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Abstract: This study presents a county-level analysis and visual assessment of Iowa’s Food–Energy–
Water systems (IFEWs), focusing on the interdependencies of agricultural practices, nitrogen manage-
ment, and energy production. We use data from the USDA National Agricultural Statistics Service
and other sources to assess cropland-nitrogen sources, animal-based-nitrogen contributions, and
ethanol production capacity across Iowa’s counties. Our methodology leverages geoprocessing and
interpolation tools to address data availability challenges and refine nitrogen surplus (Ns) estimates.
The results reveal spatial–temporal dynamics of cropland-nitrogen, quantify non-point nitrogen
sources at the county level, and evaluate the impact of energy systems on the IFEWs balance. We
discuss the implications of our findings for sustainable agriculture, environmental management,
and energy production in Iowa. The study highlights the need for integrated approaches to ad-
dress the complex interactions within the IFEWs and informs policy development for sustainable
resource management.

Keywords: food–energy–water nexus; hypoxic zones; county-level analysis; nitrogen budget;
geospatial analysis

1. Introduction

Iowa is a pivotal player in American agriculture, not merely as a leader in the United
States for its agricultural production but also for its substantial environmental implications
extending beyond state lines. The state’s predominant role in producing food, energy,
and feed is demonstrated by its leadership in various agricultural production categories,
including hog inventory and corn (Zea Mays L.) grain production [1]. However, these
agricultural practices are closely linked to critical environmental concerns, particularly the
management of nitrogen and its impact on water quality. Nitrogen flux from agricultural
lands significantly contributes to the formation of hypoxic zones in water bodies such
as the Mississippi River Basin, affecting marine systems and human health [2–4]. While
phosphorus and rainfall are important environmental factors influencing agricultural
systems, nitrogen presents a unique set of challenges and critical importance, particularly
in the context of Iowa. This is due to its high mobility in the environment and significant
impact on water quality. The emphasis on nitrogen is driven by extensive prior research,
its importance as a critical nutrient for crop growth [5] and the availability of open-source
datasets that can be specifically related to nitrogen. More than 70% of the nitrogen and
phosphorus delivered to the Gulf of Mexico is associated with agricultural activities [6].
Additionally, nitrate load in the Mississippi River increased about threefold from the
1950s to the mid-1990s, underscoring the significant environmental impact of nitrogen
pollution [7]. Hence, understanding the dynamics of nitrogen loss in agricultural practices
is thus crucial for sustainable environmental management.

The Food–Energy–Water (FEW) nexus represents a critical, multidisciplinary domain
increasingly recognized for its fundamental role in sustaining human life and addressing
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global challenges like food security, energy provision, and freshwater availability. Research
emphasizes the intertwined nature of these components, suggesting that sustainable de-
velopment hinges on recognizing and managing these interdependencies [8,9]. Reflecting
the fact that half of the world’s population resides in urban areas, a significant volume
of research has focused on urban Food–Energy–Water (FEW) systems, as seen in studies
such as [10–14]. However, Iowa presents a contrasting scenario. Despite having most of its
population living in urban areas, a substantial 85% of Iowa’s land is devoted to agriculture
and a notable 34% and 28% of its harvested area is allocated to corn and soybeans (Glycine
Max (L.) Merr), respectively [1]. This agricultural dominance, while not heavily reliant on
irrigation, still significantly impacts the state’s water resources. The importance lies not
just in the quantity but also in the quality of water, particularly due to nitrogen surplus
(Ns) in agricultural runoff, which is a contributor to hypoxic zones and necessitates further
investment in water treatment for safe consumption. This underscores the importance
of managing agriculture’s impacts on Iowa’s water resources, emphasizing the critical
need for policies and practices that safeguard both water quality and the state’s robust
agricultural production.

The necessity for comprehensive datasets and the integration of data and technology
for resource planning becomes apparent [15–22]. Mohtar et al. [22] emphasized the benefits
of addressing the water, energy, and food sectors in an integrated manner, highlighting the
need for improved resource use efficiencies, more coherent environmental policies, and
overall sustainability strategies. They explored approaches that support the FEW nexus,
demonstrating that data combined with new technologies can support better decision-
making across these sectors. Similarly, Lawford [18] hypothesized that readily available
data and information can promote integrated resource planning, proposing steps for
designing and implementing an integrated data and information system in a FEW nexus
decision-making environment.

