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Abstract

Long-term agricultural field experiments (LTFEs) have been conducted for nearly
150 years. Yet lack of coordination means that synthesis across such experiments
remains rare, constituting a missed opportunity for deriving general principles of
agroecosystem structure and function. Here, we introduce the Diverse Rotations
Improve Valuable Ecosystem Services (DRIVES) project, which uses legacy data
from North American LTFEs to address research questions about the multifunc-
tionality of agriculture. The DRIVES Project is a network of researchers who have
compiled a database of primary (i.e., observations) and secondary (i.e., transformed
observations or modeling results) data from participating sites. It comprises 21
LTFEs that evaluate how crop rotational diversity impacts cropping system perfor-
mance. The Network consists of United States Department of Agriculture, university,
and International Maize and Wheat Improvement Center scientists (20 people) who
manage and collect primary data from LTFEs and a core team (nine people) who
organize the network, curate network data, and synthesize cross-network findings.
As of 2024, the DRIVES Project database contains 495 site-years of crop yields,
daily weather, soil analysis, and management information. The DRIVES database
is findable, accessible, interoperable, and reusable, which allows integration with
other public datasets. Initial research has focused on how rotational diversity impacts
resilience in the face of adverse weather, nutritional quality, and economic feasibility.
Our collaborative approach in handling LTFE data has established a model for data
organization that facilitates broader synthesis studies. We openly invite other sites to
join the DRIVES network and share their data.

Abbreviations: CIMMYT, International Maize and Wheat Improvement Center; DRIVES, Diverse Rotations Improve Valuable Ecosystem Services; LTFE,
long-term agricultural field experiments; NIFA, National Institute for Food and Agriculture; SOM, soil organic matter.
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1 | INTRODUCTION

To meet the 21st-century grand challenge of ensuring ade-
quate food production while increasing the delivery of
additional ecosystem services, agroecosystems need to be
increasingly multifunctional (Foley et al., 2005). Diversifying
agroecosystems is one consistent way to improve multi-
functionality (Tamburini et al., 2020). For example, diverse
crop rotations can improve crop yield and water regulation,
enhance nutrient cycling, boost pest control, and improve
important soil health indicators (Hegewald et al., 2018; Kru-
pek et al., 2022; Tamburini et al., 2020; Vendig et al., 2023).
In practice, short-term crop yield losses often occur when
adopting new multifunctional practices because any change
to a production system comes with a learning curve (Plastina
et al., 2020). However, multifunctional practices are associ-
ated with long-term benefits, such as improved soil properties
and reduced yield loss due to adverse weather (Sanford et al.,
2021). Producers are often disincentivized from adopting
practices that serve multiple functions beyond production
because they face strong historical legacies from regulatory
and market forces that incentivize simplified cropping sys-
tems (de Gorter et al., 2015; Hendrickson et al., 2013; A.
Smith & Stirling, 2010).

Long-term field experiments (LTFEs) are invaluable
resources providing critical underpinning evidence for the
development of practical strategies to realize diversified crop-
ping systems and multifunctional agroecosystems. Ecological
theory and a plethora of studies show that critical variables
(e.g., many soil properties) that underpin ecosystem multi-
functionality and resilience are slow to change (Qiu et al.,
2020). Management practices like reduced tillage, applying
manures and other soil amendments, and crop residue incor-
poration must be in place for many years before researchers
can detect “statistically significant” treatment effects (Bai
et al., 2018). Several studies, for example, suggest that a min-
imum of 5 years is required to detect management-induced
changes in soil organic C under the most rigorous assess-
ment methods (Necpalova et al., 2014; Schrumpf et al., 2011;
P. Smith et al., 2020). For crop rotation studies, multiple
years are required to fully establish all rotations, followed
by some minimum number of complete cycles before their
effects can be assessed (Castellazzi et al., 2008; Teasdale &
Cavigelli, 2017). Long-term experiments are also needed to
understand the effects of management practice in the face of
erratic events, such as droughts or pest outbreaks (Bowles
et al., 2020). Furthermore, variables like crop yield stability
require extended periods of time to capture the effects of prac-
tices across a spectrum of weather conditions (Reckling et al.,
2021; Urruty et al., 2016).

While a single LTFE provides valuable longitudinal data
about practices for a specific place or cropping system, syn-
thesizing findings from multiple LTFEs vastly expands the

Core Ideas

* Long-term agricultural field experiments are crit-
ical for understanding the multifunctionality of
agroecosystems.

* The DRIVES (Diverse Rotations Improve Valu-
able Ecosystem Services) network synthesizes data
across long-term experiments to understand the
role of crop rotation diversity.

