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N ational and international open-
access agricultural research databases 
are needed to help solve problems 

at watershed, regional, and national scales, 
and to connect productivity, soil health, and 
environmental quality to food quantity and 
quality. There are some established, open-
access agricultural research networks with 
extensive research data in the United States, 
but there is a major need to improve con-
nections between those networks and the 
emerging data in order to address complex 
questions. Improving the connections and 
flow of information among agricultural 
research networks will enhance the scien-
tific community’s ability to simultaneously 
increase crop yield, sustainability of natu-
ral resources, and environmental quality, as 
well as food, feed, and forage quality, and 
thus human and animal health. Establish-
ing a network of agricultural databases is 
crucial for facilitating information flow 
among different research disciplines. 
Doing so will also enhance multidisci-
plinary research opportunities and help 
build transdisciplinary teams that can pro-
vide answers to complex, whole-system 
research questions and thus solve some of 
the globe’s greatest challenges.

GLOBAL CHALLENGES
The ever-growing human population is 
facing one of the greatest challenges of 
the twenty-first century: to ensure the 
sustainability of agricultural and natu-
ral systems. Both are under the pressure 
of a changing climate and the increase 
in extreme events that accompanies it. A 
statement by the United Nations (UN) 
Secretary General about a special climate 
change report recently released by the 
UN Intergovernmental Panel on Climate 
Change, warns the global community that 
climate change is occurring at a faster rate 
than humanity is addressing it and that 
environmental consequences, including 
more extreme weather and sea level rise, 
will continue impacting humanity in the 
years to come (United Nations 2018). 
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The occurrence of extreme weather 
events such as droughts, floods, and hur-
ricanes will create havoc in some of the 
world’s agricultural production systems 
with far-reaching impacts on food security 
and human health mediated by zoonotic 
and vector-borne diseases (Watts et al. 
2015). Adaptation to a changing climate will 
be of the utmost importance. Conservation 
practices are key to adapting to a changing 
climate and will be essential to ensure that 
humanity maintains the productivity and 
the sustainability needed to confront those 
challenges (Delgado et al. 2011; Walthall et 
al. 2012; Spiegal et al. 2018). 

Responding to great global challenges 
such as climate change will require break-
ing down silos and working in larger, 
more diverse teams to answer larger-scale 
research questions concerning the impacts 
of agricultural systems and how we could 
use management and conservation prac-
tices to adapt to a changing climate while 
providing ecosystem services. A key prin-
ciple of adaptation to a changing climate 
is the need to “improve historical context” 
with long-term databases (Delgado et al. 
2011). Well-described and organized open-
access databases will increase the impact of 
research data by making it available to larger 
networks of scientists, extension personnel, 
consultants, private companies, professors, 
students, and members of the general pub-
lic. This effort is not beginning from scratch; 
indeed, the agricultural scientific commu-
nity has been developing database networks 
for the last two decades, but never have 
they been integrated into a linked system. 
The Agricultural Collaborative Research 
Outcomes System (AgCROS) brings 
together databases such as Greenhouse 
gas Reduction through Agricultural 
Carbon Enhancement Network/ Resilient 
Economic Agricultural Practices, for-
merly the Renewable Energy Assessment 
Project (GRACEnet/REAP) (Del Grosso 
et al. 2014; Jawson et al. 2005; Leytem 
et al. 2014; Spiegal et al. 2018), Long-
Term Agroecosystem Research Network 
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(LTAR) (Spiegal et. 2018), Nutrient Use 
and Outcome Network (NUOnet), Soil 
Health Assessment Network (SHAnet), and 
other databases, helping to integrate long-
term agricultural research data and provide 
users data at the depth and breadth needed 
to develop viable solutions to whole-system 
challenges and assess conservation practices 
and their effectiveness in mitigating and 
adapting to climate change (figure 1).

