciplines and across levels of biological organization. Integrative
and Comparative Biology 50, 6–16.
Na, X., Ma, C., Ma, S., Ma, X., Zhu, X., Xu, P., Zhu, H., Cao, X., Liang, W., 2019. Monocropping
decouples plant–bacteria interaction and strengthens phytopathogenic fungi colonization in the
rhizosphere of a perennial plant species. Plant and Soil 445, 549–564.
Norton, G.J., Travis, A.J., Danku, J.M.C., Salt, D.E., Hossain, M., Islam, M.R., Price, A.H., 2017.
Biomass and elemental concentrations of 22 rice cultivars grown under alternate wetting and
drying conditions at three field sites in Bangladesh. Food and Energy Security 6, 98–112.
Oreskes, N., Conway, E.M., 2014. The Collapse of Western Civilization. A View from the Future.
Columbia University Press, New York, USA.
Passioura, J.B., 2010. Scaling up: the essence of effective agricultural research. Functional Plant
Biology 37, 585.
Paulus, S., Dupuis, J., Mahlein, A.-K., Kuhlmann, H., 2013. Surface feature based classification of
plant organs from 3D laserscanned point clouds for plant phenotyping. BMC Bioinformatics 14,
238.
Peralta, A.L., Sun, Y., McDaniel, M.D., Lennon, J.T., 2018. Crop rotational diversity increases disease
suppressive capacity of soil microbiomes. Ecosphere 9, e02235.
Perez, I.B., Brown, P.J., 2014. The role of ROS signaling in cross-tolerance: from model to crop.
Frontiers in Plant Science 5, 754.
Perez-Perez et al., 2020. This issue.
Pinstrup-Andersen, P., Pandya-Lorch, R., 1998. Food security and sustainable use of natural
resources: a 2020 Vision. Ecological Economics 26, 1–10.
Poorter, H., Fiorani, F., Pieruschka, R., Wojciechowski, T., van der Putten, W.H., Kleyer, M., Schurr,
U., Postma, J., 2016. Pampered inside, pestered outside? Differences and similarities between
plants growing in controlled conditions and in the field. New Phytologist 212, 838–855.
Potters, G., Pasternak, T.P., Guisez, Y., Jansen, M.A.K., 2009. Different stresses, similar morphogenic
responses: integrating a plethora of pathways. Plant, Cell and Environment 32, 158–169.
Pretto, A., Aravecchia, S., Burgard, W., Chebrolu, N., Dornhege, C., Falck, T., Fleckenstein, F.,
Fontenla, A., Imperoli, M., Khanna, R., Liebisch, F., Lottes, P., Milioto, A., Nardi, D., Nardi, S.,
Pfeifer, J., Popović, M., Potena, C., Pradalier, C., Rothacker-Feder, E., Sa, I., Schaefer, A.,
Siegwart, R., Stachniss, C., Walter, A., Winterhalter, W., Wu, X., Nieto, J., 2019. Building an
Aerial-Ground Robotics System for Precision Farming. https://arxiv.org/pdf/1911.03098.pdf
(accessed February 26th 2020)
Price, A.H., Norton, G.J., Salt, D.E., Ebenhoeh, O., Meharg, A.A., Meharg, C., Islam, M.R., Sarma,
R.N., Dasgupta, T., Ismail, A.M., McNally, K.L., Zhang, H., Dodd, I.C., Davies, W.J., 2013.
Alternate wetting and drying irrigation for rice in Bangladesh: Is it sustainable and has plant
breeding something to offer? Food Energy Security 2, 120–129.
Prohens, J., Gramazio, P., Plazas, M., Dempewolf, H., Kilian, B., Díez, M.J., Fita, A., Herraiz, F.J.,
Rodríguez-Burruezo, A., Soler, S., Knapp, S., Vilanova, S., 2017. Introgressiomics: a new
approach for using crop wild relatives in breeding for adaptation to climate change. Euphytica 213,
1–19.
Puertolas et al. This issue.
Qi, J., Song, C.-P., Wang, B., Zhou, J., Kangasjärvi, J., Zhu, J.-K., Gong, Z., 2018. Reactive oxygen
species signaling and stomatal movement in plant responses to drought stress and pathogen attack.
Journal of Integrative Plant Biology 60, 805–826.

