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Summary

1. INTRODUCTION

For nearly a century, scientific advances have fueled progress in U.S. 
agriculture to enable American producers to deliver safe and abundant food 
domestically and provide a trade surplus in bulk and high-value agricultural 
commodities and foods. Today, the U.S. food and agricultural enterprise 
faces formidable challenges that will test its long-term sustainability, com-
petitiveness, and resilience. On its current path, future productivity in the 
U.S. agricultural system is likely to come with trade-offs. The success of 
agriculture is tied to natural systems, and these systems are showing signs 
of stress, even more so with the change in climate. Water scarcity, increased 
weather variability, floods, and droughts are examples of stresses on food 
and agricultural production. More than one-third of the food produced 
is unconsumed, an unacceptable loss of food and nutrients at a time of 
heightened global food demand. Increased food animal production to meet 
greater demand will generate more greenhouse gas emissions and excess 
animal waste. The U.S. food supply is generally secure, but is not immune 
to the costly and deadly shocks of continuing outbreaks of foodborne ill-
ness or to the constant threat of pests and pathogens to crops, livestock, 
and poultry. U.S. farmers and producers are at the front lines and will need 
more tools to manage the pressures they face.

In the coming decade, stresses on the U.S. food and agricultural enter-
prise are unlikely to be resolved by farmers, the market, input suppliers, 
or by current public- and private-sector research efforts if business as 
usual prevails. Approaches focused mainly on making incremental fixes to 

1

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

2 SCIENCE BREAKTHROUGHS

problems that arise from complex influences—some biological and physi-
cal, some man-made—are resistant to simple solutions. The food system is 
vast, complex, and interconnected. The “wicked” problems—intractable 
problems with many interdependent factors that make them difficult to 
define or solve—will require a radically different approach to understand 
and uncover solutions that can only be found when explored beyond the 
traditional boundaries of food and agricultural disciplines. Broader per-
spectives are needed to provide a better view for optimizing the food and 
agricultural system. Acquiring this perspective means reframing problems 
and employing emerging tools to identify and address key points of inter-
vention in the system. 

This report identifies innovative, emerging scientific advances for mak-
ing the U.S. food and agricultural system more efficient, resilient, and sus-
tainable. An ad hoc study committee appointed by the National Academies 
of Sciences, Engineering, and Medicine was guided by a Statement of Task1 
to explore the availability of relatively new scientific developments across 
all disciplines that could accelerate progress toward those goals. The com-
mittee identified the most promising scientific breakthroughs that could 
have the greatest positive impact on food and agriculture, and that are 
possible to achieve in the next decade (by 2030). The opportunities sum-
marized in this report highlight novel approaches for food and agricultural 
sciences in innovating for the future. 

2. RESEARCH STRATEGY FOR 2030

2.1 Major Goals and Key Research Challenges

Over the course of its study, the committee held discussions with 
members of the scientific community to identify the most challenging issues 
facing food and agriculture and the best research opportunities to address 
them. In the next decade, the major goals for food and agricultural research 
include (1) improving the efficiency of food and agricultural systems, (2) 
increasing the sustainability of agriculture, and (3) increasing the resiliency 
of agricultural systems to adapt to rapid changes and extreme conditions. 
These goals derive from the common nature of key research challenges 
identified by food and agricultural scientists, which include the following:

•	 Increasing nutrient use efficiency in crop production systems,
•	 Reducing soil loss and degradation,
•	 Mobilizing genetic diversity for crop improvement,
•	 Optimizing water use in agriculture, 

1 The Statement of Task is provided in Chapter 1, Box 1-2.
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•	 Improving food animal genetics,
•	 Developing precision livestock production systems, 
•	 Early and rapid detection and prevention of plant and animal 

diseases,
•	 Early and rapid detection of foodborne pathogens, and
•	 Reducing food loss and waste throughout the supply chain.

2.2 Convergence

In the past, it has been more common to examine problems in a defined 
space or discipline for reasons related to practicality and greater ease of 
management, and that approach has been effective at addressing distinct 
issues that require specific knowledge in a domain. The urgent progress 
needed today to address the most challenging problems requires leveraging 
capabilities across the scientific and technological enterprise in a convergent 
research approach. The 2014 National Research Council report Conver-
gence: Facilitating Transdisciplinary Integration of Life Sciences, Physical 
Sciences, Engineering, and Beyond (see p. 1) describes convergence as 

an approach to problem solving that cuts across disciplinary boundar-
ies [and] integrates knowledge, tools, and ways of thinking from life 
and health sciences, physical, mathematical, and computational sciences, 
engineering disciplines, and beyond to form a comprehensive synthetic 
framework for tackling scientific and societal challenges that exist at the 
interfaces of multiple fields.

This means that merging diverse expertise areas stimulates innovation 
in both basic science discoveries and translational applications. Food and 
agricultural research needs to be broadened to harness advances in data 
science, materials science, and information technology. Furthermore, inte-
grating the social sciences (such as behavioral and economics sciences) to 
correctly frame problems and their solution space is essential, as the food 
and agricultural system is as much a human system as a biophysical one. 

2.3 Science Breakthroughs and Recommendations 

The committee identified five breakthrough opportunities that could 
dramatically increase the capabilities of food and agricultural science. The 
recommendations that follow will require a shift in how the research com-
munity approaches its work, and initiatives for each of the breakthroughs 
will require robust support. 
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Transdisciplinary Research and Systems Approach

Breakthrough 1: A systems approach to understand the nature of 
interactions among the different elements of the food and agricultural sys-
tem can be leveraged to increase overall system efficiency, resilience, and 
sustainability. Progress in meeting major goals can occur only when the 
scientific community begins to more methodically integrate science, technol-
ogy, human behavior, economics, and policy into biophysical and empirical 
models. For example, there is the need to integrate the rate and determi-
nants of adopting new technologies, practices, products, and processing 
innovations into food and agricultural system models. This approach is 
required to properly quantify the shifts in resource use, market effects, and 
response, and to determine benefits that are achievable from scientific and 
technological breakthroughs. Consideration of these system interactions is 
critical for finding holistic solutions to the food and agricultural challenges 
that threaten our security and competitiveness.

Recommendation 1: Transdisciplinary science and systems approaches 
should be prioritized to solve agriculture’s most vexing problems. Solving 
the most challenging problems in agriculture will require convergence and 
systems thinking to address the issues; in the absence of both, enduring 
solutions may not be achievable. Transdisciplinary problem-based col-
laboration (team science) will need to be facilitated because for some, it 
is difficult to professionally gravitate to scientific fields outside of one’s 
expertise. Such transitions will require learning to work in transdisciplinary 
teams. Enticing and enabling researchers from disparate disciplines to work 
effectively together on food and agricultural issues will require incentives 
in support of the collaboration. The use of convergent approaches will also 
facilitate new collaborations that may not have occurred when approached 
by researchers operating in disciplines in separate silos. Transdisciplinary 
problem-based collaborations will enable engagement of a new or diverse 
set of stakeholders and partners and benefit the food and agriculture sector. 
Leadership is key to making team science successful, as scientific directors 
need a unique set of skills that includes openness to different perspectives, 
the ability to conceptualize the big picture, and perhaps most importantly, 
a talent for uniting people around a common mission. These qualities are 
not always natural for scientists, so providing professional development 
opportunities to foster leadership in the transdisciplinary model is critical. 

There are many examples of programs that already require trans-
disciplinary work: for example, grants provided by the National Science 
Foundation’s (NSF’s) Innovations at the Nexus of Food, Energy and Water 
Systems (INFEWS) and the request for proposals outlined in the 2018 
Sustainable Agricultural Systems competitive grants program administered 
through the U.S. Department of Agriculture’s (USDA’s) Agricultural and 
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Food Research Initiative. The NSF INFEWS and most recent USDA grants 
on Sustainable Agricultural Systems have relatively larger budgets that can 
support convergent team science. However, many of the standard grants 
requiring “transdisciplinary” approaches do not provide enough funding 
to support team science so the incentives for transdisciplinary science are 
still lacking. For convergence to truly be productive, financial incentives are 
needed to encourage grant applicants to step outside their comfort zones 
and to establish deep connections among subject matter experts from a 
variety of arenas. 

Sensing Technologies

Breakthrough 2: The development and validation of precise, accurate, 
field-deployable sensors and biosensors will enable rapid detection and 
monitoring capabilities across various food and agricultural disciplines. 
Historically, sensors and sensing technology have been used in food and 
agriculture to provide point measurements for certain characteristics of 
interest (e.g., temperature), but the ability to continuously monitor several 
characteristics at once is the key to understanding both what and how it 
is happening in the target system. Scientific and technological advances 
in materials science, microelectronics, and nanotechnology are poised to 
enable the creation of novel nano- and biosensors to continuously moni-
tor conditions of environmental stimuli and biotic and abiotic stresses. 
The next generation of sensors may also revolutionize the ability to detect 
disease prior to the onset of symptoms in plants and animals, to identify 
human pathogens before they enter the food distribution chain, and to 
monitor and make decisions in near real time. 

Recommendation 2: Create initiatives to more effectively employ exist-
ing sensing technologies and to develop new sensing technologies across 
all areas of food and agriculture. These initiatives would lead to transdis-
ciplinary research, development, and application across the food system. 
The attributes of the sensor (e.g., shape, size, material, in situ or in planta, 
mobile, wired or wireless, biodegradable) would depend on the purpose, 
application, duration, and location of the sensors. For example, in situ 
soil and crop sensors may provide continuous data feed and may alert the 
farmer when moisture content in soil and turgor pressure in plants fall 
below a critical level to initiate site-specific irrigation to a group of plants, 
eliminating the need to irrigate the entire field. Likewise, in planta sensors 
may quantify biochemical changes in plants caused by an insect pest or a 
pathogen, alerting and enabling the producer to plan and deploy immediate 
site-specific control strategies before infestation occurs or damage is visible. 
Biosensors for food products could indicate product adulteration or spoil-
age and could alert distributors and consumers to take necessary action. 
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Data Science and Agri-Food Informatics

Breakthrough 3: The application and integration of data science, soft-
ware tools, and systems models will enable advanced analytics for manag-
ing the food and agricultural system. The food and agricultural system 
collects an enormous amount of data, but has not had the right tools to 
use it effectively. Data generated in research laboratories and in the field 
have been maintained in an unconnected manner, preventing the ability to 
generate insights from their integration. Advances and applications of data 
science and analytics have been highlighted as an important breakthrough 
opportunity to elevate food and agricultural research and the application of 
knowledge. The ability to more quickly collect, analyze, store, share, and 
integrate highly heterogeneous datasets will create opportunities to vastly 
improve our understanding of the complex problems and, ultimately, to 
the widespread use of near-real-time, data-driven management approaches.

Recommendation 3: Establish initiatives to nurture the emerging area 
of agri-food informatics and to facilitate the adoption and development 
of information technology, data science, and artificial intelligence in food 
and agricultural research. Maximizing the knowledge and utility that can 
be gained from large research datasets requires strategic efforts to provide 
better data access, data harmonization, and data analytics in food and 
agricultural systems. The challenges of handling massive datasets that are 
highly heterogeneous across space and time need to be addressed. Data 
standards need to be established and the vast array of data needs to be 
more findable, interoperable, and reuseable. There is a need to increase 
data processing speeds, develop methods to quickly assess data veracity, 
and provide support for the development and dissemination of agri-food 
informatics capabilities, including tools for modeling real-time applications 
in dynamically changing conditions. 

Blockchain and artificial intelligence, including machine-learning algo-
rithms, are promising technologies for the unique needs of the food and 
agricultural system that have yet to be fully developed. Development of 
advanced analytic approaches, such as machine-learning algorithms for 
automated rapid phenotyping, will require better platforms for studying 
how various components in the food system interact. Application of these 
approaches will require investment in infrastructure to house massive num-
bers of records, and a means by which those records can be integrated and 
effectively used for decision-making purposes. A convergence of expertise 
from many disciplines will be needed to realize the potential of these 
opportunities.
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Genomics and Precision Breeding

Breakthrough 4: The ability to carry out routine gene editing of agricul-
turally important organisms will allow for precise and rapid improvement of 
traits important for productivity and quality. Gene editing—aided by recent 
advances in genomics, transcriptomics, proteomics, and  metabolomics—is 
poised to accelerate breeding to generate traits in plants, microbes, and 
animals that improve efficiency, resilience, and sustainability. Comparing 
hundreds of genotypes using omics technologies can speed the selection of 
alleles to enhance productivity, disease or drought resistance, nutritional 
value, and palatability. For instance, the tomato metabolome was effectively 
modified for enhanced taste, nutritional value, and disease resistance, and 
the swine genome was effectively targeted with the successful introduction 
of resistance to porcine reproductive and respiratory syndrome virus. This 
capability opens the door to domesticating new crops and soil microbes, 
developing disease-resistant livestock, controlling organisms’ response to 
stress, and mining biodiversity for useful genes.

Recommendation 4: Establish initiatives to exploit the use of genomics 
and precision breeding to genetically improve traits of agriculturally impor-
tant organisms. Genetic improvement programs in crops and animals are 
an essential component of agricultural sustainability. With the advent of 
gene-editing technologies, targeted genetic improvements can be applied to 
plant and animal improvement in a way that traditional methods of modi-
fication are unable to achieve. There are opportunities to accelerate genetic 
improvement by incorporating genomic information, advanced breeding 
technologies, and precision breeding methods into conventional breeding 
and selection programs. Encouraging the acceptance and adoption of some 
of these breakthrough technologies requires insights gained from social 
science and related education and communication efforts with producers 
and the public. Gene editing could be used to both expand allelic variation 
introduced from wild relatives into crops and remove undesirable linked 
traits, thereby increasing the value of genetic variation available in breeding 
programs. Similarly, incorporating essential micronutrients or other quality-
related traits in crops through gene-editing tools offers an opportunity to 
increase food quality and shelf life, enhance nutrition, and decrease food 
loss and food waste. These technologies are similarly applicable to food 
animals, and possible targets of genetic improvements include enhanced 
fertility, removal of allergens, improved feed conversion, disease resistance, 
and animal welfare.
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Microbiome

Breakthrough 5: Understand the relevance of the microbiome to agri-
culture and harness this knowledge to improve crop production, trans-
form feed efficiency, and increase resilience to stress and disease. Emerging 
accounts of research on the human microbiome provide tantalizing reports 
of the effect of resident microbes on our body’s health. In comparison, a 
detailed understanding of the microbiomes in agriculture—animals, plants, 
and soil—is markedly more rudimentary, even as their functional and 
critical roles have been recognized for each at a fundamental level. A 
 better understanding of molecular-level interactions between the soil, plant, 
and animal microbiomes could revolutionize agriculture by improving soil 
structure, increasing feed efficiency and nutrient availability, and boost-
ing resilience to stress and disease. With increasingly sophisticated tools 
to probe agricultural microbiomes, the next decade of research promises 
to bring increasing clarity to their role in agricultural productivity and 
resiliency.

Recommendation 5: Establish initiatives to increase the understanding 
of the animal, soil, and plant microbiomes and their broader applications 
across the food system. Transdisciplinary efforts focused on obtaining a 
better understanding of the various agriculturally relevant microbiomes 
and the complex interactions among them would create opportunities to 
modify and improve numerous aspects of the food and agricultural con-
tinuum. For example, understanding the microbiome in animals could help 
to more precisely tailor nutrient rations and increase feed efficiency. Know-
ing which microbes or consortia of organisms might be protective against 
infections could decrease disease incidence and/or severity and therefore 
lower losses. Research efforts are already under way to characterize the 
food microbiome in an effort to produce a reference database for microbes 
upon which rapid identification of human pathogens can be based. In plant 
sciences, research priorities are being established that focus on engineering 
various microbiomes to promote better disease control, drought resistance, 
and yield enhancement. Characterization of interactions between the soil 
and plant microbiomes is critical. The soil microbiome is responsible for 
cycling of carbon, nitrogen, and many other key nutrients that are required 
for crop productivity, and carries out several other key ecosystem functions 
impacted in largely unknown ways by a changing climate. Enhanced under-
standing of the basic microbiome components and the roles they play in 
nutrient cycling is likely to be critical for ensuring continuing and sustain-
able crop production globally.
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2.4 Promising Research Directions

The committee explored important research directions to address key 
research challenges by disciplines or categories. Among the most promis-
ing research directions are those described in Box S-1. These are noted as 
important opportunities because of their potential for transforming food 
and agriculture and because new scientific developments make them pos-
sible in the near term. Although these research directions have focused 
targets, their broader objectives with respect to the research challenges 
are interconnected and can be pursued synergistically. The breakthrough 
initiatives recommended earlier would catalyze the success of the research 
directions in Box S-1.

BOX S-1 
Recommended Research Directions by Discipline or Category

Crops

1.  Continue to genetically dissect and then introduce desirable traits and re-
move undesirable traits from crop plants through the use of both traditional 
genetic approaches and targeted gene editing. 

2.  Enable routine genetic modification of all crop plants through the develop-
ment of facile transformation and regeneration technologies.

3.  Monitor plant stress and nutrients through the development of novel sens-
ing technologies, and allow plants to better respond to environmental 
challenges (heat, cold, drought, flood, pests, nutrient requirements) by 
exploring the use of nanotechnology, synthetic biology, and the plant mi-
crobiome to develop dynamic crops that can turn certain functions on or 
off only when needed.

Animal Agriculture

1.  Enable better disease detection and management using a data-driven 
approach through the development and use of sensing technologies and 
predictive algorithms. 

2.  Accelerate genetic improvement in sustainability traits (such as fertility, 
improved feed efficiency, welfare, and disease resistance) in livestock, 
poultry, and aquaculture populations through the use of big genotypic 
and sequence datasets linked to field phenotypes and combined with 
genomics, advanced reproductive technologies, and precision breeding 
techniques.

3.  Determine objective measures of sustainability and animal welfare, how 
those can be incorporated into precision livestock systems, and how the 
social sciences can inform and translate these scientific findings to promote 
consumer understanding of trade-offs and enable them to make informed 
purchasing decisions. 

continued
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Food Science and Technology

1.  Profile and/or alter food traits for desirability (such as chemical composi-
tion, nutritional value, intentional and unintentional contamination, and 
quality and sensory attributes) via improvements in processing and pack-
aging technologies, the design and functionality of sensors, and the ap-
plication of “foodomic” technologies (including genomics, transcriptomics, 
proteomics, and metabolomics).

2.  Provide enhanced product quality, nutrient retention, safety, and consumer 
appeal in a cost-effective and efficient manner that also reduces environ-
mental impact and food waste by developing, optimizing, and validating 
advanced food processing and packaging technologies. 

3.  Support improved decision making to maximize food integrity, quality, 
safety, and traceability, as well as reduce food loss and waste by capi-
talizing on new data analytics, data integration, and the development of 
advanced decision support tools.

4.  Enhance consumer understanding and acceptance of innovations in food 
production, processing, and safe handling of foods through expanded 
knowledge about consumer behavior and risk-related decisions and 
practices.

Soils

1.  Maintain depth and quality of existing fertile soils, and restore degraded 
soils through adoption of best agronomic practices combined with the use 
of new sensing technologies, biological strategies, and integrated systems 
approaches.

2.  Significantly increase and optimize nutrient-use efficiency (especially nitro-
gen) through the integration of novel sensing technologies, data analytics, 
precision plant breeding, and land management practices.

3.  Create more productive and sustainable crop production systems by iden-
tifying and harnessing the soil microbiome’s capability to produce nutrients, 
increase nutrient bioavailability, and improve plant resilience to environ-
mental stress and disease. 

BOX S-1 Continued

3. FURTHER CONSIDERATIONS

The science breakthroughs alone cannot transform food and agricul-
tural research, as there are other factors that contribute to the success of 
food and agricultural research. Such factors include the research infrastruc-
ture, funding, and the scientific workforce. Other considerations include the 
social, economic, and political outcomes of various approaches.

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

SUMMARY 11

4.  Improve the transfer of technology and practices to farmers to reduce soil 
loss through converging research in soil sciences, technology adoption, 
and community engagement.

Water-Use Efficiency and Productivity

1.  Increase water-use efficiency by implementing multiple water-saving tech-
nologies across integrated systems.

2.  Lower water use through applications of prescriptive analytics for water 
management. 

3.  Lower water demands by improving plant and soil properties to increase 
water-use efficiency. 

4.  Increase water productivity by use of controlled environments and alterna-
tive water sources.

Data Science 

1.  Accelerate innovation by building a robust digital infrastructure that houses 
and provides FAIR (findable, accessible, interoperable, and reuseable) and 
open access to agri-food datasets. 

2.  Develop a strategy for data science in food and agriculture research, and 
nurture the emerging area of agri-food informatics by adopting and influ-
encing new developments in data science and information technology in 
food and agricultural research. 

3.  Address privacy concerns and incentivize sharing of public, private, and 
syndicated data across the food and agricultural enterprise by investing in 
anonymization, value attribution, and related technologies.

Systems Approach

1.  Identify opportunities to improve the performance and adoption of inte-
grated systems models of the food system and decision support tools.

2.  Incorporate elements of systems thinking and sustainability into all aspects 
of the food system (from education to research to policy).

3.1 Research Infrastructure Considerations

Conclusion 1: Investments are needed for tools, equipment, facilities, 
and human capital to conduct cutting-edge research in food and agriculture. 
Addressing agriculture’s most vexing problems in a coherent manner will 
require investments in research infrastructure that facilitate convergence of 
disciplines on food and agricultural research. These could include physi-
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cal infrastructure for experimentation as well as cyber infrastructure that 
enable sharing of ideas, data, models, and knowledge. Investments in our 
knowledge infrastructure are needed to develop a workforce capable of 
working in transdisciplinary teams and in a convergent manner. Mecha-
nisms are also needed to facilitate building private–public partnerships and 
engaging the public in food and agricultural research. 

Conclusion 2: The Agricultural Experiment Station Network and the 
Cooperative Extension System deserve continued support because they are 
vital for basic and applied research and are needed to effectively translate 
research to achieve impactful results in the food and agricultural sectors. 
The agricultural sciences are grounded in the basic sciences but have an 
eye toward the applied; this has historically been facilitated by state agri-
cultural experiment stations, as well as by extension and outreach efforts. 
Personnel and facilities with these functions allow scientists to translate 
laboratory-based findings into real-world products and processes that are 
most relevant, ultimately reaching key stakeholders and end users. Those 
stakeholders include industry, regulatory agencies, farmers and ranchers, 
and the general public. The recognition that scientists need to collaborate 
with stakeholders and translate basic research into useful and applicable 
results for the good of society is a fundamental value of the agricultural 
sciences. Recognizing and reinforcing that value through the provision of 
resources is essential for integrating agricultural scientific breakthroughs 
into the fabric of everyday life. 

3.2 Funding Considerations

Conclusion 3: Current public and private funding for food and agri-
cultural research is inadequate to address critical breakthrough areas over 
the next decade. There is a rapidly emerging necessity for food security and 
health to merit national priority and receive the funding needed to address 
the complex challenges in the next decade. If a robust food system is critical 
for securing the nation’s health and well-being, then funding in both the 
public and private sectors ought to reflect this as a priority. 

In the past century, public funding for food and agricultural research 
has been essential for enabling talented U.S. scientists to conduct basic sci-
entific research and provide innovative solutions for improving food and 
agriculture. However, in the past decade, the United States has lost its status 
as the top global performer of public agricultural research and development 
(R&D). Unless the United States reverses this trend and invests, the United 
States will fall behind other countries in terms of agricultural growth. 
In fiscal year 2017, the National Institutes of Health (NIH) allocated 
$18.2 billion for competitive research grants compared to USDA, which 
was appropriated only $325 million for competitive research grants (less 
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than 2 percent of the NIH’s amount), a budget that was less than half of 
the congressionally authorized amount. The current level of federal funding 
for food and agricultural research has thus been inadequate. Breakthrough 
science needed to assist the food and agricultural enterprise to thrive in the 
future will require a significant investment. More will be required to sustain 
the level of coordination and collaboration needed to address the increas-
ingly integrative, expansive, and visionary research required to ensure 
future security and competitiveness. 

Although private R&D is not a substitute for public R&D funding, 
private foundations and industry can provide some research funding that 
is complementary to public funding in the U.S. agricultural innovation sys-
tem. Innovative business models can be more widely employed for engaging 
researchers. For example, venture capital funding for start-up companies, 
which are well known in the tech industry, are providing record sources 
of investment in food and agricultural research. There are new institutions 
and mechanisms of financing research and of implementing innovations 
induced by research that offer the potential to expand funding (e.g., the 
Foundation for Food and Agriculture Research). However, these sources 
alone are insufficient to achieve the goals laid out in this report. In order for 
the U.S. agricultural enterprise to capitalize on the integrative, expansive, 
and visionary tools of research now being actively pursued by many other 
industries (e.g., sensing technologies, wireless communication, machine 
learning), a commitment to a major investment is needed now to ensure 
their relevant application to food and agriculture.

3.3 Education and Scientific Workforce

Conclusion 4: Efforts to renew interest in food and agriculture will need 
to be taken to engage non-agricultural professionals and to excite the next 
generation of students. Vast opportunities are available for nontraditional 
agricultural professionals to be involved in food and agriculture. However, 
there may be barriers to their involvement, such as misperceptions about 
the sophistication of agricultural technology and the lack of sustained fund-
ing for building transdisciplinary agricultural research teams that include 
non-agricultural professionals and scientists from other disciplines to work 
in food and agricultural sciences. 

A robust workforce for food and agricultural research will require tal-
ented individuals who are proficient in the challenges facing the food system 
along with an understanding of the opportunities to think outside the box 
for innovative approaches. Recruiting talented individuals into food and 
agricultural research will require a demonstration and shift in perception 
that food and agriculture can be innovative. 
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3.4 Socioeconomic Contributions and Other Considerations

Conclusion 5: A better understanding of linkages between biophysical 
sciences and socioeconomic sciences is needed to support more effective 
policy design, producer adoption, and consumer acceptance of innova-
tion in the food and agricultural sectors. The successful application of 
scientific innovation in the field depends on the willingness and ability of 
stakeholders to successfully apply and use new products and processes; it 
also depends on whether they view high-tech, site-specific approaches as 
economically or ecologically beneficial. There is a critical need to better 
understand the best means and methods for effective technology develop-
ment and integration in production processes, with input from both the 
public and private sectors. Better understanding of the political economy, 
behavioral and choice processes related to both adoption and use of the 
technological innovation, and acceptance and perception of new products 
will be required to support the effective design of policies and application 
of the research innovation. For example, digital information from remote 
sensing devices may be inputs into a new decision support system to assist 
agricultural workers in making choices about field practices or animal 
handling. However, workers will need sufficient training and motivation to 
respond to expected and unexpected outcomes and uncertainty (e.g., animal 
response to treatment or extreme weather events). Lessons from behavioral 
sciences may help support behavioral change and training requirements.

The successful implementation of scientific advances also requires other 
important considerations to be taken into account. Policies on land or input 
use, environmental impact, animal welfare, and food-handling practices 
can have significant near- and long-term impacts on agricultural and food 
sustainability. Some policy or technology changes may have unintended 
consequences in the system and require closer examination of system inter-
actions, including human behaviors related to adoption and use of new 
inputs, products, and processes. Insights from behavioral sciences can help 
inform the policy designs and reduce the costs of change, inform technologi-
cal adoption in the field (e.g., design of conservation or tillage applications, 
or provision of product information to consumers), and address issues of 
product acceptance and consumer trust in the food system. 

4. CLOSING REMARKS

At this pivotal time in history with an expanding global population 
requiring more from an increasingly fragile natural resource base, science 
breakthroughs are needed now more than ever for food and agriculture. 
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As the world’s greatest agricultural producer, the United States bears the 
tremendous responsibility of implementing scientific advances to support 
our nation’s well-being and security, and perhaps even global stability. The 
U.S. scientific enterprise is willing to rise to address such challenges; the 
tools and resources identified in this report can ensure its success. 

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

1

Introduction

1. BACKGROUND

For nearly a century, scientific advances have fueled progress in U.S. 
agriculture. As one of the most productive sectors of the U.S. economy, 
producers have achieved dramatic increases in output with simultaneously 
reduced inputs (such as land, labor, and chemicals) (Wang et al., 2018). 
Today’s farmers produce food for far more people using less land than in 
previous generations due to yield gains from advances in plant and animal 
breeding, mechanization, agricultural chemicals, and irrigation, among 
other improvements to agricultural production (Clancy et al., 2016). These 
advances have been the direct result of sustained historical investments in 
food and agricultural research, providing substantial social return on public 
investment with an estimated marginal payoff of $32.1 per dollar invested 
(Alston et al., 2011). Food and agricultural innovations have enabled the 
delivery of safe and abundant food domestically and supported a trade sur-
plus in bulk and high-value agricultural commodities (USDA-ERS, 2018). 

In the near future, the strength and responsiveness of the U.S. food 
and agricultural system will be tested. Recent analyses have warned that as 
a consequence of the growing world population, agricultural production 
worldwide will have collective difficulty in meeting the global demand for 
food and fiber (Valin et al., 2014). Achieving the higher level of productivity 
needed—itself a formidable task—will not be sustainable without innova-
tive solutions to challenges posed by shortages of arable land and water, 
the degradation of ecosystems, and the negative impacts of climate change.

Several scientific groups have issued reports that describe these chal-

17
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lenges in the context of the U.S. food and agricultural system and have iden-
tified opportunities to address them relative to the potential contributions 
of specific disciplinary or agency missions (see Box 1-1). This report builds 
on the opportunities identified in those reports and many others, including 
the White House report on U.S. Agricultural Preparedness and the Agri-

BOX 1-1 
Highlights from Selected Recent Reports on  

Challenges in U.S. Food and Agriculture

USDA-ARS National Program 301 Action Plan 2018-2022 (ARS, 2017)

This report lays out a national program that addresses critical needs for provid-
ing crop plants with higher inherent genetic potential. The report notes the ultimate 
goal is in improving production efficiency, yield, sustainability, resilience, healthful-
ness, product quality, and value of U.S. crops. This would require continuous crop 
genetic improvement through more efficient and effective plant breeding. To do so 
includes the use of new genes and traits from the nation’s gene banks, leading-
edge breeding methods, data-mining, bioinformatic tools, and incisive knowledge 
of crop molecular and biological processes.

The Challenge of Change: Harnessing University Discovery, 
Engagement, and Learning to Achieve Food and Nutrition Security 
(APLU, 2017)

This report from the Association of Public & Land-Grant Universities identifies 
grand challenges and “pathways” in meeting food security challenges and recom-
mends actions to meet global food needs by 2050. Themes include increasing 
yields while maintaining profitability and environmental sustainability; decreasing 
food waste; ensuring equitable food systems; and addressing the dual burdens 
of undernutrition and obesity. The report concludes by stating that food security 
should be a top priority for the nation and that transdisciplinary approaches will 
be needed to find solutions.

Agriculture and Applied Economics: Priorities and Solutions (C-FARE 
and AAEA, 2017)

The report identifies 10 priorities for agricultural and applied economics re-
search and education over the next decade. Working across disciplinary bound-
aries, economic science related to human behavior, markets, and institution and 
business structures can result in new ways of using or managing plants, animals, 
and even the environment, transforming risks into opportunities. 
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Framework for a Federal Strategic Plan for Soil Science (NSTC, 2016)

This report from the Soil Science Interagency Working Group identifies the 
pressures causing soil degradation, which include population growth and move-
ment, an increasing urban footprint, and changing demands on water and land. 
The report concludes that lack of a full understanding of soil ecosystem services 
makes it difficult to establish targets and metrics for addressing those pres-
sures. The report calls for research to advance fundamental knowledge of soil 
eco system services and to develop ways to track soil function under changing 
land-use scenarios. 

Phytobiomes: A Roadmap for Research and Translation (APS, 2016)

This report concludes that the slowing of annual yield growths for essential 
food crops has put the nation at a critical juncture. The report envisions that crop 
management would be based on systems-level knowledge of interacting compo-
nents rather than management of individual components. An examination of the 
phytobiome would include plants, their environments, and associated organisms 
within the community. Examination of the phytobiome could inform plant and agro-
ecosystem health, soil fertility, crop yields, and food quality and safety. 

American Society of Animal Science (ASAS) Grand Challenges (ASAS, 
2015)

Predicting that increases in efficiency of animal production will need to be 
greater during the next 40 years in order to meet the increased global demand 
for animal-based products, the ASAS put out five Grand Challenges in animal 
science. Themes include protection of human health, environmental sustainability, 
climate change, control of food contaminants, animal well-being, and sustainable 
use of water.

Unleashing a Decade of Innovation in Plant Science: A Vision for 
2015-2025 (ASPB, 2013)

The report notes the stagnation of investment in plant-related research in the 
United States and the need to leverage new technologies to transform biology 
and accelerate the pace of discovery. The report calls for an effort to improve the 
ability of plant scientists to understand, predict, and alter plant behavior.

Grand Challenges for Engineering (NAE, 2008) 

This report lays out the biggest challenges that engineers need to solve over 
the course of the 21st century. The list features two challenges that apply to the 
U.S. agriculture and food system: managing the nitrogen system and providing 
access to clean water. The report highlights the need for clever methods for re-
mediating the nitrogen cycle. Agricultural irrigation consumes enormous quantities 
of water, often exceeding 80 percent of total water use in developing countries. 
This calls for improved efficiency in water use.

BOX 1-1 Continued
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cultural Research Enterprise (PCAST, 2012) and the National Research 
Council reports A New Biology for the 21st Century (NRC, 2009); Toward 
Sustainable Agricultural Systems in the 21st Century (NRC, 2010); Con-
vergence: Facilitating Transdisciplinary Integration of Life Sciences, Physi-
cal Sciences, Engineering, and Beyond (NRC, 2014); and Critical Role of 
Animal Science Research in Food Security and Sustainability (NRC, 2015). 
From the perspective of addressing the biggest problems facing the U.S. 
food and agricultural system, this report explores the availability of rela-
tively new scientific tools emerging across all disciplines that could benefit 
the food and agricultural disciplines. This report identifies the most promis-
ing scientific breakthroughs with the potential to have the greatest impact 
on food and agriculture and that are possible to achieve in the next decade.

2. CHALLENGES TO THE U.S. FOOD 
AND AGRICULTURAL SYSTEM

2.1 Global Food System 

The United States is a critical player in the global food system and is 
expected to be competitive in the global marketplace. A major challenge 
for the future is the increasing worldwide demand for food, fuel, and fiber 
that comes with a global population expected to reach 8.6 billion by 2030 
and 9.8 billion people by 2050 (UN DESA, 2017). To meet demand in 
2050, published estimates of required percentage increases in food produc-
tion range from 25 to 110 percent, based partially on date of publication 
but also on parameters assessed, which reflect the very complex nature of 
the food system (Tilman et al., 2011; OECD-FAO, 2012; Ray et al., 2013; 
Valin et al., 2014; Hunter et al., 2017). Planning for the lower estimates 
could prove disastrous if the higher estimates turn out to be more accu-
rate. Total production of meat products will need to increase worldwide 
by 70 percent to meet the needs of a growing global middle class with an 
increasing desire for animal-source foods (Robinson and Pozzi, 2011). The 
United States has expanded agricultural and food production and exports 
to help meet the demand for increased food production. Many U.S. farmers 
depend on export markets to expand the demand for products and sup-
port production at scales sufficient to cover costs. Similarly, the ability to 
export animal products, which requires freedom from reportable diseases, 
opens markets for U.S. production. Expanded markets for plant and animal 
products allow for increased scale and specialization to take advantage of 
new market opportunities, both of which can have a positive effect for 
agricultural and food producers and consumers and the overall economy. 
At the same time, the expanding global economy calls for increased prepa-
ration to address possible threats from abroad, including foreign animal 
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diseases, plant pathogens, invasive pests, and trade disruptions. Increased 
trade and changes in the agricultural and food sector are likely to have 
winners and losers. It will be essential to understand the increasingly global 
markets, account for costs of transitions to markets and new technologies, 
and develop appropriate mechanisms to account for changes to support a 
sustainable and resilient food and agricultural system.

2.2 Plateau in Productivity

Worldwide demand for agricultural products will continue to increase, 
but it will become increasingly more difficult to meet those demands in 
the future due to an impending U.S. productivity plateau (Andersen et al., 
2018). Improvements in yield potential for grain are already near their 
theoretical upper limit (Ort et al., 2015). Yield curves (particularly of cereal 
crops) are beginning to level off in some regions: approximately 30 per-
cent of global rice, wheat, and maize production might have reached their 
maximum possible yields in farmers’ fields (Grassini et al., 2013), and yields 
for rice, wheat, maize, and soybeans across 24-39 percent of the world 
show yields that never improve, stagnate, or collapse (Ray et al., 2012). 
For example, yield stagnation is occurring in the main cereal-growing areas 
across China, with rice yields stagnating in 53.9 percent of the counties 
tracked in the study, followed by 42.4 percent for maize, and 41.9 percent 
for wheat (Wei et al., 2015). The stagnation of productivity growth of the 
world’s major crops (Ray et al., 2012; Grassini et al., 2013; Ort et al., 
2015) serves as a warning sign that current methods for increasing crop 
productivity can only be exploited to a certain point, and new methods will 
be required to address the need for increased productivity. 

2.3 Food Waste and Food Safety

On the flip side of productivity concerns is the problem of food waste. 
Refrigeration is considered one of the most important historical break-
throughs in agriculture because it reduces food spoilage and waste and it 
enhances food safety. However, further innovation to reduce and repurpose 
food waste is needed because the United States wastes approximately $278 
billion annually, which is enough to feed nearly 260 million people (Buzby 
et al., 2014; Bellemare et al., 2017). Accounting for resource use and 
efficiencies within a systems context can help to identify opportunities for 
optimal waste management. Producers also need to focus on food safety, 
given that the Centers for Disease Control and Prevention estimates that 
foodborne diseases cause approximately 47.8 million illnesses, more than 
125,000 hospitalizations, and about 3,000 deaths in the United States each 
year (Scallan et al., 2011a,b). 
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2.4 Resource and Environmental Constraints

Available land, water, and fertile soil are increasingly limited resources 
that will constrain the ability to improve productivity using today’s produc-
tion methods. Pushing resources past their limits risks permanent damage 
to the resources and to the surrounding ecosystem. The use of resource- 
intensive, high-input farming across the world has caused soil depletion, 
water scarcities, widespread deforestation, and high levels of greenhouse 
gas emissions (FAO, 2017). Groundwater pumping for agriculture in Cali-
fornia has caused land sinkage, aquifer compaction, and earthquakes (Sneed 
and Brandt, 2015; Kraner et al., 2018). If current water use continues, the 
Ogallala Aquifer, which serves 30 percent of U.S. irrigation needs, will be 
60 percent depleted by 2060 (Steward et al., 2013). 

Although some farm practices, such as conservation tillage and no-till 
cropping, have been partly effective at reducing erosion (Nearing et al., 
2017), soil loss continues. In 2012, an estimated 6 tons per acre of soil 
(roughly 1 percent of soil per acre) were lost from Iowa cropland alone, pol-
luting rivers and streams with sediments and fertilizers. Sediment removal 
from waterways alone costs more than $40 billion per year (ASPB, 2013). 
Biotic natural resources are also at risk. The loss of native pollinators for 
reasons not entirely understood, together with the problems facing man-
aged colonies of European honeybees, is estimated to cost $24 billion in 
lost yields annually (White House, 2014). 

Global climate change adds to the challenges for the U.S. food and 
agricultural system. For most crops and livestock, the effects of climate 
change on U.S. agriculture will be increasingly negative as variable and 
extreme weather events, elevated temperatures, shifting rainfall patterns, 
prolonged dry periods, and other climate changes affect yields, with impacts 
varying depending on location and crop (Hatfield et al., 2014). In 2017, 
climate-related disasters in the United States included droughts, floods, 
freezes, wildfires, and hurricanes, which resulted in more than $5 billion 
in agricultural losses (NCEI, 2018). Climate stresses along with the recent 
emergence of new pests and diseases—such as citrus greening and new 
strains of viruses affecting swine and poultry—are imposing new demands 
on the nation’s scientific capacities.

2.5 Changing Consumer Needs

Domestically, consumer food preferences are changing. Consumers are 
more acutely aware of food choices impacting their health and the environ-
ment, and large retailers are responding by distinguishing their products 
in the marketplace and emphasizing values such as sustainability, animal 
welfare, and treatment of labor in their supply chains. There is a national 
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interest in creating market opportunities for producers to increase health-
ful, diverse, and affordable food choices. Consumer advocates in public 
health seek healthier food, citing the poor diets of Americans as one of the 
preventable causes of chronic disease that accounts for hundreds of billions 
of dollars in annual health care costs (CDC, 2017). 

2.6 Declining Public Funding

The success of U.S. agriculture to date is in large part attributable 
to a foundation of basic and applied knowledge built in the past century 
by the land grant university system, the U.S. Department of Agriculture 
(USDA), and other federal agencies. Publicly funded research, which has 
produced many significant advances in agriculture, has diminished in the 
past 10 years due to sharp declines in the share of public investments in 
food and agricultural research. From 2003 to 2013, the budget for U.S. 
agricultural research and development (R&D) fell from $6.0 billion to 
$4.5 billion (Clancy et al., 2016). During the same period, private-sector 
funding increased by 64 percent, overtaking publicly funded research in 
2010 dollars (see Figure 1-1). Both public and private funding would show 
even slower growth since 2009 (and even a decline for public investment) 
when dollars are indexed to account for the real costs of research (Heisey 
and Fuglie, 2018). Historically, public funding to the agricultural sector 
has tended to focus on advances in science and innovation, while private- 
sector funding has aimed at commercially useful production processes and 
products (Clancy et al., 2016; Heisey and Fuglie, 2018). Evidence today 
indicates that the two funding streams are to be viewed as complementary 
in the U.S. agricultural innovation system and private-sector investment 
does not crowd out public investment, especially in the United States (Wang 
et al., 2013; Fuglie and Toole, 2014; Clancy et al., 2016; Heisey and Fuglie, 
2018). There is evidence, however, that public and private investments tend 
to go toward different sectors in research. Private research and develop-
ment spending has leveraged the public research and focused on areas of 
commercially useful technologies that are easy to patent and protect with 
intellectual property protection and offer greater profit opportunities for 
investors. Sectors with relatively high private investment in research include 
food and feed manufacturing, plant systems and crop protection (espe-
cially genetically modified crops, agricultural chemicals), farm machinery 
and engineering, and animal health (especially veterinary pharmaceuticals) 
(Clancy et al., 2016).

Interest in growing consumer demand for new and diverse products, 
in applications of biotechnology and information sciences, and in intellec-
tual property right protection has spurred more rapid increases in private 
investment (Heisey and Fuglie, 2018). However, recent mergers in some 
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agricultural industries (e.g., seed and agricultural chemicals) have led to 
concerns about the potential for placing farmers at a disadvantage through 
higher input prices, reliance on existing supply networks or technical ties 
to related products from the input suppliers, and for dampening incentives 
for the private firms to innovate (Wang et al., 2013; MacDonald, 2017). 
The trend of declining public research funding is concerning because it has 
negative implications for generating foundational research that is critical 
for science breakthroughs. 