CULTURAL AND TECHNICAL 
CHALLENGES TO OPEN ACCESS DATA 

Cheruvelil and Soranno (2018) reported 
that in the field of ecology many of the 
challenges research is attempting to address 
will require larger sets of heterogeneous 
data, and they reported an open data sys-
tem with a team approach will be more 
successful in answering big-picture research 
questions. We suggest that the same is true 
for the field of agriculture. Ecology and 
agriculture share many of the same cul-
tural obstacles to developing large team 

approaches, including the myth of the lone 
genius and scientists traditionally being 
trained in a single discipline and conduct-
ing research individually (Cheruvelil and 
Soranno 2018), with accomplishments 
predominantly being rewarded as indi-
vidual efforts (Uriarte et al. 2007; Geman 
and Geman 2016). Agriculture is an applied 
research field that provides evidence-based 
outcomes for management decisions, and 
new grand challenges in agriculture will 
require data from various projects. However, 
data-intensive methods can be perceived 
as theoretical and not hypothesis-driven, 
and scientists may be hesitant to access 
and reuse data from other sources to 
complete a novel analysis (Cheruvelil and 
Soranno 2018; Elliott et al. 2016). Despite 
these cultural obstacles, “the powerful syn-
ergies realized by practicing team science 
and open science in conjunction with data-
intensive science” (Cheruvelil and Soranno 
2018) with data and information provided 

by a comprehensive database could be real-
ized in the agricultural research community. 

Even with the advantages described 
above and new requirements to make 
data open (Obama 2013), many bar-
riers remain that prevent researchers 
from embracing openness in their own 
work (Hampton et al. 2015) and sharing 
data (Couture et al. 2018). To overcome 
these barriers, there must be a paradigm 
shift in thinking from data ownership to 
data stewardship (Hampton et al. 2015; 
Easterday et al. 2018) and a collective 
approach to care of the data (Baker and 
Karasti 2018). However, some scientists 
may lack the resources or the particular 
expertise needed to transfer their data into 
repositories or database networks (Waide 
et al. 2017). Large volumes of data in file 
cabinets, floppy disks, and other media 
represent “dark data” (Heidorn 2008), 
and the absence of this data for others to 
use has hindered scientific advancement. 
Infrastructure for open-access data reposi-
tories would increase baseline information, 
thereby enabling assessments of changes 
with time and across space (Whitlock 
et al. 2010). Additionally, it would allow 
scientists to use these datasets to repeat 
studies at other sites and see if these studies 
could be replicated and validated. Finally, 
it would allow the preservation of datasets 
for future generations. 

There are also technical and logistical 
challenges to sharing and reusing data, and 
ecology presents some lessons learned. 
Comparing data collected under different 
objectives is a difficult endeavor, particu-
larly if the same methods were not applied 
to all the sites and various collection 
efforts were made at different sampling 
intensities or frequencies, even when sites 
or ecosystems don’t differ dramatically 
(Cushing et al. 2008). Working with data 
from organized networks and within sci-
entific collaborations can help mitigate the 
challenges to comparing data across vari-
ous sites and projects, and produce data 
of higher quality with more impactful 
research results with far broader implica-
tions (Moran 2016). Peters et al. (2014) 
reported that there is a need for coor-
dination among ecological networks to 
provide data that can be scaled to address 
challenges such as a changing climate, and 

Figure 1
The Agricultural Collaborative Research Outcomes System (AgCROS) is a grow-
ing “network of networks” that presently consists of multiple agricultural data 
networks: Nutrient Uptake and Outcome Network (NUOnet), the Greenhouse gas 
Reduction through Agricultural Carbon Enhancement Network (GRACEnet), Resilient 
Economic Agricultural Practices (REAP), Dairy Agriculture for People and the 
Planet (DAPP; Dairy Grand Challenge), Soil Health Assessment Network (SHAnet), 
Agricultural Antibiotic Resistance (AgAR), and the Long-Term Agroecosystem 
Research (LTAR) Network. By integrating these diverse database networks, AgCROS 
facilitates the flow of information and increases the cooperation among researchers 
participating in these networks.
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a need to use similar methods to measure 
attributes, using a controlled nomencla-
ture when joining different datasets into a 
network to reduce bias. For recommenda-
tions to alleviate several of these challenges 
(e.g., using common metadata protocols 
for consistent units and terminology and 
establishing requirements for data curation 
and repositories), see Eagle et al. (2017).