-

31

-

Raja, V., Majeed, U., Kang, H., Andrabi, K.I., John, R., 2017. Abiotic stress: Interplay between ROS,
hormones and MAPKs. Environmental and Experimental Botany 137, 142–157.
Richards, A.J., 2001. Does low biodiversity resulting from modern agricultural practice affect crop
pollination and yield? Annals of Botany 88, 165–172.
Rossini, M.A., Maddonni, G.A., Otegui, M.E., 2016. Multiple abiotic stresses on maize grain yield
determination: Additive vs multiplicative effects. Field Crops Research 198, 280–289.
Roth, L., Hund, A., Aasen, H., 2018. PhenoFly Planning Tool: flight planning for high-resolution
optical remote sensing with unmanned areal systems. Plant methods 14, 116.
Rothan, C., Diouf, I., Causse, M., 2019. Trait discovery and editing in tomato. The Plant Journal : For
Cell and Molecular Biology 97, 73–90.
Russel, J.Y., 2010. A philosophical framework for an open and critical transdisciplinary inquiry. In:
Brown, V.A., Harris, J.A., Russel, J.Y (Eds.) Tackling Wicked Problems Through the
Transdisciplinary imagination. Earthscan, Abingdon, Oxon, UK, pp.31-60.
Russello, H., Shang, W., 2018. Convolutional neural networks for crop yield prediction using satellite
images, https://pdfs.semanticscholar.org/b49a/a569ff63d045b7c0ce66d77e1345d4f9745c.pdf
(accessed February 26th 2020).
Sabzi, S., Abbaspour-Gilandeh, Y. and García-Mateos, G., 2018. A fast and accurate expert system for
weed identification in potato crops using metaheuristic algorithms. Computers in Industry 98, 80–
89.
Sarlikioti, V., de Visser, P H B, Buck-Sorlin, G.H., Marcelis, L.F.M., 2011. How plant architecture
affects light absorption and photosynthesis in tomato: towards an ideotype for plant architecture
using a functional-structural plant model. Annals of Botany 108, 1065–1073.
Savvides, A., Ali, S., Tester, M., Fotopoulos, V., 2016. Chemical priming of plants against multiple
abiotic stresses: Mission possible? Trends in Plant Science 21, 329–340.
Schickling, A., Matveeva, M., Damm, A., Schween, J., Wahner, A., Graf, A., Crewell, S., Rascher, U.,
2016. Combining sun-induced chlorophyll fluorescence and photochemical reflectance index
improves diurnal modeling of gross primary productivity. Remote Sensing 8, 574.
Scholz, R.W., Stauffacher, M., 2009. From a science for society to a science with society.
Psychologische Rundschau 60, 242–280.
Schulman, A.H., Oksman-Caldentey, K.-M., Teeri, T.H., 2020. European court of justice delivers no
justice to Europe on genome-edited crops. Plant Biotechnology Journal 18, 8–10.
Selye, H., 1936. A Syndrome produced by Diverse Nocuous Agents. Nature 138, 32.
Shang, Y., Hasan, M.K., Ahammed, G.J., Li, M., Yin, H., Zhou, J., 2019. Applications of
Nanotechnology in Plant Growth and Crop Protection: A Review. Molecules 24,2558.
Sharma, S., Paul, P.J., Kumar, C.V.S., Rao, P.J., Prashanti, L., Muniswamy, S., Sharma, M., 2019.
Evaluation and identification of promising introgression lines derived from wild Cajanus species
for broadening the genetic base of cultivated pigeonpea Cajanus cajan (L.) Millsp. Frontiers in
Plant Science 10, 1269.
Sievänen, R., Godin, C., DeJong, T.M., Nikinmaa, E., 2014. Functional–structural plant models: a
growing paradigm for plant studies. Annals of Botany 114, 599–603.
Snapp, S., Pound, B., 2017. Agricultural Systems: Agroecology and Rural Innovation for
Development. Academic Press, 525 B Street, Suite 1800, San Diego, CA, 92101-4495, USA.
Souza, G.M., Prado, Carlos H. B. A., Ribeiro, R.V., Barbosa, João Paulo R. A. D., Gonçalves, A.N.,
Habermann, G., 2016. Toward a systemic plant physiology. Theoretical and Experimental Plant
Physiology 28, 341–346.
Stewart, J.J., Adams, W.W., III, Escobar, C.M., Adams, W.W. III, Demmig-Adams B., 2020. Growth
and essential carotenoid micronutrients in Lemna gibba as a function of growth light intensity.
Frontiers in Plant Science (in print) DOI=10.3389/fpls.2020.00480
Sumberg, J., 2016. Opinion: the effects of technology adoption on food security: linking methods,
concepts and data. Food Security 8, 1037–1038.
Tardieu, F., Cabrera-Bosquet, L., Pridmore, T., Bennett, M., 2017. Plant Phenomics, From Sensors to
Knowledge. Current Biology 27, R770-R783
Taylor, A.P., 2019. Companies use CRISPR to improve crops: The agritech industry is editing plant
genomes to feed a growing population, expand the produce aisle, and make tastier, more
convenient food products. The Scientist 33, 58–60.