3. OPPORTUNITIES FOR THE FUTURE

Major scientific advances in the past decade have paved the way for 
new opportunities in food and agriculture. For instance, molecular biology 
has provided substantial advances over the past two decades that enable 
more precise and diverse changes in crops. These capabilities allow for 
the development of new food sources and traits that increase resistance to 
a broader array of insect pests and diseases; increase yields, nutrient-use, 
and water-use efficiencies; and increase the ability to withstand weather 
extremes. Knowledge of plants and their associated microbes at the eco-

FIGURE 1-1 Annual spending on public- and private-sector research, with dollars 
adjusted for inflation.
NOTE: R&D = research and development.
SOURCE: Clancy et al., 2016.
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system level (the phytobiome) also holds promise for innovation. New 
technologies, innovations, and insights from fields outside of mainstream 
agricultural disciplines are also empowering producers. In 2016, farmers 
accounted for approximately 19 percent of commercially used unmanned 
aerial vehicles (also known as drones), because they are seeking cost-
effective ways to identify disease and weeds and determine field conditions 
(Hogan et al., 2017; Hunt and Daughtry, 2017). Nanotechnology offers 
improved capabilities to (1) sense and monitor physical, chemical, or bio-
logical properties and processes (to ultimately improve the sustainability of 
food production); (2) control microbes (to improve food safety and mini-
mize food waste); and (3) create new materials (to monitor and improve 
animal health) (Rodrigues et al., 2017). Poultry producers are implementing 
computerized approaches such as artificial intelligence to fine-tune their 
strategies for feeding chickens and monitoring their health while reducing 
labor and feeding costs (Ahmed, 2011; Hepworth et al., 2012). Certified-
organic lettuce is being grown in soil-free systems in urban and peri-urban 
environments (Dewey, 2017), and the number of local farmers’ markets 
across the nation continues to grow (Low et al., 2015). Food and agricul-
tural research advances will need to integrate innovations to simultaneously 
address water scarcity, soil health, food waste, pests and diseases, climate 
variability, and overall system sustainability. 

The research directions described in this report depend on assimilating 
cutting-edge developments from allied fields—such as computing, informa-
tion science, machine learning, materials science and electronics, genomics 
and gene editing, and behavioral and cognitive science—to achieve solu-
tions to overarching and complex problems faced by agriculture. Leverag-
ing the advances from other disciplines implies a need for the food and 
agricultural sciences to attract and train research talent in those areas. Some 
of the research approaches identified focus on systems-level discovery that 
will require regional or national cooperation and planning, in addition to a 
multidisciplinary effort. If successful, these systems approaches will produce 
essential information that will be the basis for new knowledge to inform 
decision making at different scales and tools to implement those decisions. 

4. PURPOSE OF THIS STUDY

The trends described in the foregoing section set the stage for the inter-
est of the Supporters of Agricultural Research (SoAR) Foundation, in part-
nership with the Foundation for Food and Agriculture Research (FFAR), 
along with professional societies, commodity groups, and farmer organiza-
tions to propose the need for a strategic vision from the agricultural sci-
ence community that articulates the greatest opportunities within the field, 
and the potential pathways that will lead to a new generation of scientific 
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advancement. The USDA’s National Institute of Food and Agriculture, 
the National Science Foundation, and the U.S. Department of Energy all 
agreed to support an endeavor of this nature in conjunction with the SoAR 
Foundation, FFAR, and their other partners. There has been a collective 
interest in an exercise that might begin a tradition of a “decadal survey” 
for food and agriculture in laying out research priorities, a long-standing 
practice used in some fields of science to guide the programmatic focus of 
federal research agencies in 10-year increments. With decadal surveys being 
instrumental to fields such as space studies in prioritizing research needs 
for the next 10 years, the intent is that a study such as this would be useful 
in informing strategic planning and discussions on food and agricultural 
research.

BOX 1-2 
Statement of Task

An executive committee, assisted by science panels, will be appointed to lead 
the development of an innovative strategy for the future of food and agricultural 
research, answering the following questions: 

1.  What are the greatest challenges that food and agriculture are likely to face 
in the coming decades? 

2.  What are the greatest foreseeable opportunities for advances in food and 
agricultural science? 

3.  What fundamental knowledge gaps exist that limit the ability of scien-
tists to respond to these challenges as well as take advantage of the 
opportunities? 

4.  What general areas of research should be advanced and supported to fill 
these knowledge gaps?

In the process of addressing these questions, the committee will gather in-
sights from scientists and engineers in the traditional fields of science in food 
and agriculture, seek ideas from scientists in other disciplines whose knowledge, 
tools, and techniques might be applied to food and agricultural challenges, and 
organize interdisciplinary dialogues to uncover novel, potentially transformational, 
approaches to advancing food and agricultural science. 

At the end of its exploration, the executive committee will produce a consensus 
report recommending future research directions in food and agriculture. The com-
mittee will frame its recommendations in the context of the importance and rele-
vance of the science to the public’s interest in the benefits of catalyzing knowledge 
creation—a sustainable food and fiber supply, better public health, a strengthened 
natural resource base, and the creation of new economic opportunities and jobs. 
Prior to its finalization, the report will be anonymously peer reviewed, and revised 
by the executive committee before release to the sponsors and the public.
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Responding to the call for such a study, the National Academies of 
Sciences, Engineering, and Medicine (the National Academies) convened 
an ad hoc study committee to provide a broad new vision for food and 
agricultural research by outlining the most promising science breakthroughs 
over the next decade (see the Statement of Task in Box 1-2). 

5. APPROACH TO THE TASK

5.1 Committee and Information-Gathering Meetings

The National Academies convened a committee of 13 experts with 
collective expertise and experience in various disciplines. The collective 
expertise of the committee allowed it to address plants, animals, microbes, 
food science, food safety, human nutrition, soil, water, climate, ecology, 
pests, and pathogens, as well as landscape and/or watershed systems, agri-
cultural economics, transdisciplinary fields (sustainability, biodiversity), and 
emerging technological applications at the frontiers of agriculture (nano-
technology, biotechnology, remote sensing, data mining, machine learning, 
modeling, robotics) (see Appendix A for the biographical sketches of the 
committee members).

The committee held several meetings and webinars as part of the 
information-gathering process (see Appendix B for the open session meet-
ing agendas). A broad solicitation was initially sent to scientific societies 
and stakeholder groups asking individuals to identify research that would 
advance science and promote solutions and opportunities in food and agri-
culture, with the responses viewable on IdeaBuzz, an interactive online dis-
cussion platform (see Appendix C for the IdeaBuzz submission contributors 
and a summary of the ideas submitted). Based on some of those responses, 
the committee identified focal areas of research and invited a large panel 
of experts to assist the committee at a 3-day public meeting in describing 
major opportunities to advance science, identify knowledge gaps, prioritize 
research barriers to overcome, and articulate a strategy for moving forward 
(see Appendix B for the “Jamboree” agenda and meeting participants). It 
was recognized early on that a transdisciplinary approach was needed to 
address the complexities and interdependencies of the food and agricultural 
system; thus, a diverse community of scientists was invited from both the 
traditional agricultural disciplines and allied fields.

As part of its charge from the sponsors, the following criteria were 
provided to assist the committee in identifying the most promising scientific 
breakthroughs in food and agriculture:
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1. An emphasis on identifying transformational research opportuni-
ties to address key challenges in food and agriculture; 

2. Recognition that the complexity of most food and agriculture chal-
lenges requires transdisciplinary and integrated approaches to the 
development of lasting solutions; 

3. The value of harnessing insights from the frontiers of scientific 
disciplines and communities not traditionally associated with food 
and agriculture; 

4. The importance of involving stakeholders of all kinds in the process 
and of raising public awareness of the meaning and significance of 
this scientific discussion; and

5. A compressed time frame (relative to typical decadal surveys) to 
draw together diverse communities, explore ideas, analyze pro-
posed goals, and produce consensus recommendations for the 
strategy. 

5.2 Scope of the Charge

The committee recognized early on that it had to place limitations on 
the scope of its study. The food and agricultural system encompasses every-
thing from production through processing and distribution, and it would 
have been impossible to examine and address all aspects of the system in 
this report. Instead, the committee focused its efforts on parts of the sys-
tem that require attention and are challenging yet hold the most promising 
opportunities for scientific breakthroughs in the near future. This report 
is not intended to provide a roadmap to span the entire spectrum of food 
and agricultural research, but rather to suggest a strategy to capitalize on 
several key potential science breakthroughs for transformational change. 

By identifying the most challenging issues in food and agriculture, the 
committee delineated boundaries for the study and determined that certain 
areas were outside the scope of consideration for science breakthroughs. 
These include topics such as biodiversity, biofuels, food distribution and 
equity, food access and insecurity, and fundamental human nutrition sci-
ence. For areas such as human nutrition and obesity, the committee did not 
attempt to address those topics because other groups have already described 
strategies and roadmaps for nutrition research (ICHNR, 2016); however, 
the committee acknowledges that a diverse, nutritious food supply is an 
integral goal of the food and agricultural system. Also, the committee rec-
ognizes that the U.S. food system exists in a global context, but limited its 
focus to U.S. issues for determining priority areas and targeting its recom-
mendations to U.S. researchers, policy makers, and stakeholders.
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6. GOALS FOR 2030

In looking toward the next decade, the committee identified major 
goals for food and agricultural research to include (1) improving the effi-
ciency of food and agricultural systems, (2) increasing the resiliency of 
agricultural systems to adapt to rapid changes and extreme conditions, 
and (3) increasing the sustainability of agriculture. Efficiency (specifically, 
technical and allocative efficiency) refers to the ability to obtain a maximum 
level of output from available inputs (resources such as energy, water, labor, 
and capital) and at lowest possible cost (Wang et al., 2015; Shumway et al., 
2016). Resilience is defined as “the ability to prepare and plan for, absorb, 
recover from, and successfully adapt to adverse events” (NRC, 2012; p. 1). 
It may refer to the viability and adaptability of individual plant and animal 
species that are cultivated and consumed by human populations, and it may 
also describe certain properties of the food system as a whole. Sustainability 
refers to the ability to meet society’s need for food without compromising 
the ability of future generations to meet their needs (UC Davis, 2018). More 
specifically, USDA defines sustainable agriculture as

an integrated system of plant and animal production practices having a 
site-specific application that will over the long-term: (1) satisfy human 
food and fiber needs; (2) enhance environmental quality and the natural 
resource base upon which the agriculture economy depends; (3) make 
the most efficient use of nonrenewable resources and on-farm resources 
and integrate, where appropriate, natural biological cycles and controls; 
(4) sustain the economic viability of farm operations; and (5) enhance 
the quality of life for farmers and society as a whole. (U.S. Code Title 7, 
Section 3103)

Integrating approaches and technologies across various disciplines is 
essential, with the ultimate goal of improving the quality and increasing 
the quantity of food to sustainably meet our needs. 

To achieve the major goals of efficiency, resiliency, and sustainability, 
improvements are needed to address the most challenging issues across the 
food system. The most challenging issues were derived from the common 
nature of important research challenges identified by food and agricultural 
scientists and reiterated by the committee, and include the following: 

•	 increasing nutrient use efficiency in crop production systems; 
•	 reducing soil loss and degradation; 
•	 mobilizing genetic diversity for crop improvement; 
•	 optimizing water use in agriculture;
•	 improving food animal genetics; 
•	 developing precision livestock production systems; 
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•	 early and rapid detection and prevention of plant and animal 
diseases;

•	 early and rapid detection of foodborne pathogens; and 
•	 reducing food loss and waste throughout the supply chain.

7. ORGANIZATION OF THE REPORT

This report identifies opportunities to boost the performance of the 
U.S. food and agricultural system, reduce its impact on the environment, 
help it expand in new directions, and increase its resilience in the face of 
environmental uncertainty. Based on the previously noted challenge areas, 
the committee explores seven specific areas in which such advances could 
be made:

1. Crops (Chapter 2)—The advent of more precise gene-editing tech-
nologies opens new avenues for achieving the goals of increasing 
crop productivity while decreasing inputs and improving resilience. 
The chapter discusses the need for new traits, facile transformation 
technology, and dynamic crops where responses to environmental 
challenges can be turned on or off.

2. Animal Agriculture (Chapter 3)—Decades of R&D have dramati-
cally improved the efficiency of animal production over the past 
century, but additional investment is critical to sustainably address 
the expected twofold increase in animal products. The chapter also 
examines issues related to animal health well-being and animal-
source food alternatives.

3. Food Science and Technology (Chapter 4)—The postharvest food 
sector ensures that raw agricultural products are converted to a 
safe, nutritious, sustainable, and affordable food supply that is 
readily available to all. This chapter examines issues related to 
protecting and enhancing food quality, safety, and appeal while 
simultaneously reducing food loss and waste.

4. Soils (Chapter 5)—Maintaining and properly managing fertile soils 
is a critical need to ensure agricultural productivity. This chapter 
discusses soil sustainability, soil quality, nutrient availability, and 
the soil microbiome.

5. Water-Use Efficiency and Productivity (Chapter 6)—Fresh water is 
a finite resource. Meeting increasing demands for food, fuel, and 
fiber can only be accomplished with increased water efficiency. 
This chapter examines opportunities to improve the use of data 
 analytics, improve plant and soil properties, and capitalize on the 
use of controlled environments for agriculture.

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

INTRODUCTION 31

6. Data Science (Chapter 7)—Data science can be better harnessed 
to improve aspects of the food system. This chapter examines the 
opportunities and advancements in data science and information 
technologies on the horizon for the food and agricultural sectors.

7. A Systems Approach (Chapter 8)—The food system operates in the 
context of a complex system with many actors and components. 
This chapter examines the need for better understanding of the 
various systems and components as they relate to a functional food 
and agricultural enterprise.

The final chapter (Chapter 9) presents the strategy for 2030 along 
with the five breakthrough areas and the overarching study recommenda-
tions. Chapter 9 also discusses crosscutting issues for future consideration, 
including research infrastructure, societal dynamics, and education and 
workforce needs.
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2

Crops

1. INTRODUCTION

Crop agriculture is one of America’s success stories. U.S. farmers pro-
duce 34.1 percent of the world’s soybeans, 35.5 percent of the world’s corn, 
13.4 percent of the world’s cotton, and 7.6 percent of the world’s wheat 
(USDA-FAS, 2018b). Crop production accounts for approximately $194 
billion per year in agricultural cash receipts (USDA-ERS, 2018). In 2016, 
agricultural domestic exports of crops reached $108 billion ($21 billion 
in soybeans alone) and created an estimated $171.3 billion in additional 
economic activity (USTR, 2017; USDA-FAS, 2018a). 

Yields of major staple crops grown in the United States are the high-
est or near to the highest in the world. Since the 1930s, yields of corn 
have increased more than eightfold, while soybean and cotton yields have 
increased more than fourfold, due primarily to advances in plant breed-
ing, as well as fertilizer use and equipment efficiency, among other innova-
tions (Fernandez-Cornejo, 2004; Nielsen, 2017). Despite successive years 
of weather disasters, the yield performance of America’s premier crops is a 
remarkable testament to the resilience and success of the varieties commer-
cially available today (see Figure 2-1). 

With increased support for public-sector agricultural research and 
public–private partnerships, it will be possible to bring the breeding success 
in corn to many other crops (such as cover crops, fruits and vegetables, and 
bioenergy crops) at a much faster pace than is currently possible. Moreover, 
these efforts can be used to “harden” crops against the effects of extreme 
weather and increased pest and disease pressure while maximizing yield and 
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increasing nutritional content and flavor. These efforts can also be used to 
enhance other crop characteristics, such as those that will reduce the need 
for costly inputs. As stationary organisms, plants exhibit enormous plastic-
ity in the face of adverse and extreme environments. Through the process of 
natural selection, plant communities adapt to local conditions and provide 
for their sustenance by interacting with their environments both below and 
above ground. Plants have evolved to grow and thrive in almost all environ-
ments on this planet—from lands with virtually no water to lands that flood 
routinely, and in all temperature extremes. This evolutionary pressure has 
given rise to the incredible genetic diversity of plant life that, when coupled 
with new gene-editing technologies, offers exciting new avenues for solving 
some of the big challenges facing crop production today.

Other chapters in this report will address soil, fertilizer use (see 
Chapter 5), and water (see Chapter 6), proper management of which is 
critical for sustainable, environmentally responsible crop production. There 
is a pressing need for changes in agronomic practices that improve the 
stewardship of natural resources and decrease the environmental impacts 
of crop production. The focus of this chapter is on the crop toolbox and 
how crop germplasm can be developed over the next two decades—efforts 
that can be pursued in conjunction with agronomy and crop science to 
facilitate increased diversity and greater flexibility in cropping systems. The 

FIGURE 2-1 Yield trends for corn in the United States from 1866 to 2015.
SOURCE: Nielsen, 2017. 
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domestication of wild plant species suited to different environments has 
commercial value in crop rotations and these species can serve as habitats 
for beneficial insects, with the potential to expand options for crop manage-
ment. Similarly, the genetic tools are rapidly becoming available to endow 
current cultivars with traits that minimize the need for inputs (e.g., water, 
nitrogen, phosphate, pesticides, and fungicides), maximize yield in chang-
ing environments/climatic extremes, resist diseases and pests, and provide 
improved nutrition, among other characteristics. 

2. CHALLENGES

It is no longer safe to assume that U.S. crop production is in a self-sus-
taining, steady state. First and foremost, the natural resource base for U.S. 
agriculture is recognized as increasingly fragile. Groundwater and fertile 
soil are finite resources, and their use and misuse define the boundaries of 
sustainable production in the long term (Rockström et al., 2017). Aquifers 
supporting the majority of U.S. production are being drained (Konikow, 
2013; Steward et al., 2013), and soil quality in some parts of the country 
is degrading (Baumhardt et al., 2015). These developments set the stage 
for lower productivity and the need for crops that can perform well in less 
than optimal environments.

Second, crop systems are also stressed by changing weather patterns 
and extreme weather events (Walthall et al., 2012). Prolonged drought over 
the past decade (Diffenbaugh et al., 2015; Howitt et al., 2015) and flood-
ing more recently (Mallakpour and Villarini, 2015) have been responsible 
for the largest proportion of U.S. crop disaster payments from abiotic and 
biotic stresses (see Figure 2-2). The need for crops that are resilient to 
multiple abiotic stresses, such as drought and flooding, will be a challeng-
ing problem for breeders over the next decade. There are success stories 
in addressing some of the challenges, such as the development of flood-
tolerant varieties of rice via introduction of the SUB1A gene into modern 
cultivars (Bailey-Serres et al., 2012; see Box 2-1). 

Third, biotic challenges to crops including pests and diseases are an 
increasing threat due to agricultural intensification, expanding global trade, 
and extreme weather. A recent example is Huanglongbing (HLB), also 
known as citrus greening disease. HLB was detected in Asia more than 
100 years ago and was first seen in the United States in Florida orchards in 
2005. Within 3 years the vector-transmitted bacterial pathogen spread to 
the majority of citrus orchards in Florida, leading to losses of more than 
$1 billion annually (Court et al., 2017). There is no known cure for HLB, 
which kills trees in 3-5 years and has now spread to California, Georgia, 
Hawaii, Louisiana, South Carolina, and Texas (NASEM, 2018).

In another example, rising temperatures are leading to migrations of 
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BOX 2-1 
All Major Crops Except Rice Are Flooding Intolerant

The introduction of a gene called SUB1A from an Indian farmer’s rice variety 
into modern rice cultivars proved sufficient to increase tolerance of full submer-
gence to 2 weeks or more. SUB1A rice varieties bred using selection with molecu-
lar markers are now grown by millions of farmers. Rice survives root waterlogging 
because of traits that enable gases to be exchanged between the root and shoot. 
In the United States, extreme rains cause prolonged waterlogging of the root 
systems of soybean, maize, wheat, and other crops, resulting in more than $1 
billion in crop loss per year. The improvement of crop flooding resilience might 
be accomplished through breeding, genetic engineering, or other strategies. The 
genetic loci of crops or their relatives that enhance waterlogging tolerance can be 
recognized through advanced phenotyping and mapping of diverse germplasm. 
But because a plant may experience both flooding and drought during its life 
cycle, it is critical to combine resilience to both extremes of water availability in a 
single seed (Bailey-Serres et al., 2012).

FIGURE 2-2 Percentage of total annual crop losses due to different environmental 
stresses.
SOURCE: USDA-RMA, 2018.
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insect pests to higher elevations, while greater intensification is leading to 
more rapid evolution and spread of diseases (Katsaruware-Chapoto et al., 
2017). Direct yield losses caused by pathogens and pests are predicted to 
lower global agricultural productivity in the future by 20 to 40 percent 
(Savary et al., 2012; Baltes et al., 2017). Some natural threats to crop produc-
tion have been made worse by management practices, such as the emergence 
of herbicide-resistant weeds following overuse of a single herbicide (e.g., 
glyphosate) to control weeds. Improved resistance management practices 
can reduce input costs, improve yields, and increase returns (Livingston et 
al., 2015). 

There is a deep sense of urgency and opportunity to speed up and 
expand the power of crop improvement to address these challenges. As 
previously mentioned, global food production will need to increase by at 
least 50 percent by 2030 to feed a growing global population (UN DESA, 
2017). However, the current pace of yield growth worldwide may not be 
sufficient to meet the predicted need for 2030 and beyond (Ray et al., 
2012), and there are even signs that the rate of yield increase in many 
crops is beginning to plateau (Wei et al., 2015; Andersen et al., 2018). 
The question of why yield growth is slowing has yet to be answered, with 
speculation ranging from the decline in agricultural research for basic crop 
improvement (Pardey and Beddow, 2013; Andersen, 2015), temperature 
and other effects of climate change (Lobell and Field, 2007), or that some 
crops are nearing their biological yield potential (Evans and Fischer, 1999; 
Alston et al., 2009; Ort et al., 2015).

3. OPPORTUNITIES

3.1 Gene-Editing Systems

The discovery of gene-editing systems (such as CRISPR-Cas9) has revo-
lutionized our ability to both understand and genetically modify both plants 
and animals (Yin et al., 2017). For crops, new alleles can be generated and 
introduced directly into a cultivar of choice, leaping over the time-consuming 
process of making multiple crosses to combine desirable traits in the progeny. 
Gene editing creates the potential to identify and implement new traits in 
the field on a much faster timescale. Traditional plant breeding is slow and 
tedious as it can only exploit the limited quantitative trait alleles found in 
wild relatives, and then it can take between 7 to 12 years to utilize conven-
tional methods to develop a new cultivar (Baenziger et al., 2006). The ability 
to fine-tune the expression of a quantitative trait locus rather than utilizing 
only what is available in wild relatives has already shown promise as a way 
to increase yield. For example, researchers edited genes in three pathways 
that contribute to productivity in tomato plants—plant architecture, fruit 
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size, and inflorescence—to rapidly produce alleles that alter their promoters. 
The resultant plants displayed a series of previously unobserved phenotypes, 
including several with increased yield (Rodríguez-Leal et al., 2017). 

Gene editing has now opened the door for quickly exploring additional 
changes. Box 2-2 describes a success story of a transgenic approach used in 
the quest to turn a C3 plant (such as rice) into a C4 plant (such as maize). 
Gene editing also offers the ability to eliminate linkage drag, a problem that 
has plagued crop breeding since its inception. Linkage drag occurs when 
undesirable traits are linked to, and therefore inherited with, desirable traits 
(Giovannoni, 2018; Zhu et al., 2018b). Using a variety of genomic and 
associated approaches to characterize a large tomato diversity population, 
Zhu and colleagues (2018b) were able to “see” the genomic outcomes of 
tomato domestication, many of which are undesirable. Knowledge of these 
“hitchhiking genes” is a necessary first step toward their eventual modifica-
tion or elimination by gene-editing methodologies. 

3.2 Development of Dynamic Crops

Agriculture could benefit from crops that provide farmers with the flex-
ibility to change their crop’s physiology in response to unexpected environ-
ments. Park and colleagues (2015) designed such a crop whose water use 
can be controlled by chemical application (see Box 2-3). An even greater 

BOX 2-2 
Successful Engineering of Photosynthesis

Photosynthesis is the engine for life on Earth, yet the efficiency of solar 
energy conversion is relatively low. As such, it has high engineering potential 
(Schuler et al., 2016). There is a large international effort taking many different 
approaches to improve photosynthetic efficiency, including optimizing canopies, 
relaxing photoprotection, and bypassing photorespiration (Ort et al., 2015). Con-
verting a C3 plant into a C4 plant that is much more efficient at converting sunlight 
is another effort under way to increase photosynthetic efficiency (Long, 2015; Ort 
et al., 2015). Using constitutive expression of the maize GOLDEN2-LIKE gene, 
researchers have now shown that they can confer a set of C4-like traits on C3 
rice (Wang et al., 2017). These traits include the accumulation of photosynthetic 
enzymes and more interconnections between cells. Another exciting direction for 
increasing photosynthetic efficiency is to expand the spectral range for photo-
synthesis by allowing plants to absorb far-red light (Blakenship and Chen, 2013). 
The “first” Green Revolution improved yield potential but did so without improving 
solar energy conversion, making improvement of photosynthesis the basis for a 
second green revolution.
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advancement would involve developing crops that can respond in real time 
to environmental changes (e.g., drought, floods, and temperature extremes) 
as well as to the appearance of disease organisms and pests. Given the 
inability to reliably predict the conditions that any particular crop may face 
over the growing season combined with more extreme weather events pre-
dicted over the long term (Walthall et al., 2012), dynamic crops could better 
respond to such events and become an asset for enhancing food security. 

3.3 Mining Plant Diversity

Traditionally, the traits to overcome the many challenges previously 
noted have come from wild relatives. Although gene editing can eliminate 
the laborious introgression of traits (at least for crops for which those 
traits can be successfully introduced; see discussion of transformation later 
in this chapter), there is a vast array of plant species whose agricultural 
potential remains untapped (see Box 2-4). There are more than 50,000 
edible plants, but only 15 crops are used to meet 90 percent of the world’s 
energy demands, and 3 commodity crops (rice, maize, and wheat) account 
for two-thirds of human caloric intake (Gruber, 2017). Additionally, more 
than 70 percent of wild relatives of domesticated crops are in urgent need 
of conservation, and are ironically threatened by the expansion of agricul-
ture into natural ecosystems (Castañeda Alvarez et al., 2016). Around the 
world, gene banks and botanical gardens hold more than 7.4 million seeds 
or plant tissues from thousands of species (Gruber, 2017). These collections 
need to be maintained, curated, and explored.

BOX 2-3 
Synthetic Biology for Dynamic Crops

An ongoing focus of plant breeding is to create drought-tolerant plants, but the 
drought protective response in plants is often associated with “yield drag” (Yang et 
al., 2010). Recent work has demonstrated that it may be possible to alter a plant’s 
use of water dynamically, essentially turning the demand for water on or off when 
needed. By genetically engineering the abscisic acid (ABA) protein receptor that 
naturally plays a role in controlling plant water use to bind to a synthetic agro-
chemical, it was possible to control the plant’s drought protection response (Park 
et al., 2015). When tomato plants containing the engineered ABA were sprayed 
with the chemical, they used less water. The system is ready for real-world testing, 
suggesting that uses of synthetic biology of this type could be a near-term goal. 
Many aspects of plant physiology should be amenable to this approach, which 
could help usher in a more responsive agriculture.

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

44 SCIENCE BREAKTHROUGHS

3.4 Taking Advantage of Plant–Microbe Interactions

Billions of microorganisms and macroorganisms (from viruses to nema-
todes) live on, inside, and near plants, both above and below ground (Leach 
et al., 2017). Beneficial plant–microbe interactions include direct stimula-
tion of plant growth, protection of plants from pathogens and insect pests 
through direct production of toxins or through induced resistance in the 
plant, and improvement of resilience to environmental stress (e.g., drought, 
salinity) (Parnell et al., 2016; Finkel et al., 2017). Beneficial interactions can 
occur in the root zone (rhizosphere), on leaf surfaces (phyllosphere), and in 
internal tissues (endosphere) (APS, 2016).

The greatest density and diversity of microbial life associated with 
plants occurs in the soil, in the rhizosphere. In leguminous plants, some 
species of bacteria (Rhizobium) induce the formation of root nodules in 
a symbiotic relationship that converts atmospheric and largely inert N2 
into ammonia (NH3) and other molecular precursors that the plant uses 
in the biosynthesis of nucleotides, coenzymes, and amino acids. In many 
more species of plants, fungal symbionts (called arbuscular mycorrhizal 
fungi) form hyphae that increase the ability of plant roots to access miner-
als (particularly phosphorus) and water (Leach et al., 2017). It has been 
proposed that an opportunity lies in domesticating or improving specific 
plant-associated microbial communities to use them as soil or seed inocu-
lants to improve plant growth (Parnell et al., 2016). 

The characterization of microbial communities in concert with plants, 
which often cannot be cultured outside the plant environment, has been 

BOX 2-4 
Pichuberry: A Crop for Rapid Domestication

Cape gooseberry or pichuberry (Physalis peruviana) is native to the Andean 
region of South America. It is highly nutritious and can be eaten as fresh fruit or 
can be used to make juice or jam. It is gaining in popularity but it has a number 
of “wild” characteristics that prevent it from being easily cultivated. Knowledge of 
the genes related to the improvement and domestication of the tomato, a distant 
relative of P. peruviana, is motivating scientists to identify similar genes in the 
undomesticated pichuberry that could be targeted for domestication. Gene edit-
ing of P. peruviana’s genetic ortholog of the tomato gene CLAVATA1 (SlCLV1), 
which controls meristem proliferation, gave rise to plants with narrow leaves and 
flowers with more organs (Van Eck et al., 2017). This offers proof of principle of 
rapid, targeted domestication using gene editing.
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enabled by high-throughput gene sequencing of community DNA (meta-
genomics) and RNA (metatranscriptomics) (Schlatter et al., 2015; Nesme 
et al., 2016). In addition, progress has been made at the intersection of 
miniaturized microfluidics and imaging that permits real-time monitoring 
of root interactions with microbial species (Massalha et al., 2017). 

Based on knowledge gained from these technologies, a future oppor-
tunity is using synthetic biology tools to design plant–microbe associations 
that improve crop productivity. Such associations can be approached by 
using gene editing in plants, microbes, or both. For example, plant genes 
controlling nodule formation by nitrogen-fixing rhizobacteria might be 
expanded to non-legume crops to reduce the need for fertilizer application, 
and microbial consortia present in the root zone could be engineered to pro-
duce novel plant growth promoters or protectants (Ahkami et al., 2017).

3.5 Making Food More Nutritious

Relatively little breeding effort has gone into making staple crops better 
sources of vitamins and minerals. More than 2 billion people suffer from 
micronutrient deficiencies because their plant-based diets do not provide 
sufficient nutrition. Factors that drive the modern food system include 
consistency, predictability, low cost, and high-edible yield, but the nutri-
tional value of food produced for direct human consumption has not been 
a priority of the market (Dwivedi et al., 2017). There have been concerted 
efforts to survey cultivars for natural variation in levels of select nutrients. 
For example, a recent study examined vitamin E levels in maize grain and 
determined that only two loci are responsible for most of the variation 
(Diepenbrock et al., 2017). This discovery suggests that targeting these loci 
in any number of crops may increase vitamin E content. There has also been 
some success using transgenic approaches to increase nutritional content. 
For example, biofortified rice that meets dietary targets for iron and zinc 
and has no yield penalty in the field is a major breakthrough in this area 
(Trijatmiko et al., 2016). There are also opportunities to increase levels of 
important phytonutrients that have health benefits, such as polyphenols and 
carotenoids (Martin and Li, 2017; Yu and Tian, 2017). 

Unfortunately, breeding almost exclusively for increased yield has made 
some crops less nutritious. For example, the concentrations of iron, zinc, 
and selenium in wheat have dropped by 28, 25, and 18 percent, respec-
tively, all in the period between 1920 and 2000 (Gruber, 2016). Such 
decreases are thought to be a dilution effect as improvements in the amount 
of fixed carbon have been made without a proportional increase in mineral 
content (Marles, 2017). This results in lower mineral concentrations when 
expressed on a dry weight basis. Furthermore, recent studies are projecting 
that levels of zinc and iron in grains and legumes will continue to decline as 
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CO2 levels continue to rise (Myers et al., 2014; Zhu et al., 2018a). Because 
most of the world relies on plants as their dietary source of these micro-
nutrients, such decreases are a cause for concern. A key scientific question 
is whether these declines in micronutrients can be reversed with changes in 
plant traits. Therefore, more attention needs to be paid to the unintended 
consequences of breeding exclusively for yield.

3.6 Optimizing Crop Production Systems

The gap between actual yield and yield potential can be accounted 
for by several sources of variance, including genetics (G), environment 
(E), management practices (M), and socioeconomic factors (S). Numerous 
enabling technologies can be implemented in crop production systems to 
achieve both resilience and sustainability and to enable crop yields to reach 
their full potential. These include the use of precision agriculture to manage 
water and fertilizer use, and the use of data science to integrate informa-
tion from field- and plant-based sensors and weather prediction parameters 
(for a more complete discussion, see Chapter 5, section 3.1, “Leveraging 
Advances in Microelectronics, Sensing, and Modeling” and Chapter 6, 
“Water-Use Efficiency and Productivity”). Breakthroughs in genomics, 
nanotechnology, and robotics along with improvements in computational, 
statistical, and modeling capabilities will make it possible for scientists and 
producers to make well-informed, data-driven decisions. For example, as it 
will be discussed in Chapter 7, development of high-throughput automated 
phenotyping capabilities can speed the process of breeding via the use of 
artificial intelligence and machine learning. However, in order to success-
fully model, manage, and predict crop production in any given location, 
better information is also needed on how different cropping management 
systems (e.g., use of cover crops and crop rotation) influence soil properties 
such as water storage capacity and nutrient availability. 

The emerging field of plant nanobiotechnology promises transforma-
tive solutions for nondestructive monitoring of plant signaling pathways 
and metabolism (Kwak et al., 2017). This can increase plant tolerance (e.g., 
drought, disease, and soil nutrient deficiencies [Elmer and White, 2016; Wu 
et al., 2017]), alter photosynthesis (Giraldo et al., 2014), and enable plants 
to communicate their biochemical status (Wong et al., 2017). These discov-
eries will lead to the creation of “smart” plants that are more resilient to 
climate-induced stresses. Better understanding of the fundamental biophysi-
cal processes controlling nanomaterial–plant interactions will enable delivery 
of nanomaterials to precise locations in plants where they are needed to be 
active. The continuous real-time monitoring of plant heat status and the 
ability to combine these nano-enabled technologies with wireless soil sensors 
and automated water and nutrient delivery systems can lead to more precise 
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delivery of nutrients and water, leading to more efficient use of inputs and 
greater yields.

To ensure that all aspects of GEMS are addressed in a comprehensive 
manner, there is an opportunity to assemble teams (including geneticists, 
soil scientists, agronomists, plant pathologists, and entomologists) to work 
together to evaluate the response of different crop genotypes to environmen-
tal stresses and crop management practices (Hatfield and Walthall, 2015), 
and to factor in socioeconomic issues such as costs, access to small growers, 
and technology adoption. Such a systems approach can help to identify the 
optimum combination of G × M × S for the current and anticipated E.

3.7 Controlled Environment Agriculture (CEA)

Controlled environment agriculture1 (CEA) offers systems-level oppor-
tunities to increase the sustainability of some crops (e.g., fruits, vegetables, 
and herbs) by providing resource-efficient farming systems with respect to 
water and nutrient use. CEA can close the loop on nitrogen and phosphorus 
use (Thomaier et al., 2015), reduce food miles (Weber and Matthews, 2008; 
Cleveland et al., 2011; Nicholson et al., 2015), and lower water exports 
from water-poor regions to water-rich regions. Locating food production in 
urban areas could also help to lower food waste by decreasing the amount 
of time from harvest to consumption. CEA can also address important food 
safety issues such as Escherichia coli outbreaks (CDC, 2018). CEA can pro-
vide year-long growing seasons and protection against pests and diseases. 
Genetic approaches described in this chapter can be used to provide traits 
to plants to make them suitable for growth in CEA. The importance of CEA 
for improving water-use efficiency is discussed in Chapter 6.

4. GAPS

There is growing excitement in the plant sciences and breeding com-
munities that we are on the cusp of a second green revolution. While the 
first green revolution was facilitated by the introduction of genes from 
other varieties and wild relatives, this second revolution will be fueled by 
basic research discoveries with model organisms and analyses of massive 
datasets that will combine to identify genes and regulatory sequences for 
targeted editing. However, the following gaps in knowledge and capabili-

1 Controlled environment agriculture includes indoor production systems that range from 
low-technology covers for field crops to highly automated greenhouses, vertical farms, and 
recirculating aquaculture systems (RASs). The latter use the latest advances in hydroponics 
or aquaponics to increase productivity and improve water- and nutrient-use efficiencies. For 
example, a RAS is coupled with hydroponic plant production by using waste derived from fish 
production as fertilizer for plant growth (Badiola et al., 2018; Palm et al., 2018).
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ties will have to be addressed before these technologies can be applied to 
a diversity of crops.

1. Knowledge of the genetic basis of the phenotypes and of allelic 
variants. Although the functions of many plant genes are known 
from studies in the major model plants, such as Arabidopsis, there 
is a lack of basic knowledge of the genetic basis of many traits in 
crop species. It logically follows that understanding gene function 
is necessary for the use of gene editing to create desirable traits. 
However, a gene-editing approach can be used as a discovery tool 
to knock out genes in crop plants to better understand their func-
tional roles. Additionally, because the precision of gene editing 
permits the modification of as little as a single base pair in the 
genome, it can be used to create allelic variants, essentially pro-
ducing a library of diverse forms of the same gene, with which to 
explore function and phenotype.

2. Phenotyping: Connecting genomic variation with phenotypic 
impact. Identification of agriculturally desirable traits will require 
the design and construction of above- and belowground pheno-
typing facilities and the development of data science that can cor-
relate phenotype to genotype from vast visual, physiological, and 
“omics” resources. There is a need to increase the speed to char-
acterize phenotype, to use new technologies that include overhead 
imaging (e.g., photo from a drone) and underground imaging to 
detect morphologies and traits, including chemical exudates (Das 
et al., 2015; Shi et al., 2016). 

3. Ability to improve transformation efficiency of more plant species. 
Gene editing requires an ability to introduce DNA into plant tissue 
(called genetic transformation) and, in most cases, regenerate the 
tissues into transformed plants. Unfortunately, despite substantial 
progress in sequencing, assembling, and annotating genomes from 
a vast array of plant species, significant bottlenecks exist in the 
successful genetic transformation of most crops. Research is needed 
to improve plant cell and tissue culture, identify better methods of 
introducing genetic material, and modulate the plant development 
pathway to improve the receptivity, stability, and regrowth of the 
transformed tissue (Altpeter et al., 2016). Studies of how plants 
regenerate themselves from cuttings or after injury, for example, 
have begun to provide insight into the genetic network that con-
trols cellular proliferation and reprogramming. Such insights could 
lead to better methods to increase the chances of growing whole 
plants from transformed cells and tissues (Ikeuchi et al., 2018). A 
second green revolution powered by gene editing will not be pos-
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sible unless facile transformation protocols are developed for use 
on any strain of any crop in any laboratory. Similarly, the inability 
to transform wild plant species will prevent the use of gene editing 
to accelerate their domestication. 

4. Workforce, education, and training (and funding). Advances aris-
ing out of basic science and technology remain relatively new and 
underexploited for germplasm improvement for most crops. This 
is due in part to the relatively small community of plant scientists 
educated to use science and technology, and the limited public and 
private investments for plant trait discovery and for translating 
such knowledge to enable crop discoveries. Investment would be 
necessary to maintain a pipeline of investigators who can push 
the limits of scientific inquiry and train the next generation of 
advanced plant scientists (USDA, 2015). 

5. RECOMMENDATIONS FOR NEXT STEPS

Despite steady decreases in the funding of both basic and applied 
crop science research, U.S. scientists have continued to innovate and make 
 cutting-edge discoveries. However, without sufficient support, U.S. plant sci-
entists are likely to fall behind their counterparts in other countries in fully 
realizing gene editing as both a basic discovery and crop improvement tool. 
Since 2009, plant science funding in China has quadrupled and is supported 
with infrastructure, eclipsing the U.S. investment. Notable advancements in 
all aspects of plant science have been forthcoming from the Chinese (Chong 
and Xu, 2014). Recognizing that food security and international competi-
tiveness are critical components of national security, the following steps are 
recommended to secure U.S. leadership in crop improvement:

1. Continue to genetically dissect and then introduce desirable traits 
(increased photosynthetic efficiency; drought and flood tolerance; 
temperature extremes tolerance; disease and pest resistance; and 
improved taste, aroma, and nutrition) and remove undesirable 
traits from crop plants through the use of both traditional genetic 
approaches and targeted gene editing. The goal will be to

 a.  expand the number of alleles of known breeding improvement 
genes from what have been introgressed from wild relatives;

 b.  engineer below- and aboveground plant architecture, by obtain-
ing and applying basic knowledge of plant root, shoot, and 
influorescence development;

 c.  modify the plant microbiome to enhance desirable crop traits, 
including resistance to disease and increased nutrient-use effi-
ciency; and
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 d.  remove undesirable traits (due to negative epistasis) that are 
tightly linked to alleles selected during domestication. 

2. Enable routine genome modification of all crop plants through the 
development of facile transformation and regeneration technolo-
gies. Achieving this goal will require research into improved plant 
cell and tissue culture, better methods of introducing genetic mate-
rial, and the ability to modulate plant development to improve the 
regeneration of the transformed tissue into whole plants. It will 
also require development of facilities for more rapid phenotype 
detection and analysis under different environmental (soil, climate, 
and moisture) conditions and management regimes.

3. Monitor plant stress and nutrients through the development of 
novel sensing technologies, and allow plants to better respond to 
environmental challenges (heat, drought, flood, pests, and nutrient 
requirements) by exploring the use of nanotechnology, synthetic 
biology, and the plant microbiome to develop dynamic crops that 
can turn certain functions on or off only when needed. Develop-
ing dynamic crops will require complementary approaches to gene 
editing, including harnessing beneficial plant–root–soil–microbe 
interactions to enhance desirable crop traits (such as drought resis-
tance, disease resistance, and nutrient-use efficiency), using novel 
sensing technologies to sense plant nutrient status and stress, and 
using nanotechnologies for delivering nutrients and managing plant 
stress. 

Using the genetic diversity of plant and microbial life available together 
with new molecular and other tools is key for unlocking many opportuni-
ties for crop improvement. The process of prioritizing the most important 
opportunity to pursue would be best informed by thoughtful analyses of the 
targeted crops and their prospective new traits from a systems perspective, 
as described in Chapter 9. This includes envisioning their performance and 
impact in the context of the agroecological system interfacing with humans 
and socioeconomic considerations that play a role.
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Animal Agriculture

1. INTRODUCTION

Animal products are a primary source of protein and key nutrients in 
American diets (Bentley, 2017). In addition, livestock and poultry produc-
tion account for approximately $100 billion per year in agricultural cash 
receipts (USDA-ERS, 2018a). In the United States, most food animal pro-
duction (meat, fish, milk, and eggs) is accomplished through an intensive 
rearing system that reflects decades of improvements in production effi-
ciencies made possible by research and development. Genetic improvement 
and adoption of optimized nutritional programs, along with innovations 
to maintain and improve animal health status, have reduced the costs 
of production, lowered prices for consumers, decreased resources used 
(resulting in lower greenhouse gas [GHG] emission intensities per unit of 
production), and increased the competitiveness of American products inter-
nationally, benefiting both local and national economies (Havenstein et al., 
2003; Capper et al., 2009; Capper, 2011; Gerber et al., 2011; Tokach et 
al., 2016). For example, the GHG emissions associated with the produc-
tion of a glass of milk in the United States in 1977 were one-third of what 
they were in 1944 (Capper et al., 2009); today, livestock sources (including 
enteric fermentation and manure) account for about 3.9 percent of U.S. 
anthropogenic GHG emissions expressed as carbon dioxide equivalents 
(EPA, 2018). Over the past 15 years, the U.S. livestock industry has gained 
greater access to international markets with a growing share of its produc-
tion destined for foreign markets. In 2016, exports accounted for 23 per-
cent of pork produced, nearly 20 percent for broiler meat, 14 percent for 
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turkey, and 11 percent for beef (see Figure 3-1). This brings in more than 
$25 billion annually in export sales (USDA-ERS, 2018b) to the national 
economy.

