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Introduction
A critical component for enhancing productivity and quality
of food and fiber is the ability to quickly detect and monitor
plant diseases in order to prevent or minimize losses to agricultural and forest products (Mahlein 2016). The earlier (prior
to or at first symptoms) the diseases can be detected, the lower
the risk of control failure or their spread to disease-free areas
(Zarco-Tejada et al. 2018). Novel farming methods and tools
have been proposed as a way to more precisely (temporally
and spatially) deploy agrochemicals at the right dosage to the
right target, thus helping to reduce the negative impacts on the
environment, but to also reduce the risk of inadvertently developing chemical-resistant strains in the pathogen population
due to chemical overuse (Mahlein et al. 2018). Currently, sitespecific and advanced farming techniques are increasingly
available, and their implementation is necessary to reduce
agricultural expansion into native ecosystems and ensure food
safety and supply (Foley et al. 2011; Vogel 2017). In the context of pest and diseases, optimizing agricultural practices
through the integrated use of remote sensing and plant pathology seems to be a worthwhile enterprise (Gebbers and
Adamchuk 2010). Remote sensing (i.e. retrieving information
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from objects without direct contact) has been a promising
discipline since the 1980s and was envisioned to support
efforts in agronomic management and in plant pathology,
therefore advancing the remote detection of abiotic and
biotic stress. Thirty years ago, Jackson (1986) stated that:
“continued research at all levels, ground, aircraft, and
satellite (goal 1), should build the foundation for a future
global stress-detection system (goal 2) that would be readily
available to all (goal 3)”. We split Jackson’s vision into three
smaller goals in order to explore whether we have achieved
the aims he sought three decades ago. We highlight challenges
and potential solutions in the context of application of remote
sensing in plant pathology.

Challenges
We believe that a major barrier in interdisciplinary science, or
more recently known as convergence science, is the complexity of tasks that are often required to solve vexing problems
that have a societal component (National Science Foundation
2016). To facilitate the search for solutions, the integration of
knowledge, methods, and expertise from different disciplines
plays a central role. A new scientific language is thus created
by bringing together intellectually-diverse researchers, as collaboration across disciplines requires effective ways of communicating. Both remote sensing and plant pathology interface and depend upon knowledge from other disciplines such
as plant physiology, ecology, agronomy, geography, natural
conservation, physics, electronics, mathematics and computational sciences. This can be illustrated by several current efforts, reviewed by Mahlein (2016), to develop early - even
pre-symptomatic - disease detection systems using different
sensor technologies. Commonly, thermal, hyperspectral and
chlorophyll fluorescence sensors are applied to isolated
pathosystems in controlled environments. As pathogen movement is now facilitated through human transportation systems
on a global scale (Willis 2017), single-point, small-scale, data
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are no longer sufficient. More intercontinental and interdisciplinary efforts are needed to establish functional detection
systems of large, preferably global, coverage.
In the context of large team efforts, people from different
worlds (conceptually and technically speaking) will need to
work hand-in-hand. However, the potentially narrow and
discipline-specific focus within each scientific field bears potential for miscommunication of concepts across disciplines
that could hamper an effective research foundation being laid.
This may lead to inappropriate or ineffective use of the proposed methods and tools from each discipline. To illustrate
this, Liebig’s Law of the Minimum defines ‘stress’, from an
agricultural point-of-view, as a situation when plant growth
and yield is mainly limited by a constrained resource (Grime
2010). Contrastingly, Harper (1977) defined stress, from an
ecological perspective, as the variability in mortality and recruitment rates in plant populations. Concepts are developed
and applied in context, and so how can we improve interdisciplinary communication and collaboration in such situations
when concepts are defined and interpreted differently across
disciplines?
Remote sensing has been largely ‘oversold’ in the past. It
was provocatively defined, 40 years ago, as ‘a solution
looking for a problem’. In spite of the advances by those
people who pioneered and bravely engaged in this crosstalk,
not all of what had been anticipated has been actually incorporated into disease management systems.
But successful examples of applicable image-based systems have been demonstrated recently for early detection of
harmful field epidemics (Zarco-Tejada et al. 2018) and to
quantify disease intensity based on image classification
methods (Pethybridge and Nelson 2015). In fact, improved
developments in sensor technology over recent years have
made use of remote sensing techniques more easily available
and affordable. For example, 20 years ago only large organizations could purchase very expensive equipment such as
hyperspectral sensors, and almost exclusively for research
purposes that justified the investment. In the current age of
‘digital revolution’ and ‘big data’ in agriculture and forestry,
remote sensing tools, as well as artificial intelligence, have
become more accessible and popular thanks to sensor miniaturization, hardware evolution, reduced costs and more simple
operation protocols (Mahlein et al. 2018). Once the usefulness
and practicality of such systems are proven and established by
researchers, the potential is enormous to integrate them into
operational disease management programs and help solve
problems from scales varying from plants to landscapes, including disease detection and monitoring. However, continuing interdisciplinary research is needed to advance knowledge
and improve our understanding of the subtle plant physiological changes caused by different pathogens. This information
can be acquired from remote sensing data and is crucial to
discriminate among biotic and abiotic stresses, an issue that