The importance of detailed analysis of all systems within the FEW nexus in an agri-
cultural landscape, which is critical in Iowa, becomes apparent. This aspect has been
less emphasized in existing studies [23–26]. Francisco et al. [23] focused on sustainable
food production systems within the FEW nexus, utilizing System Dynamics Modeling to
quantify interactions. However, their emphasis was primarily on the food system, with
less attention to the energy and water components. Vahabzadeh et al. [25] highlighted the
critical role of the energy subsystem, particularly in water withdrawal and consumption,
through comprehensive simulation modeling. Yet, their analysis mainly centered on energy,
with limited integration of food and water systems. Wolde et al. [24] explored the water
system, demonstrating the advantages of rainfed and deficit irrigation over full irrigation in
mixed regimes. While their study emphasized the need for optimizing irrigation strategies
based on changing groundwater tables and energy prices, it primarily addressed water
management without fully integrating the food and energy components.

When looking into agricultural landscapes, most studies have concentrated on irri-
gation within the FEW nexus [27–30], leaving a significant gap in our understanding of
rainfed systems and their role in the FEW nexus. Cui et al. [30] focused on the sustainability
assessment of pumped irrigation systems within the FEW nexus, highlighting the crucial
role of irrigation in ensuring food security and the sustainability of resources utilization.
Kumar et al. [27] introduced a framework for integrating biophysical crop growth simula-
tion into a hydro–economic model for mixed irrigation regimes, considering both rainfed
and irrigated agriculture.

Building on the foundational study by Raul et al. [31] which introduced a framework
for modeling the interdependencies within the Iowa Food–Energy–Water (IFEW) systems
and their significance in understanding nitrogen budget components and their impact on ni-
trogen runoff, our research addresses a key gap in their work. While Raul et al. [31] focused
primarily on static data, lacking temporal and spatial dimensions, our study incorporates
these and links directly to available data. These dimensions are essential for developing
a database that tracks not only nitrogen losses but also the storage aspects, inclusive of
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multiple age stages of animals. This enhanced approach aims to provide a more holistic un-
derstanding of IFEW dynamics over time and space, offering actionable recommendations
to improve data management and utilization practices within the IFEWs domain. Thus, our
study seeks to facilitate more robust decision-making processes, addressing the pressing
issues identified in the foundational and current research.

Our methodology addresses these challenges by leveraging data from governmental
and research sources to explore county-level and annual relationships within Iowa’s rainfed
agricultural FEW nexus, employing geoprocessing and interpolation tools for accurate data
scaling and incorporating Ns equations to refine our analysis [32–36].

Furthermore, informed by the insights on the importance of nuanced policy devel-
opment from the study on urban FEW nexus governance by Jones-Crank et al. [12], our
study undertakes a detailed visual analysis of the IFEWs. By employing advanced data
visualization techniques guided by experts in the field [37,38], we aim to elucidate the
quality of data and the intricate relationships within the nexus, enabling stakeholders to
make informed decisions. This approach not only transcends conventional agricultural
analysis but also highlights critical regions and variables pivotal for fostering informed
policy-making and practical solutions within Iowa’s FEW nexus.

In this study, our overarching goal is to enhance the understanding and management of
nitrogen budget components within the IFEWs by (1) refining our assessments of nitrogen
surplus (Ns) and (2) integrating energy system analyses. Specifically, we aim to assess and
enhance the spatial and temporal dimensions of the IFEWs data, ensuring an understanding
of trends and distributions across Iowa. We also plan to quantify cropland-nitrogen budget
components at the county level, identifying counties with higher dependencies on chemical
fertilizers and those that would benefit from strategic crop rotations. Additionally, we
will calculate manure-nitrogen budget components based on detailed livestock data and
manure management practices, pinpointing counties at risk of manure overflow and those
that could benefit from effectively utilizing imported manure. Our methodology will
include an evaluation of data quality, particularly focusing on the accuracy and reliability
of spatial and temporal nitrogen data across different counties.

2. Materials and Methods

Data availability poses a significant challenge in the interconnected fields of food,
energy, and water, where datasets often vary in spatial and temporal scales. Our study
overcomes this by leveraging government and academic data, focusing on county-level
and annual trends. This approach utilizes visualization as a tool to engage stakeholders
and highlight the potential impacts of data integration on Iowa’s water quality. Method-
ologically, we collect data on agricultural outputs, including crops and livestock, from the
USDA National Agricultural Statistics Service (USDA-NASS) through its API systems [39]
This data collection is crucial for understanding Iowa’s agricultural impact on hypoxic
zones. We address the challenge of suppressed or missing data using geoprocessing and
interpolation tools to ensure alignment with the annual scale of analysis.