2. CHALLENGES

The science that produced advances in animal agricultural productiv-
ity and efficiency in the past will need to be accelerated and expanded 
in scope in the decade ahead. Recent analyses have warned that the agri-
cultural production worldwide will have collective difficulty in meeting 
global demand for food in 2050 as a consequence of the growing world 
population, with demands increasing in the range of 59 to 98 percent 
(Ingram et al., 2010; Valin et al., 2014; UN DESA, 2015). The produc-
tion required to meet that demand will occur within the United States and 
across a global landscape, including places with different environments, 
production systems, and animal breeds. As a world leader in efficient 
animal production, it is in the best interests of the United States to con-
tinue research in approaches to efficiently address the world’s demand for 
animal products. 

FIGURE 3-1 U.S. meat exports (beef and veal, pork, and poultry) as a share of 
domestic production from 1976 to 2016. 
NOTE: The unit description for beef and veal and for pork is 1,000 metric tons 
per carcass-weight equivalent, while the unit description for poultry is 1,000 metric 
tons. 
SOURCE: USDA-FAS, 2018.

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

ANIMAL AGRICULTURE 59

There are several compelling reasons for investing in animal agricul-
tural research to meet this challenge. First, the increasing global demand for 
animal-source food will impact domestic prices, and therefore continuing to 
augment efficiencies is essential to keep food affordable for U.S. consumers. 
Although it is beyond the scope of this report to comment on the American 
landscape of chronic diseases related to dietary choices, hunger and hidden 
hunger remain problematic in the developing world. Cognitive stunting 
due to lack of micronutrients, which are bioavailable predominantly in 
animal-source foods, is a major problem that results in whole generations 
of children who cannot reach their cerebral potential and consequently a 
corresponding drop in country gross domestic product potential (Galasso 
and Wagstaff, 2018). Despite Western-centric concerns that overconsump-
tion of meat is detrimental to health in the developed world, the situation 
is the reverse for the world’s poorest as the underconsumption of animal-
source food is detrimental to health (James and Palmer, 2015; Beal et al., 
2017). It is this latter population that, once given the economic liberty to 
choose their foodstuffs, will select more animal-source foods and create 
a larger global demand. Second, with increasing efficiencies and intensity 
of production, animals need to be reared in systems that promote animal 
welfare, minimize GHG emissions and pollution, and decrease the potential 
of foodborne illness. Third, animal diseases continue to move throughout 
the world which at a minimum decrease productivity, while transboundary 
animal diseases (which are high-consequence contagious animal diseases) 
can bankrupt animal industries in the United States and globally. 

2.1 Increased Demand for Animal Protein

Population growth combined with rising incomes in the developing 
world will result in the need to increase animal production to meet domestic 
and export market demands. Animal protein production has made impres-
sive advances in the past 50 years, but more will be required to meet the 
projected demands of a growing global population (Ingram et al., 2010; UN 
DESA, 2015). On a per capita basis, consumption of animal-source foods 
(defined as meat, eggs, dairy, and fish) has steadily increased in the United 
States and is projected to continue to increase globally (NOAA, 2015; 
USDA-ERS, 2018a). As low-income countries become emerging economies, 
consumption of animal-source foods will increase, and so the “bottom 
billion” will begin to get a share of nutrients that promotes better health 
by supplying adequate protein and nutrients through animal-source foods. 
Figure 3-2 shows the levels of animal products produced globally from 
1980 to the present, with numbers projected to 2030. Predictions are that 
demand for animal-derived food in 2050 could be 70 percent higher than 
2005  levels, with the demand for beef and pork increasing by as much as 

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

60 SCIENCE BREAKTHROUGHS

66 and 43 percent, respectively (Alexandratos and Bruinsma, 2012). The 
highest growth is expected for poultry meat at 121 percent growth, espe-
cially in developing countries, with demand for eggs potentially increasing 
by 65 percent (Mottet and Tempio, 2017). As a result, livestock numbers 
are expected to continue to increase significantly, although at lower rates 
than in past years (Alexandratos and Bruinsma, 2012). 

With respect to the contribution of fish to 2030 animal protein demands, 
the capture fisheries supply is unlikely to increase as stocks of key species 
are already fully harvested, and ocean acidification from cumulative GHG 
emissions over several decades is leading to biodiversity loss and threaten-
ing single-cell phytoplankton—the base of marine food chains that account 
for more than 50 percent of the photosynthesis and oxygen production on 
earth. Eutrophication and algal blooms resulting from the widespread use 
and runoff of nitrogen and phosphorous-based fertilizers into lakes, rivers, 
and coastal estuaries are further depleting aquatic plant and animal species, 
many of which provide food for humans (Carpenter et al., 1998; Canfield 
et al., 2010).

Aquaculture is therefore expected to dominate growth in the fish sec-
tor. Fishery production is expected to expand by more than 30 metric tons 
by 2030, 95 percent of which will come from developing countries. China 

FIGURE 3-2 Global milk, fish, broiler, pork, beef, and egg production since 1980 
and projected to 2030. 
SOURCE: Alexandratos and Bruinsma, 2012.
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is likely to have a significant influence on global fish markets, accounting 
for 37 percent of total fish production in 2030. Assumptions suggest that 
steady improvements in feed and feeding efficiency within the aquaculture 
sector will contribute to its growth (World Bank, 2013), and recirculating 
aquaculture systems could contribute to more efficient water and nutrient 
use (see Chapter 6 for further discussion on Controlled Environments). 
Food security in future years will surely depend on increasing the food-
provisioning capacity of aquatic as well as terrestrial ecosystems. 

2.2 Animal Diseases

Animal diseases are responsible for an average loss of more than 20 
percent of animal production worldwide and can have major economic 
impacts (OIE, 2018). Export partners can justifiably block imports and 
issue trade sanctions if zoonotic or transboundary animal diseases, such 
as highly pathogenic avian influenza, occur in the United States. Blocked 
exports can cause a glut of the commodity for domestic consumption, 
resulting in ripple effects in the economy, from decreased prices for consum-
ers to very negative farm-level impacts in the rural economy. Introduction 
of foot-and-mouth disease into the United States remains a constant threat, 
with estimates of the economic burden ranging from $37 billion to $228 
billion (Oladosu et al., 2013). Box 3-1 provides two examples in which 

BOX 3-1 
Recent Cases of Animal Diseases and Their Economic Impact

Highly pathogenic avian influenza entered the United States through migratory 
birds and caused an extensive outbreak in the Midwest that extended through mid-
2015. The U.S. Department of Agriculture (USDA) undertook the most aggressive 
foreign animal disease control efforts ever by depopulating 7.5 million turkeys and 
42 million chickens in an effort that cost U.S. taxpayers $879 million. The decision 
to eradicate was made because of the costs associated with not controlling the 
disease, which, through simulations, would have averaged $1.53 billion.

Bovine spongiform encephalopathy was found in late 2003 in one cow for the 
first time in the United States. This single case of “mad cow disease” prompted 
massive closure of major U.S. beef export markets, with 80 percent of exports 
blocked for the following year, costing the industry between $3.2 billion and 
$4.7 billion. 

SOURCES: Coffey et al., 2005; USDA-APHIS, 2016.
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recent cases of high-consequence animal diseases had major economic 
impacts. Even endemic diseases, such as bovine respiratory disease—the 
leading cause of morbidity and mortality in cattle that is caused by a variety 
of viruses and bacteria—can greatly hamper an animal’s productivity, may 
result in death, and is estimated to cost the cattle industry approximately 
$3 billion annually (Griffin, 1997).

2.3 Sustainability in Animal Agriculture 

There is increased public interest in environmental, economic, and 
animal welfare sustainability questions related to animal agriculture. Unfor-
tunately, there are no clearly defined objective measures for all of the 
sustainability questions related to animal agriculture, which in itself rep-
resents a notable area for investigation. Sustainability goals are sometimes 
in conflict, and managing a system for optimal environmental stewardship 
may clash with economic or animal welfare objectives (Llonch et al., 2017). 
Although extensive systems might appear to be less taxing on the environ-
ment in relation to resource use, waste treatment, and GHG emissions, 
scientific analysis has shown that intensive systems can actually reduce these 
outputs (Gerber et al., 2011; O’Brien et al., 2014). 

Conversion of animal feed into edible animal products is always an 
efficiency concern in animal agriculture. And this is a particular concern 
in cases where animal feed may contain human-edible products, or animal 
feed is grown on land suitable for growing human food (Mottet et al., 
2017). Approximately one-third of total cereal production is used to feed 
animals, and this is expected to rise further by 2030 (Makkar, 2017; Mottet 
et al., 2017). Currently 86 percent of global livestock feed is made of mate-
rials that are not consumed by humans, and ruminants play an important 
role in that they are uniquely able to convert human-inedible forages (e.g., 
leaves and grass) into high-quality protein and a variety of micronutrients 
(Mottet et al., 2017). Opportunities exist to increase this human-inedible 
proportion further, thereby decreasing the use of food-grade grains in both 
monogastric and ruminant diets.

Sustainability also encompasses animal welfare, and this is also a key 
component regarding consumer concerns. Unfortunately, there are few 
rigorous assessment criteria in use for scoring of animal welfare (Llonch et 
al., 2017). One definition states that animal welfare is “[when] animals are 
healthy and they have what they want” (Dawkins, 2017), while another 
definition from the World Organisation for Animal Health states that 
animal welfare is “[When] an animal is in a good state of welfare if (as 
indicated by scientific evidence) it is healthy, comfortable, well nourished, 
safe, able to express innate behavior, and if it is not suffering from unpleas-
ant states such as pain, fear, and distress” (Terrestrial Animal Health Code, 
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OIE, Article 7.1.1). The Terrestrial Animal Health Code (the international 
standard for animal production) further outlines aspects of animal welfare 
for all of the major livestock species and includes objective assessments of 
behavior, morbidity, mortality, and reproductive performance, which can be 
used for taking into account animal well-being, thereby serving as the “sci-
entific evidence” stated in the definition. However, there are few objective 
standards to assess many aspects of animal welfare, making quantitative 
evaluations problematic. 

To leave sustainability goal evaluations to the political process or pub-
lic opinion potentially exposes the process to subjective interpretation and 
political pressure from special-interest groups. There is a need to objectively 
evaluate the full sustainability implications of different agricultural systems. 
This would give the scientific community an opportunity to develop mea-
sures of product- and system-level performance to assess and compare the 
ability of different systems to sustainably meet the needs of both human 
and animal populations (Siegford et al., 2008). Likewise the holistic impli-
cations of utilizing mixed populations of animals that feed on wild grasses 
need to be objectively compared to the metrics associated with existing U.S. 
production systems to understand the food safety, environmental, animal 
health and well-being, worker safety and health, ranch viability, and food 
affordability trade-offs associated with these differing production systems. 

An example of such rigorous assessment is one conducted by the Coali-
tion for Sustainable Egg Supply (CSES), which formed to evaluate the sus-
tainability of several laying-hen housing systems (CSES, 2018). The goal of 
the CSES is to provide scientifically based information on trade-offs related 
to varying housing systems by conducting holistic comparative research. 
CSES members represented various stakeholders, including food retailer 
companies, egg suppliers, animal welfare scientists, academic institutions, 
and government (USDA Agricultural Research Service) and nongovern-
mental organizations. This $6 million study examined “various laying hen 
housing systems and potential impacts on food safety, the environment, 
hen health and well-being, worker health and safety and food affordability, 
providing food system stakeholders with science-based information on sus-
tainability factors to guide informed production and purchasing decisions” 
(Mench et al., 2016). 

The study results demonstrated the complexity of addressing sustain-
ability problems, as there were positive and negative aspects associated 
with each housing system that resulted in numerous trade-offs. Although 
the study was largely undertaken due to public pressure for cage-free hens 
because of animal welfare concerns, the cage-free system actually resulted 
in the highest rates of hen mortality and the worst indoor air quality, thus 
creating unexpected risks for both the animals and the workers. 

Assessing the efficiency of livestock production systems likewise requires 
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a holistic approach (Makkar, 2017). For example, Schader and colleagues 
(2015) explored the possibility of feeding animals only on human-inedible 
feedstuffs and found that it decreased the availability of livestock products 
globally by 53 percent, with a 91 percent decrease in meat from poultry and 
swine, and a 90 percent decrease in egg production compared with current 
levels of consumption. This underscores the important role of ruminants 
as consumers of human-inedible feedstuffs. However, the trade-off associ-
ated with removing high-energy concentrate feed from animal diets is that 
it increases the emission intensity of GHG production per unit of animal 
product. 

Effective science communication of the results and trade-offs revealed 
in such studies will be essential to provide a factual basis for tackling sus-
tainability issues in animal agriculture. Public opinion is not necessarily 
formed in response to objective scientific evidence, and especially when the 
issue involves ethical aspects, such as humane treatment of animals, the 
issue becomes much more complex, and simply reading or hearing the facts 
is not enough to sway majority outlook (Croney et al., 2012). 

3. RESEARCH OPPORTUNITIES

Significant knowledge gaps and research opportunities exist in each of 
the sections below. To sustainably address the increasing animal protein 
demand will require advancing basic knowledge in core disciplines of animal 
science and will also entail considerable cross-disciplinary contributions.

3.1 Animal Genetics

There are new, hitherto unforeseen opportunities to accelerate genetic 
improvement of livestock by incorporating genomic information, advanced 
reproductive technologies, and precision breeding methods into conven-
tional breeding and selection programs. Genomic selection alone has 
doubled the rate of genetic gain in the U.S. dairy industry since its intro-
duction in 2009. The past decade has seen an explosion of genotyping and 
resequencing data that are currently being used to develop genomically 
enhanced breeding approaches in several industries (Weller et al., 2017). A 
large number of omics datasets (e.g., genomics, proteomics, metabolomics, 
and transcriptomics) have been and are being produced by researchers. The 
challenge now is to combine and analyze these big data to produce basic 
and applied knowledge on how best to genetically improve livestock popu-
lations for traits of interest. Hickey and colleagues (2017) proposed that 
genomic selection presents a unifying approach to bring plant and animal 
breeders together to deliver innovative “step changes” to the rate of genetic 
gain (see Figure 3-3).
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Sequence data from thousands of phenotyped animals may help uncover 
important quantitative trait polymorphisms that can be used to improve 
genomic predictions (VanRaden et al., 2017) or that can be introduced into 
breeds using genome-editing tools (Proudfoot and Burkard, 2017; Ruan 
et al., 2017). Using biological information on key single-nucleotide poly-
morphism loci obtained from sequencing projects, single base modifications 
can be precisely introduced into animal genomes to obtain a genotype with 
desired traits. 

Novel breeding schemes involving multiple in vitro rounds of genomic 
selection, gene editing, gamete production, and fertilization could reduce 
by orders of magnitude both the generation interval and the genetic lag 
between nucleus and commercial populations. Such schemes can be envi-
sioned based on exciting developments in embryonic stem cell technologies 
(Bogliotti et al., 2018) and surrogate sire/dam technology (Park et al., 2017; 
Taylor et al., 2017). This technology is poised to enable the development 
of a population of commercial animals that lack their own germline cells, 
but which carry transplanted gonial stem cells delivering the genetics from 
elite donor seedstock animals (Gottardo et al., 2018).

FIGURE 3-3 Capturing new opportunities to accelerate the pace of genetic gain 
based on efficient and targeted access to genetic diversity, coordinated phenotyping 
across environments, cost-effective sequencing, genomic prediction, and genome 
editing. 
NOTE: GEBV = genomic estimated breeding value. 
SOURCE: Hickey et al., 2017.
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The main scientific challenge remains in how best to harmonize, com-
bine, analyze, and utilize phenotypes, environmental, and omics information 
in conjunction with gene editing and advanced reproductive technologies. 
The goal would be a 10-fold increase in the rate of genetic improvement 
in livestock, poultry, and aquaculture populations by 2030. Additionally, 
there is a need to develop objective selection criteria to enable the incorpo-
ration of important components of sustainability, such as increased fertil-
ity, improved feed efficiency, functionality, and decreased susceptibility to 
disease into breeding objectives and animal breeding programs. 

3.2 Animal Nutrition

Opportunities for research and progress abound for animal nutrition 
through the growing field of precision feeding and exploration of the micro-
biome, as well as through examination and implementation of novel feed-
stuffs. Precision feeding entails offering feed to each animal that is exactly 
tailored to the animal’s needs. Currently, rations are formulated to be the 
least-cost ration that provides essential dietary requirements, which may 
result in overfeeding certain components such as protein. A recent paper 
examined the use of precision feeding stations to increase broiler flock uni-
formity by sequentially feeding chickens according to their individual body 
weight and needs (Zuidhof et al., 2017). Future innovations might address 
how feed rations can be more precisely formulated to maximize utilization 
efficiency and minimize negative environmental impact, and how technol-
ogy could be used to more precisely deliver feed to animals on an individu-
alized basis (Gerber et al., 2013). Also, the microbiome of animals is just 
beginning to be explored (O’Callaghan et al., 2016). Nutrient formulations 
could be combined with more information about the microbiome and 
its interactions with nutrients. As the human microbiome and associated 
research reveal connections between microbes and disease susceptibility, 
similar understandings will undoubtedly emerge concerning animals.

Finding novel feedstuffs for livestock could markedly enhance sus-
tainability, as 14 percent of the global feedstock feed ration consists of 
human-edible feed materials (Mottet et al., 2017). Use of human-inedible 
resources—such as slaughterhouse and food wastes, by-products of biofuel 
production, leaf meals, seaweeds, and insect meals—could replace human-
edible components of livestock diets (Rumpold and Schlüter, 2013; Makkar, 
2017). Diverting food loss and waste to animal feed represents an obvious 
opportunity to replace grain-based feed with human-inedible resources. 
Plant breeding could also increase livestock production efficiency by (1) 
raising the feed crop yield per hectare (e.g., improved drought tolerance 
or nitrogen-use efficiency) and (2) improving the rate of feed conversion 
efficiency of vegetable calories into animal calories (e.g., altered digestibility 
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or crop composition) such as reduced-lignin alfalfa (Van Eenennaam and 
Young, 2014). This will involve collaborations between plant breeders and 
animal nutritionists (see Chapter 2). 

New electronic and digital tools may also enable better management of 
and feed conversion in ruminants grazing on grasslands and range. Virtual 
fences are a new foray into this area and could improve grassland produc-
tivity and protect sensitive areas from overgrazing (Umstatter, 2011). 

3.3 Animal Health

Decreased production and death from disease are currently huge inef-
ficiencies in the system, because nutrients and resources put into animal 
growth and well-being are minimized or completely lost. There are multiple 
knowledge gaps in animal health and thus many research areas in need of 
exploration.

Vaccine research to date has primarily focused on finding the right pro-
tein or engineered surrogate that will prompt a protective immune response 
when the animal encounters the specific pathogen in the field. Reverse vaccin-
ology offers an exciting opportunity to use advances in genomics to predict 
good antigens for vaccine development and is currently being investigated by 
many researchers. For example, researchers have used reverse vaccinology to 
predict immunoprotective proteins for a tick vaccine (Andreotti et al., 2018) 
and leptospirosis vaccine candidates (Dellagostin et al., 2017). This approach 
was also used to identify vaccine candidates for a Campylobacter vaccine for 
broilers, an important food safety concern (Meunier et al., 2017). More tar-
geted and individual-specific immune interventions based on multiple omics 
data may be the next breakthrough.

When a pathogen enters the body, there is a suite of upregulated host 
genes which informs the corresponding immune response, in a kind of 
signature response as part of the innate immune system. In this constella-
tion of cascading cytokines, it is now known that some of these signaling 
molecules serve to protect the host and others may be triggered specifically 
by microbial genes to aid the organism’s invasion (Davidson et al., 2015). 
Knowledge and dissection of this full complement of mediators in the innate 
immune response could serve to effectively inform better vaccine develop-
ment that would be tailored for each invading agent. Such a schema could 
allow for earlier abrogation of the invading agent, rather than waiting for 
the acquired immune response to kick in, such as is induced by conven-
tional vaccines.

If an infection cannot be prevented in an animal—in other words, there 
is no vaccine or it is not economically feasible to vaccinate—the next best 
tactic is to detect the illness at first blush. In most animal production facili-
ties, animals are viewed every day by farmworkers and/or owners and are 
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only seen by health professionals during periodic checks or when called to 
a farm for an assessment. When animals become visibly ill, they are already 
in the disease phase and are actively shedding the culpable microbes to their 
herd- or flock-mates. It would be ideal to be able to detect animals at first 
infection when they are in the incubation or prodromic stage (the stage of 
infection when symptoms begin to emerge but prior to full-blown disease 
becoming evident). Animals recognized at this stage could be removed from 
their cohorts and potential transmission drastically reduced.

An additional problem with animal health is diagnosing the disease so 
that appropriate intervention strategies can be introduced. In most cases, 
this involves first actually realizing that the animal is sick, then perhaps con-
tacting an animal health professional for a visit, taking appropriate samples 
that will prove useful for diagnosing the specific disease occurring, and 
then relying on the local laboratory to run the appropriate tests. Current 
technologies, such as next-generation sequencing and MinION (a handheld 
DNA sequencer), are currently expensive and require high levels of exper-
tise. With further research, these technologies could be converted into use 
at the penside rather than the laboratory. It is now possible to purify DNA 
from plants, animals, and microbes in under 30 seconds under field condi-
tions (Zou et al., 2017). There is also ongoing work in the use of penside 
sensitive and specific biosensing systems for detecting animal diseases at the 
earliest moment, even before clinical signs are obvious (Vidic et al., 2017). 
The possibility of diagnosing a wide array of diseases while standing beside 
the animal could remove many time-consuming steps to diagnosis, allowing 
for much earlier and targeted therapies or control measures, thereby mini-
mizing loses, animal suffering, and therapeutic antibiotic usage.

3.4 Animal Facility Design and Management 
for Sustainability and Animal Welfare

There are major research opportunities to study facility design and 
management for improving animal welfare and decreasing negative envi-
ronmental consequences. Landmark studies by Dr. Temple Grandin (2012) 
provided insight into processing-facility design to reduce animal stress 
while at the same time improving worker safety. As a result of Grandin’s 
work, more than half of the cattle slaughtered in the United States are 
processed through a curved, single-file chute, using nonslip flooring and 
adaptive lighting, resulting in more relaxed and calmer cattle walking to 
the slaughter site (The Economist, 2015). Opportunities exist to improve 
animal facility design by integrating sensors and electronic monitoring of 
animal health and well-being.

For layer hens, extensive research comparing different housing sys-
tems was conducted by CSES (previously described in this chapter). The 
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study examined multiple parameters, including behavior, productivity, food 
safety, efficiency, and worker safety. This type of large holistic study pro-
vides the evidence base for system comparisons. Such research can be the 
impetus for research on how modification of facility design can improve 
welfare outcomes (Stratmann et al., 2015). 

Rigorous, objective assessments of animal welfare need to be developed 
and applied. To date, few studies have examined animals’ stress levels and/
or senses of comfort and security. While the World Organisation for Animal 
Health has developed a robust set of parameters, most involve subjective 
behavioral or whole-animal observations. In some parts of the world, there 
has been progress in measuring internal biomarkers as a proxy for animal 
well-being. For example, cortisol can be quantitated noninvasively through 
saliva, milk, or hair (Casal et al., 2017; Tallo-Parra et al., 2017). The use 
of reliable biomarkers could help determine what types of housing facilities 
are best suited for the animals; facility design professionals could combine 
this information with their understanding of efficiency of operations, dis-
infection procedures, and worker safety and health. 

Animal waste needs to be handled regardless of the animal housing 
system. Urine, feces, bedding material, and wash water are products of 
animal agriculture and are often destined for the waste stream. Design-
ing programs that utilize or transform the waste into useful products are 
big opportunities for the research community. Some limited examples of 
successful research in this field include turning manure into solid paving 
materials, and it is becoming increasingly frequent to capture methane 
from manure for generating electricity (MacDonald et al., 2009; Fini et al., 
2011). Continuing to find sustainable uses for animal wastes is a huge area 
of opportunity.

3.5 Precision Livestock Farming

Precision livestock farming (PLF) is a novel and growing technology 
with the aim of enhancing animal health and productivity by applying sen-
sor and remote technologies. The use of PLF can enable individual-animal-
targeted nutrition, health, and welfare (Rutter, 2012). Daniel Berckmans 
states that the objective of PLF is “to create a management system based 
on continuous automatic real-time monitoring and control of production/
reproduction, animal health and welfare, and the environmental impact of 
livestock production” (Berckmans, 2014, p. 190). It is markedly multidisci-
plinary, requiring coordination among farmers, animal scientists, veterinar-
ians, molecular biologists, immunologists, bioengineers, data scientists, and 
information technologists. Monitoring can be done remotely through sounds, 
sights, animal movements, and estimations of environmental parameters such 
as temperature, humidity, or air particulates. 
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Recent publications outline how PLF might be used in livestock sys-
tems to assess and control many aspects of animal lives (Rutter, 2012; 
Berckmans, 2014; Bocquier et al., 2014; Mottram, 2016). In the dairy 
cattle industry, the development of rumen wireless telemetry has enhanced 
metabolic disorder monitoring, and mastitis can be detected by combin-
ing conductivity and behavioral analysis with somatic cell scores that are 
predictive of disease (Mottram, 2016). Such technologies might offer an 
approach to reconcile the conflict that sometimes exists between animal 
welfare and efficiency. 

Investigation of specific sounds using continuous monitoring has been 
examined in a preliminary way in two different livestock systems. Record-
ing of sound emitted by broilers at various growth stages allowed for a 
correlation of sounds with optimal growth. This information could be 
used to investigate flocks when positive growth sounds are not heard, and 
also to modify the environment and feed to maximize the periods of these 
growth sounds being emitted (Fontana et al., 2015). In the cattle industry, 
recording of sounds in calves and labeling those noises specific for respira-
tory problems as a trigger for examination allowed for early identification 
of bovine respiratory disease (Vandermeulen et al., 2016). 

Biosensors that detect physiological changes—such as increased lactate 
(indication of developing low milk yield in dairy cattle) or cortisol (indicat-
ing stress level)—have been developed that work on sweat, saliva, and tears 
(Weng et al., 2015). Applied to an animal, biosensors can serve as color-
changing biotattoos to readily inform workers of impending problems. 
Information can be transferred via cell phone to create a timestamp as well 
as geographic coordinates that could be utilized for more effective local, 
regional, and national coordination of overall stress or developing disease. 
Prompt reaction to changes could facilitate isolation of infected animals to 
prevent spread, increase amount of weight gain, and decrease the number 
of sick animals that require therapeutic antibiotics. For PLF to reach its 
full potential, additional research into relevant bioresponses is needed. 
Currently, most of the point-of-care diagnostic development is focused on 
detection of specific pathogens (e.g., avian influenza). Although useful in 
monitoring flocks during outbreak periods, a more robust system would 
be able to detect early stress in an animal during the prodromic period. 
This will require intensive examination of the innate immune response and 
examination into which biomarkers are the most reliable for detection in 
blood, saliva, tears, or sweat. It will be necessary to detect specific algo-
rithms and intervention points. 

Phenotypes from sensors and PLF will also be important inputs to 
global efforts for collecting phenotypic and genomic data for breeding and 
genomic discovery programs. Combining large-scale sequence and varying 
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phenotypic information from sensors into databases will be requisite to 
enable biology to inform breeding and feeding programs. 

The biggest obstacle for PLF is the data science challenge of transform-
ing multiple types of data from various sensors and sources into knowledge. 
This knowledge could then be used to accurately predict a genetically 
superior animal, an animal in distress or presenting disease symptoms, or 
an abnormal state that requires farmer intervention. There are two hurdles 
in this regard: (1) the data science problem associated with developing 
data-driven methods (e.g., deep learning) that can create predictions based 
on a variety of measurements coming from different sources, and (2) a 
translational issue of interpreting the data-driven predictions to produce 
prescriptive levels of understanding (see Chapter 6). This might range 
from developing a breeding value of an animal through to how and when 
a farmer should be notified that the intervention is required. Developing 
farmer-friendly, cost-effective plug-and-play PLF applications will require 
collaboration among animal scientists, agricultural engineers, and data 
scientists focused on a shared vision of animal-centered care. 

3.6 Systems Analysis

In examining various production systems, or even animal-source foods 
versus plant-based or synthetic alternatives, it will be important to conduct 
a comprehensive life-cycle analysis (LCA) of advantages, disadvantages, 
and trade-offs. For instance, numerous studies have examined organic 
versus conventional production systems, but none have looked simultane-
ously at all relevant parameters involving an LCA to include environmental 
impact, animal welfare, and public health. To date, the most thorough stud-
ies in this arena have shown that there are evidently distinct advantages and 
disadvantages to each in the various categories of carbon footprint, water 
usage, and nutrient efficiency (van Wagenberg et al., 2017). For instance, 
although many consumers might choose grass-fed beef over cattle receiving 
conventional feed because of environmental concerns about the efficiencies 
of feeding grain to ruminants, the carbon footprint per unit of grass-fed 
beef can actually be considerably higher than cattle that are finished on 
concentrates (Capper, 2012).

There is a need to objectively evaluate the sustainability implications of 
different animal agricultural systems and protein source alternatives using 
a holistic evidence-based research approach. There are many questions that 
have been posed that deserve rigorous scientific analysis. Such questions 
include “What are LCA and nutritional implications of meat substitutes 
such as edible biomass grown from animal stem cells in culture, or plant-
based meat imitation products?” Reducing animal agriculture may reduce 
GHG, but there are other direct and indirect impacts on other aspects of the 
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food and agricultural system. A recent paper analyzed the environmental 
and nutritional implications of removing animals from U.S. agriculture and 
found a minimal overall reduction in GHG (2.6 percent), but significant 
potential impacts to human health through essential nutrient deficiencies 
(White and Hall, 2017). 

Insects have been suggested as a future source of protein (Payne and 
Van Itterbeeck, 2017; Williams and Williams, 2017), and it will be worth-
while to explore the possibilities and implications of this protein source. 
A recent review by van Huis and Oonincx (2017) examined the LCA and 
environmental impacts of insect farming compared to livestock production. 
That study concluded that (1) less land and water is required, (2) GHG 
emissions are lower, (3) insects have high feed conversion efficiencies, (4) 
insects can transform low-value organic by-products into high-quality food 
or feed, and (5) certain insect species can be used as animal feed or aqua 
feed (van Huis and Oonincx, 2017). For instance, insects might be able to 
partially replace fish meal feed, which is becoming increasingly scarce and 
expensive and is important because of projected increases in aquaculture 
production (Williams and Williams, 2017).

Perhaps as important is communication of these findings to the broader 
public. The sustainability trade-offs associated with agricultural production 
systems are often not obvious. Marketers may focus on a single sustainabil-
ity component of a production system without holistically addressing the 
trade-offs accompanying issues such as food safety and affordability, animal 
health and well-being, worker safety and health, and the environment. 

In the United States, the Morrill Act of 1862 provided the basis for 
strong land-grant university research programs, and the subsequent Smith 
Lever Act of 1917 formed the extension infrastructure that would extend 
those research breakthroughs to farmers (Tokach et al., 2016). Extension 
programs could be better engaged in communicating agricultural sustain-
ability research information to the general public as their target audience, 
using the findings of social scientists on the science of effective science com-
munication, given the importance of the public being able to appreciate the 
nuances and trade-offs associated with different systems to sustainably meet 
the needs of both human and animal populations.

4. GAPS

There are scientific knowledge gaps that have prevented us from meet-
ing the challenges so far and would need to be addressed in order to real-
ize the opportunities. These are stated as defined basic or applied research 
questions below and address the areas of animal genetics, animal nutrition, 
animal health, animal facility design and management for sustainability and 
animal welfare, precision livestock farming, and systems analysis. 
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For animal genetics, research questions include (1) Can genetic and 
reproductive technologies be advanced and successfully combined to result 
in breeding schemes that achieve a 10-fold increase in the rate of genetic 
improvement in livestock, poultry, and aquaculture populations by 2030? 
(2) How can collaborative work with researchers in various fields (e.g., 
genetics, animal science, and animal health) help to develop reliable, objec-
tive selection criteria to enable genetic improvement in sustainability traits 
such as fertility, improved feed efficiency, welfare, and decreased susceptibil-
ity to disease in animal breeding programs?

For animal nutrition, research questions include (1) How can precision 
nutrition be utilized to ensure that each animal gets exactly what it needs? 
Would it be possible to combine nutrient information with growing data 
about animals’ microbiomes to further the incorporation of exactness and 
efficiency? (2) Through collaborations between animal nutritionists and 
plant/food scientists, would it be possible to discover novel, nutritious, 
and suitable feedstuffs that are not human consumable in order to decrease 
animal agriculture’s resource footprint?

For animal health, research questions include (1) What can be done 
to induce or amplify an animal’s innate immune response to pathogens? 
What novel prevention and intervention therapeutics can be developed to 
interfere with the initial encounter and manipulate the innate response so 
that earlier protection is developed? Would it be possible to breed animals 
that are themselves resistant to specific pathogens? (2) What methods can 
be developed to more easily detect an infected animal prior to visual onset 
of clinical disease? What would be the role of biosensors and “wearable” 
technologies as inexpensive indicators? (3) To facilitate rapid response and 
containment, what penside tests can be developed to decrease the lag time 
between sample collection and laboratory diagnosis for transboundary 
animal diseases? 

For animal facility design and management for sustainability and ani-
mal welfare, research questions include (1) How can animal housing and 
management be examined in a multidisciplinary way that would allow for 
high efficiency and productivity, combined with animal welfare and worker 
safety, while minimizing negative environmental impacts? (2) To assist in 
objective assessments of animal welfare, what parameters should be used 
to address welfare concerns in animal production systems? What are the 
appropriate objective modalities for measurement that can be incorporated 
(e.g., sound, sight, and movement) to help explore this area, particularly 
indicators of animals’ subjective states? How can the social sciences help 
inform and translate scientific findings for consumers to make informed 
decisions?

For precision livestock farming, research questions include (1) How 
can sensors and data be used to transform the traditional systems of live-
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stock farming into one that is more closely tailored to each animal’s spe-
cific needs? (2) How should a “pilot farm” be designed to demonstrate 
the utility and efficiency of such a system that would provide continuous 
automatic real-time monitoring of production, animal health, welfare, and 
environmental impacts? 

For systems analysis with regard to animal agriculture, research ques-
tions include (1) As the nation evaluates new systems to improve the 
efficiency of food production, how can life-cycle assessments be used to 
holistically examine and compare the trade-offs of proposed changes? 
Parameters for sustainability and acceptability should include food safety 
and nutrient composition, nutrition, environment, animal health and well-
being, worker safety and health, and affordability.

5. EXAMPLES

Some possible applications of combining various breakthrough strate-
gies to provide a systems approach are detailed below in futuristic examples. 

5.1 Beef Cattle Biotattoo

A farmer raising beef cattle has a new group of calves. Cattle are 
housed together, and a monitoring system allows the farmer to visually 
detect, via a biotattoo in the ear, if the animal has ingested colostrum from 
the dam. A visual inspection shows the farmer that all the biotattoos are 
pink, indicating that this important antibody-laden milk has been success-
fully consumed, helping to protect the animal for the first few weeks of 
life. A biotattoo in the other ear indicates stress level, and a certain color 
indicates fever and/or production of acute-phase proteins, such as would be 
generated early in an infection. The farmer notes that two of the calves have 
a faint blue tinge to the biotattoo, so those calves and dams are brought in 
to an area for closer observation. 

Before heading back to the house, the farmer activates the sound 
monitoring system, which records all sounds made by this group of calves 
and dams, and there are certain algorithms incorporated that will alert the 
farmer to the first coughs experienced in bovine respiratory disease and/or 
maternal distress. Any relevant sound algorithm that is activated alerts the 
farmer on a cell phone and, even in the middle of the night, the farmer is 
able to administer the appropriate remedy to the affected animals, saving 
lives and minimizing antibiotic use.
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5.2 “Smart” Hog Facility

A state-of-the-art facility in the Midwest specializes in feeder hogs. 
Recently weaned pigs are brought in and given a thorough assessment by 
the consulting veterinarian. Sensors in all the animal rooms are tied to the 
air handling and lighting systems to ensure optimal temperature, humid-
ity, and ambient light. A small number of workers monitor the animals 
remotely and are attuned to behavioral cues that the animals need to exert 
innate behaviors such as rooting or chewing; the workers can insert the 
requisite materials and/or activate access to an outdoor yard so that the 
animals can be fulfilled. 

Weight gain and back fat are also measured remotely, and environ-
mental parameters are modified to maximize lean muscle development. 
Fecal samples are periodically tested using inexpensive rapid assays for 
Salmonella. Because the microbiome of each pig is known, any carrier 
pig can quickly be identified, removed, and treated. Removal of sewage is 
conducted by robotics, and the manure is deposited in a methane transfer 
device that converts the energy and powers the entire facility. Transport to 
the slaughter plant is achieved through chutes and into trucks that mimic 
the pigs’ environment for all of their senses.

5.3 Aquaponics in Elementary School

Elementary schools throughout a poor urban area, where fewer than 
1 percent of children have ever been to a farm, are each equipped with an 
aquaponics unit, which sustainably combines fish production and vegetable 
growth, that has been incorporated into the science curriculum. Students 
are selected, on a rotating basis, to attend to the fish and the vegetables, 
and through their science classes learn about sustainable agriculture and the 
value of recycling. The fish and vegetables are periodically harvested and 
served in the school lunch program, with students helping in the prepara-
tion. After 2 years of this program, there is a noticeable increase in student 
interest in food science as a career, and several of the housing projects 
nearby have requested similar aquaponics units.

6. BARRIERS TO SUCCESS

Breakthroughs can only be accomplished if various governmental, 
societal, and funding concerns are also addressed, as currently there are 
obstacles to achieving what is envisioned through this report.

1. Public research funding levels have remained stagnant for many 
years, and are disproportionate to the economic contributions of 
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animal agriculture. The National Research Council report Criti-
cal Role of Animal Science Research in Food Security and Sus-
tainability (NRC, 2015) recognized the underfunding of animal 
sciences and called for increased investments. Funding initiatives 
often omit research on food animals, focusing solely on the genetic 
improvement of agricultural crops. The National Association of 
State Departments of Agriculture has noted that “[t]his imbalance 
in support for animal science puts U.S. animal agriculture at a 
major disadvantage at a critical time when livestock, fish, and poul-
try producers are striving to improve sustainability and address 
global animal protein demands” (NASDA, 2014). Recent disease 
outbreaks such as porcine reproductive and respiratory syndrome 
and avian influenza in the United States underscore the need to 
develop science-based tools to prevent and mitigate the impacts of 
such outbreaks. 

2. Big datasets are currently not stored or shared in a way that is use-
ful for research or data scientists.

3. Many novel technologies are too expensive for commercial live-
stock producers and lack a user-friendly interface to facilitate their 
adoption.

4. There is little consumer understanding of the trade-offs associated 
with different production systems and agricultural innovations.

5. There is insufficient focus in current funding calls on bringing 
together the disparate disciplines needed to address complex prob-
lems using data science. 

7. RECOMMENDATIONS FOR NEXT STEPS

Emerging technologies (such as genomics, genome editing, and biosen-
sors) have transformative potential to advance knowledge in animal genet-
ics, animal nutrition, and animal health. Funding mechanisms must entice 
and encourage data scientists, engineers, computer scientists, synthetic 
biologists, social scientists, and other nonagricultural disciplines to apply 
this biological knowledge to focus on developing innovative solutions to 
animal agriculture’s pressing problems in a way that comports with societal 
expectations. A research strategy to enable the implementation of preci-
sion livestock farming using these technologies will require incentivizing 
the convergence of these disparate disciplines. Some high-priority research 
areas include the following:

1. Enable better disease detection and management using a data-
driven approach through the development and use of sensing tech-
nologies and predictive algorithms.
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2. Accelerate genetic improvement in sustainability traits (such as 
fertility, improved feed efficiency, welfare, and disease resistance) 
in livestock, poultry, and aquaculture populations through the use 
of big genotypic and sequence datasets linked to field phenotypes 
and combined with genomics, advanced reproductive technologies, 
and precision breeding techniques. The goal would be to enable a 
10-fold increase in the rate of genetic improvement in livestock, 
poultry, and aquaculture populations by 2030. 

3. Determine objective measures of sustainability and animal welfare, 
how those can be incorporated into precision livestock systems, 
and how the social sciences can inform and translate these scientific 
findings to promote consumers’ understanding of trade-offs and 
enable them to make informed decisions.
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4

Food Science and Technology

1. INTRODUCTION

As the U.S. food system has evolved, advances in science and technol-
ogy have helped to provide a huge variety of foods that are safe, convenient, 
inexpensive, distributed widely, and available year round. Individuals repre-
senting many disciplines—microbiology, chemistry, engineering, processing, 
packaging, sensory science, and nutrition, among others—work under the 
umbrella of food science to support the integrity of the food supply (Floros 
et al., 2010). In addition, food scientists collaborate with other disciplines 
(e.g., agronomists, biotechnologists, material scientists, economists, and 
social/behavioral scientists) to address problems in the broader “food sys-
tem,” with the ultimate purpose of transforming raw, frequently inedible, 
and, in some cases, unsafe agricultural commodities into safe, nutritious, 
high-quality foods that are accepted and valued by consumers (see examples 
in Box 4-1). Much of this is accomplished by food processing, defined as 
any intentional change to a food occurring between the point of origin 
and availability for consumption (Floros et al., 2010). Food is processed 
for many different purposes and, overall, processing results in improved 
product characteristics such as safety, shelf life, quality, sensory attributes, 
and nutritional value. In more recent years, consumers have demanded 
additional product features such as convenience and variety to their food 
choices, and they expect greater transparency about the origins of their 
food and the type of processes utilized in manufacturing a product. New 
trends such as online food shopping and the use of food-on-demand services 
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BOX 4-1 
Examples of the Contribution of Food Science and Technology 

to Improving the Food Systems

Frozen Foods

For centuries, inhabitants of cold climates have used the natural winter frosts 
as a preservation approach to protect foods from microbial or enzymatic deteriora-
tion. Following early experience with ice making in the 19th century, technology 
developed rapidly and by the end of the 19th century, cold air freezing plants 
were being used to produce frozen poultry in Europe, which was being traded 
between countries. In the 1920s, Clarence Birdseye developed flash freezing 
of food, which produced a product of much higher quality; this technology was 
investigated by the military during World War II. As an evolving society embraced 
convenience and variety, and the food industry recognized financial benefits such 
as enhanced capacity and extended shelf life, freezing technologies were increas-
ingly embraced in the decades that followed. This has led to innovations such 
as frozen meals available in groceries to the recent emergence of the food-on-
demand businesses that provide door-to-door delivery of ingredients and products 
by overnight shipment. 

Food Fortification

Food fortification or enrichment can be defined as the intentional process of 
adding micronutrients to food. A historical example is the addition of iodine to salt, 
which began in the 1920s because the lack of natural iodine was resulting in a 
high prevalence of goiter in the population. Among the many examples of improv-
ing health via fortification is the U.S. mandatory fortification of all enriched grain 
products with folic acid, which has prevented thousands of neural tube defect 
incidences per year. Developments in nanotechnology, specifically nanoencap-

allow for even greater individualization in consumer choice, preference, 
and demand.