* The DRIVES Network has constructed a publicly
available database containing daily weather and
crop yield observations.

inference space and provides unique insights about manage-
ment practices that improve agroecosystem multifunctionality
at a much broader scale. This is especially important given
that the effects of management practices likely differ across
environmental contexts, such as climate or edaphic charac-
teristics. In experimentation, these environmental properties
can condition treatment responses, such that some practices
appear more effective in certain areas than others. Thus, syn-
theses could identify the conditions under which a given
management practice impacts system performance and the
extent of the impact. Further, the management context can
markedly condition response to diversification in agroecosys-
tems (Maclaren et al., 2022; Snapp et al., 2010). For example,
crop rotations containing legumes often enhance crop per-
formance when little or no synthetic N is applied, but this
effect is smaller when synthetic N is supplied in abundance
(Bybee-Finley et al., 2024; Maclaren et al., 2022).
Agricultural science can draw inspiration from other
scientific fields that have created data infrastructure and net-
works of expertise for cross-site synthesis and collaboration
across long-term experiments. Ecologists in the United States
developed the Long-Term Ecological Research Network
(LTER) in 1980 (Iwaniec et al., 2021; Knapp et al., 2012) and
the National Ecological Observatory Network (NEON) in the
early 2000s (Dantzer et al., 2023). Some agricultural scientists
have emphasized the importance of coordinated multi-site,
long-term observations in agriculture (Robertson et al.,
2008). In response, the United States Department of Agricul-
ture Agricultural Research Service (USDA-ARS) funded the
Long-Term Agroecosystem Research Network (LTAR) in the
early 2010s, with a particular focus on developing the needed
cross-site syntheses of long-term datasets (Kleinman et al.,
2018; Walbridge & Shafer, 2011). Like-minded efforts are
also being made internationally. The China National Soil Fer-
tility and Fertilizer Efficiency Long-Term Monitor Network,
established in the late 1980s, has eight long-term experiments
(Zhao et al., 2010). The BonaRes Repository, created in 2015
as part of the German research strategy, which has merged
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with the European Joint Programming on Soil (EJP SOIL) for
soil and agricultural research, had metadata on 616 long-term
experiments as of 2022 (Donmez et al., 2022; Grosse &
Wilfried, 2019). The Latin American Agronomic Research
Network (RedAgAl), formalized in 2023, has 45 medium- and
long-term trial sites in Latin America with uniform protocols
and centralized data management (Fonteyne et al., 2023).
The Global Long-term Experiments Network (GLTEN) was
launched in 2019 as a worldwide metadata platform for
long-term agricultural experiments (Lisboa et al., 2020). In
addition to allowing cross-site syntheses, these efforts often
provide a repository for long-term data and metadata, which
preserves the contributions of individual experiments.

The Diverse Rotations Improve Valuable Ecosystem Ser-
vices (DRIVES) Project is one example of how the legacy
of LTFE data can be extended to address research questions
about multifunctionality of agriculture. The DRIVES Project
connects multiple LTFEs that include crop rotations as treat-
ments to better understand one of the oldest and well-known
methods of diversifying cropping systems. The DRIVES
Project consists of a network of USDA, university, and Inter-
national Maize and Wheat Improvement Center (CIMMYT)
scientists (20 people) who have managed and collected pri-
mary data from long-term experiments and a core team (nine
people) that has convened the network, organized the data,
and synthesized cross-network findings. The DRIVES Project
has worked to quantify the effects of rotational diversity
on productivity of individual crops and complete rotations,
with the goal of identifying how much and what kind of
crop diversity results in more multifunctional agroecosys-
tems (Bybee-Finley et al., 2024). The DRIVES Project also
provides the database infrastructure and network expertise
to quantify the role of rotational complexity on additional
ecosystem services such as soil health, economic perfor-
mance, and provision of human nutrition. In doing so, the
DRIVES Project has codified methods for handling long-term
data in peer-reviewed publications and in publicly accessi-
ble protocols and scripts. These will be useful for researchers
managing long-term agricultural experimental data and to
further efforts for cross-site syntheses.

Results of DRIVES analyses will provide robust insights on
the value of crop rotational diversity to meet the 21st-century
grand challenge of designing multifunctional agroecosys-
tems. For example, how might rotational diversity enable eco-
logical intensification and reduce synthetic fertilizer inputs
without compromising soil quality (Maclaren et al., 2022)?
Or, how might the risk of crop loss be reduced under a chang-
ing climate (Bybee-Finley et al., 2024)? Or, to what extent
can C input quantity and quality predict the accrual and qual-
ity of soil C stocks, as moderated by environmental context,
rotational diversity, and soil properties? Results can be used
to improve the accuracy of process-based crop/soil models to
better represent changes in soil properties over time.