Utilizing USDA-NASS data and other public sources, our study conducts an ex-
ploratory data analysis (EDA) of the Iowa Food–Energy–Water (IFEW) system, as proposed
by Raul et al. [31]. We focus on an annual county-level scale across all 99 Iowa counties from
1968 to 2019. The methodology starts with acquiring USDA data, then proceeds to estimate
cropland-nitrogen budget components (commercial nitrogen [CN], fixation nitrogen [FN],
and grain nitrogen [GN]), and finally assesses animal production and manure production,
including manure nitrogen (MN) with considerations for manure storage. This approach
aims to provide a nuanced understanding of various nitrogen budget components and Ns
to pave the way for exploring their relationships with the IFEWs subsystems.

The data sources and processing steps are summarized in Table 1, which outlines
the parameters, their references, the source of data, spatial and temporal scales, and
access methods. This table serves as a reference for the data utilized in our study and the
methodology employed for processing and generating the data.
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Table 1. Availability, processing, and generation of data used in our study. In this table, x refers to
yield (for crops, 1 for corn and 2 for soybeans) or headcount (for animals, beef cow, beef growing calf,
finishing cattle, beef bulls, dairy cow, dairy calf of 150 kg, dairy heifer of 440 kg, swine boar of 200 kg,
swine sow, and swine finisher), and A refers to area or spatial extent.

Parameters Reference Source Spatial
Scale

Temporal
Scale Access

Crop x1 *, x2 **, Acorn ***,
Asoybean ***, A *** [39] County Mostly

Yearly API

Animal xanimal **** [39] County Intermittent
Longitudinal API

Nitrogen Rate CN [32–40] 4 km2 grid Yearly Direct share
* x refers to yield of corn. ** x refers to yield of soybeans. *** A refers to area or spatial extent. **** x refers to
headcount (for animals, beef cow, beef growing calf, finishing cattle, beef bulls, dairy cow, dairy calf of 150 kg,
dairy heifer of 440 kg, swine boar of 200 kg, swine sow, and swine finisher).

We will use these data to develop an estimate of overall nitrogen surplus (or deficit) on
a county basis, incorporating a spatial and temporal analysis of cropland-nitrogen budget
components, a quantitative assessment of animal-based nitrogen contributions, and the
integration of energy systems within the IFEWs framework.

2.1. Data Assessment

Trends were visually assessed using graphical methods to cross-check the data. This
approach allowed for an intuitive comparison of USDA-reported data and IFEW-calculated
values. All scripts used in methodology and results can be found in the link provided in
the Data Availability statement.

2.2. Spatial and Temporal Analysis of Cropland-Nitrogen Budget Components

Based on the extended structure matrix (XDSM) for IFEWs agricultural and animal
systems proposed by Raul et al. [31], we developed an agronomic annual nitrogen budget
related to cropland-nitrogen components based on the data in Table 1. This cropland
contribution incorporates chemical fertilizer nitrogen (CN), nitrogen fixed by soybean crops
(FN), and nitrogen in harvested corn and soybean grains (GN) following methodologies by
Blesh and Drinkwater [41] and Jones et al. [42].

Data are retrieved from the NASS through the USDA Quick Stats API [39], which
allows access to detailed open-source county-level records on crop yields, areas planted,
and areas harvested. Our data retrieval process involves scripting in Python, which
automates the fetching, parsing, and initial handling of these data sets, ensuring that we
can systematically gather and update our information as new data becomes available.

FN and GN are calculated both using corn yield (x1) and soybean yield (x2), in kg
per hectare, corn cropland area (Acorn), soybean cropland area (Asoybean), and the sum of
corn and soybean areas in hectares, (A) as seen in Equations (1) and (2), with all crop data
acquired from NASS. In the case of FN, the areas used are from planted soybean crops,
and the planted sum of corn and soybean area and for GN are from harvested corn and
soybean crops.

Grain Nitrogen GN =
x1

1.18
100 Acorn + x2

6.4
100 Asoybean

A
(1)

Fixation Nitrogen FN =
(81.1x2 − 98.5)Asoybean

A
(2)

Cao et al. [32], developed a dataset of historical nitrogen fertilizer use in the United
States agricultural ecosystems to facilitate the study of nitrogen addition impacts; the
dataset is publicly available through Iowa State University. CN, then, is based on the Cao
et al. [32] dataset. This dataset’s 4 km2-scale grid was integrated with GIS and Python tools
to compute county-level average commercial nitrogen application rate.
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2.3. Quantitative Assessment of Animal-Based Nitrogen Budget Components

To estimate animal-based nitrogen contributions, we employed a structured approach
for data acquisition, utilizing the USDA Quick Stats API [39] to fetch comprehensive
livestock data from 1968 to 2019. The API queries were constructed to capture data points
relevant to the study, including livestock counts and age classifications across different
counties and years, ensuring a comprehensive historical perspective.