Attaining a food supply that provides safe, healthy, appealing, and 
affordable foods is the shared responsibility of food and allied industries, 
local, state, and federal governments, and researchers and educators in 
academic institutions, along with consumers through their food choices and 
practices. Most of the necessary research and development (R&D) work to 
launch new commercial products is naturally initiated and conducted by 
the private sector. However, investigating overarching concepts in the food 
sciences, and solving universal, crosscutting problems, is frequently tackled 
with basic and applied scientific research that is conducted at public and 
private universities and in government laboratories. Although different 
stakeholder groups contribute to the funding and intellectual enterprise of 
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the agricultural and food-related activities, historically the research efforts 
have been largely supported by both public and private funds. Between 
1970 and 2008, the public contribution was relatively stable at about 50 
percent of the total private- and public-sector R&D funding (Clancy et al., 
2016). Recently, however, the source of funding has shifted. During the 
period 2008 to 2013, real private investment in R&D in the agricultural 
and food sector rose sharply (up by 64 percent), while real public invest-
ment fell by 20 percent. Private funding has dominated R&D in food 
manufacturing (Clancy et al., 2016). Public support for human nutrition 
research has increased over the past several decades. The nutrition research 
includes nutrition through the life cycle, health (disease, metabolism, and 
metabolic mechanisms), and food science (monitoring, education, and pol-
icy; and supplements). However, the portfolio of research has changed with 

sulation, are providing means by which to improve our fortification capabilities 
by, for instance, protecting sensitive bioactive compounds from acidic environ-
ments, exogenous enzymes, or thermal degradation; enhancing solubility; and/or  
improving release or bioavailability (Singh et al., 2017). New investigations are 
focusing on biofortification, the use of agronomic practices, conventional plant 
breeding, and modern biotechnology to increase nutrient levels in crops during 
plant growth (e.g., iron biofortification of rice, beans, or sweet potatoes; zinc 
 biofortification of wheat; provitamin A carotenoid biofortification of sweet potatoes 
or maize) (WHO, 2016). 

Upcycling: Reuse of By-Products from Food Processing

A classic example of early upcycling was the utilization of sweet whey, a by-
product of cheese making, as an ingredient in various food products. Considered 
a waste by early cheese producers, whey was pumped into rivers and streams, 
which created dead zones in the ecosystem because of overgrowth of algae 
(Marwaha and Kennedy, 1988). When this practice was banned, whey began to 
be used in various capacities, first as animal feed, then as a filler, and eventually 
as an ingredient of “health food” products. In addition, cream skimmed from whey 
was used to make whey butter, an ingredient in butter-flavored food. 

Upcycling has gained significance among food manufacturers not only as 
a lucrative process but more importantly as a part of their resource efficiency 
and sustainability management plans. Other historical successes of upcycling 
include the use of fishing bycatch to produce value-added products such as 
surimi. A modern example of the need for upcycling is the mounting quantities 
of acid whey being produced as a result of the recent popularity of Greek-style 
yogurt.  Researchers are investigating ways to upcycle this new food processing 
by-product.
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increased funding from the U.S. Department of Health and Human Services 
and decreased support from the U.S. Department of Agriculture. The shift 
has affected the type of problems addressed through federal support as 
well as mechanism (shifting from formula funds to nonformula extramural 
support). From 1985 to 2009, the federal share of research funding for 
food sciences (food processing, preservation, and other food-related tech-
nologies) decreased from 10 to 4 percent of the total funding for nutrition 
research (Toole and Kuchler, 2015). 

This chapter identifies important challenges faced by the postharvest 
food sector in making progress toward meeting future demands for a safe, 
nutritious, sustainable, and affordable food supply for all. It also identifies 
emerging opportunities, largely as a consequence of scientific and tech-
nological developments, to address these challenges, along with gaps and 
barriers. Concrete illustrative examples of these emerging opportunities are 
provided. The chapter does not address the cost and social implications 
of these technological advances, including factors that may limit access to 
new products or processes (e.g., production scale, location, or consumer 
resources), although it is recognized that these factors are important drivers 
of their ultimate adoption. Chapter 9 considers some of the socioeconomic 
considerations related to the scientific innovations. 

2. CHALLENGES

Factors such as population growth, more variable weather cycles, and 
globalization, among others, have changed and continue to dramatically 
change our food system. Supply networks now offer greater consumer choice 
over a wide variety of products through large, interconnected  markets. 
However, many challenges to the system have emerged. The committee 
identified two general challenge areas that need to be addressed over the 
next 20 years using the newest scientific and technological breakthroughs.

2.1 Challenge 1: Develop High-Quality, Nutritious Foods 
Produced and Distributed in a Sustainable Manner to Meet the 

Needs and Demands of a Diverse Consumer Population

The essential role of food is maintaining human life and health. Food 
promotes health because it contains nutrients that are necessary to pro-
vide energy, meet physiological needs and functions, and prevent chronic 
diseases. As mentioned in Chapter 1, this report does not address research 
efforts devoted to understanding the association between human nutri-
tion and health, although it should be noted that this continues to be an 
important area of future research. Indeed, the increased recognition of the 
complex, and often personalized, interactions between agricultural produc-

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

FOOD SCIENCE AND TECHNOLOGY 87

tion, food, nutrients, and human health begs for research to improve our 
understanding of food and nutrient metabolism and their relationship to 
diet and health. Findings from this type of research could lead to more 
healthful foods and better diets in general, and those in accordance with 
the needs of specific consumer subpopulations. 

It is important to recognize that humans eat foods, not nutrients, and 
so foods must be both nutritious and appealing. Sensory attributes are 
among the most important drivers of food consumption preferences (Lusk 
and Briggeman, 2009). The holistic sensory experience is complex, and 
there is an implicit causal chain of events from sensation, to experiencing 
pleasure, to food intake. Sensory is not only impacted by the complexity of 
food components from macromolecules to ingredients to formulation; there 
is emerging science indicating that human genetic variability plays a major 
role in the way individuals experience foods. Understanding the interactions 
between the food chemical composition and the consuming human is criti-
cal to developing products that meet consumer preferences for flavor and 
appearance while delivering nutrition and health benefits. 

In addition to consumer appeal and healthfulness, consumers’ eating 
preferences are driven by many social, behavioral, and psychological factors 
(Lusk and McCluskey, 2018). For some consumers, ethical and environ-
mental concerns may dominate their preferences (e.g., vegetarian protein 
substitutes for animal products; insects used as a source of protein); for 
others, place of origin and local sourcing are predominant considerations; 
and in other cases, perceived risks weigh heavily in food choice (e.g., 
choice of organic options, avoidance of genetically engineered foods or 
other new technologies). Improved understanding of the influence of social, 
behavioral, and psychological factors on the development and role of these 
influences is necessary, particularly as consumers are faced with choices 
about products developed with new technologies for some of which there 
is conflicting evidence on risks and benefits. One relevant ethical issue is 
that of consumer behavior around food loss and waste, given that 30-40 
percent of the food produced in the United States is wasted, largely at the 
retail and consumer stages (Gunders, 2012; Buzby et al., 2014; Bellemare et 
al., 2017). Food supply chain participators have joined forces in initiatives 
to reduce waste (e.g., changing product labeling policies) but important 
technological innovations can be added to these efforts, including develop-
ment of ways to increase product quality, shelf life, and/or safety. Other 
challenges are best addressed through focus on a systems approach and 
behavioral changes (see Conrad et al., 2018, for an example of the chal-
lenge of improved diet quality being associated with increased food waste 
and greater amounts of water and pesticide use).
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2.2 Challenge 2: Protect the Integrity and Safety 
of the Global Food Supply Chain

An increasingly globalized and highly networked food supply chain 
has made it more challenging to protect food from intentional and unin-
tentional microbial and chemical contamination. Although regulatory and 
surveillance systems are arguably better than they were 25 years ago, in 
many ways our current food safety system still lacks sophistication and is 
not nimble enough to respond swiftly when a critical issue arises. 

Assurance of food safety relies on preventing contamination or 
 removing/inactivating the contaminant if it occurs along the chain. Large 
amounts of food safety data are currently being collected from farm to 
fork, but those data can be somewhat crude (e.g., visual inspection of 
poultry carcasses along a processing conveyor rather than instrumentation 
measurements) and when measurements are made, they are simple (i.e., 
nonquantitative) and delayed; certainly, they most often provide only a 
snapshot in time. New technologies are making it possible to obtain more 
sophisticated data, sometimes collected continuously and/or in real time. If 
more precise, accurate, faster, and less expensive technologies were applied 
to food protection, testing could occur more often to facilitate the detec-
tion of infrequent contamination events, and to more rapidly manage and 
respond to food safety incidents. For example, the availability of very rapid 
and sensitive ways to detect harmful biological agents or chemical contami-
nants would result in a safer food supply, especially if detection occurred 
before the contaminants were widely dispersed as ingredients or through 
products entering the retail food system. This would be particularly the case 
if the methods were easy to apply and inexpensive. Identifying the most 
relevant data and points of collection and intervention are key to effective 
and integrated data systems. Field deployability would allow detection 
technologies to touch every phase of the farm-to-fork continuum. 

When a contaminated product enters the market, or an outbreak 
occurs, we currently rely on piecemeal systems to perform epidemiological 
investigations, trace back, and trace forward, meaning public health risk 
remains elevated for extended periods of time, until the right information 
has been obtained and synthesized. A thorough and integrated data com-
munication and management system that includes all steps in the supply 
chain would greatly aid traceability and reduce the public health impact of 
food safety events, particularly in the case of larger processors, distributors, 
and retailers. As stated above, technological advances over the past few 
decades have opened the door to faster, more accurate, and more relevant 
data collection in food safety. When married to algorithms that assess risk 
and costs and benefits, it is possible to prevent contaminated products from 
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entering the food chain or, if they do, prevent their further distribution and 
consumption in a matter of minutes or hours, not days or weeks. 

There is also a need to ensure that best practices to maintain food 
quality are being adhered to throughout the food supply and distribution 
channels. For instance, data from biochemical analysis can be used to 
ensure that product traits such as appearance, flavor, or nutritional value 
are maintained. An integrated system that mapped the flow of products 
and ingredients, and transferred information about food quality throughout 
food distribution, would improve efficiency and integrity by contractors all 
through the supply chain and increase consumer trust. Better assurance of 
food quality will also aid in optimizing resource efficiencies in the system 
and ultimately reduce food loss and waste through improved ingredient 
flow and increased product shelf life. 

3. SCIENTIFIC OPPORTUNITIES

3.1 Opportunity 1: Omics Technologies 

The recently coined term foodomics refers to the use of “omics” tech-
nologies and data as they relate to the discipline of food science (Capozzi 
and Bordoni, 2013; Andjelkovic et al., 2017). For example, integrated ana-
lytical approaches in food chemistry and analysis can be used to increase 
our understanding of food composition at the molecular and even atomic 
levels. It is now possible to produce food “fingerprints” of chemical compo-
sition, information that is relevant to safety, quality, authenticity, security, 
and nutritional value (Gallo and Ferranti, 2016). Beyond food fingerprint-
ing, omics technologies provide a means to detect, quantify, and character-
ize individual metabolites or combinations thereof. This is opening doors 
to development of improved bioactive absorption and delivery systems, and 
better colors and flavors, to name just a few of the applications (Gallo and 
Ferranti, 2016). These technologies are also particularly useful in identi-
fying relevant volatile compounds that may serve as markers of product 
freshness (Wojnowski et al., 2017), for improving food quality, and for 
ultimately reducing food loss and waste. They may also identify molecular 
targets (analytes) during the development of advanced detection methods 
for harmful microbes, chemicals, and toxins, and therefore further improve 
food safety. Identification of novel biorecognition molecules used to cap-
ture and detect key analytes will make it easier to perform analyses on 
very complex sample matrices, a long-time obstacle to the application of 
advanced analytical methods to foods. Production of increasingly minia-
turized analytical equipment (i.e., infrared, ultraviolet, mass spectrometry, 
and nuclear magnetic resonance [NMR] spectroscopy), some of which can 
automate sampling and analysis for real-time biochemical measurement, 
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offers opportunities for exquisitely sophisticated chemical analysis that may 
become field deployable. 

The combined use of omics technologies, bioinformatics, and advanced 
analytical methods provides innovative means by which scientists can 
explore interactions between systems. In nutrition, for instance, applying 
omics techniques to human genetics, physiological status, the gut micro-
biome, and food composition can lead us closer to integrated personal-
ized nutrition (Grimaldi et al., 2017; Kaput et al., 2017) (see Box 4-2). In 
sensory science, where we know that the flavor experience is multimodal, 
omics techniques can be used to characterize genetic and metabolic differ-
ences in consumer perception of flavor, allowing for a better understanding 

BOX 4-2 
Examples of Precision Nutrition

Personalized (or precision) nutrition is a customizable approach to dietary 
management, providing tailored nutrition advice that is relevant to the varied 
needs of a specific individual or group of individuals. While this has more or less 
been the approach of nutritionists for decades, the availability of advanced omics 
techniques has allowed for better understanding of the relationship between food, 
genetics, physiology, lifestyle, and other factors. When these data are integrated 
and appropriately analyzed for an individual person or a group, it is possible to 
predict physiological responses, manage or even prevent disease states, and 
balance physical with emotional needs, among others. 

An example of using omics and nanotechnology for precision nutrition is a 
measurement of vitamin B12 levels in blood. Vitamin B12 is an essential nutri-
ent, and low serum levels have been associated with adverse metabolic health 
profiles, such as insulin resistance and cardiovascular disorders. Genome-wide 
association studies have identified more than 12 genetic variants associated 
with serum vitamin B12 levels. One variant of the human gene FUT2, encoding 
a protein involved in the attachment of the bacterium Helicobacter pylori to the 
gastric mucosa, is associated with low vitamin B12 levels in the blood. A variant 
of the human gene TCN2 is associated with both low serum vitamin B12 and high 
homocysteine levels. Mutations in several other genes, for example, TCN3, GIF, 
CUBN, and AMN, have been identified as causes of various vitamin B12 absorp-
tion deficiency syndromes. A mobile platform for the rapid analysis of blood vita-
min B12 levels has been recently developed. The NutriPhone technology, which 
is composed of a smartphone accessory along with an app, is a prototype that 
quantifies vitamin B12 at very low physiological levels using an innovative test strip 
that was built using nanotechnology based on silver amplification technology. Its 
utility has recently been demonstrated in a small study on human subjects (Lee et 
al., 2016) and it is a good illustration of the ability to harness advanced technology 
toward the ultimate goal of personalized nutrition.
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of what drives food choice. When this information is used along with food 
fingerprinting, it becomes possible to design and produce food having ideal 
health benefits with greater consumer appeal.

3.1.1 Gaps

Individual omics technologies focus on one aspect or component of 
a much larger system. In a health care setting, genomics can be used for 
genetic fingerprinting, metabolomics for metabolic profiling, sequencing 
and bioinformatics for elucidating characteristics of the microbiome. For a 
particular food, various omics techniques can be used to determine its nutri-
ent composition, sensory characteristics, and microbiological profile. Each 
of these individual analyses provides characterization of what is going on in 
a patient or a product and constitutes a subsystem. However, to understand 
the entire person or product, there is also the need to elucidate how these 
subsystems interact with one another, forming a system of systems. For 
instance, most chronic diseases (e.g., diabetes and cardiovascular disease) 
are complex, with diet being only one contributing factor. For such diseases, 
there are significant gaps in knowledge about interactions between genes, 
diet, other behaviors (e.g., exercise and stress), and social and cultural fac-
tors, among others. Having the full scientific capabilities to understand the 
interactions and identify the key determinants of any particular illness or 
trait has yet to be realized (see Box 4-3). 

3.2 Opportunity 2: Sensor Technologies

According to a recent study, the most common reasons given by con-
sumers for discarding food were concerns about its safety and the will-
ingness to consume only the freshest product (Neff et al., 2015). Having 
a technology that can “sense” product safety, quality, and/or freshness, 
preferably in real time, will deliver critical information to processors, dis-
tributors, and consumers, potentially resulting in better decisions about 
safety and food waste. Such technologies ideally would have features such 
as high sensitivity and specificity of analyte detection, low cost, small foot-
print, reliability, short time to result, and be field deployable and adaptable, 
among others. 

Sensors are devices that detect or measure physical, chemical, or bio-
logical properties and then record, indicate, or respond to those results. 
Biosensors in particular are analytical devices that combine a biologi-
cal component with a physicochemical detector. The biologically derived 
component is a material or biomimetic compound that interacts, binds, 
or otherwise recognizes the analyte to be detected. Increasingly, these are 
being identified using various omics methods (see the section above). The 
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BOX 4-3 
Gaps in Understanding a System of Systems:  

Determinants of Chronic Diseases

The gap in understanding systems within systems is clearly illustrated in 
the area of diet, food, and nutrition where one can think of various systems— 
genetic, epigenetic, and nutrient–gene interactions—driving the variation in risk 
of diseases and resulting in individual nutritional requirements. Figure 4-1 shows 
the relationships among various systems as they drive the phenotypic varia-
tion in cardio vascular disease (CVD), an example of a complex chronic disease 
(NASEM, 2018). Although dozens of single-nucleotide polymorphisms (SNPs) 
and combinations of genes (genetic risk scores [GRSs]) have been associated 
with higher risk of CVD phenotypes in several genome-wide association studies, 
the role of diet in these associations is poorly understood. The figure shows how 
a variety of nutrient components (e.g., a food, a nutrient, or a food group) can 
modify the genetic risk of a disease by interacting with a genetic component (SNP, 
GRS, or whole-genome next-generation sequencing). Although we can expect 
enhancements to the predictive value of SNPs and GRSs for CVD events and the 
identification of patients at increased genetic risk, there are gaps in the evidence 
for designing personalized diets for optimizing the prevention of CVD. 

Understanding such a complex system and the number of parameters to be 
estimated within it—complex interactions and nonlinear dose-response relation-
ships among all the nutrients in the food supply, all the microbes in the human gut, 
all the polymorphisms in the human genome (Grimaldi et al., 2017; Kaput et al., 
2017), and additional environmental factors—necessitates not only the generation 
of data but also the data science technologies to store, curate, analyze, and share 
the large volumes of data. 

FIGURE 4-1 Complexities of nutrigenomics, using cardiovascular disease (CVD) phenotypes 
as the endpoints. 
NOTE: GRS = genetic risk score; NGS = next-generation sequencing; SNP = single- nucleotide 
polymorphism. 
SOURCE: Corella et al., 2017.
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interaction between the biological element and the analyte results in a 
signal; a detector element physicochemically transforms (transduces) that 
signal, and frequently amplifies it into a form that is readily measurable 
and sometimes quantifiable. There are many types of transducers, such as 
electrochemical, optical/visual, and mass based (Vigneshvar et al., 2016; 
Alahi and Mukhopadhyay, 2017). Table 4-1 provides a summary of some 
common biosensor technologies.

Nanomaterials are increasingly used as components of biosensors and 
can serve a variety of functions, including as immobilization supports, 
for signal amplification, as alternatives to enzyme labels (“nanozymes”), 
and to aid in signal generation and quenching (Rhouati et al., 2017). 
In most cases, the choice to use nanomaterials is founded on the desire 

TABLE 4-1 Summary of Various Biosensors with Their Advantages and 
Limitations

Method of 
Detection Advantages Limitations Cost References

Optical 
methods

Sensitivity is high, 
can detect almost 
in real time, and 
detection system is 
label free

Cost is very high High Mandal et 
al., 2011; 
Zhang, 
2013

Electrochemical 
methods

Requires large 
quantity of sample 
numbers, might 
be automatic, and 
detection system is 
label free

Specificity is low, 
not suitable for low 
sensitivity, and needs 
a lot of washing 
steps

Low Mandal et 
al., 2011; 
Zhang, 
2013

Mass-based 
methods

Cheaper than other 
methods, easy 
operation, able to 
detect in real time, 
and detection is  
label free

Specificity and 
sensitivity are 
low, requires long 
incubation time, 
and regenerating 
crystal surface is 
problematic

Low Mandal et 
al., 2011; 
Zhang, 
2013

Nanomaterial-
based sensors

User-friendly 
measurement, and 
measurement can be 
done in real time

Concerns regarding 
toxicity of the 
nanomaterial and 
may not be possible 
to regenerate the 
sensor

Medium Pérez-
López and 
Merkoçi, 
2011

SOURCE: Alahi and Mukhopadhyay, 2017.
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to produce assays with greater sensitivity and specificity. Noble metals 
(e.g., gold and silver) are frequently used for signal amplification because 
of their unique physicochemical properties; however, carbon, magnetic, 
metal oxide–based, and quantum dot nanoparticles have also been used 
(Rhouati et al., 2017). Incorporation of a nucleic acid amplification step 
into the biosensor design, particularly those that do not require temperature 
cycling (e.g., loop-mediated isothermal amplification, recombinase poly-
merase amplification, and rolling circle amplification) can also increase ana-
lytical sensitivity (Giuffrida and Spoto, 2017). Examples of nanosensors in  
developing specific food safety applications are detailed in Wang and 
Duncan (2017) and in Vigneshvar et al. (2016) (see some examples in 
Table 4-2). 

TABLE 4-2 Selected Applications of Nanosensors in Food Safety

Type Principle Application Referencesa

Acetylcholinesterase  
inhibition–based 
biosensors

Electrochemistry Understanding  
pesticidal impact

Pundir and 
Chauhan, 2012

Piezoelectric 
biosensors

Electrochemistry Detecting 
organophosphate 
and carbamate

Marraza, 2014

Quartz-crystal 
biosensor

Electromagnetic For developing 
ultra-high-sensitive 
detection of 
proteins and liquid

Ogi, 2013

Microbial fuel cell–
based biosensors

Optical To monitor 
biochemical 
oxygen demand 
and toxicity in the 
environment and 
heavy metal and 
pesticidal toxicity

Gutierrez et al., 
2015; Sun et al., 
2015

Based on cellulose 
nanocrystals

Nanomaterials To detect norovirus Rosilo et al., 
2014

Based on aptamers, 
single-stranded 
oligonucleotides 
(DNA or RNA)  
that interact with 
analytes with 
antibody-like ability

Nanomaterials To monitor 
mycotoxins in 
various foods (e.g., 
wine, ground corn)

Pak et al., 2014;  
Xiao et al., 2015

 aFrom Vigneshvar et al., 2016.
SOURCES: Vigneshvar et al., 2016; Rhouati et al., 2017.
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Sensor technologies are also highly applicable to monitoring product 
freshness, such as detecting biochemical parameters that are correlated 
with product spoilage and shelf life, particularly near product life end 
(Xiaobo et al., 2016). These types of sensors are usually noninvasive in 
nature. Examples of product attributes that can be measured are color, 
the presence of surface defects, and chemical composition. Technological 
platforms include optical, acoustical, NMR, and electrical. For example, 
light in the visible/near-infrared spectra can penetrate readily into biological 
systems, and when applied to a food can provide a “fingerprint” to assess 
parameters such as freshness, firmness, and texture. Biomimetic devices 
such as electronic noses, which are already used for personalized medicine 
(Fitzgerald et al., 2017), are being piloted for evaluating spoilage and shelf 
life of meats (Wojnowski et al., 2017). 

At the end of the sensing phase, an electronic reader allows signal 
processing so that results are displayed in a user-friendly manner. Mobile 
diagnostics that use Internet-of-Things technologies to link sensor output to 
smartphones and cameras, and are even coupled with data entry on servers 
or the cloud, have been reported, particularly for detection of foodborne 
pathogens, food allergens, antibiotic residues, and shellfish toxins, in rel-
evant sample matrices (Rateni et al., 2017). Although handheld mobile 
readouts are still in development with significant need for improvement 
(e.g., reducing signal-to-noise ratios, miniaturization, sample preparation, 
data interpretation, cost, and reliability), their future is bright because they 
provide options for portability and real-time results, important features for 
managing an already complex food chain. 

3.2.1 Gaps

There are a number of practical impediments to successful, routine use 
of biosensor technologies in foods and environmental samples. Many dif-
ferent biosensors for detecting pathogens such as Salmonella in foods have 
been reported, but they vary widely in performance, particularly analytical 
sensitivity (detection limit), frequently ranging from a low of one single cell 
to a high of millions (Cinti et al., 2017; Silva et al., 2018). While of lesser 
importance in clinical settings where samples come from ill individuals and 
pathogen concentrations are high, this is not the case for food, water, and 
environmental samples. These sample types may be infrequently contami-
nated and when the contaminant is present, concentrations are low. Hence, 
for sensors to be of the greatest value in food safety, analytical sensitivity 
(detection limits) must be high (<10 cells) and specificity needs to be high. 
In addition, sample size should be large and testing done frequently in order 
to account for low contaminant prevalence.

In short, assay sensitivity and specificity (detection limits and low pro-
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pensity for false positive and false negative results) will need to improve for 
sensor technologies to gain more widespread use in food and agriculture. In 
addition, there is a pressing need to develop sample preparation  methods 
and protocols that will efficiently concentrate and purify an  analyte from 
the matrix prior to use in the sensing device (Brehm-Stecher et al., 2009). 
This includes validating sensor performance in relevant natural sample 
matrices (i.e., various waters, foods, and environmental samples). Other 
factors related to conditions and ease of use, robustness, and cost are 
critical for success. Solving these practical scientific problems—along with 
ensuring that sensors are “fit for purpose”—will require extensive, trans-
disciplinary effort. 

3.3 Opportunity 3: Integrated Data Management Systems

The development of omics and sensor technologies will augment the 
capabilities to collect increasing amounts of data in the food processing, 
safety, and quality realms (e.g., process validation, optimization and control, 
environmental, and public health data). Ultimately, the value of data to the 
food supply chain is to provide more and better information on which to 
base system optimization and management decisions regarding food process-
ing, safety, quality control (e.g., preservation of product traits), food waste 
reduction, and system monitoring, among others. That means there must 
be an infrastructure to house massive amounts of records, and a means 
by which those records can be integrated and effectively used for decision-
making purposes. Associated with these changes is the need to identify and 
understand the design and behaviors in emerging food supply chains. 

In the area of food safety, there are a number of large, publicly acces-
sible online databases used by the public health sector (inventoried in 
Marvin et al., 2017). Examples are the National Outbreak Reporting 
System, the Genome Trakr Network (whole-genome sequences of patho-
gens), and  others used by industry, such as Combase (data for quantitative 
micro biology and models predict growth and inactivation of microor-
ganisms). The availability of online searchable databases (e.g., JIFSAN’s 
FoodRisk.org, a metadatabase for tools and models) and of social media 
and crowdsourcing (e.g., iwaspoisoned.com) platforms provide other capa-
bilities. These and other databases have clear utility for different types of 
applications. However, that utility would be enhanced if data and databases 
were integrated with one another, particularly with less publicly accessible 
data such as industry process monitoring and product tracking systems 
(e.g., GPS and radio frequency identification [RFID]; Mejia et al., 2010), 
quality control systems, or public food safety monitoring efforts (see also 
Chapter 7 on data science). There are some early examples (see Box 4-4), 
but a much more concerted effort is needed toward data integration to 
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support food-safety decision making. Hill et al. (2017) provided a proof of 
concept for the use of genomic and epidemiological metadata integration 
along with sophisticated data analytics and modeling for early detection of 
human infection with foodborne pathogens. The model allowed this group 
to find associations between DNA sequence, location of the food animal 
across the production chain, and human illness. With technologies that 
collect, transmit, store, and analyze data obtained from real-time sensors, 
along with a centralized system of databases with sampling and process-
ing data, their approach holds promise and would theoretically allow the 
tracking and tracing of individual food units.

Integrated data and data management systems can also be applied with 
the goal of improving resource efficiencies in the food system. Implementa-
tion of such a data management system in food networks supports efforts 
to optimize food processes and recycle and reduce waste during and after 
manufacturing as an operational concept in order to achieve a “circular 
economy” that makes best use of the range of waste streams in the agri-
cultural and food system (see, for instance, the North American Initiative 
on Food Waste Reduction and Recovery [CEC, 2018] and the European 
Union’s AgroCycle [UCD, 2018]). A more integrated and holistic data man-
agement systems approach to thinking about minimizing product and food 
waste may focus on identifying food waste conversion methods for edible 
and nonedible purposes. In such a distribution system, a seamless supply 

BOX 4-4 
Early Examples of Data Integration

An example of successful data integration to help prioritize public response 
and health planning is the World Health Organization global platform for food 
safety data and information, FOSCOLLABO. This platform is designed to integrate 
data and information on food, hazard, country, and year through user interfaces 
or “dashboards” that can be customized by need and data format. 

A quite different example is the Consortium for Managing the Food Supply 
Chain, a joint effort by IBM and Mars, Inc., that involves sequencing the microbi-
omes of foods along the supply chain to produce a genome sequence reference 
database for microbial pathogens. By comparing genome sequences from a test 
food to the reference, low levels of pathogens in an unknown sample can be 
identified very rapidly. With the proper analytics, this method could also be ap-
plicable to identification of product adulteration or the presence of specific traits 
for product verification.

SOURCES: Beans, 2017; WHO, 2018.
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chain of foods and ingredients with a leaner, simpler, and transparent data 
management system would be vital. Considerations of system design and 
science are discussed in Chapter 8. 

An example of an innovative exchange system developed to facilitate 
the diversion of surplus retail food products to distribution sites is the 
one recently developed with food banks. Efficiencies are gained through 
the development of networks and exchanges for distribution of surplus 
foods from retailers to food banks and distribution centers. Integration 
of real-time data on available foods and existing needs provides a mecha-
nism for redirecting food to help feed the hungry and reduce food waste 
(Prendergast, 2017). Within the industry itself, goals for reducing food 
waste can be accomplished by setting standards for ordering, receiving, 
preparing, processing, packaging, serving, and tracking food production. 

One technology that has enormous potential to revolutionize the man-
agement and storage of data and to facilitate the integration of food dis-
tribution systems, among other applications, is blockchain (see Chapter 7 
on data science). Blockchain (also called open, distributed ledgers) is a 
system in which a continuously growing list of decentralized and encrypted 
records (blocks) are linked so that it can be securely distributed across peer-
to-peer networks. Blockchain allows for highly transparent and instanta-
neous transfer of product data associated with many attributes, including 
the safety and quality of food, as well as environmental stewardship, all 
arising from activities such as routine monitoring, inspection and audit, 
accreditation, and laboratory analyses. The improvements from implemen-
tation of blockchain technology will also benefit consumers as they demand 
more detailed information about product sourcing, origin, processes, and 
production methods. For example, offering verified product sourcing, non-
GM (genetically modified) or “organic” products to the consumer requires 
systems to preserve and track segregation through the supply chain. Con-
sumers and other buyers are able to access information on the product via 
smartphone applications and other data platforms. Although in its infancy, 
blockchain is an important emerging technology (although it has its detrac-
tors) that may allow integration of detailed information across different 
platforms and ownership structures and provide verifiable information that 
consumers seek from manufacturers’ claims. Although some applications 
that link purchases to specific retail outlets or consumers have benefits at 
the consumer level (e.g., in the case of food safety or other product recalls), 
little is known about consumer response to data systems extended to the 
retail consumer level. See Box 4-5 for more concrete examples of the appli-
cation of blockchain technology to the management of data on the food 
supply chain. 
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3.3.1 Gaps

As companies are increasingly exploring the uses of blockchain tech-
nology in the agriculture and food arena, both challenges and solutions 
are arising. A recent report aimed at better understanding the implications 
and needs of the blockchain technology to stakeholders (e.g., producers, 
manufacturers, traders, and product standard organizations) identified the 
following key challenges: access and implementation of the technology, the 
need for a workforce that can adapt and learn new competencies, privacy 
concerns, considerations related to regulatory frameworks, interoperability, 
and compatibility with existing systems (Ge et al., 2017). Specific stake-
holder groups have identified cost and knowledge of the technology as main 
challenges (IFIC Foundation, 2018).

BOX 4-5 
Example 2: Making Risk Management Decisions by Using 

Blockchain and Associated Data Analytics (Recall, Outbreaks)

During an outbreak investigation or a product recall, a reliable traceability 
system is essential. In a comprehensive study, Mejia et al. (2010) reported that 
food companies have many different traceability methods, from as simple as 
manual records to as sophisticated as electronic‐based systems, although paper 
records are used by almost all parts of the supply chain to some degree (Mejia 
et al., 2010). Traceability is enforceable according to the 2011 Food Safety Mod-
ernization Act (P.L. 111-353), meaning that food establishments are required to 
keep detailed records but it is far from seamless. There is inconsistency in both 
the types of data collected and the way the data are recorded (i.e., from manual 
pen and paper to bar codes, RFID, and electronic systems). These all impact the 
speed at which information can be accessed and processed, an important consid-
eration in the case of recalls and outbreaks. Although there have been initiatives 
to streamline product tracing, they are difficult to integrate into existing processes.

Walmart, Unilever, Dole, and others have recently collaborated with IBM to 
investigate potential roles for blockchain technology. Using the Hyperledger Fabric 
platform, companies are reporting that the increased transparency of blockchain 
would likely facilitate greater responsiveness in the case of foodborne illness out-
breaks and recalls, including greater timeliness and accuracy. In fact, Walmart has 
already demonstrated the utility of blockchain to improve food safety by testing 
its efficacy in a mock trace-back of a fresh fruit product, which took 7 days using 
conventional methods but only 2.2 seconds by accessing blockchain records. 
Blockchain identified the farm from which the product was harvested and its path 
to the retail shelves.
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3.4 Opportunity 4: Materials Sciences and Engineering

Food scientists apply engineering principles to design novel processing 
and packaging technologies that result in profound improvements to the 
quality, safety, acceptability, and shelf life of foods. Depending on the tech-
nology (e.g., thermal, aseptic, microwave, pulsed light, ohmic heating, high 
pressure, freezing, and refrigeration), these processes offer advantages such 
as improved product quality (organoleptic characteristics that resemble the 
fresh product), reduced energy usage, smaller footprint (better portability), 
and lower environmental impact (Neetoo and Chen, 2014). Some of these 
technologies may be particularly well suited for certain foods or venues, 
especially those in which large capital outlay for food processing is not 
possible or economically feasible.

Advances in materials science and nanotechnology, as applied to pro-
duction of packaging materials, holds great promise for advancing quality 
and safety of food products. Active packaging, of which modified atmo-
sphere packaging is an early example, is a system in which the food, the 
material, and the environment interact dynamically by incorporating oxy-
gen scavengers, antimicrobials, and/or moisture adsorbents into the food 
packaging materials (Mlalila et al., 2016). These active compounds may or 
may not be released into the food, or prevent unwanted substances from 
entering the package, and, in so doing, they can improve product quality, 
ensure safety, and/or extend shelf life. For example, nanocomposite materi-
als (i.e., polymers in combination with nanoparticles) provide both barrier 
and chemical protection to foods (Pradhan et al., 2015). “Smart” food 
packaging refers to a system that undergoes automatic changes in micro- or 
nanostructures as a consequence of dynamic changes to the environment 
(Mlalila et al., 2016). The materials that have smart properties are those 
able to control their interfacial properties. These largely consist of self-
cleaning, self-cooling, and self-heating technologies, already designed for 
the health care sector, that are now being applied to food systems. Intel-
ligent packaging systems are able to monitor the conditions, quality, and/or 
safety of a food, particularly during distribution and storage, and provide 
the consumer some evidence of product status (Mlalila et al., 2016). In 
some ways, this technology relates back to the biosensors discussed above 
in Opportunity 2. The output of intelligent packaging can be expressed in 
the form of data (e.g., at the level of specific product or lot using barcodes, 
RFID, or digital watermark) or as light (e.g., light-emitting diodes or holo-
grams). All of these provide information that can then be included as a 
basis for decision-making and management systems. While monitoring food 
quality and freshness with indicators is routine in the food industry sector, 
intelligent packaging technologies are extremely well suited for detecting 
metabolites occurring as a consequence of food spoilage, and thus may 
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have relevance for reducing food loss and waste at both the industry and 
consumer levels (see example in Box 4-6). From the consumer perspective, 
communicative packaging has emerged as a potential tool to address con-
cerns about product quality, safety, and the consumer demand for specific 
product information as they make purchasing decisions. 

3.4.1 Gaps

Although alternative food processing and packaging technologies have 
the potential to deliver better quality, nutrition, safety, and acceptability to 
food products, some questions related to the need to decrease the energetic 
footprint (e.g., energy and water savings, reliability) and environmental 
impacts (e.g., emissions or environmental degradation due to the use of 
plastic packaging materials) are unresolved. Likewise, acceptability of these 

BOX 4-6 
Example 3: Advanced Food Packaging Technologies

The combination of emerging technologies such as nanotechnology and ma-
terials science and engineering are propelling the production of advanced food 
packaging technologies. A long-recognized way to keep food fresh is to reduce 
oxygen exposure, which prevents microbial growth and enzymatic reactions, both 
of which contribute to food spoilage. Modified atmosphere packaging has been 
used for decades to reduce oxygen content in packages, but it is possible to make 
this technology “intelligent” by designing packages to include sensor technologies 
that measure oxygen levels. In 2007, a sensor such as this was used to specifi-
cally develop a food package. The ultraviolet (UV) light-activated sensor had an 
irreversible response and was reusable. The nanoparticulate crystalline titania 
was selected for its design because it had greater photoactivity. These materials 
were incorporated in a polymer to create an oxygen-sensitive, UV-activated film 
that could be printed directly onto food packaging material (Mills and Hazafy, 
2008)—hence, intelligent packaging.

These early prototypes eventually led to a commercial product. In 2017, the 
smart indicator FRESHCODE was commercialized as an innovation to indicate 
degree of “freshness” of packaged chicken. The indicator contains an ink that 
captures the emission of volatile gases released during microbial growth and 
changes color as more gases are produced, indicative of a lower degree of 
product freshness. The visual readout can be accessed throughout the handling, 
storage, distribution, and sale of the product. It is particularly valuable for distri-
bution chains, poultry product processors, and packers. In addition to serving as 
a freshness indicator for manufacturers, retailers, and consumers, this approach 
has the potential to reduce food waste by allowing for the timely diversion of the 
food product to food rescue and recovery channels.
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relatively new technologies by the consumer still poses questions. Relative 
to nanomaterials, consideration of potential unintended consequences of 
their use is critical. Safety concerns focus on the potential interactions 
between nanomaterials and the food matrix, particularly potential toxicity 
to consumers and environmental impacts. Because these materials are very 
recent in their introduction to the market, there are relatively few data 
available to systematically assess health or environmental risks, and legisla-
tors err on the side of caution when it comes to regulatory decision making. 
Similarly, consumer acceptance of new technologies may be an issue and 
depend ultimately on the degree of trust consumers place on the products 
themselves (Roosen et al., 2015). 

4. BARRIERS TO SUCCESS

4.1 Barrier 1: Consumer Acceptance

One important barrier to the implementation of technological advances 
in the food science and technology area is the need to better understand 
and anticipate consumers’ food-related behaviors and choices, including the 
role of social and environmental factors, and underlying receptiveness to 
and understanding of information about products and processes. Identify-
ing factors that determine consumer acceptance and choices over product 
attributes and qualities is essential information to determining the success 
in producing foods that will be purchased and consumed (e.g., Lusk et al., 
2014).

Traditionally, consumers respond to market prices and other monetary 
signals in their product selection. However, there is increased evidence 
that financial incentives (such as taxes and subsidies applied to products), 
social factors, and context of food choices, as well as other behavioral 
motivators or nudges can encourage or discourage food-related behav-
ior. Ignoring the need to better understand and anticipate consumer food 
behaviors, drivers, and trade-offs may limit consumer acceptance of new 
products, technologies, and market innovations. The need to better account 
for consumers’ perceptions of risk around new technologies also underpins 
the need for education and strategies to best communicate the nature of 
food production, processing technologies, and the science involved so that 
consumers can make thoughtful and informed decisions in food selection, 
handling, and preparation. This applies to the need for effective food label-
ing approaches as well as basic communication about scientific and tech-
nological advances. A 2017 National Academies of Sciences, Engineering, 
and Medicine report (NASEM, 2017) highlights the need to understand the 
optimal communication approaches for use under different circumstances, 
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and to recognize that many people do not make food selection and choice 
decisions based solely on scientific evidence.

4.2 Barrier 2: Regulatory Context

Scientific advancements in technologies related to food processing and 
product design, packaging, and handling may be limited by existing regu-
lations, such as food law and product identity standards. A few examples 
are provided here. Many of the emerging food processing technologies (i.e., 
ohmic heating, ultrasound, or pulsed light) have not been validated for their 
ability to meet the mandated microbial inactivation standards for protec-
tion of public health. It may not be prudent from food safety and liability 
standpoints to use these processes commercially until such validations are 
conducted and reviewed. The inclusion of nanotechnology-based products 
(e.g., in packaging materials and for microencapsulation) may be met with 
regulatory scrutiny because these are not composed of materials that are 
generally recognized as safe. There is also the possibility that sensor devices 
or novel packaging materials may be prohibited based on current food 
adulteration regulations. The replacement of pathogen culture methods 
with whole-genome sequencing is being questioned because historically, 
proof of product adulteration in recall or outbreak situations relies on hav-
ing a pure culture of the implicated organism, not simply evidence of the 
presence of its DNA. The practical use of technologies intended to collect 
data at a faster rate may be hindered if they have negative effects on other 
aspects of the process that fall under regulatory scrutiny, such as adhering 
to maximum line speeds in meat processing plants. Integrated and block-
chain data systems offer the opportunity to digitize record keeping, some 
of which may be relevant for regulatory purposes (e.g., data from hazard 
analysis and critical control points or other preventive controls plans). 
However, relevant agencies may not yet be able to accommodate transfer 
of information using their current data management systems. 

4.3 Barrier 3: Economics and Other Considerations

A relatively large share of investment in innovation and technolo-
gies for foods is done through the private sector where private returns 
to investment dictate technology choice with less emphasis placed on the 
public benefit. However, there remains a critical need for basic sciences 
and applications in which the payoffs advance science more broadly to 
benefit the public’s and the private sector’s interests. Furthermore, some 
basic research requires significant investment in underlying infrastructure. 
As an example, system-wide innovation and data networks often require 
large, upfront expenditures to develop and support data infrastructures. 
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However, interoperability of systems and data networks between the vari-
ous participants in the supply chain is required to effectively monitor and 
maintain the safety and integrity of the food system, and to support efforts 
to integrate sustainability opportunities. With funding predominantly from 
private sources, the allocation of resources to research and research infra-
structure may not address the highest-priority public needs. 

Several of the scientific advances discussed above will provide more 
improved instrumentation and allow for collection of more sophisticated 
data. Training will be necessary to ensure that the existing and emerging 
workforce has the scientific skills to use these instruments, analyze the data, 
and make appropriate decisions that capitalize on the value of these new 
technologies. 

Ultimately, consumer practices and food choice will determine the abil-
ity of product and process development to successfully improve product 
safety, quality, and design. Advances in behavioral sciences and effective 
communication about science, technology, risk, and decision-making com-
munication are required to underpin successful adoption in the market. 

5. RECOMMENDATIONS

Emerging technologies (e.g., omics, biosensors, and nanotechnology) 
have the potential to advance or transform the production of high-quality, 
safe, nutritious, and sustainable food products that meet the needs and 
demands of a diverse consumer population. Solving the fundamental and 
applied scientific problems necessary to use these technologies more widely 
will require multidisciplinary collaboration and funding mechanisms. 
Research efforts need to be transdisciplinary, involving not only food sci-
entists but also those in other disciplines ranging from data and computer 
science, engineering, synthetic biology, and the social sciences, and many 
more. The committee identified the following high-priority research areas:

•	 Profile and/or alter food traits for desirability (such as chemical 
composition, nutritional value, intentional and unintentional con-
tamination, and quality and sensory attributes) via improvements 
in processing and packaging technologies, the design and function-
ality of sensors, and the application of “foodomic” technologies.

•	 Provide enhanced product quality, nutrient retention, safety, and 
consumer appeal in a cost-effective and efficient manner that also 
reduces environmental impact and food waste by developing, opti-
mizing, and validating advanced food processing and packaging 
technologies.

•	 Support improved decision making to maximize food integrity, 
quality, safety, and traceability, as well as to reduce food loss and 
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waste by capitalizing on data analytics, integration, and the devel-
opment of advanced decision support tools.