LESSONS LEARNED TO ENSURE LONG-
TERM AVAILABILITY OF DATA

There are large global efforts for open data 
and there are open-data policy initiatives 
taken on by governments and research 
sponsors. However, long-term data avail-
ability tends to remain limited without a 
reliable and robust data infrastructure or 
funding to support development of sys-
tems to contain and provide open-access 
data (Peters et al. 2014). There are many 
examples in the ecological research com-
munity (DataONE.org and Knowledge 
Network for Biocomplexity) and the 
agricultural research community (the 
Global Open Data for Agriculture and 
Nutrition Initiative [GODAN]). New 
technologies, including increased stor-
age capacity in “the cloud,” a network 
of servers accessed through the Internet; 
emerging data documentation standards 
(e.g., metadata); and more rapid develop-
ment via Web applications, set the stage for 
a future of long-term access to data and 
information. Along with the opportunities 
presented by these emergent technologies 
across multiple scientific fields today, and 
just as envisioned by Peters et al. (2014) 
and Waide et al. (2017) for ecology, we see 
it as key to develop a strategic vision for 
infrastructure to link data repositories at a 
national scale in order to help simplify data 
discovery and integrate the available data 
from across domains, such as ecology and 
agriculture. Coordinating the cyberinfra-
structure needed to manage a “network of 
networks” would be resource challenging 
(Waide et al. 2017), but data availability in 
the future is dependent on coordinated 
efforts for availability and accessibility now.

A linked data landscape includes con-
nections between data repositories, so 
that one may discover data and informa-
tion from various starting points, among 
a web-of-repositories (Baker 2009). 

However, as a first step, data must be shared 
to these repositories, which in agricul-
tural research has not been the tradition. 
Included in that infrastructure should be 
services for data providers and data users 
to ensure data are prepared to be findable 
via online portals to data repositories, 
accessible for download, interoperable 
between machines, and understood by 
humans to be reusable in new analyses, 
according to FAIR principles (Wilkinson 
2016). Such services should begin with 
inclusion of a data management plan 
within any research plan and approaches 
to data collection that allow for more 
efficient quality assurance, analysis, docu-
mentation, and sharing of data (Michener 
and Jones 2012). Preparing data for long-
term availability can be challenging, but 
data should be treated as valuable assets 
because it is difficult to judge the future 
value of any data in helping to acceler-
ate the speed of science, forecast future 
conditions, catalyze a collaboration, or 
amplify the impact of research.

ECOLOGICAL NETWORKS 
Ecological studies have moved from fine-
scale and plot-level emphases to larger 
scale and long-term temporal stud-
ies that are oriented toward examining 
regional- to continental- and global-scale 
phenomena (Peters et al. 2014). Ecological 
data in the public domain, however, are 
disseminated through several different data 
repositories in various academic, govern-
ment, and other institutions (Waide et 
al. 2017). For example, US governmen-
tal ecological databases are available from 
the Environmental Protection Agency, US 
Geological Survey, National Oceanic and 
Atmospheric Administration, National 
Aeronautics and Space Administration, 
Department of Energy, USDA Forest 
Service, National Science Foundation 
Geosciences, National Science Foundation 
Biological Sciences, and National 
Institutes of Health (Waide et al. 2107). 
An additional ecological nutrient network 
is NutNet, which has over 40 worldwide 
sites and addresses the effects of nutrient 
inputs and herbivores on ecosystem com-
position and function (Adler et al. 2011; 
Borer et al. 2014).