Linear interpolation was used to estimate temporal missing values in the acquired
datasets, leveraging existing data trends within individual counties to maintain data
continuity and reliability. Additionally, to ensure that these interpolated county-level
values remained aligned with broader state-level trends, we implemented a proportional
distribution method. Specifically, this method was used to adjust the interpolated values so
that the sum of all county data accurately reflected the total values reported at the state level.
This proportional adjustment process involves calculating the percentage deviation of the
summed county data from the state total and applying this percentage as a scaling factor
to each interpolated county value. This ensures that the adjusted data not only respect
individual county trends but also accurately aggregate to the state’s official statistics.

From these numbers, we derived variables for manure-nitrogen based on Andersen
and Pepple [34]. Departing from the baseline categorizations established by Raul et al. [31],
which grouped livestock into broad categories like Beef Cattle, Milk Cows, and generalized
proportions for Heifers/Steers and Slaughter Cattle, we have adopted more detailed
livestock demographics. The broader categories did not adequately account for the varying
manure production and nitrogen outputs among different age groups and types of animals.
To address this limitation, we have implemented a more nuanced classification system
according to Andersen and Pepple [34].

This granularity is crucial for effectively applying the manure-nitrogen contribution
equations (Equations (3) and (4)) proposed by Gronberg and Arnold [33], which estimate
the annual nitrogen contribution of each animal with greater precision.

Manure Nitrogen MN =
∑ MNLivestockGroup

A
(3)

where MNLivestockGroup = PAMN LF (4)

In Equation (4), P represents the population of each livestock group, AMN is the
nitrogen content in animal manure, and LF is the life cycle of the animal. Table 2 provides
the numerical values of the parameters used for the calculation of MN for each livestock
group according to Gronberg and Arnold [30] with modified nutrient values based on
Andersen and Pepple [31] to account for nutrient losses after storage. The total MN
contribution is then normalized using area A, which is the total hectares of soybeans and
corn planted yearly in each county. This equation facilitates a visual understanding of the
distribution of MN across the state.

Table 2. Nitrogen Content in Manure and Life Cycle for Livestock Groups Used in Manure N Calculation.

Livestock Group N in Manure after Storage
(AMN) [kg head−1 d−1] Life Cycle (LF) [kg d−1]

Beef, cow 0.029 365
Beef, growing calf 0.019 365

Finishing cattle 0.089 365
Beef, bulls 0.029 365
Dairy, cow 0.200 365

Dairy, calf, 150 kg 0.031 200
Dairy, heifer, 440 kg 0.060 365
Swine, boar, 200 kg 0.022 365

Swine, sow 0.036 365
Swine, finisher 0.028 180
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We also utilized the findings of Bian et al. [36] on manure-nitrogen production in
the United States from 1968 to 2017 to validate and assess the data quality of the IFEWs
methodology for MN accounting for nitrogen storage loss.

Finally, we explored the inclusion of poultry data in our analysis. However, we
encountered significant limitations due to the sparse availability of comprehensive data
sets. The poultry data was restricted to only a few years, making it challenging to derive
meaningful insights or establish reliable trends. Consequently, we made the decision to
exclude poultry from our primary analysis. Our reliance on data from NASS revealed that
inventory data for turkeys, broilers, and layers are only available for census years at the
county and state levels. Despite efforts to leverage the overall data provided by Porter
and Konopacky [43] for the years 2002, 2011, and 2019, we found that a mere 18 out of
the 99 counties housed Large Poultry Feeding Operations. Upon closer examination of
the animal nitrogen contribution, focusing on Sioux County, we observed that the head
count of laying hens comprised an estimated 79% of the total for beef, dairy, swine, and
poultry. However, it was found that the nitrogen available for land application after
storage, specifically pertaining to poultry, accounted for only 20% of the total nitrogen
available. Hence, this exclusion was necessary to maintain the integrity and reliability of
our findings, as the incomplete data for poultry could potentially skew the overall results
and interpretations.

2.4. County-Level Nitrogen Surplus Evaluation

After calculating these individual components described above, they are integrated to
estimate Ns according to the nitrogen budget equation (Equation (5)) [41,42].

Ns = CN + MN + FN − GN (5)

We are then able to estimate Ns at the county and yearly level to identify areas
requiring more intensive conservation efforts according to their main source of Ns.