•	 Enhance consumer understanding and acceptance of innovations in 
food production, processing, and safe handling through expanded 
knowledge about consumer behavior and risk-related decisions and 
practices.
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Soils

1. INTRODUCTION

Fertile soils are among the greatest natural assets of the U.S. agricultural 
system. These include highly productive types of soils (e.g., mollisols and 
alfisols) that cover more than 30 percent of the country (USDA, 1999; see 
Figure 5-1). The importance of maintaining the nation’s agricultural soils 
cannot be overstated: Soils are the basis of the nation’s capacity to produce 
unparalleled crop yields and bountiful pasturelands, and, for all practical 
purposes, they are a finite resource. Soil formation is a slow, primarily geo-
logical process augmented by activity of biota living in soil, with formation 
rates in the productive U.S. heartland averaging a little more than one-tenth 
of a millimeter per year (Cruse et al., 2013). Many agricultural and other 
land-use practices cause physical, biological, and chemical degradation of 
soil that weakens its ability to support plant life and to provide ecosystem 
services. These conditions exacerbate the negative effects of weather and 
climate on soil stability and quality and contribute to water and air pollu-
tion (NRC, 2010; ITPS, 2015; NSTC, 2016). Future agricultural productiv-
ity to meet the needs of a growing world population can be possible only 
if the nation’s fertile soils are maintained, which mandates protecting soils 
from erosion and degradation and efficiently managing vital crop nutrients. 

The capacity for soils to support crop production and buffer the envi-
ronment against perturbations such as climate change, drought, flood, and 
environmental pollution are a result of the ongoing, sophisticated inter-
play of their physical, chemical, and biological components. As agricul-
tural production intensifies, an advanced understanding of these dynamics 
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under different management regimes and weather conditions is critical. This 
advanced understanding will require (1) the development and use of sensing 
technologies, biological strategies, and integrated systems approaches to 
maintain the depth and quality of existing fertile soils and restore degraded 
soils; (2) the combined use of novel sensing technologies, data analytics, 
precision plant breeding, and land management practices that significantly 
increase and optimize nutrient-use efficiency; and (3) supporting a healthy 
soil microbiome, which is instrumental to a wide range of soil ecosystem 
services, including nutrient production and bioavailability, breakdown of 
toxicants, and resilience to pests, pathogens, and other stressors such as cli-
mate variability and drought. This chapter describes a vision for a research 
strategy that will enable producers to sustain and enhance soil vitality for 
food production. 

2. CHALLENGES

America’s soils require stewardship. Threats to soil and consequently to 
food productivity fall into three broad categories: (1) soil sustainability, (2) 
soil quality, and (3) nutrient availability. The future for a vibrant, resilient 

FIGURE 5-1 Dominant soil orders of the United States.
SOURCE: USDA NRCS, 2018.
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U.S. food production enterprise depends on understanding and taking 
action to address these threats.

2.1 Soil Sustainability

A primary challenge facing soil sustainability in the United States is ero-
sion, a form of soil degradation that causes the displacement of the upper 
layers of soil by wind and water. Although soil erosion occurs under natu-
ral conditions, human activity on the land accelerates that process. Some 
agricultural practices, including conventional tillage, allowing cleared soil 
to remain uncovered, crop specialization (e.g., monoculture) with limited 
rotations or diversity, overuse of pesticides and fertilizers, and poor irriga-
tion management, are associated with soil erosion and the breakdown of 
soil structure relative to the rate of soil formation (NRC, 2010; ITPS, 2015; 
NSTC, 2016). Extreme weather events and associated flooding further 
erode soil (Nearing et al., 2004).

Erosion not only displaces soil, but it also depletes soil organic mat-
ter (SOM) and reduces soil quality, fertility, and water-holding capacity 
(Magdoff and van Es, 2009) and thus reduces crop yields (den Biggelaar 
et al., 2003; Fenton et al., 2005). The results can be costly, with estimates 
ranging from hundreds of millions (Crosson, 2007) to tens of billions of 
dollars in the United States alone (Pimentel et al., 1995). Globally, erosion 
and the degradation of soil quality has led to the abandonment of approxi-
mately one-third of the world’s arable land (UNCCD, 2017). Soil loss and 
erosion is not a new challenge, but has not yet been sufficiently addressed. 
Effective approaches to reduce soil erosion include no-till techniques; use of 
perennial, sod-forming crops; and use of cover crops (Montgomery, 2007; 
Magdoff and van Es, 2009). However, adoption of soil conservation prac-
tices are not widespread in the United States. In the United States alone, 
soil on cultivated cropland is estimated to be eroding at an average annual 
rate of ~2-5 tons/acre, with some regions losing soil at even greater rates, 
especially following severe weather events (Handelsman and Liautaud, 
2016). However, the annual rate of soil formation is only on the order of 
0.1 to 0.5 ton/acre. In the 1950s the United States developed guidelines for 
“tolerable” soil loss (Montgomery, 2007), but given the slow rate of soil 
formation, these guidelines with respect to long-term soil sustainability are 
under question. Without coordinated action, it has been posited that the 
United States is on track to run out of topsoil before the end of the 21st 
century (Handelsman and Liautaud, 2016). 
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2.2 Soil Health

The degradation of soil health1 is caused by a wide range of interacting 
agricultural and nonagricultural factors. These include loss of nutrients and 
soil organic carbon through erosion and contamination through overuse 
of pesticides and fertilizers, increased salinization and acidification (NRC, 
2010), and biologically by increases in soil-borne pathogens.

A key component of a healthy, fertile soil is soil organic carbon (SOC)—
the major component of SOM—that serves as a key nutritional resource for 
plants and microbes. Although Earth’s soils are a rich reservoir of carbon, 
with twice the amount of carbon than is held in the atmosphere and more 
than three times the amount of carbon held in vegetation, current agricul-
tural practices have a predominantly detrimental impact on SOC. Intensive 
tillage practices cause declines of SOC stocks due to oxidation of organic 
matter, destruction of soil aggregates, and reduction in water infiltration 
(Olson et al., 2014a). Cultivation has been shown to significantly reduce 
SOC stocks by 30 perecent when tilling native prairie and forest soils of 
the north-central United States (Lal, 1999). Loss of SOC due to erosion 
is more pronounced on sloping land areas, due to drainage from the soil. 
SOC stocks declines are also predicted to be exacerbated by climate change 
with severe implications for future agricultural productivity (Weismeier et 
al., 2016). 

Although agricultural expansion has resulted in modest increases of 
SOC in naturally infertile areas through practices such as liming, weed 
control, and fertilizer application (Spera et al., 2016), the potential to 
restore lost SOC is limited for most agricultural areas. Sanderman et al. 
(2017) estimated a global carbon debt due to agriculture of 116 petagrams 
of carbon for the top 2 m of soil, with the rate of loss increasing over the 
past 200 years. These losses are similar to carbon losses from vegetation 
due to deforestation. Hotspots for SOC loss are found in most major crop-
ping regions and grazing lands around the world, including in the United 
States (see Figure 5-2). 

The prevalence of diseases causing soilborne pathogens (seedling, vas-
cular, and root rot diseases) is another important dimension of soil health. 
Disease contributes heavily to crop losses. The persistence of disease- 
causing pathogens is influenced by abiotic and biotic soil components and 
by agricultural practices (such as irrigation, tillage, and fertilization). Some 
management practices, such as crop rotation, have been shown to help 
avoid pathogen selection (Katan, 2017). In degraded soils or under continu-
ous monoculture practices the beneficial members of the rhizosphere com-

1 Also referred to as soil quality, soil health is the capacity of soils to function as living 
systems, with ecosystem and land use boundaries, to sustain plant and animal productivity, 
maintain or enhance water and air quality, and promote plant and animal health (FAO, 2008).
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munity are sometimes unable to maintain a biological barrier to pathogens 
that thrive as a result (Lal, 2004; Busby et al., 2017). 

2.3 Nutrient Availability

Nutrient availability in adequate amount, time, and place is key to suc-
cess for any agricultural production system. Farmers rely heavily on chemi-
cal fertilizers to provide key plant macro- and micronutrients. Together with 

FIGURE 5-2 Global distribution of cropping and grazing in 2010. A. Color gradi-
ents indicate proportion of land use for crop production (red) and grazing (green). 
B. Histogram of SOC loss (Mg C ha–1), with positive values indicating loss and 
negative values indicating gains in SOC.
SOURCE: Sanderman et al., 2017.
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improved plant genetics, fertilizer use has generated enormous increases in 
crop productivity in recent decades. Unfortunately, continued dependence 
on chemical fertilizers to provide essential nutrients is unsustainable. The 
use of chemical fertilizers is causing well-documented negative consequences 
for the environment, including eutrophication, groundwater contamination, 
soil acidification, soil biodiversity loss, and the buildup of chemicals toxic 
to humans and animals (NRC, 2010). 

The amount of nutrients naturally present in soils varies widely, and 
generally is insufficient to support high demands of crop production. For 
example, nitrogen, which is widely available in the atmosphere but more 
limited in soil, frequently becomes the first nutrient constraint on crop pro-
duction (Lal and Stewart, 2017). The Haber-Bosch process has enabled the 
production of synthetic nitrogen fertilizer from atmospheric nitrogen (N2) 
(Erisman et al., 2008). Overreliance and excessive application of synthetic 
nitrogen to ensure sufficient nitrogen supply for crops has, however, led to 
a significant reduction in global nitrogen-use efficiency (NUE),2 from 68 
percent in the 1960s to below 50 percent today (Lassaletta et al., 2014). 
Nitrogen is highly mobile in soils, and hence any amount applied that 
exceeds the crop uptake results in its loss. Too little nitrogen application 
leads to lower crop productivity, world hunger and malnutrition, and soil 
degradation (Sanchez and Swaminathan, 2005; Zhang et al., 2015; Lal 
and Stewart, 2017). Applying too much nitrogen results in environmental 
pollution and in the subsequent negative impacts on ecosystem health and 
human health (Jerrett et al., 2009; Avnery et al., 2011; Robertson et al., 
2013; Zhang et al., 2015). Low NUE accounts for significant economic 
and environment loss, human health impacts, and a contribution of more 
than 67 percent of the N2O emissions into the atmosphere. Many estimate 
that current levels of nitrogen fertilizer use have far exceeded the planetary 
boundaries (de Vries et al., 2013; Steffen et al., 2015), leading to increased 
calls for precision approaches to improve NUE.

Phosphorus is another essential nutrient for plant growth. However, 
the amount of phosphorus naturally present in soil varies. To compensate 
for deficiencies in bioavailable soil phosphorus, rock phosphate is nor-
mally applied to soil as fertilizer. There is growing concern among some 
experts that the worldwide stock of rock phosphate is rapidly depleting 
(Gilbert, 2009). As a result, advanced approaches to reuse phosphorus in 
waste products such as sewage sludge and manure will be critically impor-
tant alongside the implementation of precision management practices that 
reduce the application of fertilizer. Rock phosphate is also a source of 

2 Nitrogen-use efficiency is defined as the ratio between the amount of fertilizer nitrogen 
removed from the field by the crop and the amount of fertilizer nitrogen applied (Saravia et 
al., 2016). 
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environmental contaminants such as cadmium, lead, chromium, nickel, 
manganese, and copper, which are toxic to soil, animal, and human health 
(Faridullah et al., 2017). The tendency to over-apply phosphorus (and 
other nutrients) to compensate for insufficient bioavailability of the indi-
vidual nutrient components exacerbates negative environmental impacts. 
Phosphorus in fertilizer often binds with soil minerals so that it becomes 
unavailable to plants or is lost through runoff. Depending on land use and 
management practice, such runoff losses are as high as 42 percent (Hart et 
al., 2004), and upon reaching aquatic systems can result in environmental 
degradation due to eutrophication. 

Continued reliance on chemical fertilizers as the dominant source of 
nutrients threatens the vitality of the soils on which agriculture relies and 
the long-term sustainability of the agricultural enterprise. Change will 
require new advances in identifying less harmful sources of nutrients, new 
approaches to improve the bioavailability of nutrients, and new mecha-
nisms to recycle nutrients such as phosphorus from waste streams. These 
new sources and approaches are likely to enhance fertilizer use efficiency if 
accompanied by determining the “right” approaches of what, when, where, 
how much, and how fertilizers are applied.

3. OPPORTUNITIES

From the perspective of the sustainable uses of soil, the objective is 
to keep soil healthy, to be in places where it is needed, and to maximize 
its ability to provide essential goods and services, whether that is in crop 
production, water filtration, or carbon sequestration. An understanding of 
those processes, including the role of the soil microbiome in them, could 
help inform management of the status of the soil resource. Novel tools 
are emerging to probe, measure, monitor, and analyze soil and its charac-
teristics in all of its complexity, from the molecular level to the ecosystem 
scale. Such tools, coupled with new approaches to farmer engagement and 
technology adoption, will enable both scientists and the farming community 
to sustainably maximize the benefits of soil resources.

3.1 Leveraging Advances in Microelectronics, Sensing, and Modeling

Soil ecosystems are marked by chemical, biological, and physical reac-
tions that are affected by external perturbations such as weather or tillage, 
and the changes caused by these forces on soils have been documented over 
time. However, “visualizing” dynamic soil processes in real time has been 
an elusive goal in soil science, much less acquiring that information from 
a wide range of locations and under different environmental conditions 
and a diversity of management practices. Now, achieving that goal has the 
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potential to become a reality, if the scientific community can facilitate the 
convergence of several fields of science and technology to build the tools 
that can enable this capability. 

With progress in wireless communications and the miniaturization 
of electronic devices, coupled with advances in chemical, molecular, and 
optics signaling platforms, it is now possible to conceive of networks of 
sensor arrays positioned in situ on and below the soil surface across a farm 
field—potentially across many farm fields—that would actively measure 
the biological, chemical, and physical reactions taking place in the soil. 
These advances will provide the potential to acquire data about soils (ero-
sion, moisture, nutrient content, biological activity, etc.) at the temporal 
and spatial resolutions that are needed to inform improved models of soil 
ecosystems and to enable implementation of site-specific management prac-
tices that reverse soil and nutrient loss. In the specific case of soil erosion, 
there is an opportunity to integrate high-resolution remote sensing, GPS, 
and GIS to survey soils and identify areas where soil losses are in need of 
specific conservation practices (Sahu et al., 2015). For example, fusion of 
high-resolution LISS III and PAN satellite imagery was used to make deci-
sions about vegetative barriers to prevent soil erosion and to preserve soil 
moisture. Tiwari (2004) suggested bioengineering measures to reduce soil 
loss in areas of high to very high risk of soil erosion.

Application of sensor arrays, in situ and remote, would transmit data 
wirelessly to receiving devices above ground, connected to computers for 
collation and analysis of the data collected. Next-generation sensors, when 
fully developed and integrated into improved data decision models, will 
revolutionize our capability to deploy solutions in near real time and, in 
many cases, prior to the visible damage to plants (i.e., when they are asymp-
tomatic). For example, georeferenced in situ soil sensors widely distributed 
across a farm may provide a measure of soil and plant nutrient status as a 
colored geospatial map, allowing farmers to site-specifically and variably 
apply nutrients, optimize inputs, and maximize output (Koch et al., 2004).

Having this kind of information would vastly expand fundamental 
knowledge about the drivers of soil dynamics. A better understanding of 
those dynamics in relation to crop production could give rise to actionable 
information for farmers, with the detail, speed, and affordability that cur-
rently do not exist. In the most expansive form envisioned, networks of 
arrays would produce high-resolution maps of biogeochemical activity—
essentially, a dynamic “weather map” for the soils across the nation that 
would fill a missing gap in models of nutrient cycling, greenhouse gas pro-
duction, and carbon storage.
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3.2 Leveraging Advances in Soil Microbiology, Omics, 
Synthetic Biology, and Computational Biology to Harness 

Beneficial Properties of the Soil Microbiome

Soils have an incredible diversity of microbial life (Thompson et al., 
2017), with billions of microbial cells and thousands to millions of taxa per 
gram (Torsvik et al., 2002; Knietch et al., 2003; Gans et al., 2005; Roesch 
et al., 2007; Jansson, 2011). Several soil microorganisms have previously 
been shown to improve plant growth through growth stimulation, nutrient 
provision, or disease suppression (Toyota and Watanabe, 2013; Bhardwaj 
et al., 2014; Courty et al., 2015; de Souza et al., 2015; Mus et al., 2016; 
Baez-Rogelio et al., 2017; Gupta et al., 2017). However, the vast majority 
of soil microbes and their potential beneficial functions remain to be discov-
ered. Therefore, an opportunity is to gain a better understanding of this rich 
resource of soil microbial biodiversity and to exploit beneficial functions 
of the soil microbiome to not only optimize crop productivity, but also to 
provide other beneficial ecosystem services, such as sequestration of organic 
carbon and increasing water retention.

Greater understanding of the diversity and importance of microbes 
individually and collectively is now emerging, owing in part to the research 
field and tools of metagenomics3 and associated omics technologies (Biteen 
et al., 2016). These omics data have the potential to be leveraged to inform 
the development and design of new microbial products, including com-
binations of microorganisms (consortia) that might be more resilient to 
environmental stress, as components of targeted biofertilizer and biocon-
trol formulations. A specific example is to exploit the ability of arbuscular 
mycorrhizal fungi and associated bacteria to mobilize and increase the bio-
availability of soil phosphorus to plants (Hinsinger et al., 2015). Another 
opportunity is to use synthetic biology approaches for custom design of 
rhizosphere microbiomes that are optimally suited to enhance productivity 
of a specific crop under a given soil type and climate regime (Busby et al., 
2017). In addition, by exploration of the omics data generated from soil 
microbiomes, there is the opportunity to use this knowledge to exploit and 
custom-design microbial species and enzymes for new processes, such as 
new pathways for affordable and sustainable nitrogen fertilizer production 
(Liu et al., 2017).

Finally, research is currently under way to elucidate the “metaphe-
nome” of the soil microbiome, that is, the functions carried out, or phe-
notypes, of the microbiome, as a totality of the genetic expression of the 
collective microorganisms, in response to environmental conditions and 

3 Metagenomics is a field of science that involves genome-level characterization and under-
standing of microbes and their communities, through high-throughput studies that incorporate 
methods from genomic and other omics studies (NRC, 2007).
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available resources (Jansson and Hofmockel, 2018). By examining how the 
physiology, metabolism, and interactions of the soil microbiome change in 
response to a perturbation, such as moisture, investigators hope to develop 
predictive models of the microbiomes’ behavior and state. This research will 
be an important dovetail with other new powerful methods of measuring 
the collective environmental response of the soil at higher scales. 

In summary, this opportunity will build on the convergence of soil 
microbiology, metagenomics and other omics, synthetic biology, and com-
putational biology, together with advances in more traditional disciplines, 
including microbial physiology, fermentation, and formulation of seed/soil 
inoculants. 

The committee notes the recent publication of opportunities for micro-
biome research across different agencies in the United States that is much 
in line with our own recommendations, Interagency Strategic Plan for 
Microbiome Research, FY2018-2022 (MIWG, 2018). This plan included 
a strategy for manipulating the soil/plant microbiome to increase crop 
productivity, with specific recommendations to advance knowledge of the 
microbiome, including determining their functions and how they contrib-
ute to soil sustainability. It is too early to judge the success of this unified 
strategy; however, the committee supports the call for increased funding 
in microbiome science to support these potentially important advances in 
knowledge. 

3.3 Integrating Social Sciences on Technology Adoption 
and Farmer Engagement into Soil Health Research 

Research on soil loss and sustainability is fairly advanced. Some of the 
existing transformative tools and practices that better protect soils include 
reduced, modified, or no-tillage methods (also called “conservation till-
age”), crop rotations, use of cover crops, split application of fertilizer, drip-
line irrigation, and controlled or slow release of nutrients. Most of these 
methods not only prevent or reduce soil loss and degradation, but also have 
other environmental benefits such as carbon sequestration (Bernoux et al., 
2006; Lal et al., 2007; Olson et al., 2014b; Poeplau and Don, 2015) and 
economic benefits such as reducing costs of labor and production (Allmaras 
and Dowdy, 1985; Mitchel et al., 2009; Vitale et al., 2011). Pairing known 
methods to reduce soil loss with site-specific soil sensors and models has 
the potential to become a powerful breakthrough approach to address-
ing erosion. However, U.S. farmers have not been successful in adopting 
some, much less all, of these soil conservation approaches (Mitchell et al., 
2007; Bossange et al., 2016; Carlisle, 2016; Ulrich-Schad et al., 2017). The 
development of near-term technology and best management practices will 
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require convergence of agronomy and social science research on technology 
adoption and farmer engagement. 

A variety of factors influence the adoption of new technology and 
approaches to land management specifically regarding soils (e.g., reduced-
till strategies and higher precision fertilization practices). Research sug-
gests that the most prominent barriers include economics (affordability 
of new tools, labor, or change in methods), education (availability and 
accessibility of learning resources), social networks (community support 
networks to facilitate technology adoption), and farmer perceptions about 
the benefits of adopting new approaches. Carlisle (2016) provides a com-
prehensive review of research on each of these barriers and emphasizes that 
their influence on farmer decision making varies according to geographic, 
economic, and social contexts. A missing element, however, is research 
on engagement—involving farmers in development of tools and methods 
that reduce soil loss and promote soil health, and in the development of 
education and policy incentives to support technology adoption. Research 
on effective engagement strategies for the introduction of new technologies 
is rapidly expanding (Kleinman et al., 2007; Nisbet, 2009; Philbrick and 
Barandiaran, 2009; Sclove, 2010; Rask and Worthington, 2015). Bringing 
the science of engagement into research on and development of strategies 
that encourage technology adoption opens new opportunities for address-
ing the suite of challenges associated with soil loss and degradation. 

4. GAPS

We currently lack the essential knowledge required to manage agricul-
tural soil ecosystems to obtain their full potential. Recognition that soil’s 
geophysical dimensions are highly influenced by its living components has 
brought to the forefront a need for better understanding of the interplay 
of soil’s biological attributes with its physical and chemical components. 
Major knowledge gaps to be filled include the following.

4.1 Influence of Cropping Systems and Amendments on Soil Properties

Sufficient understanding of the physical and chemical properties of soil 
at appropriate temporal and spatial scales to model, manage, and predict 
changes in agricultural soil ecosystems is needed. In addition, better infor-
mation is needed on how different cropping systems and amendments, such 
as manure, influence the soil texture, water storage capacity, resistance to 
erosion, and SOM retention. We also need to understand the interactions 
between soil physical, chemical, and biological properties and the ability of 
the soil microbiome to facilitate soil aggregation and soil carbon retention. 
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4.2 Interactions Among Soil Ecosystems, Nutrient 
Bioavailability, and Crop Productivity

SOM pools can provide a significant amount of nutritional needs, 
(particularly mineral nitrogen needs) of the crop throughout the growing 
season. However, there are no reliable techniques to quantify and account 
for nitrogen supplied to the crop from mineralization of SOM. A better 
understanding is needed of nutrient distribution in space, time, and depth 
and how it contributes to crop nutritional needs, particularly mineral nitro-
gen needs throughout the growing season. Better information on the role 
of the microbiome with respect to nutrient cycling—including increasing 
nitrogen-use efficiency, increasing bioavailability of soil phosphorus, and 
cycling of SOM—is needed. In addition, a better molecular-level under-
standing is needed of soil biogeochemistry and the influence of specific 
enzymes, metabolites, and signaling molecules on crop productivity.

4.3 Interactions Between Soil Ecosystems and Climate

Climate change will impact soil organic carbon flux to the atmosphere 
and cycling of other nutrients. Although these functions are vitally impor-
tant for plant growth and sustainability of life on our planet, the mecha-
nistic details are largely unknown. Currently, studies of bulk processes 
involved in organic carbon turnover in soil, such as decomposition and 
respiration, reflect the sum of myriads of specific metabolic processes car-
ried out by interacting members of the soil community. An understanding 
is needed of the biogeochemical pathways involved in SOC decomposition 
and greenhouse gas emission, and how changes in environmental conditions 
influence those processes. Ultimately, this knowledge can lead to better 
management practices for sequestering soil SOC and preventing carbon 
loss from the system.

5. BARRIERS TO SUCCESS

5.1 Insufficient Tools and Techniques to Measure, Model, and Manage 
Soil Ecosystem Services Carried Out by the Soil Microbiome

Because of the high physical heterogeneity and biological diversity 
of soils, it has been a significant challenge to obtain relevant measures 
of ecosystem services carried out by the soil microbiome. Current tech-
nologies are largely based on high-throughput sequencing or measures of 
bulk processes (such as soil respiration) and are insufficient to decode the 
functional relevance of the soil microbiome at relevant scales (Biteen et 
al., 2016; Blaser et al., 2016). Although metagenomics datasets provide a 
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bounty of phylogenetic and functional information, deciphering the roles 
of microbial genes and gene products has proven to be difficult due to the 
high microbial diversity in soil (Blaser et al., 2016; Jansson and Hofmockel, 
2018). Also, it is challenging to generalize findings from one soil system 
to another because of the differences in soil characteristics, parent materi-
als, climate, and other factors that shape soils. Thus, to fully understand, 
predict, and harness beneficial microbes for agricultural purposes, more 
research is needed across several different science disciplines, including soil 
microbiology and microbial ecology, combined with computational biol-
ogy and advanced omics and imaging technologies. This multidisciplinary 
approach is necessary to elucidate the molecular mechanisms underpinning 
soil–microbe–plant interactions and to determine how to optimize benefi-
cial interactions to improve agricultural production.

5.2 Limited Development and Deployment of 
Modern Sensor Technologies to Assess Soil Properties 

Across Different Scales of Resolution

Sensors have been deployed for decades to measure parameters of inter-
est in agriculture, for example, sensing soil moisture to decide the time to 
irrigate crops or monitoring weather for crop planting. Many of these sens-
ing methodologies, however, provide only a point measure. Recent advances 
in precision agriculture have brought innovative tools and implements to 
farmers, enabling them to manage farm inputs at a much finer scale than 
ever before. Currently, farmers’ ability to precision-manage is limited by 
their capability to precision-measure. There is a growing need to measure 
multiple soil and plant properties at a very high frequency and data density, 
in heterogeneous space and time. This requires development of novel active 
and passive sensors that provide diagnostic measures of soil and crop prop-
erties of interest rapidly, reliably, nondestructively, in situ, and in motion, 
and that provide near-real-time information to farmers and scientists to 
increase efficiency of farming practices.

However, the development and deployment of advanced materials that 
can provide soil data at the molecular level or nanoscale, including bio-
logical sensors, is still in its infancy. Sensors are also needed, but have not 
yet been developed, that (a) can be buried indefinitely in the subsurface 
of soil, (b) can capture chemical signals that enable “imaging” of the rhi-
zosphere, and (c) can wirelessly transmit data through the soil substrate 
to aboveground receivers. Depending on which process or reaction for 
which a measurement is sought, a chemical-biological-optical-electrical 
signaling platform must be devised. The sensors would need to be reli-
able, miniaturized, energy efficient, and of low cost, enabling them to be 
arranged in arrays. Such sensors might include plants themselves connected 
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to microelectronic detection systems potentially coupled with remote sens-
ing devices. It may also include the development and application of live 
microbial biosensors, for example, that are engineered using synthetic biol-
ogy tools to produce a recordable signal in response to specific soil nutrient 
levels and/or needs of the growing plant (Xu et al., 2013; Lindemann et al., 
2017; Wang et al., 2017). 

5.3 Lack of Soil Data Commons to Share Data, 
Analytical Methods, and Models

There is a need to integrate and share soil physical, chemical, and bio-
logical data to harness the intellectual capital of scientists from multiple 
disciplines (from microbiology to data analytics) to translate data into 
meaningful knowledge. A common infrastructure with open access could be 
similar to the National Cancer Institute’s Genomic Data Commons4 or the 
Human Cell Atlas Data Coordination Platform.5 A centralized community-
driven platform for depositing and sharing data does not yet exist for the 
soil sciences, and this holds the field back. In addition, translating data into 
meaningful knowledge and, ultimately, management decisions requires the 
development of computational tools that integrate models of crop nitrogen 
demand with soil nitrogen supply to inform decision support tools that are 
the basis of precision agriculture. Such advances are necessary to realize the 
complete potential of the Five-R approach for precision agriculture—having 
the right input, at the right time, at the right place, in the right amount, and 
in the right manner (Khosla, 2010). 

6. RECOMMENDATIONS FOR NEXT STEPS

Emerging science—including sensor engineering, data science, and 
microbiology—shows considerable promise for developing advanced tools 
to better assess, monitor, and enhance agricultural soils. The transfor-
mation from knowledge to action will require sustained investments in 
research and its associated infrastructure, such as unified data sharing and 
analysis platforms. Also, research efforts will need to be conducted through 
transdisciplinary collaborations that involve not only soil scientists, but 
also engineers, microbiologists, ecologists, and data scientists, among oth-
ers. The committee identified the following high-priority goals that, with 
adequate support for research, have the potential to be achieved within the 
next decade: 

4 See https://gdc.cancer.gov.
5 See https://www.humancellatlas.org/data-sharing. 
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•	 Maintain depth and health of existing fertile soils and restore 
degraded soils through adoption of best agronomic practices, com-
bined with the use of new sensing technologies, biological strate-
gies, and integrated systems approaches.

•	 Significantly increase and optimize nutrient-use efficiency (espe-
cially nitrogen) through the integration of novel sensing technolo-
gies, data analytics, precision plant breeding, and land management 
practices.

•	 Create more productive and sustainable crop production systems 
by identifying and harnessing the soil microbiome’s capability to 
produce nutrients, increase nutrient bioavailability, and improve 
plant resilience to environmental stress and disease.

•	 Improve the transfer of technology and practices to farmers to 
reduce soil loss through converging research in soil sciences, tech-
nology adoption, and community engagement. 
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Water-Use Efficiency and Productivity

1. INTRODUCTION

Freshwater is an essential input for agriculture that uses significant 
quantities of the U.S. water supply. It is projected that by 2050, average 
farm yields will need to double in major cereal systems in order to meet 
expected increases in food demand (Tilman et al., 2011). Freshwater is 
a finite resource; thus, the necessary increases in crop agricultural pro-
ductivity (yields) can only be met with a significant increase in water-use 
efficiency. In addition, there are competing interests for water, including 
energy production, domestic and industrial needs, recreation, and main-
taining environmental quality. In combination with population growth 
and increasing extreme weather events, these factors have already resulted 
in significant changes for U.S. agricultural water use. Some arid regions 
(e.g., west Texas) have reached a tipping point with low aquifer storage 
unable to meet agricultural water demands, forcing the use of high-salinity 
groundwater (Uddameri and Reible, 2018). Additional long-tail risks to 
the agricultural water supply could come from energy extraction activities 
(such as hydraulic fracturing) or carbon sequestration activities, which may 
contaminate subsurface freshwater supplies and make them unusable for 
agriculture without costly treatment (Vengosh et al., 2014). Sustainable 
intensification of agriculture and the associated need for sufficient fresh-
water to produce food will require a shift in water sources, treatment, use, 
reuse, and management. 

This chapter describes the challenges in ensuring the availability of 
freshwater and optimizing the efficiency of water use in agricultural settings 
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along with the scientific opportunities and gaps to overcome the challenges. 
There are tremendous near-term opportunities to improve water-use effi-
ciency1 and water productivity2 through new technologies and systems-level 
approaches. The opportunities include (1) better use of spatial-resolution 
data and data science, (2) improving plant and soil properties to increase 
water-use efficiency, and (3) optimizing water use and reuse through 
systems-level management approaches and implementation of controlled 
environments. Improving water-use efficiency will require simultaneously 
applying various water-saving and water-optimizing approaches. Finally, 
the chapter identifies research and societal barriers that may impede prog-
ress in increasing water-use efficiency. As with the rest of this report, 
policies and regulations that might be needed to promote the use of these 
water-saving approaches are not addressed.

2. CHALLENGES

Crop production is water intensive, and crop productivity is depen-
dent on the availability of water. Crop agriculture constitutes an esti-
mated 80 percent of national consumptive water use in the United States 
( USDA-ERS, 2018), largely through irrigation. In 2012, irrigated farms 
accounted for approximately half of the total value of crop sales on 28 per-
cent of U.S. harvested cropland (USDA-ERS, 2018). In 2010, total irri-
gation withdrawals averaged 115 billion gallons per day, whereas total 
water withdrawals for direct use in livestock production and aquaculture 
averaged only 2 and 10 billion gallons per day, respectively (USGS, 2016). 
Water stress is the largest contributor to U.S. crop loss, and low water avail-
ability affects approximately 45 percent of U.S. land surfaces (DeLucia et 
al., 2014). Continued access to freshwater for irrigated high-value agricul-
ture will be critical for meeting future food demands. 

While irrigation practices have improved over the past several decades—
with shifts from flood to spray to pivot to drip irrigation that incrementally 
decrease water consumption—water productivity and water-use efficiency 
are well below what is achievable. Further decreases in water use to pro-
mote more sustainable crop agriculture will require a combination of 
revolutionary new approaches, such as second-generation drip irrigation 
combined with sensors and data analytics, improved and regionally based 
weather and seasonal climate forecasts, plants engineered to be more water 

1 Water-use efficiency is defined in this report in the hydrological context; it is the ratio of the 
volume of water used productively (Stanhill, 1986). This is the percentage of water supplied 
to the plant that is effectively taken up by the plant, that is, for example, not lost to drainage 
or bare soil evaporation.

2 Water productivity is the yield in production per unit of water used.
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efficient, smarter soils, and alternative sources of water that are accessible. 
This section describes important obstacles that need to be overcome in the 
coming decade.

2.1 Agricultural Productivity Is Dependent on Freshwater

For many regions in the United States, the current methods of agri-
cultural water use are unsustainable. For example, groundwater aquifers 
store rainwater for the future, but in some locations and during periods 
of prolonged drought, groundwater is extracted at a faster rate than it is 
recharged. This has caused substantial decreases in the groundwater levels 
in the Central Valley of California and in the Kansas High Plains (Ogallala) 
aquifer in the Midwest. This has also resulted in greater pumping costs and 
increasingly saline waters for agriculture. The Ogallala aquifer is respon-
sible for over 90 percent of irrigation water in the Central High Plains. 
Many regions of the aquifer are already depleted, and from 1960 to 2010, 
about 30 percent of the storage had already been consumed. It is estimated 
that at current use rates, as much as 80 percent of the stored water will have 
been consumed by 2060 (Steward et al., 2013; see also Figure 6-1). The use 
of water-intensive crops in regions where water is scarce (e.g., almonds and 
alfalfa in California), and shifts from snow-fed water systems to rain-fed 
water systems as the climate warms (Pederson et al., 2011), will also stress 
water-poor regions. This will limit agricultural productivity in the region if 
the area must revert back to reliance on only rain-fed agriculture. Advances 
in data science, sensing, modeling, water-use efficiency, and systems-level 
management practices can be applied to achieve sustainable water use that 
meet the needs of agriculture.

2.2 Spatial, Temporal, and Climate Variability

A major challenge for better water management is planning and pre-
paredness for the high levels of spatial and temporal variability of condi-
tions that affect water-use efficiency, such as climate variability. Man-made 
climate change is projected to increase the intensity of storms as well as the 
number and duration of dry spells, increasing uncertainty in water avail-
ability at weather timescales. Though subseasonal to seasonal forecasts are 
becoming more skillful, current seasonal-scale forecasts are still inaccurate 
(~60 percent certainty) and this can negatively impact yields (Brown and 
Lall, 2006). This is in part due to limited predictability of some of the phe-
nomena underlying subseasonal to seasonal forecast predictability, such as 
natural modes of variability and elements of external forcing. There is also 
limited publicly available, spatially resolved data on water use for irrigated 
agriculture, such as total amounts pumped to and applied to crops. This 
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hinders understanding of water use and prevents making informed decisions 
about improving water-use efficiency. Greater reliability of forecast can help 
improve water management decisions, and improve operating efficiency 
of crops (Block and Goddard, 2012). In addition to precise use of water 
in agriculture, spatially resolved data on vegetative health, soil properties, 
nutrient concentrations, water quality parameters, and water quantity are 
needed to construct accurate prediction models for water-use efficiency. The 
data will need to be collected at a higher spatial and temporal resolution 
than is currently collected, especially for remote sensing methods such as 
satellite data.

FIGURE 6-1 Map of the Kansas High Plains aquifer and groundwater levels.
NOTES: The map shows estimates for when groundwater levels in the Kansas 
High Plains (Ogallala) aquifer will be at minimum thresholds for use for different 
groundwater management districts (GMDs). Brown areas are already below mini-
mum thresholds, while red areas have less than 25 years to reach those thresholds. 
Groundwater mining of these regions is a result of withdrawals being greater than 
recharge from precipitation.
SOURCE: Kisekka and Aguilar, 2016.
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3. OPPORTUNITIES

There are a number of research opportunities that could be transforma-
tive for reducing water use in agriculture, with many opportunities based on 
increasing water-use efficiency in crops. However, in some systems such as 
controlled environment agriculture (CEA), there is the potential to simulta-
neously increase both water-use efficiency and water productivity. Water use 
is fundamentally a challenge that cuts across many components of the food 
system, and the opportunities below are considered in the context of other 
chapters in this report, for example, in developing drought-, saline-, and 
flood-tolerant crops; engineering soil to improve its water-holding capacity; 
or creating animal housing facilities with higher water-use efficiency. The 
following opportunities have the greatest near-term potential to improve 
water-use efficiency in crops: (1) prescriptive analytics for maximizing water-
use efficiency, (2) improved resiliency of plants with respect to water use and 
soils with respect to water-holding capacity, and (3) optimized water use 
and reuse through alternative water sources and CEA.

3.1 Prescriptive Analytics 

Prescriptive analytics leverage an understanding of system behavior to 
prescribe (or proactively determine) the changes needed to operate opti-
mally. The ability to cost-effectively monitor water demand and manage 
water supply at high spatial and temporal resolutions presents an oppor-
tunity to improve water-use efficiency for crop agriculture. To accomplish 
this will require ubiquitous data collection and seamless integration of data 
types and analytics across vastly different temporal and spatial scales (e.g., 
the Global Agriculture Monitoring project [CGLAMR, 2018]). Sensors on 
unmanned aerial vehicles that can move and measure at different locations, 
on-ground sensors, and satellite data can also be used together to provide 
higher resolutions of multiple parameters. The development of scalable and 
cost-effective technologies (e.g., sensors) would improve water-use manage-
ment by allowing for more precise monitoring of moisture content at high 
spatial resolution over vast scales. These technologies could be combined 
with improved remote sensing capabilities at higher spatial resolutions 
to monitor for soil moisture, groundwater levels, or plant health. Water 
pricing and policy will need to provide the incentives required to promote 
adoption of these water-saving technologies (Olen et al., 2016).

Improved data collection, management, and sharing about water avail-
ability (quantity and quality), water demand, and water use at high spatial 
and temporal scales will be important for improving water-use efficiency 
in agriculture. These data can support ecohydrology-based approaches 
to water management. For example, improved seasonal climate forecasts 
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can be used to predict future water quantities and the viability of various 
cropping systems. As the number of plants with different traits increases 
(see Chapter 2), that could also enable farmers to select the most climate-
appropriate varieties of those crops (such as drought-tolerant cultivars). 
In addition, enhanced prediction of extreme and disruptive events as well 
as inclusion of more components of the Earth system in subseasonal to 
seasonal forecast models will better enable water use and management 
(NASEM, 2016).

A better understanding of the interactions between agroecosystems, 
natural ecosystems, and the built environment can help to improve water-
use efficiency and water productivity. The ability to collect on-ground 
sensor data at high spatial resolution provides an opportunity to better 
understand the coupled nature of agroecosystems and natural ecosystems, 
and to refine physics-based (mechanistic) models describing system behav-
iors. Understanding the role of sociological and economic factors in water 
use for agriculture has the potential to further improve water management 
practices using integrated systems approaches (Stuart et al., 2015). This 
ability will help to limit unintended consequences to the environment, 
human activities, and the economy that may result from reducing water use.

3.2 Soil and Plant Resiliency

Water-use efficiency can be improved through better soil management 
practices and by engineering soil properties to maximize water availability 
to plants. Promising opportunities include manipulating the soil micro-
biome to improve water use by plants (especially under drought or salt 
stress conditions), increasing soil carbon through additions of engineered 
materials, and improving soil management (e.g., no till). There are also 
opportunities to improve water-use efficiency through real-time monitoring 
of plant health.

The role of the soil and plant microbiomes in affecting water availabil-
ity to plants is largely unexplored. However, this ability could be exploited 
through development of new approaches to controlling evaporation from 
soils (a portion of water consumption from evapotranspiration) while 
enhancing water uptake by plants, particularly during periods of salt or 
drought stress (Marasco et al., 2012). Any improvements to promote water 
availability to plants at higher soil tension would increase water efficiency 
in soils. However, these advances cannot diminish other important func-
tions of soils (see Chapter 5): storing organic carbon and other nutrients, 
filtering contaminants and pathogens, provision of nutrients, biodiversity 
habitat, and hydrological buffer.

Increased soil organic carbon increases the water-holding capacity of 
soils, particularly at the wilting point (Karhu et al., 2011; Minasny and 

http://www.nap.edu/25059


Science Breakthroughs to Advance Food and Agricultural Research by 2030

Copyright National Academy of Sciences. All rights reserved.

WATER-USE EFFICIENCY AND PRODUCTIVITY 135

McBratney, 2017). Cost-effective methods to add natural or engineered 
carbon to soil coupled with best practices to manage water retention in 
soils (cover crops and no-till agriculture) provide a method to improve 
water-use efficiency (Turner, 2004). Better understanding of the optimal 
properties and sources of carbon to add to soils could lead to better engi-
neered soils with respect to water-use efficiency (e.g., moisture-controlled 
water availability).

Spatially resolved real-time monitoring of plant health may also 
improve precision watering. Plant nanotechnology can provide methods 
to better monitor plant health status (Giraldo et al., 2014). Embedding 
nanomaterials in sentinel plants provides a signal that can be monitored 
remotely, potentially allowing the plants to communicate their health status 
with respect to water and nutrient availability. These data along with soil 
moisture content and other measurements will help to deliver water only 
where it is required. 

3.3 Controlled Environments and Alternative Water Sources

Water-use efficiency can be improved by decentralizing parts of food 
production (e.g., fruits and vegetables) and better coupling it with the built 
environment. CEA offers systems-level opportunities to increase the sustain-
ability of agriculture by providing resource-efficient farming systems with 
respect to water and nutrient use. For example, vertical farming of lettuce in 
controlled environments uses approximately 10 percent of water compared 
to traditional crop production in Yuma, Arizona (Barbosa et al., 2015). 
Fish production in recirculating aquaculture systems or aquaponics systems 
is highly efficient with respect to water use and enables reuse of nitrogen 
(waste) from fish production for plant production. These different types of 
CEAs also provide consistent year-round yields, fewer challenges with pests 
and disease, and the potential for high nutrient-use efficiency (Bregnballe, 
2015; Harwood, 2017). These systems are currently used for producing fish 
protein as well as high-value crops such as vegetables, fruits, and herbs. 
Improvements in sensor technology, robotics, and artificial intelligence to 
monitor nutrient levels and plant health make controlled environments 
feasible and attractive. The integration of CEA within the built environ-
ment offers an additional opportunity to recover resources (e.g., water or 
nitrogen) from domestic or industrial sources, making this alternative more 
sustainable.
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4. GAPS

4.1 Lack of Accurate Methods and Forecasts

A better understanding of the flows of water in the agroecosystem at 
high spatial and temporal resolution can be used to develop more accurate 
models for predicting and improving water-use efficiency. Deploying sensor 
networks will require development of small, biodegradable, inexpensive, 
energy-efficient disposable sensors. They need to provide depth-resolved 
soil moisture or nutrient levels to allow for more precise irrigation and 
nutrient applications. In planta sensors are needed to monitor plant health 
status with respect to water requirements, potentially at the scale of single 
plants. 

Data on crops, soils, water, climate, and more are collected at multiple 
spatial and temporal scales using different techniques. Different types of 
data are stored in different databases, and even for a particular variable 
may be reported in different units by different sources. Better methods are 
needed to harmonize disparate datasets, to cross-reference data collected at 
different spatial scales, and to verify data and model veracity. 