EXISTING AND EMERGING 
AGRICULTURAL DATA NETWORKS 

While the ecological community has faced 
the need to address larger-scale prob-
lems similar to the ones faced by modern 
agriculture, the agricultural community 
has developed a number of key, focused 
databases that have advanced agricultural 
research and outcomes. Some of these can 
be integrated with the AgCROS network 
as needed to further advance solutions to 
changing climate challenges. Research 
networks can provide a venue for virtual 
research communities that rely on shar-
ing data among collaborators and inform 
development of data infrastructure for 
their work. They can be at an advantage 
by having the provision of support for par-
ticipants and data managers to collaborate 
on specifications for organizing, docu-
menting, and sharing data. Many of our 
lessons learned come from the Long-Term 
Ecological Research (LTER) Network, 
and in agriculture we have the new 
LTAR Network, which is coordinating 
data efforts via a working group consist-
ing of data managers from each LTAR site 
to address how to share a large variety of 
data types and sizes, much like the LTER 
network did when designing their first 
network information system (Baker 2000).

Some examples of successful projects that 
have contributed to the generation of large 
agricultural databases include the USDA 
Agricultural Research Service (ARS) 
GRACEnet, REAP, and Conservation 
Effects Assessment Project (CEAP). These 
projects, with locations collecting data across 
different regions of the United States, gener-
ated the GRACEnet, REAP, and Sustaining 
the Earth's Watersheds, Agricultural 
Research Data System (STEWARDS) net-
works, with millions of publicly available 
records with supportive data on site descrip-
tors, experimental design, and methods; as 
well as management and measured data. The 
data, methods, and protocols used in these 
networks have been used by other US and 
international scientists.

Big data networks are now emerg-
ing in agricultural research through 
advances in molecular genetics networks 
that contain high-throughput sequenc-
ing data and provide important biological 
information about potential gene func-
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tions. An example of such a network is 
MaizeGDB. These networks will have 
long-term research data focused on maize 
(Zea mays L.). Tian et al. (2018) reported 
on MCENet, which is a database for a 
maize conditional co-expression network 
oriented toward helping researchers iden-
tify maize functional genes or modules 
that regulate important agronomic traits. 
The USDA ARS Germplasm Resources 
Information Network (GRIN) provides 
germplasm information about plants, ani-
mals, microbes, and invertebrates.

Agricultural databases focused on food 
have also been developed. An example is 
the International Network of Food Data 
Systems (INFOODS), which was founded 
at the Food and Agriculture Organization 
and which has contributed to the har-
monization and compilation of food data 
(Murphy et al. 2016). The USDA ARS 
Food Data System (FooDS) is a unique, 
national data system that includes the 
Food and Nutrient Database for Dietary 
Studies and the Food Patterns Equivalents 
Database, which have important informa-
tion about specifics of food composition. 

Other agricultural data networks and/or 
repositories are the Ag Data Commons of the 
National Agricultural Library, and Measured 
Annual Nutrient loads from Agricultural 

Environments (MANAGE) (Harmel et 
al. 2016). Additionally, there are soil data-
base networks, such as the USDA Natural 
Resources Conservation Service (NRCS) 
Geospatial Data Gateway, which has soil 
survey data. The USDA NRCS also has the 
PLANTS national resources inventory, as well 
as the National Soil Survey Center. There are 
also drought networks, such as the North 
American Drought Monitor (NADM), 
which is a network to monitor drought in 
Canada, Mexico, and the United States.

The Australian Soil Resource 
Information System (ASRIS) is a national 
data repository that includes almost 5,000 
nutrient site-years of experimental data 
across different regions of Australia with 
different climates and soil types. The data 
was collected using a standard template, 
and the process allows for ongoing collec-
tion of data. The Farm Nutrient Loss Index 
(FNLI) decision support tool can also be 
downloaded from the ASRIS site to assess 
the risk of nutrient loss from runoff, gases, 
or leaching. The European Soil Bureau 
and the European Soil Data Center pro-
vide datasets, services/applications, maps, 
documents, events, projects, and external 
links related to soil data. These are just a 
few of the growing number of agricultural 
data networks in existence.