-

32

-

Teixeira, A., Eiras-Dias, J., Castellarin, S.D., Gerós, H., 2013. Berry phenolics of grapevine under
challenging environments. International Journal of Molecular Sciences 14, 18711–18739.
Tell, F., Berggren, C., Brusoni, S., van de Ven, A.H., 2017. Managing Knowledge integration Across
Boundaries. Oxford University Press, Oxford, UK.
Thakur, A.K., Mandal, K.G., Mohanty, R.K., Ambast, S.K., 2018. Rice root growth, photosynthesis,
yield and water productivity improvements through modifying cultivation practices and water
management. Agricultural Water Management 206, 67–77.
Thomas T.T., D., Puthur, J.T., 2017. UV radiation priming: A means of amplifying the inherent
potential for abiotic stress tolerance in crop plants. Environmental and Experimental Botany 138,
57–66.
Tixier, P., 2020. Modelling in agroecology: from simple to complex models, and vice versa. Book of
Abstracts. Second International Crop Modelling Symposium. iCropM 2020. February 3-5, 2020.
Montpellier, France. https://www.alphavisa.com/icropm/2020/documents/iCROPM2020-Book-ofAbstracts.pdf (Accessed 20. February 2020)
Tran, E., Demmig‐Adams, B., 2007. Vitamins and minerals: powerful medicine or potent toxins?
Nutrition and Food Science 37, 50–60.
Tschumi, M., Albrecht, M., Bärtschi, C., Collatz, J., Entling, M.H., Jacot, K., 2016. Perennial, speciesrich wildflower strips enhance pest control and crop yield. Agriculture, Ecosystems and
Environment 220, 97–103.
Turner, M.G., Gardner, R.H., 2015. Landscape Ecology in Theory and Practice. Springer New York,
USA.
UN, 2015. Transforming our world: The 2030 Agenda for Sustainable Development.
https://sustainabledevelopment.un.org/content/documents/21252030 Agenda for Sustainable
Development web.pdf (accessed 27. February 2020)
van Evert, F.K., Samsom, J., Polder, G., Vijn, M., van Dooren, H.-J., Lamaker, A., van der Heijden,
G.W.A.M., Kempenaar, C., van der Zalm, T., Lotz, L.A.P., 2011. A robot to detect and control
broad-leaved dock (Rumex obtusifolius L.) in grassland. J. Field Robotics 28, 264–277.
Vialet-Chabrand, S., Matthews, J.S., Simkin, A.J., Raines, C.A., Lawson, T.,2015. Importance of
fluctuations in light on plant photosynthetic acclimation. Plant Physiology 173, 2163–2179.
Vidotto, F., Tesio, F., Ferrero, A., 2013. Allelopathic effects of Ambrosia artemisiifolia L. in the
invasive process. Crop Protection 54, 161–167.
Virlouvet, L., Fromm, M., 2015. Physiological and transcriptional memory in guard cells during
repetitive dehydration stress. New Phytologist 205, 596–607.
Vos, J., Evers, J.B., Buck-Sorlin, G.H., Andrieu, B., Chelle, M., de Visser, P H B, 2010. Functionalstructural plant modelling: a new versatile tool in crop science. Journal of Experimental Botany
61, 2101–2115.
Voss-Fels, K., Snowdon, R.J., 2016. Understanding and utilizing crop genome diversity via highresolution genotyping. Plant Biotechnology Journal 14, 1086–1094.
Vries, J. de, Poelman, E.H., Anten, N., Evers, J.B., 2018. Elucidating the interaction between light
competition and herbivore feeding patterns using functional-structural plant modelling. Annals of
Botany 121, 1019–1031.
Wahabzada, M., Paulus, S., Kersting, K., Mahlein, A.-K., 2015. Automated interpretation of 3D
laserscanned point clouds for plant organ segmentation. BMC Bioinformatics 16, 248.
Wake, M.H., 2008. Integrative biology: science for the 21st century. BioScience 58, 349–353.
Wang, X., Chen, L., Ma, J., 2019. Genomic introgression through interspecific hybridization
counteracts genetic bottleneck during soybean domestication. Genome Biol 20, 1–15.
Wang, Y., Reiter, R.J., Chan, Z., 2018. Phytomelatonin: a universal abiotic stress regulator. Journal of
Experimental Botany 69, 963–974.
Watanabe, M., Hoefgen, R., 2019. Sulphur systems biology—making sense of omics data. Journal of
Experimental Botany 70, 4155–4170.
Waters, C.N., Zalasiewicz, J., Summerhayes, C., Barnosky, A.D., Poirier, C., Gałuszka, A., Cearreta,
A., Edgeworth, M., Ellis, E.C., Ellis, M., Jeandel, C., Leinfelder, R., McNeill, J.R., Richter, D.d.,
Steffen, W., Syvitski, J., Vidas, D., Wagreich, M., Williams, M., Zhisheng, A., Grinevald, J.,
Odada, E., Oreskes, N., Wolfe, A.P., 2016. The Anthropocene is functionally and stratigraphically
distinct from the Holocene. Science 351, aad2622.