As with ecological studies on biodiversity-ecosystem func-
tion relationships, cross-site syntheses allow researchers to
estimate the level of diversity at which crop yield or other
ecosystem benefits saturate, generally, and then as condi-
tioned by various environments. Results from cross-location
syntheses can be used to set expectations and guide local
management recommendations for farmers. The more general
effect sizes of diversity could be used to advocate for poli-
cies that require a minimum level of diversity that ensures a
level of multifunctionality and reduced risk of crop yield loss.
Altogether, the evidence the DRIVES Project generates is
valuable to agricultural stakeholders, including policymakers
who set agendas for managing food security, government offi-
cials and agencies that allocate support for particular farming
practices, and financial lenders that rely on accurate agricul-
tural risk assessments to manage and successfully allocate
credit to producers. The purpose of this paper is to convey the
motivation for the DRIVES Project; describe the Project com-
ponents, including the database; detail the research agenda;
and reflect on experiences of organizing legacy data. Our aim
is to cultivate interest in cross-site synthesis to derive gen-
eral principles of multifunctional agroecosystems and their
associated risk-reducing properties.

2 | BACKGROUND ON CROP
ROTATIONAL DIVERSITY

Diversifying crops over space and time is one proposed strat-
egy to create more multifunctional agroecosystems. Crop
rotations are the most common form of crop diversification in
industrialized agroecosystems (Beillouin et al., 2019). Rota-
tions can also be diversified by incorporating cover crops,
which increase spatial and temporal diversity without chang-
ing the cash crop rotation (Bybee-Finley & Ryan, 2018).
Diversifying crop rotations can enhance the resilience of
agroecosystems under an increasingly uncertain climate while
reducing use of external inputs and maintaining crop yields
(Bowles et al., 2020; Lin, 2011; Sanford et al., 2021).
Diverse crop rotations are an effective adaptation strategy
in the face of adverse weather and climate change. Across
time, crop yields of more diverse rotations are buffered against
exposure to stress because different crops have different grow-
ing seasons such that all crops in a rotation may not be exposed
to a given stressor (Gaudin et al., 2015). This buffering results
in a “portfolio effect” where the net yield variation of all crops
in a rotation is reduced compared with the average variation of
the individual crops (Paut et al., 2020). Functional differences
among species (e.g., plant architecture) that allow for greater
resource recovery (Picasso et al., 2011) and allow for vary-
ing responses to stress (Elsalahy et al., 2020) further enhance
the portfolio effect. Greater diversity of crops can affect plant-
soil feedbacks and can lead to increases in soil health, which
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then buffer crops from adverse weather (Mooshammer et al.,
2022).

Diverse rotations have been shown to support multiple
ecosystem services, including soil organic C conservation
(McDaniel et al., 2014; West & Post, 2002), pest suppression
(Rusch et al., 2013), and protection of water quality (Tomer &
Burkart, 2003; Tomer & Liebman, 2014). Rotation-induced
changes in soil physical, chemical, and biological proper-
ties affect rooting depth, belowground oxygen concentration,
water availability, microbial activity, microbially generated
phytohormone concentrations, and nutrient cycling (Baldwin-
Kordick et al., 2022; Ball et al., 2005; Bennett et al., 2012;
McDaniel et al., 2014; McDaniel & Grandy, 2016).

Diverse crop rotations can increase crop yields (Beillouin
et al., 2019; Zhou et al., 2020) and reduce fertilizer and pes-
ticide inputs. Crop rotations can be designed and managed to
accrue soil organic matter (SOM) by adding legumes, peren-
nials, and cover crops to annual grain rotations (King & Blesh,
2018; McDaniel et al., 2014). Cover crops and perennial crops
serve as a source of C and nutrients to support greater soil
microbial biomass, diversity, and function (Garland et al.,
2021; Pittelkow, Liang, et al., 2015; Potter et al., 2022; Tie-
mann et al., 2015; Venter et al., 2016). Thus, by increasing
SOM and creating more diverse C and N pools (Breza et al.,
2022), rotational diversity can help sustain crop yields in the
long term by increasing soil N availability, especially with
reduced synthetic N applications (Maclaren et al., 2022; M.
E. Smith et al., 2023). Crop sequences can reduce pesticide
use by increasing the proportion of low pesticide-use crops
in rotation and enhancing the ecological regulation of pests
(Guinet et al., 2023).

3 | DRIVES PROJECT DESCRIPTION

The DRIVES Project was conceptualized by participants
who attended the Corn in Context conference in July 2018,
which was coordinated by Drs. Matt Liebman and Mar-
shall McDaniel at Iowa State University and funded by the
USDA Agriculture and Food Research Initiative. The pur-
pose of the conference was to review key findings related
to the productivity, profitability, and environmental impacts
of corn-based cropping systems, identify knowledge gaps
about mechanisms contributing to multiple facets of cropping
system performance, and explore opportunities to better use
legacy data of US and Canadian long-term experiments. After
the conference, while sharing a ride to the airport, a group
of eager scientists, including a number of co-authors of this
manuscript, decided to submit a competitive grant proposal to
the Networks for Synthesis, Data Sharing, and Management
program of the National Institute for Food and Agriculture
(NIFA). The proposal, Synthesizing Data From A Network
Of Long-Term Diversified Cropping Systems Experiments To

D.R.I.V.E.S.

