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ABSTRACT

Over the last 40 years, the paradigm of Measure, Model, Manage has promised an
agricultural revolution through data-informed precision management. This shift remains
largely incomplete, lagging concurrent innovations in genetics and pesticides.
Significant barriers persist in achieving breakthrough innovations for crop data collection
and the development of data analysis/decision-making systems. These hurdles include
a decades-old "Sensor Crisis" (a lack of appropriate tools), a "Data Crisis" (inconsistent
and underutilised data), and deep-rooted challenges in the adoption of innovations.
Fundamentally, these innovation crises stem from globally uncoordinated research and
development (R&D) combined with highly fragmented agrarian structures. This
fragmentation results in numerous small, diverse markets that fail to justify the costly
R&D, required for technological breakthroughs in the complex agricultural systems.
Finalising and maximising precision agriculture requires unprecedented global
collaboration across R&D, industry, and governance. New transregional alliances should
simultaneously focus on market-specific technology suites and on quickly establishing
flexible, standardised tools for Al-based data extraction, analysis, and decision-making.

Keywords: Data-driven agriculture, sensor crisis, data crisis, adoption barriers, Al-based
solutions.

INTRODUCTION

"Measure, Model, Manage" [0] - the core concept of data-driven, precision agriculture —
has guided R&D for half a century, creating technologies ranging from sensors to satellite
imagery aimed at boosting productivity and sustainability [1]. Yet, widespread adoption
of "smart" practices remains elusive. Our paper explores that disconnect, identifying key
challenges in digital agriculture, with a focus on crop data relevant to input management.

RESULTS & DISCUSSION

Sensors Crisis. For the past four decades, most crop data have relied on optical
reflection sensors [2], which measure only the plant's surface (colour/morphology), not
its internal state. Inefficiencies such as non-detection, saturation, and confounding with



ambient conditions can easily skew the readings, leading sensors to report symptoms
(e.g., chlorophyll loss) rather than causes (e.g., insufficient Nitrogen at a sensitive stage).
High calibration demands render these sensors inadequate for use and make them
difficult to adjust cross-regionally, resulting in very low adoption of commercial sensors
or services, with probably less than 20,000 nitrogen sensors sitting idle globally on farms.

We lack both ‘universal crop sensors’ - capable of tuning into key plant processes - and
the knowledge to utilise such data for crop management. Promising lab solutions, such
as Raman Spectroscopy [3] or Impedance Spectroscopy/Electrophysiology [4], require
substantial R&D efforts to become proximal, contactless and low-cost field tools. Remote
sensing could become more objective with physics-based Radiative Transfer Models [5].

Data Crisis.

Modern farm equipment for one crop utilises 60 to 100 sensors for internal control, and
some of this data can describe soil or crop features. Combining this with dedicated crop
sensor readings, all geo-referenced, creates large data sets - effectively turning every
square meter of a field into a trial plot - that should be used to train decision Al models.

Currently, such data is wasted due to proprietary data files and a lack of automated
collection and analysis tools. Data analytics provides methods that can infer and profile
metadata in ‘data lakes’ for automated data input, analysis, and decision support [6].
Making such tools available for agriculture requires substantial, combined R&D efforts.

Inadequate Markets.

Though the world's 608 million farms will continue to consolidate, they don't form a unified
technology market. Instead, they are highly fragmented by factors such as size, farming
system, training, age, history, environment, crops, market access, profitability and more.
This fragmentation causes variability in already low adoption rates, driven by a low
willingness to invest (30%) where returns are vague or long-term, compounded by the
fact that 50% of farmers are unwilling to pay for new data services [8]. This ultimately
results in markets being too small to justify R&D investment for breakthrough innovations.

CONCLUSIONS

The lack of innovative digital tools (sensors, analysis, management) negatively affects
productivity, food security, profitability, rural development and the environment [9]. The
stagnation and inability of extremely fragmented agrarian systems to overcome this
challenge with current R&D concepts urgently require the commitment of all stakeholders
to adopt novel approaches, R&D methodologies, and commercialisation paths.
Mastering these challenges requires a multi-actor effort, starting with transregional R&D
alliances that develop a suite of market-specific sensor technologies, each suite
designed for a particular farming intensity and region. Simultaneously, initiatives must
develop self-learning Al tools for both data sharing and data-driven decision-making.
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