Data-driven analytics for Internet-of-Things–enabled water use- 
efficiency decision support systems will benefit from efficient cloud com-
puting and local analysis due to the difficulty in mobilizing and storing 
high volumes of data. Automated methods for quality control of data and 
improved communications between sensors to activate them only when 
required will be essential. For example, a sensor upstream could commu-
nicate with a sensor downstream to prompt it to begin to collect data at a 
higher rate when spikes of salinity or nutrients are expected (McGuinness 
et al., 2014). “Smarter” sensors to reduce the data collection and process-
ing demands and methods to distribute the processing of data across all of 
sensor platforms (e.g., Edge Computing) will also be needed for real-time 
monitoring and responses to needs or perturbations in the system.

Several research questions need to be addressed:

1. How can we develop and deploy sensor networks at high spatial 
and temporal scales to optimize water use at the system level?

2. How can we integrate ground-based and remote sensing data to 
best manage water use?

3. How can we improve computing speeds, data analytics, and data 
sharing to provide weather forecasts at high spatial and temporal 
resolution (<100 m)?

4. How can we improve relevance and thus use of seasonal climate 
forecasts?
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4.2 Lack of Understanding of Plant and Soil 
Property Impacts on Water-Use Efficiency

There is a growing body of literature indicating that the soil microbi-
ome changes in response to water availability (e.g., Manzoni et al., 2012), 
yet, there has been less emphasis on identifying how to manipulate the soil 
microbiome to enhance water availability and water-use efficiency. Signifi-
cant improvement in water-use efficiency can also be achieved by control-
ling the stomatal opening in plants through genetic modification or using 
plant growth regulators (Moshelion et al., 2015; Glowacka et al., 2018). 
However, a limited understanding of the genes and plant physiology that 
control water uptake and transpiration, as well as drought and salinity 
resistance, hinders rapid selection of plants that are more water efficient, 
enabling the use of lower-quality water for agriculture. Improved under-
standing of how to control the rate of stomatal closing (e.g., in periods 
of shading) could be used to decrease transpiration without altering bio-
mass production, food production, or nutritional content. Systems biology 
approaches to modeling water flows in agroecosystems may provide new 
approaches to water management. 

While increasing soil carbon has the potential to improve water-use 
efficiency by lowering evaporation or drainage losses, the magnitude of the 
increases in water-use efficiency that this may provide is under debate. The 
mechanisms behind the effects of carbon on water availability to plants 
and water-use efficiency require more careful assessment (Minasny and 
McBratney, 2017). 

Plant sensor technologies have great potential to monitor water-use 
efficiency. However, advances will require the development of appropriate 
devices (e.g., disposable biodegradable sensors) and practical methods to 
emplace nanomaterials into plants. The impacts of these sensors on plant 
health and food quality will also need to be determined.

Several research questions remain to be addressed:

1. What are the roles of the soil microbiome and plant traits in con-
trolling water-use efficiency?

2. What are efficient methods to increase soil carbon content to 
improve water-holding capacity of soils?

3. How can plant and soil sensors be used together with weather 
forecasts, plant selection, and other technologies to optimize water 
use? 
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4.3 Need for Alternative Water Sources, Controlled 
Environments, and Sustainable Management 

Alternative sources of water are available for agriculture, including 
treated wastewater, stormwater runoff, and water from energy production 
(produced water). It remains to be determined if contaminants in these 
waters (e.g., organic chemicals, heavy metals, salts, and radioactive ele-
ments) pose a significant risk to agriculture production, especially if they 
are deployed in the long term. In general, there is poor understanding of 
how to manage water systems for multiple purposes, which may ensure the 
availability of water for agriculture at the time it is needed and improve 
environmental quality and social welfare (Schoengold and Zilberman, 
2007). The system-level consequences of using alternative sources of water 
for agriculture rather than through the existing treatment and disposal 
options have not been determined on a broad scale in the United States.

Water savings in CEA are proven; however, there are gaps in under-
standing of how these approaches affect overall system sustainability. The 
market potential and extent of cropping systems that can be utilized in 
CEA need to be determined. Currently, CEA and recirculating aquaculture 
systems are energy intensive so better energy management strategies are 
needed. The cost of the various CEA systems must also decrease to become 
competitive with traditional agriculture and imports. Also, the primary 
socioeconomic drivers that would promote acceptance of CEA need to 
be determined. The optimal approaches for lighting and cooling systems, 
temperature control, feed, disease management, and resilient systems (for 
aquaculture) and the optimal plant and fish traits for controlled environ-
ments still need to be determined to make these systems scalable, economi-
cally viable, and sustainable. There are still gaps related to coupling CEA 
systems to the other elements of the built environment to close the loop on 
nutrient and water use.

Alternative sources of water and controlled environments can improve 
water-use efficiency and water productivity. However, several research ques-
tions must be addressed to realize these opportunities:

1. What alternative water sources and system-level management prac-
tices are available for agriculture?

2. How can controlled environments be sustainably designed to lower 
water use and increase water productivity?
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5. BARRIERS TO SUCCESS

5.1 Water Policies and Pricing

Adoption of water-saving opportunities and water management prac-
tices will require new policies and realistic water pricing for agriculture 
as well as the political will to enforce policies and prices across states and 
international boundaries. This includes revising “water rights” to encour-
age climate-appropriate crop choices and to optimize overall system perfor-
mance with respect to water use. It may also require significant upgrades to 
water infrastructure to meet future water demands for agriculture. Water 
storage practices, interbasin transfers, and water distribution systems are 
currently inadequate to meet future water demands for agriculture. The 
lack of adequate water storage increases the vulnerability of the agricultural 
system to droughts, especially in arid regions.

5.2 Competing Demands for Water

Agriculture is the largest water consumer in the United States, but 
energy production also requires access to vast amounts of water. Given that 
agriculture is a high-volume, low-economic-value user of water, competing 
demands for water with higher economic value (such as energy production) 
may ultimately decrease the amount of water available for agriculture. 
This could prevent achieving the goal of using only renewable water for 
agriculture.

5.3 Limited Resources for Interdisciplinary Teams 

Improving water-use efficiency in agriculture will require the simultane-
ous development and integration of multiple technologies and technological 
approaches from different research communities (see Box 6-1). Successful 
integration of these technologies will require adequate research funding 
for highly interdisciplinary teams focused on the opportunities described 
in this chapter. Currently, there are limited opportunities for the necessary 
convergence of disciplines needed to tackle these complex problems. 

5.4 Public Acceptance of New Technologies for Water-Use Efficiency

Many new opportunities to improve water productivity will require 
new policies as well as consumer acceptance to implement direct water 
reuse, multiple-use scenarios, use of impaired waters, and integrated agro-
ecosystems and natural ecosystems. New technologies (e.g., genetic modifi-
cations of plants using CRISPR-Cas9 or nanotechnology for soil and plant 
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sensors) are often viewed with skepticism and fear, which can be magnified 
when they are applied to food. Public and stakeholder engagement at all 
stages of technology development is needed to promote technology adop-
tion. Research is needed to better understand the factors that would affect 
public acceptance of alternative water sources and new technologies. 

5.5 Lack of a Systems Approach

A systems approach to water management is needed to mitigate the 
potential for unintended consequences to the natural ecosystem and built 
environments. Proposed interventions need to account for their impacts 
at large spatial scales (e.g., watershed, basin, or interbasin scales). The 
interactions between the elements of agroecosystems need to be better elu-
cidated (see Chapter 8), and the development of appropriate models and 
systems-level analytics is needed in conjunction with technology advances 
for increasing water-use efficiency. 

BOX 6-1 
Achieving Necessary Gains in Water-Use Efficiency 

Changes in irrigation practices from flood irrigation to center-pivot sprinklers 
to drip irrigation have resulted in great improvements in water-use efficiency over 
the past several decades. Further gains will require overcoming systemic barriers 
to increasing water-use efficiency through the application of multiple technologies, 
improved data analytics, and better biophysical-based integrated systems models. 
Since water use in agriculture is sequential in nature, small gains in efficiency 
throughout each phase can produce considerable improvements in overall ef-
ficiency (Hsiao et al., 2007).

Increased efficiency could also be achieved through an ability to select from 
a number of genetic varieties of plants based on relevant weather and seasonal 
climate forecasts. Plants can be selected for varieties that are salt or drought toler-
ant in dry years when alternative impaired sources of water are used for irrigation. 
Hyperregional weather forecasts and sensors in sentinel plants along with ubiqui-
tous soil moisture sensors enable application of water only when and where it is 
most needed. Accurate biophysical models, along with real-time water availability 
and weather monitoring at the basin or interbasin scale, are used to determine 
the appropriate source of water for that crop at that time. Taken together, these 
approaches can increase water-use efficiency from the plant to the basin scale.
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6. RECOMMENDATIONS FOR NEXT STEPS

Ensuring availability of water for agriculture is essential to meeting 
future demands. Emerging sensing technologies can provide real-time infor-
mation about water availability and demand at high spatial and temporal 
resolution. Advances in data science and better integration of data and 
models will vastly improve the ability to predict water needs and optimize 
water-use efficiency. A better understanding of the soil properties affect-
ing water availability and the physiological factors affecting plant water 
use—coupled with technologies that can modify soil, microbiome, and 
plant properties with respect to water use—will further enhance water-use 
efficiency. The use of controlled environments for some agriculture could 
meet the goal of making water use for agriculture sustainable. Realizing 
these opportunities will require a systems approach to water use and will 
require implementing a combination of these strategies simultaneously. 
Some high-priority opportunities for improving water-use efficiency include

•	 Increasing water-use efficiency by implementing multiple water-
saving technologies across integrated systems;

•	 Lowering water use through applications of prescriptive analytics 
for water management;

•	 Lowering water demands by improving plant and soil properties to 
increase water-use efficiency; and

•	 Increasing water productivity by use of controlled environments 
and alternative water sources.
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Data Science

1. INTRODUCTION

The growing availability of data presents an opportunity to improve 
the resilience and efficiency of food and agricultural production on a scale 
unimaginable even one decade ago. The convergence of cloud computing, 
mobile, Internet of Things (IoT), and analytic technologies has resulted in 
an explosion of data that has been transformational in all sectors of the 
economy (Cao, 2016). Approximately 90 percent of the data ever created 
were generated in the past 2 years (Marr, 2018). By 2025, the amount of 
data created and copied annually is expected to grow to 1 trillion giga-
bytes (Seagate, 2017). Understanding the connections between the biophysi-
cal and socioeconomic elements of agricultural systems through research 
depends on generating and analyzing massive amounts of data. Data will 
be at the center of the next revolution in food and agriculture (UN, 2014). 

The relationship between data, algorithms, and computing is symbiotic. 
In practice, (raw) data are processed by computers through mathematical 
models and algorithms into useable information. The value of data comes 
when they are analyzed to provide information that is used to make deci-
sions based on insights and understandings derived from data. Advances 
in data storage, communications, and processing have led to new research 
methods and tools that were simply not possible just one decade ago (NIH, 
2018). Similarly, breakthroughs in agriculture will benefit from and compel 
state-of-the-art advances in the areas of data, algorithms, and computing. 
Machine learning and deep learning are two such examples, which will be 
further discussed in Section 3.1. 
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Data science is the emerging field that sits at the nexus of data, algo-
rithms, and computing. It is an interdisciplinary field of inquiry in which 
quantitative and analytical approaches, processes, and systems are devel-
oped and used to extract knowledge and insights from increasingly large 
and complex sets of data (NIH, 2018). Data analysis has fostered knowl-
edge creation for hundreds of years; achieving the science breakthroughs 
identified in this report will be spurred by data science. 

In June 2018, the United States announced a new record in the global 
competition to build the world’s fastest supercomputer. The petascale 
machine called “Summit” can perform 200 petaflops (1015 calculations) 
per second and is more than twice the speed of the incumbent at  China’s 
National Supercomputing Center (Top 500, 2018). The next horizon 
is exascale computing; a machine capable of executing 1 billion billion 
(109 × 109 = 1018) calculations per second. Exascale computing will enable 
more complete and accurate representations in Earth systems modeling 
needed to improve our understanding of local to global scales for the food 
system and enable faster simulations that can, for example, more realisti-
cally mirror the speeds of biological processes (McDermid et al., 2017). 

Figure 7-1 shows a data analytics maturity curve that progresses from 
descriptive to predictive to prescriptive. In the early stages, information 
provided in the descriptive stage lends hindsight on what happened. The 
predictive stage is the next stage that provides insight into what will hap-
pen. The last stage of analytics maturity is prescriptive and enables foresight 
in what we can make happen. Much progress has been made in food and 
agricultural research in establishing descriptive analytics. Scientific break-
throughs in food and agricultural disciplines in the next 10-15 years will 
increasingly address the predictive and prescriptive levels of understanding. 

Our understanding of the fundamental scientific underpinnings of the 
biological, chemical, physical, and socioeconomic elements of the food and 
agricultural system can benefit from better data access, data integration, 
and data analytics. The previous chapters have indicated specific instances 
where access to more data and data science can improve the resilience, 
efficiency, and sustainability of agriculture. This chapter describes the chal-
lenges of collecting, integrating, and analyzing a broad range of data types, 
and ensuring the quality of those data in near real time to afford the 
research breakthroughs needed. The chapter then proposes research needs 
and potential breakthroughs specific to data science for the food and agri-
cultural enterprise.
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2. CHALLENGES

2.1 Challenge 1: Data Heterogeneity and Dimensionality

The challenges and opportunities in agricultural and food data can 
be illustrated by the acronym GEMS, which represents the fact that agri-
culture yields are modeled as a function of genetic (G), environment (E), 
management (M), and socioeconomic (S) factors. To understand yield, there 
needs to be an understanding of the genetics of the plant or animal being 
cultivated, the environmental factors affecting growth, the management 
practices of the farm, and the socioeconomic factors, as well as an under-
standing of the complex interactions among these factors, represented as 
G × E × M × S (GEMS). Numerous environmental factors may be of inter-
est (e.g., location, soil type, elevation, inclination, rainfall, precipitation, 
humidity, temperature, and dew point) and each may have positive or nega-
tive impacts on genotypes. GEMS data are in a wide variety of formats, in 

FIGURE 7-1 Analytics maturity curve.
SOURCES: Centurion, 2015, citing INFORMS Analytics Maturity Model User 
Guide (www.informs.org).
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different spatial and temporal scales, with different degrees of accuracy and 
precision that are challenging to harmonize for analysis and discovery (Lu 
et al., 2016). Data curation and harmonization efforts currently constitute 
80 percent of the effort related to data use (Crowdflower, 2016).

The curation and analysis of GEMS data lead to the need for data stan-
dards and tools to manipulate and analyze the massive geospatial temporal 
datasets, and pushes the frontier of data, analytics, and computing systems 
(see Box 7-1). The complexities of data, such as the GEMS data, can be 
explored in terms of the four basic data attributes: volume, variety, velocity, 
and veracity (see Box 7-2).

Example: Improvements in Sensor Technology and Data Velocity 
Enabling Real-Time Continuous Monitoring in Agriculture. Novel sensors 
can provide accurate measures of soil, plant, animal, and food character-
istics at a high frequency and data density and at any given time and loca-
tion. The next generation of sensors will revolutionize the ability to deploy 
prescriptive solutions in near real time. For example, Figure 7-2 shows 
how georeferenced in situ soil sensors could be widely distributed across 
a farm, measure soil and plant nutrients, and display results in a colored 
geospatial map that allows farmers to determine site-specific actions (e.g., 
variable application of water and nutrients). Similarly, microelectrome-
chanical technology is already being used to develop miniature sensors that 

BOX 7-1 
G.E.M.S.™

G.E.M.S.™ (Genetic, Environmental, Management, and Socioeconomic data) 
is a proprietary platform developed by the University of Minnesota that merges do-
main expertise in the food and agricultural sciences with high-performance com-
puting and bioinformatics expertise to drive the development of next-generation 
agricultural and food informatics (agri-food informatics), data discovery, and analy-
sis. G.E.M.S.™ aims to allow researchers to solve problems at multiple functional, 
temporal, and spatial scales related to crop sustainability and food production 
through provision of interoperable genetic, environmental, management, and 
socioeconomic data related to agriculture.

There are massive datasets involved with each of these components, and a 
data lake (or a data repository) is required to hold data until they are needed. 
Currently there are not standards or application programming interfaces to allow 
those datasets to integrate and merge with one another to be useful. 

SOURCE: Allan et al., 2017.
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can be embedded into plant stems for measuring a plant’s water potential 
(the hydration relative to its growth and production yield) (Pagay et al., 
2014); this could replace traditional labor-intensive, destructive methods 
that provide only point-in-time measurements. Continuous measurements 
such as these will improve the calibration and performance of water- and 
nutrient-use models, and may lead to a new understanding of how plants 
use water and nutrients. Integrating these farm-scale sensor technologies 
with seasonal or hyper-local weather forecasts, or with measures of water 
availability in connected ecosystems via the IoT, creates opportunities to 
manage farm ecosystems integrated with natural ecosystems (e.g., eco-
hydrology). For vineyards, such an understanding could lead to more 
consistent production of high-quality wine grapes with certain flavor and 

BOX 7-2 
Attributes of Data

Volume. Data volume is the size of the data and is typically measured in bytes. 
Genomic experiments generate terabytes (TB) of data. For example, the genome 
of a single corn plant consists of 2.5 billion DNA bases (USDA-NIFA, 2017a). By 
2025, genomics is expected to be on par with or exceed the data needs of the 
Big Data domains of astronomy, YouTube, and Twitter (Stephens et al., 2015).

Variety. Data variety refers to the number of different types of data. Precision 
agriculture requires many different layers of data to develop a site-specific under-
standing. For example, variables could include soil type, elevation, slope, tem-
perature, and precipitation. Satellite data can provide critical real-time information, 
but the heterogeneity (or variety) of data makes it difficult to combine the data in 
a harmonized way needed for analytical methods to examine specific factors for 
research or for decisions. Amassing spatial-temporal data in a harmonized way 
would be transformational for real-time decision support (e.g., disease prediction 
via disease vectors using spatial data). 

Velocity. Data velocity indicates the speed of data processing. With rapid improve-
ments in the speed of data velocity, real-time continuous monitoring of agriculture 
is becoming possible. 

Veracity. Data veracity refers to bias, noise, abnormality, uncertainty, and impreci-
sion. This often-overlooked dimension of data is important in developing appro-
priate mathematical models and analytics to obtain useful insights. The food and 
agricultural system is an intricate system of systems with multiple dimensions of 
uncertainty; for instance, at a macro level, agriculture has both demand and sup-
ply uncertainty (IOM and NRC, 2015).
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aroma profiles (Campbell, 2016). Likewise, in planta crop health sensors 
may quantify biochemical changes in plants caused by an insect pest or a 
pathogen, alerting and enabling the producer to plan and deploy immediate 
site-specific control strategies before the infestation occurs and damage is 
visible and widespread across the field. Increased data velocity will enable 
dynamic control of agricultural equipment in motion in real time—such as 
precision planters, sprayers, and irrigation—and enable real-time continu-
ous monitoring of individual livestock in a herd using wearable (and other) 
sensors for precision livestock applications, using advanced technologies 
such as microfluidics, sound analyzers, image-detection techniques, sweat 
and salivary sensing, serodiagnosis (diagnosis based on blood sera), and 
others. Creating efficient online monitoring systems in real time requires 
the ability to integrate all the available sensor data and run analysis in real 
time (Neethirajan, 2017).

FIGURE 7-2 Schematic representation of real-time continuous monitoring of soil, 
crops, water, and livestock via microelectromechanical and biodegradable sensors. 
The sensors measure a range of important attributes to generate data. Data can then 
be analyzed and used for modeling and for predictive and prescriptive agriculture. 
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2.2 Challenge 2: Data Standards and Interoperability

Modern scientific research is becoming a more data-driven, interac-
tive process between multiple stakeholders across the world (EU SCAR, 
2015). The term “e-science” has been coined to describe the potential of 
data-driven and computationally intensive processes to enhance manual 
laboratory work and fieldwork and reduce dependence on paper-based 
recording (EU SCAR, 2015). E-science has the potential to enable world-
wide collaboration in flexible teams using advanced tools, services, and data 
repositories. These can include distributed networks or grid computing, 
high-performance computing, visualizations, simulations, workflows, and 
provenance documentation (EU SCAR, 2015).

Providing access to data can accelerate and democratize the scientific 
process. To do so would require infrastructure improvements for supporting 
the reuse of scientific data in the food and agricultural realm and enhance-
ments for machines to automatically find and use data. While there are 
some notable cyberinfrastructure initiatives and data-sharing efforts under 
way (see Box 7-3), these efforts are only able to address some parts of the 
vast food system. As a set of universally agreed-upon guidelines referring 
to interoperability among systems or applications, standards support reuse. 
One of the major hurdles in data standardization and interoperability is 
the lack of sufficient knowledge representations (e.g., ontologies, semantic 
nets, and rules) (Jonquet et al., 2018). Knowledge representations provide 
a representation that a computer system can utilize to solve complex tasks. 

The FAIR data principles are a set of guiding principles that could facil-
itate data standardization and interoperability for scientific data manage-
ment and stewardships. The principles are organized around four concepts: 
findable, accessible, interoperable, and reuseable (Wilkinson et al., 2016). 
The FAIR principles are complementary to open-data philosophy—data 
can be open without being FAIR, and vice versa. Open data is the idea that 
some data should be freely available to everyone to use and republish as 
they wish, without restrictions from copyright, patents, or other mecha-
nisms of control (Auer et al., 2007). Government-funded awards often 
require researchers to open their data, but there is little guidance on best 
practices or dissemination for open data in the United States. 

The existence of standards is an often-cited success factor for reuse of 
data and software (Pasquetto et al., 2017). Standards can be administered 
in a variety of ways: created de facto by private organizations1 or managed 
by nonprofit organizations.2 The nonprofit consortium of businesses serv-

1 The computer file format PDF was created by Adobe in 1993 and was a de facto standard 
for many years before eventually becoming a formal ISO standard in 2005.

2 The nonprofit organization GS1 is best known for the barcode (universal product code) 
that is scanned by retailers more than 6 billion times every day.
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ing the agriculture sector, AgGateway, has identified the need for standards 
as essential to promoting and enabling the industry’s transition to highly 
data-driven agricultural practices and is working to develop their own 
(AgGateway, 2017; Smith, 2017). 

2.3 Challenge 3: Data Privacy

Privacy is a confounding issue for food and agricultural data. In some 
domains, such as health care, data can be anonymized by removing or 
encrypting personally identifiable information. The best available privacy 
protection technology, differential privacy, is inadequate for agricultural 

BOX 7-3 
Data Sharing and Cyberinfrastructure Initiatives  

Related to Food and Agriculture

Below are examples of some food and agricultural data sharing and cyberin-
frastructure initiatives that are currently under way. 

•	 	INFEWS (Innovations at the Nexus of Food, Energy and Water Systems)a 
is a National Science Foundation (NSF) program that seeks to support re-
search that conceptualizes Food-Energy-Water systems broadly and inclu-
sively, including social and behavioral processes (such as decision making 
and governance), physical processes (such as built infrastructure and new 
technologies for more efficient resource utilization), natural processes (such 
as biogeochemical and hydrologic cycles), biological processes (such as 
agroecosystem structure and productivity), and cybercomponents (such as 
sensing, networking, computation, and visualization for decision making and 
assessment). Through funding from NSF and the U.S. Department of Agricul-
ture’s (USDA’s) National Institute of Food and Agriculture, the initiative aims 
to identify and fund the most meritorious and highest-impact projects across 
the food–energy–water nexus. The initiative also promotes international co-
operation among scientists and engineers from a range of disciplines and 
organizations.

•	 	CyVerseb is an NSF-funded project that aims “to design, deploy and expand 
a national cyberinfrastructure for life sciences research and to train scien-
tists in its use.” The project provides life scientists with the computational 
infrastructure to manage large datasets and complex analyses through 
data storage, bioinformatics tools, image analyses, cloud services, APIs, 
and other tools. CyVerse is a dynamic virtual organization led by the 
University of Arizona alongside the Texas Advanced Computing Center, 
Cold Spring Harbor Laboratory, and the University of North Carolina at 
Wilmington.

•	 	USDA VegScapec is a National Agricultural Statistical Service (NASS) web 
service–based U.S. crop condition monitoring system. It aims to improve 
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data because of its spatiotemporal nature (Shekhar et al., 2017). Anonymiz-
ing geospatial data without distorting its granularity is a known problem 
which does not yet have an adequate solution. Aggregating data is a fre-
quently used approach to anonymize farm- or field-level data. For instance, 
data from individual fields and farms are aggregated into county-level 
metrics that are made public. Aggregation limits the granularity of analysis, 
making intrafield or site-specific analysis impossible. For example, spatial 
data that are aggregated for anonymization purposes typically lack the high 
spatial resolution needed by biophysics-based models to accurately capture 
or predict the system responses.

objectivity, robustness, quantification, and defensibility of nationwide crop 
condition monitoring by delivering interactive vegetation indexes that en-
able users to explore, visualize, query, and disseminate current vegetative 
cover maps and data. New satellite-based data are loaded on a weekly 
basis during the growing season. VegScape is built on the CropScaped 
(a NASS geospatial cropland data service) framework and uses NASA’s 
MODIS satellite (Yang et al., 2013).

•	 	GEOGLAM (International Group on Earth Observations Global Agricultural 
Monitoring Initiative)e is an initiative developed by the Group on Earth Ob-
servations (a partnerships of governments and international organizations) 
which coordinates satellite monitoring observation systems in different 
regions of the world in order to enhance crop production projections and 
weather forecasting data. The initiative provides a framework using Earth 
observations, including satellite and ground-based observations, designed 
to build on existing agricultural monitoring programs and initiatives at na-
tional, regional, and global levels. 

•	 	AgMiP (the Agricultural Model Intercomparison and Improvement Project)f 

is an international project that utilizes intercomparisons of various meth-
odologies to “improve crop and economic models and ensemble projec-
tions and to produce enhanced assessments by the crop and economic 
modeling communities researching climate change agricultural impacts 
and adaptation.” AgMiP is using a two-track science approach of model 
intercomparison and improvement and climate change multimodel assess-
ment. These approaches are facilitated by a series of regional workshops 
held in each AgMiP region over a 3-year period as well as by global studies 
and workshops that focus on particular crops and on global analyses. 

aSee https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505241.
bSee http://www.cyverse.org/about.
cSee https://nassgeodata.gmu.edu/VegScape.
dSee https://nassgeodata.gmu.edu/CropScape.
eSee https://cropmonitor.org.
fSee http://www.agmip.org.
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3. SCIENTIFIC OPPORTUNITIES

There are emerging technologies related to data that can transform the 
food and agricultural system. In particular, there are four promising future 
areas: artificial intelligence, blockchain, IoT, and quantum computing.

3.1 Opportunity 1: Artificial Intelligence

Artificial intelligence (AI) refers to intelligence displayed by machines, 
as opposed to natural intelligence demonstrated by humans and other 
animals (Bradford, 2017). The term AI is commonly used when a machine 
mimics cognitive functions that are typically associated with humans, such 
as planning, learning, reasoning, problem solving, knowledge representa-
tion, perception, motion, manipulation, social intelligence, and creativity. 
AI combines automation, robotics, and computer vision. Advances in sta-
tistics, faster computers, and access to large amounts of data have enabled 
advances in AI, particularly in the field of machine learning where signifi-
cant progress has been made in the areas of image and pattern recognition, 
natural language understanding, and robotics. 

The scale and complexity of the food and agricultural system make 
it well suited for AI, with large amounts of data available to train algo-
rithms. Large amounts of data from ever-more-sophisticated experiments 
and models are being generated, and food and agricultural researchers are 
challenged with deciding what data to collect and how to best process the 
data generated. A 2016 analysis estimated that a new crop protection prod-
uct requires the analysis of more than 160,000 compounds—the equivalent 
to more than 11 years of research and development and overall costs that 
exceed $280 million per commercial product (Brayne et al., 2018). AI will 
enable new discoveries, not just in analyzing existing data but in augment-
ing human creativity around planning new experiments and accelerating 
discovery and improving efficiency. 

There are promising applications and indicators for AI in agricul-
ture. In selective breeding programs, the development of high-throughput 
automated phenotyping capabilities can speed the process of breeding to 
develop resilient yet high-yielding, high-quality crops. AI and machine-
learning research on the massive amount of environmental, growth, and 
genetic data can help scientists, for example, elucidate the connections 
between system components, predict the yield of different varieties based 
on early-season plant attributes, and associate specific desirable traits with 
genetic markers (Baxter et al., 2007). Robots can be designed to harvest 
crops at a higher volume and faster pace than human laborers, to monitor 
crop and soil health using computer vision and deep-learning algorithms 
that analyze data captured by drones, and to more accurately predict crop 
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yields using machine-learning models to better understand environmental 
impacts (Sennar, 2017). Box 7-4 on robotic milking provides an example of 
integrating AI with sensor technologies in animal agriculture. 

3.2 Opportunity 2: Blockchain

Blockchain is a recent technology advancement with potential for 
addressing the challenge of creating a more transparent, authentic, and 
trustworthy digital record of the journey that food and other physical 
products take across the supply chain (Lougee, 2017). Blockchain tech-
nology arose out of the efforts to create the cybercurrency Bitcoin, but its 
potential goes well beyond its original purpose. As discussed in Chapter 
4, at its core, the blockchain is a shared, immutable ledger for recording 
the history of transactions (IEEE, 2018a). It uses a variety of technologies, 
including public–private key cryptography, distributed databases, decentral-
ized processing, hash functions, and consensus algorithms (Ge et al., 2017). 

BOX 7-4 
Robotic Milking

One agricultural application that simultaneously utilizes and collects large 
datasets is robotic milking systems (RMSs). Using detection sensors, the robot 
attaches the cups to the cow teats from underneath the udder. These sensors are 
able to detect how many teats are available and their positioning to ensure that the 
cups are attached correctly. Every cow wears an electronic tag making it possible 
for the RMS to identify each cow and collect production and other data on her. 
Cows are only allowed access to be milked if a certain period of time has elapsed 
since their last milking. A single stall can milk 55-65 cows per day, and it is esti-
mated that more than 35,000 RMS units are operational on dairy farms around the 
world. RMS results in a 5-10 percent increase in milk yield as compared to milking 
two times per day, mainly due to increased milking frequency (de Koning, 2010). 

A milk analyzer can be included in the RMS to collect data on milk components 
such as fat, protein, pH, and lactose. These data can provide real-time alerts to 
notify the farmer of feeding or health problems or signal the need for a manage-
ment intervention. Furthermore, machine learning would provide an opportunity 
to tune parameters for assessing milk quality. The profitability of RMSs depends 
on factors such as the amount of milk produced per cow and per robot, labor 
savings, and length of useful life (Salfer et al., 2017). Although RMSs typically 
have not been profitable in U.S. dairy production systems to date, advances in 
robotic design, availability of labor, and higher labor costs in the future may alter 
this situation, as has been the case in western and northern Europe, which have 
the highest rates of RMS adoption (Brou‐ek and Tonge‐, 2015).
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This could be valuable in creating transparency in a global food system with 
multiple disparate actors across the multitiered supply chain.

More information will be required to address research challenges on 
food and agricultural supply chains and a platform for studying how com-
plex systems interact. Blockchain presents a potential new source of data 
and new platform to be leveraged to deliver advances toward transpar-
ency to the food system and transformations in food safety, fraud reduc-
tion, market access, waste reduction, and productivity gains (Ahmed and 
ten Broek, 2017; Ge et al., 2017; Kim and Laskowski, 2017). 

A systematic mapping study designed to understand the current research 
topics, challenges, and future directions of blockchain technology from a 
technical perspective examined 41 primary papers (Yli-Huumo, 2016). It 
showed that most of the current research on blockchain technologies has 
been focused on security and privacy issues. Issues in scalability, such as 
performance and latency, need to be addressed in order to realize pervasive 
use of blockchain technology in the food system. 

3.3 Opportunity 3: IoT 

IoT is the network of physical devices embedded with electronics, 
software, sensors, actuators, and connectivity which enables these “things” 
to connect and exchange data creating opportunities for more direct inte-
gration of the physical world into computer-based systems, resulting in 
efficiency improvements, economic benefits, and reduced human exertions 
(Wasik, 2013; Morgan, 2014). Among its advantages, IoT addresses the 
high cost of manual data collection, which impedes the adoption of benefi-
cial data-driven technologies. IoT technologies enable seamless data collec-
tion from various sensors, cameras, and drones and are the foundation for 
intelligent systems, as illustrated in the example above and throughout this 
report. Farm applications of precision agriculture and precision livestock 
farming are prime examples of IoT; however, the influence of IoT spans the 
entire food system (Wolfert et al., 2017).

IoT is still in its infancy in the food and agriculture sector (Verdow et 
al., 2016). Realizing future subsystems within the food system where IoT 
devices are capturing and sending data, but in a time-sensitive and syn-
chronized way, “could be stalled by our lack of effective methods to marry 
computers and networks with timing systems” (NIST, 2015). 

Challenging requirements for food and agriculture applications need to 
be addressed in both the technical and nontechnical arenas. For example, 
on-site applications in remote outdoor farming locations often lack Internet 
connectivity needed for communications. Easy access to power and durabil-
ity and calibration are also essential. The FarmBeats system design explic-
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itly accounts for weather-related power and Internet outages, which has 
enabled 6-month-long deployments in two U.S. farms (Vasisht et al., 2017). 

3.4 Opportunity 4: Quantum Computing

Quantum mechanics may play a vital role in biology, as quantum 
phenomena occur in biological systems. In 2007, it was discovered that 
photosynthesis operates though quantum coherence, giving rise to the new 
field of quantum biology (Engel et al., 2007; Ball, 2011). Other examples 
of quantum phenomena relevant for food and agriculture include olfaction 
(Turin, 2002), DNA mutation (Lowdin, 1965), and Brownian motors in 
many cellular processes (Krug et al., 2006). The emergence of quantum 
computing could be used to explore natural phenomena in the physical 
world—phenomena that traditional computing paradigms are ill suited to 
represent at scale. 

Quantum mechanics is a subdiscipline of physics that explains the 
physical world and attempts to explore how it functions (Feynman, 2002). 
Nature follows the laws of quantum mechanics, in which particles behave 
in “strange” ways. For example, caffeine molecules in a cup of coffee are 
difficult to model, and the detailed structure and properties are difficult to 
understand because the particles can take on more than one state and can 
even interact with other particles that are far away. The computers cur-
rently in use have not been able to take into account such complex proper-
ties because classical computers code information in bits that represent 0 
or 1 values. On the other hand, quantum computers operate on the basis of 
qubits and incorporate two key principles of quantum physics: superposi-
tion and entanglement. Superposition allows a qubit to simultaneously take 
on the value of both 0 and 1, and entanglement allows qubits in a superpo-
sition to be correlated with one another (the state of one can be dependent 
on the other). Classical computers use a binary format as on-off switches, 
while quantum computers use qubits that can act as sophisticated on-off 
switches and can be used to solve more complex problems in quantum 
scales (including nature) (IEEE, 2018b).

Quantum computing technology is in its infancy. Many fundamental 
challenges exist, including developing long-living qubits for computation, 
scaling the number of qubit processors, and building effective quantum 
error correction. However, major efforts are under way across the globe in 
academia and industry and promising early results are unfolding (Knight, 
2017; Alibaba, 2018; Google, 2018; IBM Q, 2018; Intel, 2018; Microsoft, 
2018). In 2016, the first publicly available quantum computing service on 
the cloud was made available. Quantum computers may lead to revolu-
tionary breakthroughs in discovery of new materials for agriculture, agro-
chemical discovery, and artificial intelligence algorithms that could impact 
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food and agriculture. Molecular modeling has been identified as an area 
for exploration with quantum computing (Emerging Technology from the 
arXiv, 2017). Another area in which quantum computing could help with 
is analyzing genomics data for plants, animals, or the soil microbiome. 
Quantum computing could make it possible to perform real-time analyt-
ics on various types of data (e.g., weather data at high spatial resolution) 
(Accenture Labs, 2017; Popkin, 2017). This unique juncture in time pro-
vides an opportunity for food and agricultural research to help shape the 
next era of computing. 

4. BARRIERS TO SUCCESS

Data science is a rapidly evolving field and data science skills for 
working with Big Data are in high demand in all sectors, including food 
and agricultural research and agricultural economics (Woodward, 2016). 
Data science tools need to become more useable by non–computer science 
domain experts. Traditional agricultural and food science programs are 
evolving to better integrate the variety of disciplines needed; for instance, 
the digital agriculture initiative at Cornell University is aimed at gener-
ating innovating research at the intersection of agriculture, computing, 
and engineering (Cornell University, 2018). New partnerships, prizes, and 
conferences are needed to spark convergence between those who are new 
to food and agriculture and current food and agricultural researchers. Ini-
tiatives such as the Syngenta Crop Challenge in Analytics awarded by the 
Analytics Society of INFORMS show promise in fostering much-needed 
cross-industry collaboration (INFORMS, 2018). Reward systems for gener-
ating and sharing data in research environments may need to be considered, 
for example, creating incentive structures or changing the approach to 
tenure and promotion evaluations (USDA-NIFA, 2017b). It will be impor-
tant to train a workforce that can manage, analyze, and manipulate large 
datasets and enable the workforce’s convergence with food and agricultural 
scientists. Furthermore, it may be necessary to develop a culture that sup-
ports and rewards sharing of data (including combinations of private and 
public data) by sets of communities of researchers, standardizes protocols, 
harmonizes experimental designs, and addresses ownership, privacy, and 
security concerns unique to the food and agricultural enterprise. Funding 
sources, public or private, need to be available for developing the standards 
and protocols that need to be harmonized for agricultural datasets to make 
them interoperable.

The collection of data from numerous stakeholders is required to cre-
ate the pool of Big Data needed to well represent the multidimensional 
food system. To incentivize data sharing by individual stakeholders or 
researchers, reward systems may require new technologies that can iden-
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tify and appropriately attribute value derived from the pool of Big Data 
to the individual contributions. These value attribution technologies may 
be conceptually similar in spirit to marketing attribution, the process of 
identifying a set of user actions (events, touchpoint) that contribute in some 
manner to a desired outcome, and then assigning a value to each of these 
(Priest, 2018), but will need to account for the unique complexities in the 
food and agricultural domain. 

Ownership of food and agricultural data can be a confounding issue, 
especially when it comes to IoT data. Ownership is a legal concept related 
to property, and U.S. law recognizes various categories of property (for 
example, real property, personal property, and intellectual property). How-
ever, data generated in the food and agricultural sectors may not belong in 
any of those categories of property. For example, farming data is a compi-
lation of data generated from field operations (real property) using sensors 
on equipment (personal property) and represents intellectual property on 
maximizing yield. Questions emerge around legal ownership of data (which 
confers control) and how the data can be used. There are currently few 
legislative or judicial rulings for guidance. The American Farm Bureau Fed-
eration developed the Privacy and Security Principles for Farm Data (AFBF, 
2014), which lays out 13 data principles, but these are only guidelines. 
Users of data will need to consider the implications of data ownership, 
including protecting ownership of data, abiding by legal usage, and ensur-
ing appropriate sharing with others. Ambiguity and uncertainty around 
ownership can cause inefficiencies and limit sharing and value creation. 

5. RECOMMENDATIONS

Advances in data sciences can transform how data can be better col-
lected, analyzed, and used for food and agricultural research. While there 
are many opportunities, the following actions merit high priority: 

•	 Accelerate innovation by building a robust digital infrastructure 
that houses and provides FAIR (findable, accessible, interoperable, 
and reuseable) and open access to agri-food datasets. 

•	 Develop a strategy for data science in food and agricultural 
research, and nurture the emerging area of agri-food informatics 
by adopting and influencing new developments in data science and 
information technology in food and agricultural research.

•	 Address privacy concerns and incentivize sharing of public, pri-
vate, and syndicated data across the food and agricultural enter-
prise by investing anonymization, value attribution, and related 
technologies. 
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A Systems Approach

1. INTRODUCTION

The food system is a complex system with a variety of actors, feedback 
and interdependence mechanisms, heterogeneity, and spatial and dynamic 
complexity (IOM and NRC, 2015). The system is composed of large-scale 
interconnected systems of systems that include ecosystems (both natural 
and agricultural), climate, food processing and distribution network data 
and information systems, and socioeconomic systems. Models are used to 
better understand how various entities interact within and integrate across 
the system, and to understand relationships among the natural environ-
ment, society, economy, and the various biophysical components of the 
food system. For example, an understanding of those relationships enables 
agroecology and ecohydrology approaches to be used to simultaneously 
manage multiple goals (e.g., lowering water use, sequestering carbon, and 
minimizing environmental impacts). However, modeling complex interac-
tions and feedback loops within and between each of these systems can be 
improved through (1) a better understanding of the drivers (e.g., physical, 
behavioral, market drivers) and their interactions, and (2) a greater abil-
ity to collect and analyze large amounts of data with high geospatial and 
temporal variability. 

The study of such a complex system will serve the ultimate goal of 
informing decision making in food and agriculture practices and policies. 
Such systems models are also needed to evaluate the impacts of a techno-
logical breakthrough on the sustainability of the food system, to rapidly 
respond to perturbations in the systems to avoid adverse outcomes, and 
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to propose interventions that lead to overall efficiency gains. The socio-
economic elements of the system need to be deeply integrated with the 
biophysical drivers of the agroecosystem to invoke any meaningful changes. 
This chapter presents the many challenges in conducting systems-level 
models and analysis of the food system, and the opportunities to advance 
this scientific field. 

2. CHALLENGES

2.1 Challenge 1: Create and Link Efficient Integrated 
Systems Models to Data Collection Efforts

In describing subsystems of the food system, models have been success-
fully built that are biophysics based (based on understanding of the behav-
ior of a system’s components) and empirically based (based on observation 
and measurements). For example, soil and water balance models were 
developed to understand climate constraints on agriculture, soil models 
were developed to predict impacts of soil erosion on crop productivity, 
and insect and disease models were developed for integrated pest manage-
ment strategies (Jones et al., 2017). In soils, great strides have been made 
in understanding N2 fixation and uptake and in determining types of per-
turbations that may impact the N2 cycle (Salvagiotti et al., 2008). Models 
for predicting weather at hyperregional scales are available, such as the 
National Center for Atmospheric Research’s Weather Research and Fore-
casting model and The Weather Company’s Deep Thunder (The Weather 
Company, 2016; NCAR, 2018). However, these various modeling efforts 
are generally discipline-specific and the subsystem models are not yet well 
integrated across all of the different disciplines within the food and agri-
cultural system. There are many challenges to creating a reliable integrated 
systems model for the food system. 

Systems Are Not Well Defined

The systems are not well defined, and in many cases the linkages 
between the various systems are not delineated well enough to support 
mechanistic-based physical models. For example, how do changes in the 
microbiome of soil microorganisms related to N2 fixation affect the resil-
ience of plants against heat or salt stress, to the nutritional value of the 
food produced, or to feed conversion efficiency in animals? How would a 
mechanistic understanding of the interactions of the soil microbiome with 
the plant, root, and leaf microbiomes be combined with genetic tools to 
create more resilient plants? 