remains unsolved and requires further exploration (Mahlein
2016; Zarco-Tejada et al. 2018). We support calls that research
should continue to validate methods within and between
pathosystems before the approach is offered to farmers as
the next ‘silver bullet’. Such validations could be realized by
using advanced, physically based approaches like radiative
transfer modeling to explore the biological cause of plant
stress responses through sensor data. The success of remote
sensing-based detection systems should be evaluated in the
context of the actual end-user demand, as well as economic
and ecological aspects. Establishing feasible and affordable
plant disease detection systems will also require the inclusion
and understanding of practitioners and policy-maker needs.

Potential solutions
While we acknowledge numerous examples of effective interdisciplinary research solving major global issues challenges
have been identified (Brown et al. 2015; Ledford 2015; Van
Noorden 2015), pointing to areas that can be improved to
develop practical solutions as new issues arise. An auspicious
beginning is to encourage engagement and dialogue among
researchers based on ethical principles that include respect and
the ability to listen and ask questions freely (Brown et al.
2015). One expert should acknowledge that a collaborator,
while an expert in her/his field, may be an amateur in the other
field and not be able to follow discipline-specific jargon, and
thus avoid any uncomfortable debate. Inclusive and open scientific communities, such as Open Plant Pathology, whose
vision is “to foster a diverse community culture that values
openness, transparency and reproducibility of scientific research data and methods” (https://openplantpathology.org/)
is an example of a welcoming environment that is already
contributing to enhance the dialogue and break existing
barriers.
To value and recognize mutual efforts, researchers should
consider investing time to learn some concepts and methods
of the other discipline. Care is needed to ensure that the concepts are not misunderstood, methodologies are not
oversimplified, and their effectiveness kept intact, whilst
avoiding discipline-specific jargon. This requires all parties
to be up-to-date with the relevant literature, which can also
be achieved through open platforms or social media interactions. One should be able to expect a minimum level of common knowledge to start collaborating and working on problems that advance both fields of research. The level of detail of
the required knowledge depends on the complexity of the
research questions and may vary. Building such knowledge
should not only depend on an individual’s self-learning ability
but also by integrating remote sensing science into the curriculum of many natural and social science disciplines.
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Conclusion
With growing environmental concerns due to increased pesticide use, the concurrent rise of new pathogens endangering
global food production, and the complexities involved in solving some of these issues at global scales, there is a clear need
to assimilate remote sensing methods and innovative technology in plant pathology. We discussed potential solutions to
realize Jackson’s proposed vision in the late 80s (Jackson
1986). To foster continued research (goal 1) we suggest tackling the complex challenges faced by remote sensing experts
and plant pathologists by promoting an open and transparent
culture of collaboration and communication, which will potentially lead to advances in stress-detection systems (goal 2)
across temporal and spatial scales. In order to make the interdisciplinary research readily and widely (goal 3), we must
build trust and cultivate a culture of transparency and openness as this is a fundamental principle of science. Employers
and funding bodies can help to achieve this vision by creating
a space for interdisciplinary specialists to operate towards
reaching their full potential. Funding, intellectual freedom
and suitable positions should be provided in order to allow
specialists with different cultural, social and educational backgrounds to combine their ideas, to pave new ways toward
protecting our natural landscapes and food systems.
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