AGCROS: A NEW APPROACH TO 
ENHANCE AGRICULTURAL  

DATA DISCOVERY 
AgCROS is a “network of networks” that 
links multiple agricultural databases using 
consistent variable names, units, and meth-
ods (figure 2). The AgCROS system is set 
up so that data contributors can provide 
their research data using commercial data 
management systems and/or the Data 
Entry Template (DET) originally designed 
for the GRACEnet and REAP efforts 
(Del Grosso et al. 2014). The DET is a col-
laborative tool for bringing data together. 
Some of the significant impacts of both 
AgCROS and the DET approach are that 
they have not only helped bring many 
agricultural data networks together but 
also have facilitated communication and 
cooperation between teams of researchers 
working in different areas of research. 

AgCROS and the DET approach have 
enabled cooperation among data teams that 
compile data, database managers that exe-
cute scripts and merge data from multiple 
locations, and a system administrator that 
publishes the data on the cloud. Metadata 
for agricultural datasets about management 
practices; animal management practices; 
and weather, physical, chemical, and bio-
logical data for soil, water, air, and crop 

Figure 2
Website for the Agricultural Collaborative Research Outcomes System (AgCROS) network, with links to participating networks.
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resources are aggregated for the National 
Agricultural Library’s Ag Data Commons. 
To the best of our knowledge, AgCROS is 
the first “network of networks” for agri-
cultural data. AgCROS has linked research 
from the GRACEnet, REAP, NUOnet, 
SHAnet, Dairy Agriculture for People and 
the Planet (DAPP), and LTAR networks 
(figure 3). It is also inherently designed to 
allow addition of future network efforts. 

The most recent example of AgCROS 
connecting different agricultural database 
networks is the new NUOnet (figure 4). 
NUOnet is a multidisciplinary, open-
access database that stores data about 
nutrient inputs, cycling, and sources 
(Delgado et al. 2016; Eve et al. 2016). 
Organic and inorganic nutrient inputs, 
crops, forage, and livestock can all be 
managed to increase productivity and sus-
tainability. One of the goals of NUOnet 
was the connection of NUOnet to other 
database networks. NUOnet is strength-
ening existing and established USDA ARS 
networks by contributing additional types 
of data that were not previously available 
in the already established GRACEnet and 
REAP databases. NUOnet is helping to 
provide more complete information that 
could be used to fine-tune models used for 
greenhouse gas (GHG) inventories since it 
adds data about nutrient management and 
the effects of best management practices 
on the potential to reduce nitrate-nitrogen 
(NO3-N) leaching, ammonia (NH3) vola-
tilization, and nitrogen (N) runoff. 

NUOnet has been developed using the 
established framework of the USDA ARS 
GRACEnet and REAP networks. Using 
the DET approach from GRACEnet, the 
GRACEnet/REAP DET was expanded 
with newly added tables for entering 
additional information about nutrient man-
agement research and pathways for nutrient 
losses (e.g., NO3-N leaching, NH3 volatil-
ization, and surface carbon [C] and N losses). 
The connection of networks such as the 
NUOnet, GRACEnet, and REAP can help 
researchers answer larger-scale questions. 

Indirect emissions of nitrous oxide 
(N2O) in the United States account for 
about 22% of the GHG losses from agri-
culture when expressed as carbon dioxide 
(CO2) equivalent emissions (USEPA 
2010). With the connection of networks 

in AgCROS, it is possible to download 
datasets that provide more complete 
information about C sequestration, GHG 
emissions, and nutrient losses in order to 
answer how best management practices 
can reduce direct and indirect GHG emis-
sions, increase C sequestration, and reduce 
nutrients losses to the environment. 
Additionally, NUOnet is connected to the 
USDA ARS Dairy Grand Challenge and 
aims to connect datasets on forage man-
agement, nutrient use efficiencies, effects 

on forage quality, and potential effects on 
milk quality and animal and human health. 
These are just a few examples of how 
AgCROS is helping to connect infor-
mation and make it publicly available to 
enable discovery of viable management 
practices in a whole-system approach.