FIGURE 1 The Diverse Rotations Improve Valuable Ecosystem
Services (DRIVES) logo designed by Julie Sterba.

Reduce Producer Risk In An Uncertain Climate, was funded
($500,000), and the project began in 2021.

The DRIVES Project (Figure 1) has three components:
a network of scientists who manage and conduct research
on long-term cropping systems experiments, a database
of primary (i.e., observations) and secondary (i.e., trans-
formed observations or modeling results) data from par-
ticipating DRIVES sites, and an active research agenda,
described below. The DRIVES Project is primarily led by
two research scientists, supported by the NIFA grant, who
manage DRIVES activities, and is supported by seven advis-
ing USDA-ARS, university, and CIMMYT scientists. The
DRIVES Project has three research objectives:

1. Combine legacy data from long-term cropping systems
experiments in North America with a crop rotation com-
ponent and produce a database accessible for future
meta-analysis and cross-site synthesis.

2. Assess the role of rotational diversity in buffering crop loss
in the face of adverse weather and determine sustainable
options for reducing producer risks under future weather
scenarios.

3. Evaluate how crop production risks are influenced by crop
rotations and identify significant gaps in our understand-
ing of the mechanisms contributing to multiple facets of
cropping system performance.

The DRIVES Project has resulted in a community of
scientists who share experiences and generate research ques-
tions during bimonthly meetings using various formats of
brainstorming, breakout sessions, and mapping exercises.
Many DRIVES collaborators knew each other or had worked
together previously (Figure 2, Figures S1 and S2). One-on-
one virtual meetings with collaborators established trust and
a willingness to share data with the network. This trust was
formalized with a data-sharing agreement (Supporting Infor-
mation S1), which is a contract detailing (1) expectations of
how the DRIVES Project would use site data, (2) authorship
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Author network figure created in R with the igraph package (Csardi et al., 2024). Circles represent authors from peer-reviewed

journal articles attributed to Diverse Rotations Improve Valuable Ecosystem Services (DRIVES) sites and lines represent co-authorship on these

publications. Larger circles indicate that the author has published more articles attributed to DRIVES sites, and thicker lines indicate greater

collaboration between authors. Circles are colored by DRIVES site numbers that correspond to Table 1. Only authors who have published at least

two articles about DRIVES sites are featured. This network represents the largest number of connected authorships (92 of 119 authors) from the

complete network (Figures S1 and S2).

guidelines, (3) what data would be shared by sites, and (4) the
level of data access granted (e.g., available to the public or
only to DRIVES researchers). Meetings are supplemented by
bimonthly email updates. This community serves as a valu-
able forum where experiential knowledge about managing
LTFEs (e.g., obtaining funding and managing experimental
treatments) can be shared.

4 | DESCRIPTION OF DATA

Criteria for a site to be included in DRIVES are as fol-
lows: (1) treatments with contrasting crop rotations, (2) at

least three cycles through the longest rotation, (3) every
crop phase planted every year, and (4) ideally at least
10 years of data. In the beginning of 2024, the DRIVES
database contained 495 site-years of data from 21 experi-
ments and 87,300 crop yield observations (Table 1). The
DRIVES data fit into four main categories that are inter-
related and somewhat hierarchical: spatial and temporal
information about (1) experimental design, (2) agronomic
management, (3) observations, and (4) metadata about each
of the first three categories (Figure 3, Supporting Informa-
tion S2.1). Observations include both environmental context,
such as weather, and responses such as crop yield and soil
properties.
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Experimental design Management
* Experimental units meta * Rotations
* Experimental treatments * Planting and
* Site-specific treatment types harvest dates

¢ Site-specifictreatment levels <« Tillage
* Fertilizer

Observations Meta information

* Yield * Site

e Weather * Contacts

* Soil measurements + Weather station
* More... * Crop

e Crop variety
* Soil testing methods

FIGURE 3

Tables in the Diverse Rotations Improve Valuable Ecosystem Services (DRIVES) database. Italicized text indicates tables with a

time component. The relational structure of the database can be found in Figure S3.