-

33

-

Weerarathne, L.V.Y., Suriyagoda L.D.B., Marambe, B., 2015. Barnyard grass (Echinochloa crus-galli
(L.) P.Beauv) is less competitive on rice (Oryza sativa L.) when phosphorus (P) is applied to
deeper layers in P-deficient and moisture limited soils. Plant and Soil 391, 1-17.
Wiens, J.A., 2013. Is landscape sustainability a useful concept in a changing world? Landscape
Ecology 28, 1047–1052.
Willig, M.R., Walker, L.R. (Eds.), 2016. Long-Term Ecological Research. Changing the Nature of
Scientists. Oxford University Press, New York, NY, USA
Winterhalder, B., Smith, E.A. Analyzing adaptive strategies: Human behavioral ecology at twentyfive. Evolutionary Anthropology 9, 51-72.
Wojtkowski, P., 2019. Agroecology. Springer International Publishing, Cham, Switzerland.
Wolfe, M.D., Bauchet, G.J., Chan, A.W., Lozano, R., Ramu, P., Egesi, C., Kawuk, R., Kulakow, P.,
Rabbi, I., Jannink, J.-L., 2019. Historical introgressions from a wild relative of modern cassava
improved important traits and may be under balancing selection. Genetics 213, 1237–1253.
Wolter, F., Schindele, P., Puchta, H., 2019. Plant breeding at the speed of light: the power of
CRISPR/Cas to generate directed genetic diversity at multiple sites. BMC Plant Biology 19, 1–8.
Wu, X., Aravecchia, S., Lottes, P., Stachniss, C., Pradalier, C., 2020. Robotic weed control using
automated weed and crop classification. Journal of Field Robotics 37, 322–340.
Xu, L., Henke, M., Zhu, J., Kurth, W., Buck-Sorlin, G., 2011. A functional-structural model of rice
linking quantitative genetic information with morphological development and physiological
processes. Annals of Botany 107, 817–828.
Yamamoto, K., 2019. Distillation of crop models to learn plant physiology theories using machine
learning. PloS ONE 14, e0217075.
Yang, J., Zhang, J., 2010. Grain-filling problem in ‘super’ rice. Journal of Experimental Botany 61, 1–
5
Yang, L., Li, B., Zheng, X.-y., Li, J., Yang, M., Dong, X., He, G., An, C., Deng, X.W., 2015. Salicylic
acid biosynthesis is enhanced and contributes to increased biotrophic pathogen resistance in
Arabidopsis hybrids. Nature Communications 6, 7309.
You, J., Li, X., Low, M., Lobell, D., Ermon, S., 2017. Deep Gaussian process for crop yield prediction
on remote sensing data. AAAI, pp. 4559-4566.
Zhang, H., Li, H., Yuan, L., Wang, Z., Yang, J., Zhang, J., 2012. Post-anthesis alternate wetting and
moderate soil drying enhances activities of key enzymes in sucrose-to-starch conversion in inferior
spikelets of rice. Journal of Experimental Botany 63, 215–227.
Zhang, Y., Malzahn, A.A., Sretenovic, S., Qi, Y., 2019. The emerging and uncultivated potential of
CRISPR technology in plant science. Nature Plants 5, 778–794.
Zulfiqar, F., Navarro, M., Ashraf, M., Akram, N.A., Munné-Bosch, S., 2019. Nanofertilizer use for
sustainable agriculture: Advantages and limitations. Plant Science 289, 110–270.

Acknowledgements
ML acknowledges funding of his work through Deutsche Forschungsgemeinschaft (CRC
Future Rural Africa – TRR228/1) and the e:Bio initiative of the German Federal Ministry of
Education and Research (CRC Prediction and Modeling of Hybrid Performance and Yield
Gain in Oilseed Rape by Systems Biology - FKZ 031A297I). This work was partially
supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy – EXC 2070 – 390732324 (PhenoRob).
ICD thanks the Global Challenges Research Fund (Project RECIRCULATE, ES/P010857/1)
for work on applying AWD in West Africa.