In addition to linkages, a significant challenge in defining any particular 
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subsystem is determining the main drivers of change for consideration in 
the analysis. For example, to help identify means to address the differences 
in productivity and other outcomes between and within regions, it would 
be helpful to measure and analyze the causes (e.g., drivers) for such dif-
ferences. In another example, although trade-off analysis is a useful tool 
for integrating biophysical models with socioeconomic models to predict 
the impacts of different drivers on the oversustainability of the system 
(Stoorvogel et al., 2004), these models require a priori assumptions about 
the principal drivers affecting the model outcomes, and consider only a 
subset of all possible drivers. Life-cycle analysis (LCA) takes a more holis-
tic approach to modeling sustainability indicators, and can be useful for 
determining, for instance, the range of the magnitude of life-cycle impacts 
for a given agriculture activity (e.g., milk production) or set of dietary food 
choices. This can be used to identify system-level opportunities for interven-
tion to improve sustainability (Boehm et al., 2018; Poore and Nemecek, 
2018). However, the outcome of the LCA will depend on whether it is 
being optimized for water use, yield, or nutritional content (Notarnicola et 
al., 2017; Pourzahedi et al., 2018). The outcome may also depend on the 
system boundaries that are selected.

Lack of Cohesion Between the Different Modeling Communities 

As previously noted, the absence of standardization of data formats 
and reporting, data privacy concerns, proprietary data, and lack of data 
repositories are impediments to data sharing. Data standardization and 
open access are important since the output of one system model will likely 
be the input to a different system model. 

Lack of Methods for Integrating Models

Better methods for integrating subsystem models across different spatial 
and temporal scales and for integrating physics-based mechanistic models 
with empirical/statistical models or economic models are needed (Kling et 
al., 2017). Mechanistic (biophysical) models of the key components of a 
single system may be possible, but adding only a few additional nodes to a 
system analysis creates significantly more connections that may each take 
many years of research to achieve (see Box 8-1). This precludes the ability 
to create biophysics-based mechanistic models for the food system. The 
problem of scale is exacerbated by the fact that many different forms of 
perturbations can affect the systems simultaneously (e.g., society’s values 
and climate). Each of the system nodes has complicated feedback loops that 
will need to be considered together in a systems-level analysis. Tackling 
this challenge will likely require the development of empirical (statistical) 
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BOX 8-1 
Systems Aspects of the Food System

Scale is a complicating factor in systems analysis of the food system (see 
Figure 8-1). Significant research has aimed at understanding the biology, chem-
istry, and physics to create and validate biophysics-based mechanistic models 
of selected subsystems. These are typically small-scale models including only 
the key drivers of the system. There are also models of large-scale systems, for 
example, global increases in temperature or precipitation due to increased CO2 
in the atmosphere. These models are physics based but often semi-empirical or 
data driven, rather than purely (first principles) mechanistic, and require averaging 
over large areas, simplifying assumptions, and statistics. The research community 
needs to effectively bridge these scales. However, coupling systems having only 
a few additional elements create the need to understand significantly more causal 
relationships, each of which make take many years of research to achieve. The 
problem of linking process across scales is not unique to the food system.

Overarching questions include

•	 	How to bridge across scales, including spatial-temporal scales as well as 
with the number of processes included in the “system” being studied; and

•	 	How to link mechanistic models developed for smaller, better-defined sub-
systems with large-scale statistical models used to predict macroscopic 
behaviors such as global carbon storage in soils.

FIGURE 8-1 The scale used to model a system is dependent on the number of components 
considered. Each additional node in a system greatly increases the number of interactions 
that need to be elucidated for a systems model. The food and agricultural system has a large 
number of nodes, and thus corresponding interactions, which makes the system complex.
SOURCE: Food System Map courtesy of Nourish Initiative, www.nourishlife.org. Copyright 
WorldLink, all rights reserved.
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models, rather than purely mechanistic ones. The spatial resolution of many 
components of the food system may be quite coarse (e.g., soil moisture 
determined from satellite sensing has kilometer to tens of kilometers scale 
resolution), which will require averaging, simplifying assumptions, and 
conducting statistics to downscale the models for more-local predictions, 
including analysis of differences within and between regions. However, 
 better ground sensing as described in Chapter 3 may improve this situation. 
Methods to blend these two types (and scales) of models (mechanistic and 
empirical) and data are needed.

Updating Models

Sensor development and movement toward data-driven empirical mod-
els for the food system will require massive amounts of high-quality data 
to calibrate the models. The current approaches for integrating data into 
models to update model parameters are slow. Rapid (perhaps real-time) 
updating of the models with data is necessary, whether the subject is water 
and nutrient use in crop agriculture, feed efficiency in animal agriculture, 
or food safety and quality in food processing and distribution. 

2.2 Challenge 2: Uncertainty Within and Across 
Multiple Elements of the System

The high degree of uncertainty in the food system is a significant 
challenge for developing accurate models. Uncertainty is especially chal-
lenging for long-range strategic planning efforts to cope with a growing 
population. Uncertainty comes in many forms; for example, it is difficult to 
predict extremes in environmental conditions (water, heat), yields, pricing, 
and market conditions. While it is also difficult to predict the behavior of 
growers and consumers related to technology adoption and new inputs, it 
is important for the models to take behavior into account. Incorporating 
information on adoption behaviors and market response is required to best 
quantify response to the effects of technology changes, and useful examples 
include recent applications to water (Khanna and Zilberman, 2017; Taylor 
and Zilberman, 2017; Zilberman et al., 2017). There is a lack of systems-
level efficiency data (e.g., water-use or nitrogen-use efficiency at the water-
shed scale) available to calibrate the models. High degrees of uncertainty 
across multiple system elements can make accurate predictions of overall 
system behavior inherently indeterminate.
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2.3 Challenge 3: Access to Agricultural Systems Models and Better 
Integration of Management and Society into the GEMS Model 

Agricultural systems modeling is a well-established field. Significant 
progress has been made in understanding the biophysical processes driving 
agricultural productivity (Jones et al., 2017), and integrating biophysical 
and economic models for analysis (van Wijk et al., 2014). To date, mod-
eling efforts have focused on understanding the linkages between system 
components and drivers of the system responses. Challenges remain in 
making these models more accessible to users, in creating models that can 
address specific user needs (e.g., including interactions between multiple 
crops and between crops and livestock), and in developing user-friendly 
decision tools (Antle et al., 2017). Another challenge in agricultural systems 
modeling is in data management. There are vast amounts of farm-level data 
available, and effectively storing, validating, and sharing those data are cru-
cial to developing the next generation of agricultural systems-level models. 

The genotype-environment-management-society (GEMS) approach to 
modeling agricultural systems offers great opportunities to improve system 
efficiency by acknowledging complex interactions. Expanding the existing 
systems models to include additional societal drivers would enable bet-
ter predictions of behavior in the food system, and is necessary to invoke 
meaningful changes to the system. For example, food choices and behaviors 
affecting food waste could have significant impacts on the overall sustain-
ability of agriculture. The price of commodities is driven by policies (e.g., 
biofuel mandates), technology choice, and consumer demands, which in 
turn affects the mix of crops selected by growers. These do not always align 
with climate or resource availability if prices and other factors do not fully 
reflect the opportunity cost of alternative uses. 

3. OPPORTUNITIES

This section includes three opportunities to advance the systems 
approach for food and agriculture. Breakthroughs in agricultural research 
will come from the collaborative efforts of scientists and experts in funda-
mental and applied science areas, policy, and human behavior. An example 
of systems thinking and integrated systems modeling for watershed manage-
ment is noted in Box 8-2.
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BOX 8-2 
Example: Management Solutions to Decrease Hypoxic Zones

The formation of hypoxic zones in drainage basins provides a good example 
of where systems thinking and integrated systems modeling can be used to 
identify optimal (lowest-cost) management solutions. Rabotyagov et al. (2014) 
developed an integrated assessment model to determine the impact of different 
cropland conservation investment decisions in more than 550 agricultural sub-
watersheds that deliver nutrients into the Gulf of Mexico on the aerial extent of 
hypoxia. By considering the whole system simultaneously, the location, type, and 
extent of interventions needed to achieve a desired reduction in aerial extent of 
hypoxia in the Gulf could be estimated. The optimal locations of intervention and 
the trade-offs between cost and outcome were determined (see Figure 8-2). The 
approach is extensible and can include other outcomes, for example, ecosystem 
services, impacts on water quality, and soil conservation. This enables creation 
of a multidimensional trade-off frontier that could be used to make more informed 
policy decisions.

FIGURE 8-2 The trade-offs of cost and hypoxia by various cropland conservation scenarios 
across subwatersheds. Selecting the most cost-effective assignments for conservation in 
each subwatershed provides the lowest cost to achieve the state goal of keeping the hypoxic 
zone under a total area of 5,000 km2.
SOURCE: Rabotyagov et al., 2014.
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3.1 Opportunity 1: Complex System Modeling to Determine 
Methods for Integrating Data, Models, Management 

Strategies, and Socioeconomic Behaviors

Development of data-driven integrated food system models will inform 
future research efforts toward the most promising agricultural breakthrough 
opportunities to be pursued, or the best management practices for efficient 
resource use. The process of continuously updating and validating models 
with data will likely lead to more mechanistically based data-driven models 
and advancements in minimizing and managing uncertainty within and 
between systems to improve forecast reliability. Matching model complex-
ity to scale and to user needs can result in better decision support tools for 
producers.

As previously mentioned, the study of the food and agricultural system 
as a complex system serves the ultimate goal of informing decision mak-
ing and—specifically relevant to this report—of evaluating the impacts 
of technological breakthroughs on the sustainability of the food system. 
The complexity of the food system, the integration of its various systems, 
including the natural and built environments, and the significant need to 
increase its resilience and efficiency make the food system and its subsys-
tems an ideal model for developing the capacity to model complex systems 
in general. Initiatives to study the food system provide the opportunity to 
determine appropriate boundaries for analysis within and between systems, 
to identify the key data gaps and missing linkages within systems and at 
the boundaries of different systems, and to identify and build the required 
systems analysis and decision support tools for complex agricultural sys-
tems. There is an opportunity to identify appropriate “behavior” models to 
include in agricultural systems models, and to standardize different system 
models through model intercomparisons using “base-case” scenarios for 
model comparison. As weather and climate models increase resolution and 
better represent small-scale processes such as vegetative feedbacks, it will 
open research into soil–plant–atmosphere–water cycling from field to con-
tinental scales. Modeling the system response to climate extreme events can 
improve the utility of the models to growers. Scaling up models from field 
scale to landscape scale can also help to manage agroecosystems coupled 
with natural ecosystems using ecohydrology methods.

3.2 Opportunity 2: Pioneer New Methods for Improving  
Data-Sharing and Privacy Issues for Public–Private Partnerships

As previously noted in Chapter 7, data-driven approaches to manag-
ing agriculture offer unprecedented opportunity for increasing the sustain-
ability of the food system. The availability of open, harmonized data has 
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already proven to be essential to creating models of the food system (Jones 
et al., 2017). Continued development and applications of these approaches 
to the food system provides an opportunity to discover new methods of 
data collection, provenance, and sharing. It also provides opportunities to 
integrate data into models in real time, and to develop machine-learning 
and artificial intelligence approaches for managing inputs and outputs 
along the food value chain. There is a great opportunity to advance systems 
modeling by developing methods to integrate both public and private data 
for use in democratized decision support tools (Antle et al., 2017).

3.3 Opportunity 3: Apply Systems Thinking and Convergence 
Methods to Agricultural Sustainability Problems 

The food system touches on a wide range of issues, including climate 
change, water resource use, plant and animal genetics, food safety, nutri-
tion, policy, and economic sustainability. The focus on individual subsys-
tems, without consideration of the interconnectedness of the subsystems, 
has led to unintended consequences to other components of the system 
(Turner et al., 2016). In other words, approaching agricultural research 
more holistically from a system-of-systems perspective offers the potential 
to optimize across multiple components of the system. The basic tenet of 
“systems thinking” is recognizing the interconnected nature and linkages 
that cross multiple dimensions (subsystems). There is also tremendous 
opportunity to promote convergence of knowledge to solve agriculture’s 
most vexing problems (e.g., water use, soil degradation, and food waste). 
For example, combining expertise from plant biology, microbiology, soil 
science, nanotechnology, sensor design, wireless communications, and 
behavioral sciences may lead to innovative and socially acceptable methods 
of applying nanotechnology-based sensors into plants and soils to monitor 
plant productivity without negatively affecting the plants, environment, 
or the ability to sell the food produced. Combining expertise may help to 
convert “waste” products to value-added products or to important sources 
of inputs and energy to other parts of the food system. Programs aimed at 
tackling all of the elements of these problems will require better integra-
tion of fundamental science and engineering with economics, medicine, 
behavioral sciences, and social sciences. New knowledge and research is 
needed on how to design technology packages and institutional structures 
to enhance technology adoption and new processes. Research in systems-
thinking approaches to agricultural problems will ultimately trickle down 
into new educational programs and into practice as those graduates enter 
the profession.
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4. BARRIERS TO SUCCESS

Barrier 1: Data provenance, security, sharing, and costs of collection 
and storage. Data-driven approaches to manage the food system offer great 
potential to improve resilience and sustainability. However, issues around 
governance and the development of a viable business model for democratiz-
ing and sharing the benefits derived from those data are significant barriers 
to success (Halewood et al., 2018). Institutional and policy challenges are 
needed to promote the formation of public–private partnerships, determine 
ownership of resources, and manage sharing of benefits across countries. 
The lack of appropriate platforms, standards, and incentives for sharing of 
data and models is also a substantial barrier to success. 

Barrier 2: Systems are inherently indeterminate. There need to be real-
istic expectations about the applicability and accuracy of the food sys-
tem models. As Box 8-1 showed, as more subsystems are included in the 
analysis, the number of subsystem interactions increases considerably. The 
causal relationships between many elements of the food system are not well 
characterized. Moreover, the high spatial and temporal variability within 
these systems and between the systems and the environment, as well as the 
unpredictability of human behaviors, may simply make the system too com-
plex to model with reasonable accuracy. As an example, the predominant 
methods for irrigation in water-limited western states are flood and furrow 
irrigation systems. Although these are highly inefficient systems, farmers 
fear that switching to more efficient sprinkler and drip irrigation systems 
will erode their stake in and ownership to their water rights (i.e., the “use 
it or lose it” syndrome), which is likely the reason many farmers hold back 
from making changes to more efficient irrigation systems (Osborn et al., 
2017). Evaluating the effects of policy-induced changes to incentives for 
switching to the more efficient irrigation systems requires the develop-
ment of coupled models that account both for the geospatial component 
and water usage as well as for human behaviors related to adaptation and 
induced technological change. 

Barrier 3: Limited incentives to consider systems-level impacts. Poli-
cies and regulations affecting agriculture (e.g., water policy, water quality 
criteria, and nutrient management) are often made without consideration of 
their impact on the system (Alfredo and Russo, 2017). The research enter-
prise has not been structured with the goal of applying systems approaches 
to problem solving across the span of the food and agricultural system, 
and there are limited incentives for research cooperation among disciplines. 

Barrier 4: Unintended consequences are not immediately identifiable. 
Unidentified risks in any system or system of systems are unavoidable. 
The more complex and interrelated the system becomes, the greater the 
potential for unidentified risks. Although it is impossible to identify all of 
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the risks of any system, a move toward systems thinking in food and agri-
cultural research will help to reduce any unintended consequences due to 
interventions—for example, altering photosynthesis routes, manipulation of 
the soil microbiome, or environmental costs of information and communi-
cation technologies associated with widescale deployment of autonomous 
data-collecting sensors. 

5. RECOMMENDATIONS

Recommendation 1: Identify opportunities to improve the performance 
and adoption of integrated systems models of the food system and decision 
support tools. The community of stakeholders should identify current bar-
riers to successfully applying integrated systems models to the food system. 
The community should also develop a roadmap to overcome key challenges 
specific for modeling the food system (e.g., integration of subsystems, 
standardization and interoperability, data storage and sharing, data infra-
structure, simplified decision support tools, crop–crop and crop–livestock 
interactions, and validating the performance of complex systems models 
using data). The community should clearly delineate where the inability 
to model the integrated system components is limiting progress toward 
sustainability and resilience, rather than where other barriers exist such as 
poor policies or undervaluation of natural resources.

Once the key systems and system of systems to be modeled are deter-
mined, the research community needs to improve understanding of the 
drivers behind the subsystem interactions. This will require improving the 
ability to collect and analyze large amounts of data with high geospatial 
and temporal variability (e.g., sensor development). Connecting the sub-
models into more integrated systems models will also require consistency 
in applying system boundaries and assumptions and scale of analysis (Kling 
et al., 2016), as well as more standardized data reporting and model input/
output to make the subsystems interoperable. These integrated system 
models can then be used to direct research needs and to avoid unwanted 
consequences of technology interventions or policies.

Recommendation 2: Incorporate elements of systems thinking and sus-
tainability into all aspects of the food system (from education to research to 
policy). A paradigm shift is needed in the management of the food system 
to anticipate the effects of environmental or policy-induced changes. This 
will be a fundamental change in the way the food system is viewed, and 
the way stakeholders are educated to operate. In research, it will require 
more transdisciplinary research and team science around approaching and 
working to solve problems in the food system. It will also require more 
integrative, systems-level approaches that can assess policy alternatives for 
systems-level sustainability outcomes. It will also require adequate incen-
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tives and funding for systems-level convergent approaches to research and 
education.
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Strategy for 2030

1. INTRODUCTION

Remarkable advances in food and agricultural sciences over the past 
century demonstrate how public support for research can enable talented 
U.S. scientists to contribute to improving food and agriculture (NRC, 
2014b). Much has been accomplished, yet much remains to be done. Food 
and agricultural research will need to respond to and address some of the 
looming contingencies that threaten the resiliency of our food system. The 
United States is facing resource scarcities in some regions (such as water 
shortages in the High Plains), increased variability in weather conditions, 
and other rapid transformations in the agricultural sector that may be diffi-
cult to reverse. For some crops (such as soybeans), it is no longer possible to 
continue increasing inputs to maximize yields or maintain nutritional value 
without sacrificing other resources (such as the contamination and deple-
tion of water and soil). In animal agriculture, imported animals and animal 
products endanger our national herds and flocks through the potential 
introduction of diseases that would decimate our resources (such as avian 
influenza and foot-and-mouth disease). Further innovations in management 
are needed to reduce waste and greenhouse gas emissions per animal. Food 
loss and waste remains at an estimated 30-40 percent, with key resources 
lost primarily at the retail and consumer stages (Buzby et al., 2014). There-
fore, there is a need to find new methods, processes, and systems to better 
handle and preserve our food supply and to optimize and better utilize 
existing ones. Diversifying our approaches will be key to strengthening and 
improving the resiliency of our food supply. 

179
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In the past decade, the United States has lost its status as the top 
global performer of public agricultural research and development (R&D) 
to China (Clancy et al., 2016). Unless the United States reverses this trend 
and invests, the most promising innovations to enhance productivity and 
expand the food supply are likely to come from other countries, and 
the United States will fall behind other countries in terms of agricultural 
growth. There is an urgent need to facilitate the convergence of disciplines 
and science breakthroughs to address the “wicked” problems1 facing U.S. 
food and agriculture. Tackling these challenges will require a leveraging of 
capabilities across the scientific and technological enterprise. In addition, 
talent from allied disciplines, such as behavioral and economic sciences, 
will be indispensable to help solve these problems. In some cases, new 
tools (e.g., CRISPR) are available, but knowledge is still lacking as to how 
to effectively deploy those tools (e.g., in developing more resilient crops 
and better food quality and nutritional characteristics) and how to effec-
tively gain producer and consumer acceptance. In other cases, it appears 
that there are promising opportunities in allied fields such as data science 
and sensors, but it remains unclear how researchers from these disparate 
disciplines will be enticed to collaborate on research programs to provide 
solutions that benefit food and agriculture. For instance, data will be essen-
tial for accurate predictions or assessments, and the opportunities appear 
endless in how big data and analytics can be used to increase efficiencies 
across the food and agricultural spectrum (e.g., to optimize breeding and 
improve food handling and distribution). 

Food and agricultural research will play a critical role in meeting the 
food needs in the United States and elsewhere in a sustainable manner in 
the upcoming decade. Now is the time to develop a strategy that would 
harness emerging scientific advances to transform agricultural systems for 
greater efficiency, resiliency, and sustainability. Given the generational time 
from bench to field, investments are needed today to provide future benefits. 
Much can be accomplished in 10 years. 

This report proposes a strategic path forward by first examining the 
solutions to problems through the concept of convergence and then by pro-
viding recommendations for carrying out such a strategy through 2030. For 
the United States to maintain its global leadership in food and agricultural 

1 A “wicked” problem is an intractable problem with many interdependent factors that make 
it difficult to define and solve (Rittel and Webber, 1973; Crowley and Head, 2017). The term 
“wicked” is used not to indicate that a problem is ethically deplorable, but it instead refers 
to the challenging nature of the problem. Wicked problems are too complex to be solved 
using conventional linear approaches, and instead require rationale systematic processes for 
solutions. The concept was first introduced by Rittel and Webber (1973) to address social 
concerns and has since been widely applied to address problems with a social component such 
as environmental degradation and climate change. 
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research, it will be critical to invest both public and private resources to 
achieve scientific breakthroughs and to develop the critical scientific work-
force that can address the multifaceted challenges. A better understanding 
of the food system itself can help better manage the overall system and its 
impacts. 

2. CONVERGENCE

The food system is vast and complex, making it challenging to com-
prehensively address all of the issues included in food production. In the 
past, it has been more common to examine these problems in a defined 
space or discipline for reasons related to practicality and greater ease of 
management, and that approach has been effective at addressing distinct 
issues that require specific knowledge in a domain. However, the so-called 
wicked problems of the future will require a radically different approach 
to understand the issues and uncover solutions that can only be found 
when explored beyond the traditional boundaries of food and agricultural 
disciplines. 

Convergence is described as 

an approach to problem solving that cuts across disciplinary  boundaries 
[and] integrates knowledge, tools, and ways of thinking from life and 
health sciences, physical, mathematical, and computational sciences, 
engineering disciplines, and beyond to form a comprehensive synthetic 
framework for tackling scientific and societal challenges that exist at the 
interfaces of multiple fields. (NRC, 2014a; p. 1)

The National Science Foundation (NSF) has identified convergence research 
as one of the 10 big ideas for future investments (NSF, 2018). Food and 
agricultural research would greatly benefit from incorporating convergent 
approaches, as convergence merges diverse areas of expertise to stimulate 
innovation ranging from basic science discoveries to translational scientific 
applications (NRC, 2014a). 

The next decade will be a critical juncture for food and agricultural 
research. For instance, the emergence of a digital world has given rise to 
the ability to collect, share, and analyze information much more easily and 
readily than in the past. It will be important to harness the opportunities 
that data have to offer in order to integrate and harmonize data so that they 
are usable and accessible. Boxes 9-1 and 9-2 provide examples of specific 
problems that will require convergence to address the various issues within 
the broader system. 
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BOX 9-1 
Water Usage

Crop agriculture in arid regions that are being stressed further by increased 
climate variability and dwindling water resources provides an excellent example 
of where the convergence of disciplines discussed in this report could increase 
the sustainability and resilience of agriculture. Current water consumption for crop 
agriculture in the Central High Plains Region of the United States is not sustain-
able due in part to groundwater depletion in the Ogallala Aquifer (Steward et al., 
2013). Applying the breakthroughs and technological advances described in this 
report in an integrated systems-oriented way will offer unprecedented opportuni-
ties to address water use and sustainability of crop agriculture in these types 
of arid regions. Advances in sensors (ground and remote) and data analytics, 
better seasonal weather forecasts at high spatial and temporal resolution, and 
enabling the safe use of alternative water sources for agriculture (e.g., waste-
water) can be combined to enable data-driven automated water management 
that maximizes the productivity of the water sources that are available. Achieving 
such data-driven approaches will also require faster computing, data storage, 
quality control,  democratizing of data, and the ability to use data in real time to 
update and improve the accuracy of physics-based models describing water use 
in this agricultural system. Coupling these advances in water management with 
new genetic tools that can provide a diverse collection of drought- and disease-
tolerant plants, improved photosynthetic and water-use efficiency, coupled with a 
soil/phytomicrobiome that enhances water and nutrient uptake, can lead to more 
sustainable crops in arid regions. Decreasing food loss and waste (which means 
that fewer water inputs will be lost overall) and changing the policies and pricing 
of water are also needed. No single breakthrough is likely to achieve sustainability 

3. RECOMMENDATIONS FOR STRATEGY

3.1 Major Goals

To achieve the major goals of efficiency, resiliency, and sustainability, 
improvements are needed to address the most challenging issues across 
the food system. The key research challenges identified by the committee 
include (1) increasing nutrient use efficiency in crop production systems, 
(2) reducing soil loss and degradation, (3) mobilizing genetic diversity for 
crop improvement, (4) optimizing water use in agriculture, (5) improving 
food animal genetics, (6) developing precision livestock production systems, 
(7) early and rapid detection and prevention of plant and animal diseases, 
(8) early and rapid detection of foodborne pathogens, and (9) reducing food 
loss and waste throughout the supply chain.
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with respect to water use but combining all of these practices will have significant 
impact. A similar approach could be applied to address problems in other regions 
(e.g., flooding). Figure 9-1 depicts how water availability and consumption issues 
require a convergent approach in finding multiple types of solutions.

FIGURE 9-1 Convergent approaches for addressing water use in agriculture. Increased 
water-use efficiency and productivity can be achieved through data-driven, automated water 
management, more resilient and efficient crops, better seasonal weather forecasts, and poli-
cies and market forces to align demand with resource availability.

In addressing these challenges, the committee identified important 
research directions by disciplines or categories that encompass the over-
arching and interrelated goals of efficiency, resiliency, and sustainability. 
The recommended research directions in the preceding chapters are impor-
tant opportunities because of new scientific developments that make them 
possible in the near term.

3.2 Science Breakthroughs and Recommendations

Solving the most vexing problems in the next decade will require a 
strategy that promotes convergent problem-solving approaches and sci-
entific and technological breakthroughs that span across disciplines. The 
previous chapters identified challenges and opportunities by research dis-
ciplines and recommended specific research directions in those fields. Five 
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BOX 9-2 
Animal Disease and Food Safety

Developing information for an integrated systems approach helps support 
more effective animal disease approaches and food safety outcomes. Bovine 
respiratory disease (BRD) is the leading cause of morbidity and mortality in both 
dairy and beef cattle and is caused by a variety of viruses and bacteria. It can 
greatly hamper an animal’s productivity and welfare, may result in death, and is 
estimated to cost the U.S. cattle industry approximately $3 billion annually. De-
spite the fact that BRD has been extensively studied since the 1800s, it remains 
prevalent. Different sectors of the supply chain are disparately affected by disease 
incidence, yet currently no data are shared. For example, a cow-calf producer 
might vaccinate a calf prior to sale, but that information is often not passed on 
to the feedlot sector, and therefore all calves are revaccinated upon feedlot 
entry with additional costs to producers. This disincentivizes vaccination on the 
ranch and may result in many animals being needlessly vaccinated twice, with 
little return for the second vaccination. Developing technologies and information 
systems offer a new approach to tackle BRD by integrating the information from 
the different segments of the supply chain (such as the use of blockchain). This 
could offer valuable information that was previously unavailable to make genetic 
improvement in selection for animals that are less susceptible to disease. It could 
also provide information to breeders to allow accelerated improvement toward 
selection for both product quality and health, manage animals based on sensor 
and weather inputs and predictions, and trace both animal product quality and 
quantity for the retail chain. Improved trace-back systems also support more rapid 
and efficient product tracing in case of food safety recalls due to contamination 
in meat and meat products (e.g., for E. coli O157:H7). Collectively these break-
throughs will decrease animal disease incidence, thereby decreasing the use of 
antibiotics, and in combination will address multiple issues, including traceability 
for disease and food safety concerns, improved feeding and precision manage-

critical breakthrough opportunities emerged in the study that the committee 
found to be applicable across many different disciplines. Some of these are 
in the early stages of development, and others are on the cusp for wide-
spread application to food and agriculture. The five areas identified as the 
most promising science breakthroughs for food and agricultural research 
are intended to facilitate the recommended research directions and serve 
the overarching goals of efficiency, resiliency, and sustainability. The recom-
mendations that follow will require a shift in how the research community 
approaches its work, and initiatives for each of the breakthroughs will 
require robust support.
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ment of animals, and traceability/track-back of animal products to inform genetic 
improvement programs, to ensure food safety, and to provide product information 
to consumers. Challenges remain with producers and others concerned about 
sharing data. Research on data technologies, behavioral incentives, and policy 
mechanisms can help to address these challenges. Figure 9-2 depicts how ani-
mal disease could benefit from a systems-based convergent approach in finding 
multiple types of solutions.

FIGURE 9-2 Convergent approaches to address animal disease and food safety. Precision 
livestock farming makes animal agriculture safer and healthier for animals, people, the envi-
ronment, and the economy.

Transdisciplinary Research and Systems Approach

Breakthrough 1: A systems approach to understand the nature of inter-
actions among the different elements of the food and agricultural system 
can be leveraged to increase overall system efficiency, resilience, and sus-
tainability. Progress in meeting major goals is only able to occur when the 
scientific community begins to more methodically integrate science, technol-
ogy, human behavior, economics, and policy into biophysical and empirical 
models. For example, there is the need to integrate the rate and determi-
nants of adopting new technologies, practices, products, and processing 
innovations into food and agricultural system models. This approach is 
required to properly quantify the shifts in resource use, market effects, and 
response (including the effects of scale), as well as to determine benefits that 
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are achievable from the scientific and technological breakthroughs (Khanna 
and Zilberman, 2017; Perry et al., 2017; Taylor and Zilberman, 2017). 
Considerations of these system interactions is critical for finding holistic 
solutions to the food and agricultural challenges that threaten our security 
and competitiveness.

Recommendation 1: Transdisciplinary science and systems approaches 
should be prioritized to solve agriculture’s most vexing problems. Solving 
the most challenging problems in agriculture will require convergence and 
systems thinking to address the issues; in the absence of both, enduring solu-
tions may not be achievable. Transdisciplinary problem-based collaboration 
(team science) will need to be facilitated because for some, it is difficult to 
professionally gravitate to scientific fields outside of their expertise. Such 
transitions will require learning to work in transdisciplinary teams. Entic-
ing and enabling researchers from disparate disciplines to work effectively 
together on food and agricultural issues will require incentives in support of 
the collaboration. The use of convergent approaches will also facilitate new 
collaborations that may not have occurred when approached by researchers 
operating in disciplines in separate silos. Transdisciplinary problem-based 
collaborations will enable engagement of a new or diverse set of stakehold-
ers and partners and benefit the food and agriculture sector (NRC, 2014a). 
Leadership is key to making team science successful, as scientific directors 
need a unique set of skills that includes openness to different perspectives, 
the ability to conceptualize the big picture, and perhaps most importantly, 
a talent for uniting people around a common mission. These qualities are 
not always natural for scientists, so providing professional development 
opportunities to foster leadership in the transdisciplinary model is critical.

There are many examples of programs that already require transdis-
ciplinary work: for example, grants provided by NSF’s Innovations at the 
Nexus of Food, Energy and Water Systems (INFEWS) and the request for 
proposals outlined in the 2018 Sustainable Agricultural Systems competi-
tive grants program administered through the U.S. Department of Agricul-
ture’s Agricultural and Food Research Initiative (USDA-AFRI). The NSF 
INFEWS and most recent USDA grants on Sustainable Agricultural Sys-
tems have relatively larger budgets that can support convergent team sci-
ence. However, many of the standard grants requiring “transdisciplinary” 
approaches do not provide enough funding needed to support team science 
so incentives for transdisciplinary science are still lacking. For convergence 
to truly be productive, financial incentives are needed to encourage grant 
applicants to step outside of their comfort zones and to establish deep con-
nections among subject matter experts from a variety of arenas.

Making the food system more sustainable and resilient can only be 
achieved through a better understanding of the system and its function. 
This is because the elements of the food system are highly interconnected, 
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contain many complicated feedback loops, and are spatially and temporally 
heterogeneous. The biophysical elements of the food system are also tightly 
coupled with natural ecosystems, the built environment, and with human 
behaviors. Despite the fact that the food system will be inherently indeter-
minate at large scales, there are likely to be several critical nodes where a 
better understanding of the linkages would lead to significant improvement 
in overall system efficiency. The research community needs to come together 
to better define the food system, determine the barriers to successful devel-
opment of integrated systems models of the food system, and identify 
approaches needed to overcome those barriers. These would need to be dif-
ferentiated from other drivers of inefficiency, such as ineffective policies or 
undervaluation of natural resources. Such systems incorporate spatial and 
dynamic complexities and allow for synthesis of model outcomes and evalu-
ation of trade-offs to alternative model and policy specifications (IOM and 
NRC, 2015). This greater understanding at the systems level can be trans-
lated into systems models to direct future research needs, or to determine 
which measurements are required to lower uncertainty in model parameters 
or formulations (e.g., feedback loops), or to identify policy interventions 
that could have the greatest overall system benefits. Given the complexity 
of the food system, it is desirable to conduct a decadal survey of modeling 
tools and databases to identify where progress has been made and where 
the greatest uncertainties remain.

A multidimensional systems approach will be essential for addressing 
policy and regulation. A systems approach can be used to consider the 
design and assess the effects of proposed agricultural policies and incen-
tives to influence human behaviors that can support the desired systems-
level sustainability outcomes (such as eliminating groundwater mining or 
mitigating nutrient loading to receiving streams). A systems approach will 
help to avoid unanticipated negative consequences to the environment or 
to humans from interventions in the food system. A systems approach will 
likely require a paradigm shift at all levels that encourages systems-based 
thinking and convergent approaches to problem solving.

Encouraging convergent research and improving our systems-level 
understanding of the food system will require changes in the way research 
is funded. NSF, USDA, the U.S. Department of Energy (DOE), and the 
U.S. Agency for International Development (USAID) are examples of four 
federal agencies with areas relevant to food and agriculture. There are 
already some examples of joint funding calls (e.g., NSF/USDA INFEWS) 
and requests for “convergence” research (e.g., 2018 USDA-AFRI grants on 
Sustainable Agricultural Systems and USDA/DOE/NASA-ROSES [National 
Aeronautics and Space Administration, Research Opportunities in Space 
and Earth Sciences] grants). Expanding these types of programs and deep-
ening the connections between stakeholders and researchers from a wide 
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range of disciplines—from physical and biological sciences to social and 
behavioral sciences to  engineering—will promote the convergence required. 
Creating large, long-term (10 years or more), highly transdisciplinary 
research centers focused on a particular agriculture problem would also 
significantly promote convergence. Some examples of successful centers 
aimed at addressing a particular issue and constructed on integrated and 
collaborative approaches include USAID’s Global Development Laboratory 
for Innovation, NSF’s Long-Term Ecological Research Program, and NSF’s 
Engineering Research Centers.

Most improvements in food system modeling will also require changes 
in the agri-food data cyberinfrastructure. Computational models depend on 
input data for development, validation, and application. The data require-
ments for integrated food systems models can be as intense as the food sys-
tem under study is rich. All the inputs needed and outputs generated at each 
step involved in the process of growing, harvesting, processing, packaging, 
transporting, marketing, consuming, and disposing of food items within 
a social, political, economic, and environmental context are of interest. 
Experimental basic research provides essential data that otherwise do not 
exist. Making existing data findable, accessible, interoperable, and reuse-
able and encouraging open data (or other approaches to sharing proprietary 
data) is paramount to accelerating food system models. 

Sensing Technologies

Breakthrough 2: The development and validation of precise, accurate, 
field-deployable sensors and biosensors will enable rapid detection and 
monitoring across various food and agricultural disciplines. Historically, 
sensors and sensing technology have been widely used in agriculture, food 
production, and distribution systems to provide point measurements for 
certain characteristics of interest (e.g., temperature). But the ability to moni-
tor several characteristics at once is the key to understanding both what 
and how it is happening in the target system. Scientific and technological 
developments in materials science and nanotechnology are poised to enable 
the creation of novel nano- and biosensors to continuously monitor and 
detect levels and conditions of environmental stimuli and biotic and abiotic 
stresses. The next generation of sensors may also revolutionize the ability 
to detect disease prior to the onset of symptoms in plants and animals, to 
identify human pathogens before they enter the food distribution chain, and 
to monitor and make decisions in near real time. 

Recommendation 2: Create initiatives to more effectively employ exist-
ing sensing technologies and to develop new sensing technologies across 
all areas of food and agriculture. These initiatives would lead to trans-
disciplinary research, development, and application across the food system. 
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The attributes of the sensor (e.g., shape, size, material, in situ or in planta, 
mobile, wired or wireless, and biodegradable) would depend on the pur-
pose, application, duration, and location of the sensors. For example, in 
situ soil and crop sensors may provide continuous data feed and may alert 
the farmer when moisture content in soil and turgor pressure in plants fall 
below a critical level to initiate site-specific irrigation to a group of plants, 
eliminating the need to irrigate the entire field. Likewise, in planta sensors 
may quantify biochemical changes in plants caused by an insect pest or a 
pathogen, alerting and enabling the producer to plan and deploy immediate 
site-specific control strategies before infestation occurs or damage is visible. 
Biosensors for food products could indicate product adulteration or spoil-
age and could alert distributors and consumers to take necessary action. 

Collaboration among scientists across various disciplines will be essen-
tial for developing the right set of characteristics for sensors. For instance, 
mobile sensors or wearable devices could transmit data to smartphones or 
other devices, and sensors would need to be developed that would be scale 
and target appropriate (nanoscale sensors for individual organisms [plants, 
animals] versus large-scale sensors for detecting soil characteristics). Sensing 
technologies would also need to be affordable to be implemented on a large 
scale and have the capability to be disposable even after single use at retail 
and consumer phases. The consideration of these various factors will require 
a convergence of disciplines (such as computer science, materials science, 
agronomy, food science, and animal sciences) to develop sensors that would 
be useful for field use and easily integrated into models and databases. 

To facilitate progress, online or face-to-face platforms need to be devel-
oped that allow scientists from the various arenas (soil, plant, and animal) to 
become current on the latest technologies. Sharing across disciplines will spur 
new developments. Whether this is done through the institution of consortia, 
semiannual transdisciplinary meetings, or some other platform can be left to 
the researcher and policy community, again with stakeholder input.

One possibility might be to model sharing of sensor information and 
development on the European Viral Archive project, in which scientists 
from government and university laboratories from multiple countries 
worked together to create a virtual archive that would be available for the 
next emerging viral disease outbreak. After several years of collaboration 
and cooperation, an archive was available at the time of the Zika virus out-
break, and the archive allowed scientists from all over the world to make 
rapid progress on disease diagnosis and control.

Data Science and Agri-Food Informatics

Breakthrough 3: The application and integration of data science, 
software tools, and systems models will enable advanced analytics for 
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managing the food and agricultural system. Development of inexpensive 
field-deployable sensors, remote sensing capabilities, and omics techniques 
have resulted in the collection of enormous amounts of data, but the right 
tools have yet to be employed for using such data effectively. Data gener-
ated in research laboratories and in the field have been maintained in an 
unconnected manner, preventing the ability to generate insights from their 
integration. Advances and applications of data science and analytics have 
been highlighted as an important opportunity to elevate food and agri-
cultural research and the application of knowledge. The ability to more 
quickly collect, analyze, store, share, and integrate highly heterogeneous 
datasets will create opportunities to vastly improve our understanding of 
the complex food system, and ultimately to the widespread use of near-real-
time, data-driven management approaches.

Recommendation 3: Establish initiatives to nurture the emerging area 
of agri-food informatics and to facilitate the adoption and development of 
information technology, data science, and artificial intelligence in food and 
agricultural research. Data science and analytics are essential for addressing 
the most important challenges facing the food system. For example, data 
analytics that can rapidly link genotypes to phenotypes will help to provide 
the linkages required to select for desired traits in plants and animals, and 
will enable nutrigenomics research. Data-driven approaches and blockchain 
technologies that instantly transfer product data along the food supply 
chain can be employed to increase food quality and safety through real-time 
detection of pathogens. These same technologies can also be used to pro-
mote animal health, welfare, and productivity. Better analytics of disparate 
data sources will enable precision agriculture by using real-time data from 
distributed ground and remote sensing of soil moisture and nutrient levels, 
accurate weather predictions, plant and soil microbiome, and plant health 
data. Data collected at high spatial and temporal resolutions will enable 
scientists to better explore, model, and ultimately optimize the interactions 
between and functioning of complex systems.

Maximizing the knowledge and utility that can be gained from large 
research datasets requires strategic efforts to provide better data access, data 
harmonization, and data analytics in food and agricultural systems. The 
challenges of handling massive datasets that are highly heterogeneous across 
space and time need to be addressed. Data standards need to be established 
and the vast array of data need to be more findable, interoperable, and reuse-
able. There is a need to increase data processing speeds, develop methods to 
quickly assess data veracity, and provide support for the development and 
dissemination of agri-food informatics capabilities, including tools for model-
ing real-time applications in dynamically changing conditions. 

Blockchain and artificial intelligence, including machine-learning algo-
rithms, are promising technologies for the unique needs of the food and 
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agricultural system that have yet to be fully developed. Development of 
advanced analytic approaches, such as machine-learning algorithms for 
automated rapid phenotyping, will require better platforms for studying 
how various components in the food system interact. Application of these 
approaches will require investment in infrastructure to house massive num-
bers of records and a means by which those records can be integrated and 
effectively used for decision-making purposes. A convergence of expertise 
from many disciplines will be needed to realize the potential of these 
opportunities.

Genomics and Precision Breeding

Breakthrough 4: The ability to carry out routine gene editing of agricul-
turally important organisms will allow for precise and rapid improvement 
of traits important for productivity and quality. Gene editing—aided by 
recent advances in omics (e.g., genomics, transcriptomics, proteomics, and 
metabolomics)—is poised to accelerate breeding to generate traits in plants, 
microbes, and animals that improve efficiency, resilience, and sustainability. 
Comparing hundreds of genotypes using omics technologies can speed the 
selection of alleles to enhance productivity, disease or drought resistance, 
nutritional value, and palatability. For instance, the tomato metabolome 
was effectively modified for enhanced taste, nutritional value, and disease 
resistance, and the swine genome was effectively targeted with the success-
ful introduction of resistance to porcine reproductive and respiratory syn-
drome virus. This capability opens the door to domesticating new crops and 
soil microbes, developing disease-resistant livestock, controlling organisms’ 
response to stress, and mining biodiversity for useful genes.

Recommendation 4: Establish initiatives to exploit the use of genom-
ics and precision breeding to genetically improve traits of agriculturally 
important organisms. Genetic improvement programs in crops and animals 
are an essential component of agricultural sustainability. With the advent 
of gene-editing technologies, targeted genetic improvements can be applied 
to plant and animal improvement in a way that traditional methods of 
modification were unable to achieve. There are opportunities to acceler-
ate genetic improvement by incorporating genomic information, advanced 
breeding technologies, and precision breeding methods into conventional 
breeding and selection programs. Encouraging the acceptance and adop-
tion of some of these breakthrough technologies requires insight gained 
from social science and related education and communication efforts with 
producers and the public. 

Gene editing could be used to both expand allelic variation introduced 
from wild relatives into crops and remove undesirable linked traits, thereby 
increasing the value of genetic variation available in breeding programs. 
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 Similarly, incorporating essential micronutrients or other quality-related traits 
in crops through gene-editing tools offers an opportunity to increase food 
quality and shelf life, enhance nutrition, and decrease food loss and food 
waste. These technologies are similarly applicable to food animals, and pos-
sible targets of genetic improvements include enhanced fertility, removal of 
allergens, improved feed conversion, disease resistance, and animal welfare.

Genome sequencing and other omics technologies may enable diagnosis 
of unknown pathogens as well as pinpointing the disease-causing organism 
from a tissue sample, in a needle-in-a-haystack manner, all in real time. 
Further advances in this technology could enable rapid testing in the field 
and at low cost. Such a technology could markedly decrease the time to 
diagnose transboundary animal diseases and save millions (if not billions) 
of dollars over the current system of diagnostics.