Building on the initial work of Bowles et al. (2020) and
the Corn-in-Context meeting, sites in the DRIVES Network
are primarily concentrated in maize (Zea mays L.) produc-
tion regions (Figure 4). The experiments evaluate rotational
diversity relative to a single continuous monoculture, often
maize; multiple continuous monocultures; or two-crop rota-
tions. The median number of crop rotations per experiment
is three. Treatments are diversified by adding annual crops,
cover crops, perennial crops, or some combination (a list
of crop rotations for each site can be found in Table S1).
Experiments are generally managed according to best local
recommendations for field crop production. Seven sites have
tillage treatments and three sites have fertility treatments
crossed with rotation (Table 1). Four sites employ a crop-
ping system study approach in which crop rotation, fertilizer,
tillage, and/or weed management vary in intensity among
experimental treatments (sites 4, 17, 20, and 21). Four other
sites had additional treatments of continuous pastures (site 20)
or prairies (sites 10-12), although these data are not currently
included in the DRIVES database. Sites span the range of
semiarid steppe to humid subtropics. Most are humid conti-
nental with hot summers (n = 7), humid subtropical with hot
summers (n = 5), and humid continental with warm summers
(n = 4) (Figure 4).

S | DATABASE ORGANIZATION

The DRIVES Project has developed a findable, accessible,
interoperable, and reusable (Wilkinson et al., 2016) database
that increases the likelihood that its use will be widespread.
The DRIVES database was initially organized across several
platforms. Google Drive was used for early stages of database
development, mainly for file sharing. Application Program-
ming Interfaces (APIs) within Google Drive and Google
Sheets provided data validation tools to create a prelimi-
nary relational structure, along with R packages to facilitate a
scripting workflow (Bryan, 2023). This preliminary relational
structure facilitated a transition to a PostgreSQL database
managed through Directus (v11). Internal project files are

shared through Microsoft OneDrive and scripts are managed
through a Github repository. For more details about file man-
agement and workflow, see Supporting Information S2.2 and
S2.3, respectively. The database will be made accessible to
the public in late 2024.

The DRIVES database design is motivated by three guid-
ing principles: flexibility, interoperability, and tractability for
statistical models. Flexibility refers to the ability to add and
revise information in the database and investigate a variety of
research questions. The data structure must accommodate dif-
ferent experimental designs across sites, as well as changes to
treatments within sites. Flexibility is also essential to work-
flow. Because it takes a long time to curate data, flexibility
is important to segment data curation into manageable por-
tions (e.g., How to prioritize data organization?; What level
of detail in the data is necessary?; and How to add additional
information?). To give readers a sense of the effort involved in
data curation, it took two postdoctoral scientists 6 months to
construct and test a viable database structure for experimental
designs and crop yields.

DRIVES data are organized in a relational database with
different types of information placed in separate tables (Sup-
porting Information S2.1). This structure enhances flexibility
by allowing new information to be added as new tables, or
as new rows on existing tables. Tables are related through
foreign keys, such as a site or crop identifier, which allow
tables to be cross-referenced and merged. Many tables use
a compound primary key consisting of multiple columns
(e.g., the rotation identifier is the site identifier combined
with a descriptive rotation code). Additionally, we have cre-
ated a citation database using Zotero (Corporation for Digital
Scholarship, 2023) for peer-reviewed publications produced
by DRIVES sites. Each citation is tagged for location, years
included in the analysis, and research topic.

We attempt to preserve information from sites in the most
granular form to maximize options for downstream analysis.
Data can then be reorganized into coarser categories suitable
for addressing a research question. For example, triticale (x
Triticosecale Wittmack) and oats (Avena sativa L.) are coded
separately in the table describing crop rotations; if triticale
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Af BWh
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Csb Dfb [l Dwb
Csc Dfc ET
Cwa Dsa
Cwb | | Dsb
Cwc Dsc
Dfa [ Dwa

Map showing locations of the Diverse Rotations Improve Valuable Ecosystem Services (DRIVES) sites (white points) in 2024

overlaid on a map of Koppen—Geiger climate classification (Rubel et al., 2017). Numbers correspond with site descriptions in Table 1. Climate

classes in italics and bold below are those represented in the DRIVES Project: Tropical rainforest (Af), tropical monsoon (Am), tropical savanna dry
winter (Aw), tropical savanna dry summer (As), hot arid desert (BWh), cold arid desert (BWk), semi-arid steppe (BS), humid subtropical climate
with hot summer (Cfa), temperate oceanic climate with warm summer (Cfb), subpolar oceanic climate with cold summer (Cfc), temperate climate

with dry, hot summer (Csa), temperate climate with dry, warm summer (Csb), temperature climate with dry, cold summer (Csc), temperate climate

with dry winter and hot summer (Cwa), temperate climate with dry winter and warm summer (Cwb), temperate climate with dry winter and cold

summer (Cwc), humid continental climate with hot summer (Dfa), humid continental climate with warm summer (Dfb), humid continental climate

with cold summer (Dfc), continental climate with dry, hot summer (Dsa), continental climate with dry, warm summer (Dsb), continental climate with

dry, cold summer (Dsc), continental climate with dry winter and hot summer (Dwa), continental climate with dry winter and warm summer (Dwb),

polar tundra (ET).

replaces oats in a rotation, these crops can later be combined
into a single rotation code of small grains. However, the effort
of preserving information must be contextualized by research
priorities and whether similar information is available from
other sites. For example, perennial forage biomass data for
individual harvests in DRIVES were summed across multiple
harvests within a year as almost half of sites did not readily
have perennial forage crop yields by harvest date.