Similarly, work is ongoing to expand 
the wealth of soil biological data through 
SHAnet. Significant advances have been 
made in how we envision the soil as 
a living component, and there is now 

Figure 4
Locations of sites contributing data and/or metadata for the first Nutrient Uptake 
and Outcome Network (NUOnet) data collection cycle (red points) and sites that 
have expressed interest in contributing data to NUOnet in future data collection 
cycles (blue points).

Figure 3
The Agricultural Collaborative Research Outcomes System (AgCROS) consists of 
multiple agricultural database networks. This map shows Long-Term Agroecosystem 
Research (LTAR) locations and collaborators; the locations of Greenhouse gas 
Reduction through Agricultural Carbon Enhancement Network (GRACEnet), Nutrient 
Uptake and Outcome Network (NUOnet), Resilient Economic Agricultural Practices 
(REAP), and Agricultural Antibiotic Resistance (AgAR); and Natural Resources 
Conservation Service Land Resource Regions in the United States.
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improved understanding of soil biology 
through new methodology that explores 
the changes in size, diversity, and activity 
of soil organisms at different levels, includ-
ing the microbiome. The soil biological 
data being collected across regions will 
enhance our understanding of soil health 
as affected by the complex interactions of 
management and climate variability. 

AgCROS is connecting agricul-
tural research databases, an effort that we 
believe is needed to help answer research 
questions at the local, regional, national, 
continental (e.g., North America), and 
even global scale for agricultural, natural, 
and urban landscapes.

FUTURE OPPORTUNITIES
 AgCROS will continue to expand with 
additional networks and will serve as a 
platform to bring scientists together to 
connect networks with their respective 
databases in a way that enables infor-
mation to be used to answer complex 
research questions and provide solutions to 
customers. As it grows, AgCROS will be 
able to provide larger datasets to the public 
to enhance the discovery of information, 
the development of viable products, and 
model calibration and validation, among 
other advantages. 

We propose that AgCROS can pro-
vide data that could eventually be used 
in new technologies such as machine 
learning, robotics, and artificial intelli-
gence. Robotics applications are rapidly 
advancing and will increasingly be incor-
porated into agricultural applications such 
as pesticide sprayers, automatic harvesting 
devices, soil systems, automatic grafting 
processes, and other applications. Together 
with drones and unmanned aerial vehi-
cles, some of these future systems will use 
networks to complete their applications 
(Belforte et al. 2018). 

While we cannot know what new devel-
opments may emerge in the agricultural 
sector over the next two to three decades, 
we suggest that the AgCROS approach of 
team cooperation and a “network of net-
works” for agricultural data will be used 
by new technologies in the future in ways 
that cannot be imagined today. We agree 
with the Cheruvelil and Soranno (2018) 
proposal for ecological studies, and propose 

a similar approach for agricultural studies. 
AgCROS is designed to be a unique “net-
work of networks” for agricultural data that 
will allow researchers test new empirical 
patterns and help provide new insights of 
large processes at greater agricultural scales 
to resolve grand-scale challenges that cannot 
be adequately addressed or understood with 
finer-scale studies. We hope that AgCROS 
will assist management practice and system 
research and new technological innovations 
for maintaining or increasing yields and 
increasing profitability while reducing neg-
ative environmental impacts and increasing 
soil, crop, animal, and human health.
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etc.) should contact USDA’s TARGET Center at 

(202) 720-2600 (voice and TDD). To file a complaint 

of discrimination, write to USDA, Director, Office 

of Civil Rights, 1400 Independence Avenue, S.W., 

Washington, D.C. 20250-9410, or call (800) 795-3272 

(voice) or (202) 720-6382 (TDD). USDA is an equal 

opportunity provider and employer.

Trade and manufacturer’s names are necessary to 

report factually on available data; however, the USDA 

neither guarantees nor warrants the standard of the 

product, and the use of the name by USDA implies 

no approval of the product to the exclusion of others 

that may also be suitable.
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