More in-depth knowledge of omics and how they vary between organ-
isms will be essential in devising robust strategies for detection. Especially 
in the realm of food safety, the ability to identify extremely small quantities 
of pathogens and the ability to determine strains could significantly enhance 
public health by identifying causes of foodborne outbreaks at the earli-
est possible moment. Detecting miniscule amounts of volatile materials— 
production of chemicals associated with spoilage—could lead to decreased 
food loss and waste and prompt preemptive removal to chilled conditions. 

Microbiome

Breakthrough 5: Understand the relevance of the microbiome to agri-
culture, and harness this knowledge to improve crop production, trans-
form feed efficiency, and increase resilience to stress and disease. Emerging 
accounts of research on the human microbiome provide tantalizing reports 
of the effect of resident microbes on the body’s health. In comparison, a 
detailed understanding of the microbiomes in agriculture—animals, plants, 
and soil—is markedly more rudimentary, even as their functional and critical 
roles have been recognized for each at a fundamental level. A  better under-
standing of molecular-level interactions between the soil, plant, and animal 
microbiomes could revolutionize agriculture by improving soil structure, 
increasing feed efficiency and nutrient availability, and boosting resilience to 
stress and disease. It is too early to draw conclusions about the relevance and 
potential applications of microbiomes across ecosystems of relevance to food 
and agriculture. However, with increasingly sophisticated tools to probe 
agricultural microbiomes, the next decade of research promises to bring 
increasing clarity to their role in agricultural productivity and resiliency.

Recommendation 5: Establish initiatives to increase the understanding 
of the animal, soil, and plant microbiomes and their broader applications 
across the food system. Transdisciplinary efforts focused on obtaining a 
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better understanding of the various agriculturally relevant microbiomes 
and the complex interactions among them would create opportunities to 
modify and improve numerous aspects of the food and agricultural con-
tinuum. For example, understanding the microbiome in animals could help 
to more precisely tailor nutrient rations and increase feed efficiency. Know-
ing which microbes or consortia of organisms might be protective against 
infections could decrease disease incidence and/or severity and therefore 
lower losses. Research efforts are already under way to characterize the 
food microbiome in an effort to produce a reference database for microbes 
upon which rapid identification of human pathogens can be based. In plant 
sciences, research priorities are being established that focus on engineering 
various microbiomes to promote better disease control, drought resistance, 
and yield enhancement. Characterization of interactions between the soil 
and plant microbiomes (phytobiome) is critical. The soil microbiome is 
responsible for cycling of carbon, nitrogen, and many other key nutrients 
that are required for crop productivity, and carries out several other key 
ecosystem functions impacted in largely unknown ways by a changing cli-
mate. Enhanced understanding of the basic microbiome components and 
the roles they play in nutrient cycling is likely to be critical for ensuring 
continuing and sustainable crop production globally.

4. FURTHER CONSIDERATIONS 

The science breakthroughs alone cannot transform food and agricul-
tural research, as there are other factors that contribute to the success of 
food and agricultural research. Such factors include the research infrastruc-
ture, funding, and the scientific workforce. Other considerations include the 
social, economic, and political outcomes of various approaches.

4.1 Research Infrastructure Considerations

Conclusion 1: Investments are needed for tools, equipment, facilities, 
and human capital to conduct cutting-edge research in food and agriculture. 
Addressing agriculture’s most vexing problems in a convergent manner will 
require investments in research infrastructure that facilitate convergence of 
disciplines on food and agricultural research. These could include physi-
cal infrastructure for experimentation as well as cyber infrastructure that 
enables sharing of ideas, data, models, and knowledge. Investments in our 
knowledge infrastructure are needed to develop a workforce capable of 
working in transdisciplinary teams and in a convergent manner. Mecha-
nisms are also needed to facilitate building private–public partnerships 
and engaging the public in food and agricultural research. Some important 
infrastructure needs include
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•	 Funded experimental facilities for crop, animal, agriculture, and 
food sciences where teams of scientists, engineers, companies, and 
other stakeholders can converge to test new methods and models 
and to engage the public at all steps of the process;

•	 Funding to encourage team science and to develop new educational 
programs that support convergence thinking and problem solving;

•	 Data platforms that are findable, accessible, interoperable, and 
reuseable and facilitate open access;

•	 Models that are open access and available to the whole research 
community; and

•	 Highly spatially and temporally resolved weather forecasting.

Conclusion 2: The Agricultural Experiment Station Network and the 
Cooperative Extension System deserve continued support because they are 
vital for basic and applied research and are needed to effectively translate 
research to achieve impactful results in the food and agricultural sectors. 
The agricultural sciences are grounded in the basic sciences but have an 
eye toward the applied; this has historically been facilitated by state agri-
cultural experiment stations, as well as by extension and outreach efforts. 
Personnel and facilities with these functions allow scientists to translate 
laboratory-based findings into real-world products and processes that are 
most relevant, ultimately reaching key stakeholders and end users. Those 
stakeholders include industry, regulatory agencies, farmers and ranchers, 
and the general public. The recognition that scientists need to collaborate 
with stakeholders and translate basic research into useful and applicable 
results for the good of society is a fundamental value of the agricultural 
sciences. Recognizing and reinforcing that value through the provision of 
resources is essential for integrating agricultural scientific breakthroughs 
into the fabric of everyday life. 

4.2 Funding Considerations

Conclusion 3: Current public and private funding for food and agricul-
tural research is inadequate to address critical breakthrough areas over the 
next decade. There is a rapidly emerging need for food security and health 
to merit national priority and receive the funding needed to address the 
complex challenges in the next decade. If a robust food system is critical for 
securing the nation’s health and well-being, then funding in both the public 
and private sectors ought to reflect this as a priority. 

In the past century, public funding for food and agricultural research 
has been essential for enabling talented U.S. scientists to conduct basic 
scientific research and provide innovative solutions for improving food 
and agriculture. Agricultural R&D by the public sector provides benefits 
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that accrue to both farmers as well as consumers and is estimated to have 
a median rate of return of 40 percent (Clancy et al., 2016). Waning U.S. 
public investments will slow innovation and growth and would jeopardize 
the ability of the United States to remain competitive in a global economy, 
potentially undermining U.S. food and nutrition security (NRC, 2014b). As 
previously mentioned, since 2009, China has surpassed the United States 
as the top global performer of agricultural R&D (Clancy et al., 2016). In 
fiscal year (FY) 2017, the National Institutes of Health (NIH) allocated 
$18.2 billion for competitive research grants compared to USDA, which 
was appropriated only $325 million for competitive research grants (less 
than 2 percent of the NIH’s amount), a budget that was less than half of the 
congressionally authorized amount (HHS, 2017; USDA, 2017). The current 
level of federal funding for food and agricultural research has thus been 
inadequate. Breakthrough science needed to assist the food and agricultural 
enterprise to thrive in the future will require a significant investment. More 
will be required to sustain the level of coordination and collaboration 
needed to address the increasingly integrative, expansive, and visionary 
research required to ensure future security and competitiveness. 

The current political climate suggests that it may be difficult to increase 
public funding for food and agricultural research to the levels needed. 
Although private R&D is not a substitute for public R&D funding, pri-
vate foundations and industry can provide some research funding that is 
complementary to public funding in the U.S. agricultural innovation system. 
Innovative business models can be more widely employed for engaging 
researchers. For example, venture capital funding for start-up companies, 
which are well known in the tech industry, are providing record sources 
of investment in food and agricultural research (The Context Network, 
2017; Cosgrove, 2018; Rausser et al., 2018). There are new institutions and 
mechanisms of financing research and of implementing innovations induced 
by research that offer the potential to expand funding. For instance, the 
Foundation for Food and Agriculture Research was established by Congress 
in the Agricultural Act of 2014 (known as the 2014 Farm Bill) to increase 
investment in cutting-edge research by leveraging public funds with match-
ing nonfederal dollars (including industry and nonprofit organizations) and 
thus expand the total funding available to support research. Other exam-
ples of new institutions include the Agricultural Technology  Innovation 
Partnership Foundation formed to develop public–private collaborations 
around USDA research discoveries technology transfer, including linkage 
to venture capital and business expertise. However, these sources alone 
are insufficient to achieve the goals laid out in this report. In order for 
the U.S. agricultural enterprise to capitalize on the integrative, expansive, 
and visionary tools of research now being actively pursued by many other 
industries (e.g., sensing technologies, wireless communication, and machine 
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learning), a commitment to a major investment is needed now to ensure 
their relevant application to food and agriculture. 

4.3 Education and Scientific Workforce

Conclusion 4: Efforts to renew interest in food and agriculture will need 
to be made to engage nonagricultural professionals and to excite the next 
generation of students. Vast opportunities are available for non-traditional 
agriculture professionals to be involved in food and agriculture. However, 
there may be barriers to their involvement, such as misperceptions about 
the sophistication of agricultural technology and the lack of sustained fund-
ing for building transdisciplinary agricultural research teams that include 
non-agricultural professionals and scientists from other disciplines to work 
in food and agricultural sciences. 

A robust workforce for food and agricultural research will require tal-
ented individuals who are proficient in the challenges facing the food system 
along with an understanding of the opportunities to think outside the box 
for innovative approaches. Recruiting talented individuals into food and 
agricultural research will require a demonstration and shift in perception 
that food and agriculture can be innovative. There are efforts under way 
to merge traditional agricultural disciplines with other areas of expertise 
to bring about convergent approaches, such as the new undergraduate 
program in computer science and crop sciences at the University of Illinois 
at Urbana-Champaign beginning in fall 2018 (UIUC, 2017).

4.4 Socioeconomic Contributions and Other Considerations

Conclusion 5: A better understanding of linkages between biophysical 
sciences and socioeconomic sciences is needed to support more effective 
policy design, producer adoption, and consumer acceptance of innovation 
in the food and agricultural sectors. The successful application of scientific 
innovation in the field depends on the willingness and ability of stakeholders 
to successfully apply and use new products and processes; it also depends 
on whether they view high-tech, site-specific approaches as economically or 
ecologically beneficial. There is a critical need to better understand the best 
means and methods for effective technology development and integration 
in production processes, with input from both the public and private sec-
tors. Better understanding of the political economy, behavioral and choice 
processes related both to adoption and use of the technological innovation, 
and acceptance and perception of new products will be required to support 
the effective design of policies and application of the research innovation 
(Herring and Paarlberg, 2016; Clancy and Moschini, 2018). For example, 
digital information from remote sensing devices may be used in new deci-
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sion support systems to assist agricultural workers in making choices about 
field practices or animal handling. However, workers will need sufficient 
training and motivation to respond to expected and unexpected outcomes 
and uncertainty (e.g., animal response to treatment or extreme weather 
events). Lessons from behavioral sciences (e.g., “nudges” or defaults) may 
help support behavioral change and training requirements. An example of 
“nudges” or defaults is in the reduced costs of adoption and use of water 
conservation practices (Ferraro et al., 2017). Attention to the political 
economy and socioeconomic context highlights the challenge of distribu-
tional aspects as well. Small-scale operators may be limited in their ability 
to take advantage of newer technologies because of cost considerations or 
capital requirements. Some consumers may be limited in food choices by 
lack of access to product variety or innovative data applications in their 
local food outlets and environment. However, to allow more rapid diffusion 
of the technological advances and offer an important way to address issues 
of potential scale bias in some of the new technologies, innovations are 
needed in scaling the available technologies and in the market for services 
that provide user friendly access to data services for small-scale producers 
or consumers through devices and apps. 

The successful implementation of scientific advances also requires other 
important considerations to be taken into account. Policies on land or input 
use, environmental impact, animal welfare, and food-handling practices 
can have significant near- and long-term impacts on agricultural and food 
sustainability. Some policy or technology changes may have unintended 
consequences in the system and require closer examination of system inter-
actions, including human behaviors related to adoption and use of new 
inputs, products, and processes. Insights from behavioral sciences can help 
inform policy designs and reduce the costs of change, inform technological 
adoption in the field (e.g., design of conservation or tillage applications, 
or provision of product information to consumers), and address issues 
of product acceptance and consumer trust in the food system (Lusk and 
McCluskey, 2018). 

5. CLOSING REMARKS

At this pivotal time in history with an expanding global population 
requiring more from an increasingly fragile natural resource base, science 
breakthroughs are needed now more than ever. As the world’s greatest 
agricultural producer, the United States bears the tremendous responsibility 
of implementing scientific advances to support our nation’s well-being and 
security, and perhaps even global stability. Promising research opportunities 
include integrating agriculture and food systems to sustainably meet human 
and animal health needs, providing yield stability and economic value under 
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variable and uncertain environmental pressures, and reducing inputs and 
negative environmental impacts. Realizing this vision requires a holistic sys-
tems approach that combines scientific discovery, technological innovation, 
and incentives to revolutionize our food and agricultural systems to ensure 
greater food security and human and environmental health. Implementing 
this vision requires a bolder approach to research that integrates scientific 
insight from various disciplines to bring promising breakthroughs to frui-
tion and to ensure U.S. competitiveness and food security. The food system 
of tomorrow will depend on how well we are able to prepare for resiliency 
today and how well we are able to build our capacity for the future. The 
U.S. scientific enterprise is willing to rise to address such challenges; the 
tools and resources identified in this report can ensure its success.
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Rural Development at Iowa State University, an internationally recognized 
research center that addresses issues of the food, agricultural, and natural 
resource sectors. Her current research focuses on the design of food and 
nutrition programs and policies, assessment of nutritional enhancement 
of foods, food demand and markets, linkages between agricultural poli-
cies and nutrition, and food safety regulations. She has led projects that 
analyze food demand; involve dietary, nutritional, and health assessment; 
and implement food consumption surveys in the United States as well as in 
several developing countries. Dr. Jensen was elected a Fellow of the Agricul-
tural and Applied Economics Association (AAEA) in 2012 and has served 
on the Executive Board of AAEA and the Council on Food, Agriculture, 
and Resource Economics (C-FARE). She has served on several committees 
of the National Academies of Sciences, Engineering, and Medicine, includ-
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ing the Committee to Review Women, Infants, and Children Food Pack-
ages. She is an active member of the Food Forum. Dr. Jensen received her 
B.A. in economics from Carleton College, M.S. in applied economics from 
the University of Minnesota, and Ph.D. in agricultural economics from the 
University of Wisconsin–Madison.

Dr. Rajiv Khosla is a Robert Gardner Professor of Precision Agriculture at 
Colorado State University. His main research focus has been on manage-
ment of in-field soil and crop variability using geospatial technologies for 
precision management of crop inputs. He has generated many discoveries 
in precision agriculture; most widely recognized among them is the inno-
vative technique of quantifying variability of spatially diverse soils using 
satellite based remote sensing to create management zones. Most recently, 
he was recognized with the Werner L. Nelson Award for Diagnosis of 
Yield-Limiting Factors by the American Society of Agronomy. Previously, 
in 2015, he was recognized as the “Precision Ag Educator of the Year,” a 
national honor bestowed by the agricultural industry, and in 2012 he was 
named the Jefferson Science Fellow by the National Academy of Sciences. 
Previously, he has served two 2-year terms on the National Aeronautics 
and Space Administration’s U.S. Presidential Advisory Board on Position-
ing, Navigation and Timing. He is a Fellow of the American Society of 
Agronomy; the Soil Science Society of America; the Soil and Water Conser-
vation Society; and an Honorary Life Fellow of the International Society 
of Precision Agriculture. He is the Founder and Founding President of the 
International Society of Precision Agriculture. Dr. Khosla received his B.S. 
in agricultural sciences at the University of Allahabad, India, M.S. in soil 
physics from Virginia Tech, and Ph.D. in soil fertility and crop management 
from Virginia Tech.

Dr. Robin Lougee is the IBM Research Lead for Consumer Products & 
Agriculture and a member of the IBM Industry Academy. She is the Chair of 
the Steering Committee of the Consultative Group on International Agricul-
tural Research Platform for Big Data in Agriculture and the founding chair 
of the Syngenta Crop Challenge in Analytics Prize awarded by the Institute 
for Operations Research and the Management Sciences (INFORMS) Ana-
lytics Society. Dr. Lougee serves on the Advisory Council for the Food Sci-
ence Department at Cornell University and the Advisory Committee for the 
World Agri-Tech Innovation Summit. She is an industrial research scientist 
with a strong track record of delivering innovation to IBM and its custom-
ers. Dr. Lougee pioneered the creation of Computational Infrastructure for 
Operations Research, an open-source foundry for computational operations 
research, and led its growth as an independent nonprofit that has served the 
scientific and business community for more than 15 years. She was elected 
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to the Board of INFORMS, the largest society in the world for professionals 
in the field of operations research, management science and analytics, Chair 
of the INFORMS Computing Society, and President of the Fora of Women 
in Operations Research and the Management Sciences. Dr. Lougee is a past 
Associate Editor of Surveys in Operations Research. She earned a Ph.D. in 
mathematical sciences from Clemson University in 1993.

Dr. Gregory V. Lowry is the Walter J. Blenko, Sr. Professor of Civil and 
Environmental Engineering at Carnegie Mellon University. He is the Deputy 
Director of the National Science Foundation Environmental Protection 
Agency Center for Environmental Implications of Nanotechnology. He 
was a founding Associate Editor of Environmental Science: Nano, and 
currently serves on the editorial boards of Environmental Science: Nano 
and Nature: Scientific Data. His research aims to safely harness the unique 
properties of engineered nanomaterials for making water treatment and 
crop agriculture more sustainable. Recent work aims at understanding how 
a nanomaterial’s properties and environmental conditions influence its fate 
in soils, nanomaterial–plant interactions, nutrient uptake efficiency, and 
disease management. He has authored more than 140 peer-reviewed jour-
nal articles. He has served as principal investigator (PI) or co-PI on grants 
from the National Science Foundation, U.S. Department of Defense, U.S. 
Department of Energy, and U.S. Environmental Protection Agency (EPA), 
as well as from industry. He served on the EPA Science Advisory Board 
(Environmental Engineering committee) and currently serves on the board 
of directors of the Association of Environmental Engineering and Science 
Professors. He served on the National Research Council Committee to 
Develop a Research Strategy for Environmental, Health, and Safety Aspects 
of Engineered Nanomaterials. Dr. Lowry holds a B.S. in chemical engineer-
ing from the University of California, Davis, an M.S. from the University 
of Wisconsin–Madison, and a Ph.D. in civil and environmental engineering 
from Stanford University.

Dr. Alison L. Van Eenennaam is a Cooperative Extension Specialist in the 
field of animal genomics and biotechnology in the Department of Animal 
Science at University of California, Davis (UC Davis), where she has been 
on faculty for 15 years. Her publicly funded research and outreach program 
focuses on the use of animal genomics and biotechnology in livestock breed-
ing and production systems. Her current research projects include the devel-
opment of genomic approaches to select for cattle that are less susceptible 
to disease, the development of genome editing approaches for livestock, and 
applied uses of DNA-based information on commercial beef cattle opera-
tions. She has given more than 550 invited presentations to audiences glob-
ally, and uses a variety of media to inform general public audiences about 
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science and technology. Dr. Van Eenennaam was the recipient of the 2014 
Council for Agricultural Science and Technology Borlaug Communication 
Award, and in 2017 was elected as a Fellow of the American Association 
for the Advancement of Science. She received a Bachelor of Agricultural 
Science from the University of Melbourne in Australia and both an M.S. in 
animal science and a Ph.D. in genetics from UC Davis.
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Open Session Meeting Agendas

MEETING 1 AGENDA 
June 14, 2017 

National Academy of Sciences Building, Room 125

WEDNESDAY, June 14

OPEN SESSION

1:00–1:15 p.m. Welcome and Introductions 
  Dr. John D. Floros and Dr. Susan R. Wessler, 

Committee Co-Chairs

1:15–1:30 p.m.  National Academies of Sciences, Engineering, 
and Medicine’s Study Process and Committee’s 
Statement of Task

  Mrs. Peggy T. Yih, Study Director

1:30–1:40 p.m. Origins of Study Request
  Dr. Robert Easter, University of Illinois (Emeritus)

1:40–2:10 p.m. Charge to the Committee from the Sponsors
  Dr. Robert Easter, University of Illinois (Emeritus) 
  Dr. Sally Rockey, Foundation for Food and 

Agriculture Research 
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2:10–2:50 p.m.  Potential for the Study to Advance Food and 
Agricultural Research: U.S. Department of 
Agriculture Panel

  Dr. Mary Bohman, USDA Economic Research 
Service

  Dr. Meryl Broussard, USDA National Institute of 
Food and Agriculture 

  Dr. Steve Kappes, USDA Agricultural Research 
Service

  Dr. Joe Parsons, USDA National Institute of Food 
and Agriculture

  Dr. Dionne Toombs, USDA Office of the Chief 
Scientist

2:50–3:00 p.m. Break 

3:00–3:30 p.m.  Science Frontiers of Interest
  Dr. Todd Anderson, Department of Energy 
  Dr. Jane Silverthorne, National Science Foundation 

3:30–3:50 p.m. Decadal Vision for Plant Biology 
  Mr. Tyrone Spady, American Society of Plant 

Biologists 

3:50–4:10 p.m. Challenge of Change—Recently Released Report
  Dr. Samantha Alvis, Association of Public & Land-

Grant Universities 

4:10–4:30 p.m.  Agricultural and Applied Economic Priorities and 
Solutions 

  Ms. Caron Gala, Council on Food, Agricultural & 
Resource Economics

4:30–4:50 p.m. Nutrition, Health, and Agriculture
  Dr. Daniel J. Raiten, National Institutes of Health 

4:50–5:10 p.m. Public Comments

5:10–5:15 p.m. Co-Chairs’ Closing Remarks
  Dr. John D. Floros and Dr. Susan R. Wessler, 

Committee Co-Chairs

5:15 p.m. Adjourn Meeting for Day 1
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TOWN HALL AGENDA 
August 8, 2017 

National Academy of Sciences Building, Fred Kavli Auditorium

TUESDAY, August 8

OPEN SESSION

7:30–8:25 a.m.  Working Breakfast for Committee and Panelists 
(Members’ Room)

8:30–8:45 a.m. Co-Chairs’ Welcome Remarks 
  Dr. John D. Floros and Dr. Susan R. Wessler, 

Committee Co-Chairs

8:45–10:30 a.m. Panel 1: Food Production
  Lead speaker will provide a 5-minute overview, 

and will then provide 10-minute remarks about 
the greatest challenges and opportunities in their 
area of expertise. Each panelist will provide 5- 
to 10-minute formal remarks about the greatest 
challenges and opportunities in their area of 
expertise. After panelists have provided formal 
remarks, there will be a moderated discussion with 
panelists, committee, and members of the audience 
(in-person and online).

  Lead speaker: Overview of Food Production and 
Animal Science Priorities

  Dr. Ronnie Green, University of Nebraska (via 
videoconference)

  Improving Photosynthetic Efficiency for Improved 
Yield

  Dr. Donald Ort, U.S. Department of Agriculture 
Agricultural Research Service and University of 
Illinois

  Postharvest Reduction of Food Waste: A Magic 
Bullet?

  Dr. Daryl Lund, University of Wisconsin–Madison 
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  Computing Reimagined
  Dr. Tim Dalton, IBM Watson 

  Science of Communication
  Dr. Dietram Scheufele, University of 

Wisconsin–Madison 

  Moderated Discussion (with panelists, committee, 
and members of the audience)

  Co-Moderators: Dr. Robin Lougee and Dr. Alison 
Van Eenennaam, Committee Members

10:30–10:40 a.m.  Key Take-Away Messages from Panel Discussions
  Dr. John D. Floros, Committee Co-Chair

10:40–10:55 a.m.  Break
  Coffee break in Great Hall

10:55–11:15 a.m.  The Promise of Plant Probiotics: A Potential Ag 
Revolution 

  Dr. Jeff Dangl, University of North Carolina at 
Chapel Hill (via videoconference) 

11:15–11:35 a.m.  Diets, Environmental Sustainability, and Human 
Health 

  Dr. David Tilman, University of Minnesota  
(via videoconference) 

11:35 a.m.– Public Comments
12:00 p.m.

12:00–1:00 p.m.  Lunch
  Working lunch for committee, speakers, and 

panelists in Members’ Room

1:00–2:45 p.m. Panel 2: Sustainability and Efficiency
  Lead speaker will provide a 5-minute overview 

and will then provide 10-minute remarks about 
the greatest challenges and opportunities in their 
area of expertise. Each panelist will provide 5- 
to 10-minute formal remarks about the greatest 
challenges and opportunities in their area of 
expertise. After panelists have provided formal 
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remarks, there will be a moderated discussion with 
panelists, committee, and members of the audience 
(in-person and online).

  Lead speaker: Convergence of Innovations for 
Sustainable Outcomes

  Dr. James Jones, University of Florida 

  Soils
  Dr. Rattan Lal, The Ohio State University 

  The Great Nitrogen Imbalance
  Dr. Phil Robertson, Michigan State University 

  Designing for Sustainable and Resilient Human 
Environmental Agricultural Systems

  Dr. Meagan Mauter, Carnegie Mellon University 

  Moderated Discussion (with panelists, committee, 
and members of the audience)

  Co-Moderators: Dr. Greg Lowry and Dr. Mary Lou 
Guerinot, Committee Members

2:45–2:55 p.m. Key Take-Away Messages from Panel Discussions
  Dr. Susan R. Wessler, Committee Co-Chair

2:55–3:10 p.m.  Break
  Coffee break in Great Hall

3:10–4:55 p.m.  Panel 3: Human Health
  Lead speaker will provide a 5-minute overview, 

and will then provide 10-minute remarks about 
the greatest challenges and opportunities in their 
area of expertise. Each panelist will provide 5- 
to 10-minute formal remarks about the greatest 
challenges and opportunities in their area of 
expertise. After panelists have provided formal 
remarks, there will be a moderated discussion with 
panelists, committee, and members of the audience 
(in-person and online).
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  Lead speaker: Nutrition and Agricultural 
Production: Human Health as the Ultimate Mission 
Dr. Pamela Starke-Reed, USDA-ARS 

  Nutrition, Food, and Health
  Dr. Barbara Schneeman, University of California, 

Davis 

  Bridging Two Worlds with Technology and 
Networks

  Dr. Mary Torrence, Food and Drug Administration 

  Importance of Understanding Behavioral Responses 
to Food and Health Policies

  Dr. Jayson Lusk, Purdue University 

  Moderated Discussion (with panelists, committee, 
and members of the audience)

  Moderator: Dr. Helen Jensen, Committee Member

4:55–5:05 p.m. Key Take-Away Messages from Panel Discussions
  Dr. John D. Floros, Committee Co-Chair

5:05–5:25 p.m. Public Comments
  Please sign up in person at the registration table

5:25–5:30 p.m. Closing Remarks
  Dr. John D. Floros and Dr. Susan R. Wessler, 

Committee Co-Chairs

5:30 p.m. Adjourn Meeting 

JAMBOREE WORKSHOP AGENDA 
October 2-4, 2017 

Beckman Center, Irvine, CA

MONDAY, October 2

8:30 a.m. Auditorium  Welcome and Introduction, Committee 
Co-Chairs

8:45 a.m.   Jamboree Participant Warm-Up: 
Lightning Round Questions
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10:15 a.m.   Summary of Lightning Round and 
Charge to the Group, 
Committee Co-Chairs

10:30 a.m. Atrium Break

10:45 a.m. Auditorium  Keynote: A Vision for the Future of 
Agricultural Research 

   Cathie Woteki, former Chief Scientist 
and Undersecretary for Research, 
Education, and Economics, USDA 

11:45 a.m.  Objectives of Breakout Session #1

12:00 p.m. Dining Room Lunch

12:45 p.m. Various Rooms  Breakout Session #1: Identifying 
the Biggest Problems in Food and 
Agriculture

3:00 p.m. Atrium Break

3:30 p.m. Auditorium Plenary Report Out

4:45 p.m.  Plenary Discussion

5:45 p.m. Atrium Reception

TUESDAY, October 3

8:15 a.m. Auditorium Objectives for Breakout Session #2

8:45 a.m. Various Rooms  Breakout Session #2: Understanding the 
Scientific Challenges, Knowledge, and 
Research Gaps

10:30 a.m. Atrium Break

11:00 a.m. Auditorium Plenary Report Out

11:50 a.m.  Plenary Discussion

12:30 p.m. Dining Room Lunch
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1:15 p.m. Auditorium  Keynote: Enhancing Collaboration to 
Accelerate Agricultural Advancement

   Jack Odle, North Carolina State 
University

1:55 p.m.  Objectives for Breakout Session #3

2:00 p.m. Various Rooms  Breakout Session #3: Scientific Tools and 
Capabilities Needed

3:15 p.m. Atrium Break

3:45 p.m. Auditorium Plenary Report Out

4:20 p.m.   Plenary Discussion—Where Are Overlaps 
and Synergies?

5:20 p.m.  Objectives for Breakout Session #4

5:30 p.m.  Adjourn for the day 

WEDNESDAY, October 4

8:30 a.m. Various Rooms  Breakout Session #4: Science 
Breakthroughs for Overcoming the 
Challenges in the Next 10+ Years: 
Describing Solutions, Scientific 
Opportunities, and Future Directions

10:00 a.m. Atrium/Lawn Break (coffee in Atrium, food on Lawn)

10:15 a.m. Various Rooms Breakout Session #4, continued

11:45 a.m. Dining Room  Lunch (Please clear the dining room by 
12:30 p.m. to allow staff to prepare for 
the afternoon plenary session. You are 
welcome to enjoy our outdoor space for 
the remainder of your lunch.)

1:00 p.m.   Plenary Report Out

1:45 p.m.   Plenary Discussion: Issues Raised During 
Final Report Out
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2:15 p.m.   Plenary Discussion: What Have We 
Missed? 

3:15 p.m.  Closing Remarks, Committee Co-Chairs

3:30 p.m.  Adjourn

JAMBOREE WORKSHOP PARTICIPANTS

L. Garry Adams, Texas A&M University
Robert (Bob) Allen, IBM Almaden Research Center
Ray Asebedo, Kansas State University
Vanessa Bailey, Pacific Northwest National Laboratory
Julia Bailey-Serres, University of California, Riverside
Lance Baumgard, University of Arizona
Steve Briggs, University of California, San Diego
Jean Buzby, USDA-ERS
Don Cooper, Mobile Assay Inc.
Mark Cooper, DuPont Pioneer
Ryan Cox, HATponics, Inc.
Sean Cutler, University of California, Riverside
Jorge Delgado, USDA-ARS
Daniel Devlin, Kansas State University
Michael Doyle, University of Georgia
Jillian Fry, Johns Hopkins University
Jagger Harvey, Kansas State University
Dennis Heldman, The Ohio State University
David Hennessy, Michigan State University
Georg Jander, Boyce Thompson Institute
Xingen Lei, Cornell University
Carmen Moraru, Cornell University
Dawn Nagel, University of California, Riverside
Jack Odle, North Carolina State University
Joseph Puglisi, Stanford University School of Medicine
Chuck Rice, Kansas State University
Carly Sakumura, NASA Jet Propulsion Lab
Lisa Schulte-Moore, Iowa State University
Soroosh Sorooshian, University of California, Irvine
Jim Stack, Kansas State University
Laura Taylor, North Carolina University
Chris Topp, Donald Danforth Plant Science Center
Michael Udvardi, Noble Research Institute
George Vellidis, University of Georgia
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Matthew Wallenstein, Colorado State University
Cathie Woteki, former USDA
Hongwei Xin, Iowa State University

WEBINARS

October 27, 2017 Webinar: Food Science Research Breakthroughs
  Gregory Ray Ziegler, The Pennsylvania State 

University
 Devin Peterson, The Ohio State University
 John Hayes, The Pennsylvania State University

October 30, 2017  Webinar: Phosphorus Availability and 
Management

  Philippe Hinsinger, French National Institute for 
Agricultural Research (INRA) UMR Eco&Sols

November 3, 2017 Webinar: Water Resources and Agriculture
 Upmanu Lall, Columbia University

November 8, 2017  Webinar: Sensors in Food and Agriculture
 Abraham Duncan Stroock, Cornell University
 Suresh Neethirajan, University of Guelph

November 9, 2017  Webinar: Integrating Agriculture into the Built 
Environment Part I

  Peter Groffman, Cary Institute of Ecosystem 
Studies

November 10, 2017  Webinar: Integrating Agriculture into the Built 
Environment Part II

 Michael Hamm, Michigan State University
 Ed Harwood, Aerofarms
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IdeaBuzz Submissions Synopsis 
and Contributors

Instructions for IdeaBuzz

Tell us your idea for innovative research that could elevate the 
science of food and agriculture. In describing your idea, please com-
ment on how the science and engineering approach you describe 
might:

•	 Address a major challenge in food and agriculture
•	 Create a novel opportunity for advances in food and agricul-

tural science
•	 Help overcome a technological barrier
•	 Fill a fundamental knowledge gap that currently holds back 

progress in the fields of food and agriculture

The responses to IdeaBuzz were reviewed by staff and separated into the 
following categories: greener plants/crops, animal agriculture, food loss/
waste, food safety, resilience/sustainable change, and miscellaneous.
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Greener plants/crops (soil, water, land use, climate, plant genetics, phyto-
biome, etc.)

•	 Invest in plant-based agriculture
•	 Understanding soil carbon—carbon sequestration in soil
 o  Gaps in science and technology, reliable and affordable mecha-

nisms for testing the carbon content of soil
•	 Smart food: high-quality foods produced near urban population 

centers using fewer inputs
•	 Reinventing potato at the diploid level
 o  Genetic gains for higher yield
•	 Financing should be devoted to applied plant breeding
•	 Research on cropping systems, including economics, markets, and 

infrastructure
•	 Developing hybrid wheat
 o  Advanced mating designs, genomic predictions, and chemical 

hybridizing agents (CHAs)
•	 Inga alley-cropping
 o  Resilient, restores depleted soils
•	 Soil nutrients need a pathway back to the soil
 o  Industrial-scale composting
•	 Future of food lies in regenerating soil through organic and regen-

erative farming and land-use practices
•	 Detox to regenerate
 o  Mushroom cultures to detox soil and water. Hemp also good 

detoxer. Plant everywhere and dredge waterways to apply silt
•	 Diverse growing systems based on artificial intelligence (AI) harvest
 o  Move away from monocultures, and more toward diverse, 

organic growing systems. In research, work needs to be done 
on which plants grow well together, and how they can interact 
to benefit soil/insect health and keep pests away without using 
any inorganic sprays or products 

•	 Agriculture, biodiversity, and health
•	 Genetic engineering for sustainable management of crop diseases
 o  CRISPR, disease-resistant crops
•	 Bring agriculture and horticulture sciences closer to home
 o  Research, development, and implementation of green roofs, 

vertical farming, cave farming, hydroponics
•	 Rebuilding soil microbial communities in agroecosystems
•	 Soil carbon restoration—regenerative agriculture—our only path 

forward
•	 Make vegetables cheaper and easier to eat
 o  Invest in social and technological sciences
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•	 Regenerating ecosystem services in grazing ecosystems
 o  How different management strategies impact causal mecha-

nisms that drive biological function and socioeconomic out-
comes at local and landscape scales

•	 Crop simulation models that take into account plant genome
•	 Continuous investment on genomics of crop species
•	 Deregulation of genome-editing technologies
•	 Insufficient effort in developmental studies in crops
•	 Revitalize public breeding programs for interested plant researchers
•	 More plant molecular biologists and biochemists working on crops
•	 Opportunities in plant-based meat alternatives
•	 Restoration of previous grassland soils and revitalizing soils from 

the woods requires a return to high carbon inputs and nutrient 
cycling based on turnover of organic matter in synchrony with 
human, plant, and environmental needs

•	 Sustainable and resilient agroecosystems in a changing world
 o  Sufficient understanding of the mechanisms behind individual 

behavioral change at the farm/field level, or at the systems level 
in response to the risks and uncertainties posed by a rapidly 
changing world

•	 Harness the power of microbes to enhance agricultural sustainability
•	 Biofilm control needed for crop cultivation and food safety
•	 Ingenuity and resiliency of Hopi cropping systems
 o  Agriculture techniques to optimize the amount of moisture in 

the soil
•	 Making more water available to crops in arid areas
 o  Dried and milled Agave americana plants contain components 

that absorb rainwater and keep it being available to crops
•	 Fertilizers are the key to increasing crop yields around the planet
 o  Focus on cropping density, data analytics, remote sensing, 

drones, seed technology, cultivation tools, pest control, and 
irrigation

•	 “Division of labor” among more-specialized crops
 o  Nitrogen-fixing legumes could supply all our protein, if they 

did not waste their limited (C3 pathway) photosynthate making 
oil or starch. So breed low-protein maize for high starch or oil 
yields without nitrogen fertilizer, while breeding low-oil soy-
beans that yield lots of protein using nitrogen from symbiosis

•	 New tools to protect our forests from lethal invasive pathogens and 
insects

•	 Soil security
 o  Protocols for measures, development of technology, valuation 

of soil as natural capital, evaluation of practices
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•	 Accelerating genetic improvements by cycling of gametes in vitro
•	 Breeding, research, and production of perennial grain crops and 

polycultures
•	 Building a 21st-century soil information platform for U.S. and 

world soils
•	 Broadening the range of plants/animals that can be effectively 

engineered
•	 Cellulosic ethanol production
•	 Opportunities for nutrient management
 o  Controlled delivery and management of nutrients for plant 

growth and productivity
•	 Deep tillage to improve soil hydrologic function and resiliency

Animal Ag: “Greener” livestock (genetics, feed, rumen microbiome, animal 
nutrition, animal health, climate, environment, etc.)

•	 Integrate agricultural and ecological sciences to understand patho-
gen spread

 o  Understand AMR bacteria transmission across agricultural–
wildlife interface

•	 Incorporate aquaculture into the discussion of food and agriculture
•	 Food waste into animal feed
 o  New food packaging materials that are digestible by animals, 

fish, and/or insects 
•	 Insects are more efficient animal feed
•	 End torture: Ten billion factory farm animals are legally mutilated 

annually in the United States without any form of anesthetic or 
pain relief

•	 Irrational overregulation of transgenic technologies
•	 Opportunities in clean meat
 o  Cultured meat
•	 Harness the power of microbes to enhance agricultural sustainability
•	 Accelerating genetic improvements by cycling of gametes in vitro
•	 Food for 2050 and beyond
 o  Cultured meat and other food tissues
•	 Broadening the range of plants/animals that can be effectively 

engineered
•	 Microbiome of the rumen: The time is right for a comprehensive 

study of the microbiome of the rumen in food animals, including 
the determinants of colonization of the gut after birth, the role of 
the microbiome in nutrition and gastrointestinal health, and par-
ticularly, its relationship to the animal’s immune system
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Reduce food loss/waste by half (packaging, processing, distribution, con-
sumer acceptance, etc.)

•	 Ensuring a safe, secure, and abundant food supply
•	 Expand urban composting
•	 Bioremediation
•	 Retail food waste into animal feed
•	 Paradigm shifts in fast food feeding and other rapid freezing needs
•	 Advanced meal processing and preparation
 o  Aseptic technologies

Improving food safety (human health, diagnostics, irradiation, consumer 
behavior)

•	 Improving human health, nutrition, and wellness of the U.S. 
population

•	 Gain more public support for GMOs
•	 Bioremediation
•	 Integrate agricultural and ecological sciences to understand patho-

gen spread
 o  Understand AMR bacteria transmission across agricultural–

wildlife interface
•	 Evidence-based decisions empower food policies and consumer 

health
 o  The agricultural, medical, and social science communities need 

to team up to provide factual, science-based food information 
in a form easily assimilated by policy makers, professional soci-
eties, and consumers

•	 Agriculture, biodiversity, and health
•	 Environmental impacts of meeting future human nutrition needs
•	 Universal in vitro or in silico test for the edibility of a novel sub-

stance is a fundamental technology gap in the fields of food and 
agriculture

•	 Clean food process technology development
 o  Minimal processing technologies
•	 Biofilm control needed for crop cultivation and food safety
•	 New tools to protect our forests from lethal invasive pathogens and 

insects
•	 Method to rid food safety issues associated with chilled soups
 o  E.g., rapid volumetric heating methods
•	 Nanoscale sensors for food characteristic identification
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Pathways for Resilience and Sustainable Change: Identifying key leverage 
points in the system to effect vast changes needed to ensure success of 
science breakthroughs and enhance the well-being of society (education 
and workforce, science communication, data and data sciences/techniques/
technology, systems modeling tools, new economic opportunities, drivers, 
demographics, etc.)

•	 Support transdisciplinary training grants
•	 Educate the population on the benefits of plant-based diets
•	 Adapting and mitigating the impacts of climate change on ag 

systems
•	 Smart food: high-quality foods produced near urban population 

centers using fewer inputs
•	 New ideas and modeling for urban agriculture
 o  Infrastructure and services
•	 Strengthen the ties between breeders, distributors, and community 

members
 o  Strengthen incentives for feedback between all stakeholders of 

the product path
•	 Advancing ag research through data sharing and new data analytics
 o  Data sharing, on-farm data research
•	 Global partnerships for global solutions
 o  ASABE (American Society of Agricultural and Biological 

Engineers)
•	 Research on cropping systems, including economics, markets, and 

infrastructure
•	 Evidence-based decisions empower food policies and consumer 

health
 o  The agricultural, medical, and social science communities need 

to team up to provide factual, science-based food information 
in a form easily assimilated by policy makers, professional soci-
eties, and consumers

•	 Agriculture global change challenges
 o  Habitat fragmentation resulting from land-use change (expand-

ing agricultural, forestry, and urban areas) leads to biodiversity 
loss

•	 Bring agriculture and horticulture sciences closer to home
 o  Research, development, and implementation of green roofs, 

vertical farming, cave farming, hydroponics
•	 Avoid framing traps: Keeping science and technology in appropri-

ate context
 o  Technologism, productivism, efficiency-based sustainability, and 

reductivism
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•	 Pay farmers for multiple ecosystem services, especially smallholders
•	 Do not forget the consumer: Engage citizens, applied economists, 

behavioral economists, and communicators in the development of 
the priorities

•	 Regenerating ecosystem services in grazing ecosystems
 o  How different management strategies impact causal mecha-

nisms that drive biological function and socioeconomic out-
comes at local and landscape scales

•	 Deregulation of genome-editing technologies
•	 Irrational overregulation of transgenic technologies
•	 Train more people in food and agricultural research
•	 Analytical laboratories for developing countries
 o  Need for ways to get soil, water, plant, and other types of 

samples analyzed continues to be a stumbling block that keep 
agricultural programs, both research and applied, from moving 
forward

•	 Sustainable and resilient agroecosystems in a changing world
 o  Sufficient understanding of the mechanisms behind individual 

behavioral change at the farm/field level or at the systems level 
in response to the risks and uncertainties posed by a rapidly 
changing world

•	 A framework for client-oriented agriculture
•	 A paradigm shift to agroecology: Context and conservation in 

agriculture
•	 All new technologies need a commercialization strategy
 o  E.g., Feed the Future Partnering for Innovation program
•	 Obstacles to big data in plant-level decision making for agriculture
 o  Data ownership, data validity, data standardization, data band-

width, data availability, and model practicality
•	 The risks of multiple breadbasket failures in the 21st century
 o  Need for and movement toward improved probabilistic model-

ing and prediction of multiple breadbasket failure events and 
their potential consequences for global food systems

•	 Soil security
 o  Protocols for measures, development of technology, valuation 

of soil as natural capital, evaluation of practices
•	 Collaborative research by agricultural, nutrition, natural, and 

social scientists could reduce this knowledge gap and improve 
performance across the food system
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Miscellaneous

•	 To make things simpler: Produce food more sustainably and reduce 
population growth

•	 Protein synthesis
 o  Capture atmospheric nitrogen and convert it to synthetic amino 

acids and then protein. We should do the research to build 
efficient bioreactors that combine sustainable synthetic pro-
tein with carbohydrates from our agricultural fields to produce 
healthy, tasty, and sustainable food

•	 Establishing adequate weather stations for developing countries for 
crop simulation

•	 Older ideas also work
 o  Organic family farming or permaculture
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