Data tables need to be designed to accommodate differing
experimental designs across sites (see Supporting Information
S2.4 for more detailed examples). While it is easier to enter
data in a wide format in which a separate column represents
a separate variable (Table S2), when combining data from
multiple experiments, a long format (e.g., a vertical design)
is valuable as the table structure remains unaltered as addi-

tional variables are added as new rows; this approach also
saves space for variables that occur in a subset of sites (Table
S3). For example, the vertical design of our crop yield data
(Table S3) has a different row for each crop fraction, meaning
that sites that measure both wheat (Triticum aestivum) grain
and straw will have two rows of data for the yield of that plot.

For the DRIVES database to be a useful resource for sci-
entists outside of the DRIVES Network, it must be easy to
comprehend the structure and terminology. Interoperability
refers to the ability to transfer information within and beyond
our network. Our primary strategy for interoperability was to
maintain internal consistency and collect documentation in a
data dictionary. Our data dictionary consists of three compo-
nents: a dictionary of database tables, a dictionary of database
columns, and a dictionary of variables used within columns.
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The dictionary of tables provides an overview of each table
in the database, along with a description of what a row rep-
resents within each table. For example, the crop information
table has one row per crop. The crop yield table has one row
for each crop fraction measured within each experimental unit
for each year (e.g., site-specific plot in a year). The dictio-
nary of columns provides descriptions for each column within
each table. This dictionary includes information on whether
columns represent foreign keys from other tables, and whether
the column contains a variable described in the variables dic-
tionary. The dictionary of variables describes categories used
within tables that are not foreign keys from other tables. For
example, we have a category describing types of crop frac-
tions represented in the crop yield table (e.g., grain, stover,
straw, etc.).

Consistent and clearly defined vocabulary helps facilitate
translation to vocabularies used by other groups. However,
there is a trend toward more formal ontologies in big data
efforts (Arnaud et al., 2020). Formal ontologies are a struc-
tured way to define relationships among information types
and hierarchically categorize information. Moving forward,
we plan to incorporate ontologies into the DRIVES database
by ensuring our internal ontologies can be easily matched to
existing external ontologies.

Building the database requires consideration not only to
immediate research questions, but also to anticipate future
research questions. Tractability for statistical models requires
organization of information in such a way that data can be
extracted, combined, and aggregated to suit each analysis.
Two strategies were pursued to facilitate preparing data for
statistical models. The first strategy was to include columns
that make it easy to filter out unwanted rows (see Table
S4 for a detailed example). For example, in our crop yield
dataset, we include a logical column indicating whether a
crop fraction is removed from the field. This makes it easy
to separate harvested products, such as grain, from residues
that are incorporated into the soil. The second strategy was to
create templates for tables involving time series observations
such as crop yield or weather variables. The template data
table contains a row for every potential observation includ-
ing empty rows for missing observations that can be removed
or imputed, depending on the downstream application. The
data template strategy was also useful for quality control. Mis-
matches between the template and raw data provided by sites
sometimes revealed an error in the raw data, such as a misla-
beled plot identifier, or a mistake in the database tables used
to generate the template. After correcting the mistakes, scripts
were easily rerun to generate and refill the affected templates.

6 | DRIVES RESEARCH AGENDA

The motivation to build the DRIVES database was to facil-
itate analysis about the effects of crop rotations on system

performance across multiple locations. The flexibility of the
database enables easy integration with other datasets, includ-
ing publicly available economic and nutrition data. This
allows us and others to assess the impacts of rotational diver-
sity using various response variables, such as units of energy,
nutritional value, efficiency of resource use, or gross or net
returns. Cropping systems will likely show trade-offs across
metrics (Snapp et al., 2010), and each metric provides a partial
assessment of any system.

A key strength of the DRIVES database is that it allows
evaluation of outcomes for both complete rotations and indi-
vidual crops. Past multisite studies of the impacts of rotational
diversity on crop performance have focused on the response
of an individual crop (Bowles et al., 2020; Maclaren et al.,
2022; Marini et al., 2020; M. E. Smith et al., 2023). How-
ever, the effects of crop rotations are more than the sum of
the effects on individual crops and thus should be examined
at the system level. Systems-level analyses can reveal poten-
tial trade-offs of increasing rotational diversity (Sanford et al.,
2021). Moreover, the portfolio effect can only be quantified
when evaluating rotational diversity at the complete rotation
level. Better understanding the portfolio effect and the impacts
of functional (i.e., ability of crops to access resources) and
response diversity (i.e., differing response of crops to stress)
allow us to assess the value of rotational diversity on cropping
system performance. The DRIVES database also allows con-
sideration of additional management practices (e.g., tillage
and fertility) or environmental conditions, which can inter-
act with the effects of rotational diversity (Pittelkow, Linquist,
et al., 2015; Snapp et al., 2010). The DRIVES Network is
addressing and planning to address various critical research
questions, which are summarized below.

6.1 | Crop yield responses to adverse weather
Rotational diversity has been proposed as a climate adapta-
tion strategy to reduce vulnerability of cropping systems to
adverse weather conditions (Petersen-Rockney et al., 2021).
Vulnerability encompasses exposure to hazardous events, sen-
sitivity to these events, potential impacts as a result of the
events, and the capacity of producers to prepare and adapt
to these events (U.S. Federal Government, 2021). Exposure
to adverse weather events during critical growth periods has
been linked to crop yield losses (Teasdale & Cavigelli, 2017).
Crops likely differ in their sensitivity to weather variables
because of their differing functional traits and responses to
stress (Elsalahy et al., 2020), and different phenologies and
critical growth periods (Teasdale & Cavigelli, 2017). With
the DRIVES Project database, we can examine components of
vulnerability separately and together and integrate responses
for multiple crops in a rotation across weather scenarios in
contrasting environments, thus quantifying how crop rotations
serve as an adaptation strategy. We plan to use the legacy data
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to develop a theoretical framework for quantifying inherent
vulnerability of crop rotations to adverse weather via a vul-
nerability index. The vulnerability index for a rotation will be
derived from statistical analyses of the occurrence of adverse
weather (e.g., drought, extreme heat, and excessive precipita-
tion) during critical growth periods of component crops and
the sensitivity of crop yields to adverse weather.

6.2 | Soil health

Diverse cropping systems are a key strategy for preventing
or reversing soil degradation that threatens long-term agricul-
tural stability. A meta-analysis conducted by McDaniel et al.
(2014) concluded that diverse rotations enhanced soil organic
C and N stocks, especially when diverse rotations included a
cover crop or took place in regions with higher mean annual
precipitation. Stabilization or accrual of soil C promotes soil
aggregation and aggregate stability, water storage and avail-
ability, and microbially mediated nutrient cycling. All of these
soil attributes can enhance crop yields, though positive evi-
dence is limited (Miner et al., 2020; Oldfield et al., 2019).
Even without a short-term yield benefit, management prac-
tices that promote healthy soils are essential for sustaining
long-term agricultural production and reducing “leakiness” of
systems that are in a constant flux between nutrient satura-
tion and deficit (Drinkwater & Snapp, 2007). Because soil C
accrual and stabilization occur over long time scales (years or
decades), long-term experiments are essential for evaluating
benefits related to soil health.

The DRIVES Project aims to better understand the
interactions between crop rotations, dynamic soil physi-
cal/chemical/biological properties, and crop yields. Most
DRIVES sites have measured soil organic carbon, and about
half have concurrently measured bulk density, although sam-
pling protocols vary considerably. Process-based crop/soil
simulation models could help disentangle interacting mech-
anisms among crops, soil, environment, and management
and identify adaptation measures for long-term sustainabil-
ity. However, current process-based models are incomplete
representations of soil C pool transformations and require
further improvements (Berardi et al., 2024). Soils data from
LTFEs are vital in improving and validating process-based
soil models by capturing changes in dynamic soil properties
over time (Paustian et al., 1995). DRIVES Project data will
be used to improve the abilities of process-based crop and
soil models to quantify short- and long-term effects of rota-
tional management on crop yield and soil health in diverse
environments.

6.3 | Nutritive value of grains and forages

Global agencies like the United Nations have highlighted that
current food systems dominated by few and highly uniform

crops are undermining human nutrition (iPES Food, 2016;
Kennedy et al., 2017). Increasing diversity of agrifood sys-
tems by increasing crop rotation diversity has been proposed
to reduce hunger and improve food security and sustain-
able agricultural production (Altieri, 1999; Bommarco et al.,
2013; Frison et al., 2006). However, relatively few studies
have connected agricultural production practices to nutritional
outcomes in industrialized agricultural systems as compared
with subsistence agricultural systems. The DRIVES database
provides a platform for evaluating the hypothesis that more
diverse crop rotations provide a broader range of consumable
macronutrients (protein, fat, and carbohydrate) and micronu-
trients (vitamins and minerals) at the cost of reduced caloric
output compared to less diverse crop rotations. Nutrient
content and caloric output can be estimated for each crop
using the USDA National Nutrient Database for Standard
Reference (Haytowitz et al., 2019) and then combined by rota-
tions to evaluate potential tradeoffs associated with increased
rotational diversity.

6.4 | Economic performance

More diverse rotations may have economic benefits due to
lower production costs. For example, while lower value crops
in more diverse rotations can reduce revenues (Davis et al.,
2012; Janovicek et al., 2021; Liebman et al., 2008), increased
rotational diversity can also reduce weed pressure and the
amount of pesticides required (Fonteyne et al., 2020; Liebman
et al., 2008), thereby reducing input costs and environmen-
tal impacts. More diverse rotations that include legumes can
reduce the amount of synthetic N fertilizer required to main-
tain cash crop yields (Davis et al., 2012; Liebman et al., 2008).
Using the DRIVES database, we plan to quantify impacts of
crop rotational diversity on producer economic performance,
including production costs. Moreover, more diverse rotations
have been shown to reduce the risk of reduced crop yields
under poor conditions (Bybee-Finley et al., 2024). Applying
this finding to economic impacts of risk management (e.g.,
participation in futures markets and crop insurance payments)
is another area that the DRIVES Project will explore.

7 | FUTURE ASPIRATIONS AND
LESSONS LEARNED

7.1 | Expanding the database

Expanding the number of sites and the richness of data will
enhance the value of the DRIVES database. Because the
DRIVES Project is based in North America, contains LTFEs
with industrialized field crop production, and has a research

agenda focused on the role of rotational diversity, DRIVES
prioritizes sites with these attributes that have at least 10 years
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of data or data for three rotation cycles. One obvious avenue
for expansion would be including more wheat-based long-
term experiments located in the Great Plains of the United
States, Canada, and northern Mexico that would provide a
more robust understanding of the role of rotational diversity
in these regions and cropping systems. Any LTFE that meets
the inclusion criteria is welcome to participate in the DRIVES
Project.

We intend to periodically update the database with addi-
tional data from participating sites. Data additions have been
manual thus far, which requires a firm understanding of each
experiment’s layout and careful reformatting of data for syn-
thesis. We plan to develop a data entry template to facilitate
data sharing and quality control. A dedicated data manager
for a synthesis project like DRIVES is necessary to over-
see the iterative process of entering data from multiple sites
more efficiently (e.g., communicate desirable data formats
and address common problems).

7.2 | Challenges and opportunities of
aggregating legacy data

Organizing legacy datasets at this scale is not for the faint-
hearted as data from individual sites were not initially
designed to be compatible. The task requires strong organi-
zational skills, tenacity, some subject matter expertise, and
frequent communication with the primary data collectors.
One major challenge of aggregating legacy data is that data
collection protocols varied across sites. Some differences have
had minimal impact on the data quality, particularly for crop
yields. For example, destructive harvests for crop yield data
have resulted in comparable values to county averages, regard-
less of spatial area harvested (e.g., whether samples were
collected using a quadrat or a selection of rows in the field).
However, synthesis of soil data is more difficult because dif-
ferent protocols lead to incomparable results. For example,
soil sampling protocols used by DRIVES researchers involved
differing spatial representation, time intervals, and depths.
Kladivko et al. (2014) reported that detailed, standardized
protocols are essential for comparing data across sites and
drawing inferences about soil and cropping system responses
to climate across a region. Moving forward, we envision
the DRIVES Project co-producing sampling protocols with
DRIVES collaborators that meet the needs of individual sites
and the network.

Although the DRIVES database provides ample data for
synthesis, it has made us aware of the limitations for cross-
site analysis. While individual sites have published on topics
such as weed management (e.g., Teasdale et al., 2004), dis-
ease incidence (e.g., Govaerts et al., 2007), and soil microbial
communities (e.g., Castle et al., 2019), the relevant obser-
vational data are not widely available across the network.

Further exploration of the citation database will likely reveal
limited representation from certain disciplines (e.g., pathol-
ogy, entomology, weed science, and sociology). Investigators
from those disciplines who use available DRIVES data may
help fill some of these gaps. Identifying such gaps may stimu-
late new research designed to use similar protocols in multiple
DRIVES Network sites.

In conclusion, the DRIVES Project, through its collabora-
tive efforts, has enhanced—and will continue to enhance—
our understanding of the multifunctional potential of crop
rotational diversity. By combining data from various agricul-
tural LTFE sites, the project helps bridge the gap between
ecological theory and agronomic practices. Our work aims
to highlight the importance of collecting and analyzing long-
term field experiment data. Synthesis of long-term research
across sites is essential for understanding the broader effects
of multifunctional agricultural practices since effects are often
not apparent in shorter time scales or at the spatial scale of a
single site. DRIVES’ comprehensive database is a clear exam-
ple of how collaborative research can address key agricultural
challenges. Looking forward, the expansion of the DRIVES
database will increase its impact, making it an even more
valuable tool for future agricultural research.
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