This approach combines data on crop production and animal farming to provide a
nuanced understanding of the nitrogen dynamics in the agricultural systems of Iowa. It
enables a detailed analysis of the environmental impact of agricultural practices, particu-
larly in relation to nitrogen management. Figure 1 delineates the data processing steps and
methodologies applied in our study.

2.5. Integration of Energy Systems within the IFEWs Framework

Ethanol production is a vital component of both Iowa’s and the United States’ energy
systems. Iowa’s biorefineries account for one-fourth of the nation’s ethanol production
capacity [44], highlighting the state’s significant role in the biofuel industry. The state’s
42 ethanol refineries have an annual production capacity of 4.7 billion gallons, including
34 million gallons of cellulosic ethanol, and demand over 1 billion bushels of corn [45]. A
substantial portion of corn grown in Iowa is processed in ethanol plants, emphasizing the
importance of assessing ethanol production capacity at the county level for integrating
energy systems within the IFEWs framework.

We utilize county-level data on corn production from the USDA spanning the years
2005 to 2019 to estimate ethanol production capacity. This timeframe was chosen to
align with the significant regulatory changes introduced by the Energy Independence and
Security Act (EISA) of 2007 [46], which notably influenced the corn ethanol industry and
its integration within energy systems. Prior to this period, while data are available from
1986, the regulatory landscape and market conditions influencing ethanol production were
different, making data from 2005 onwards more relevant for our analysis.

Additionally, we incorporate the percentage of corn used for ethanol production as
reported by the U.S. Department of Energy [47], covering the same timeframe of 2005–2019,
to estimate the ethanol production capacity (Et) for each Iowa county in thousands of
gallons (Equation (6)) each year:
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Et = 3.36
x1 Acorn pethanol

1000
, (6)

where pethanol denotes the approximate percent of Iowa corn used for ethanol production
in a given year. To validate the ethanol production-capacity calculation, we aggregated
the estimated ethanol production at the county level to obtain state-level data. We then
compared these aggregated estimates with state-level ethanol production data provided
by the State Energy Data System (SEDS) [48]. The constant shown in Equation (6) of 3.36
was fine-tuned in the model by minimizing the sum of squared errors (SSEs) between
our model’s estimates and the EIA’s reported figures. This fine-tuned value, used to
calculate the ethanol production capacity per bushel of corn, aligns closely with figures
from previous studies, which propose an ethanol yield of approximately 2.7 to 2.8 gallons
per bushel [49,50]. This agreement supports the robustness of our model and its relevance
in current assessments of ethanol production efficiencies.

1 
 

Figure 1. Flowchart illustrating the methodology for estimating nitrogen surplus (Ns) in Iowa’s
agricultural systems. The process involves data acquisition and refinement for both crop and animal
data, followed by variable nitrogen calculation and integration according to the nitrogen budget
equation [32].
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3. Results and Discussion
3.1. Spatial–Temporal Dynamics of Cropland-Nitrogen Contributions
3.1.1. Evaluating the Quality of the Data

The data derived from Raul et al. [31] indicate noticeable disparities in commercial ni-
trogen (CN) application rates compared to guidelines from Iowa State University Extension,
which recommend average rates for corn-following-corn and corn-following-soybeans in
Iowa to be between 155 and 215 kg per hectare [51]. Notably, in-season N application
for soybean production in Iowa is not recommended [40]. These disparities became less
pronounced when we refined our approach by integrating the dataset from Cao et al. [32]
with the Cropland Data Layer–CDL data [35] (Figure 2), allowing us to focus specifically
on CN rates applicable to corn fields and align more closely with recommended values. We
employed Equation (7):

Rcorn =
AAgricultural LandCN

Acorn
, (7)

where CN represents the fertilizer application rate reported by Cao et al. [32], and
AAgricultural Land is the total agricultural area of crops in Iowa, which might include corn
fields, rye, alfalfa, wheat and hay fields, soybean fields, and pastureland. By overlaying
these data with the CDL dataset, we calculated a more precise CN application rate for corn
fields (Rcorn), showing greater adherence to the recommended values from Sawyer [40]
(Figure 3).
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Figure 3. Comparison of historical Nitrogen fertilizer application rates from Cao et al. [32] (a) and ad-
justed corn fertilizer rates (Rcorn) from 2008–2019 (b), highlighting their alignment with recommended
application rates.

Cao et al. [32] also noted that the use of base-map scales can lead to overestimation of
cropland percentages in states with lower crop coverage and underestimation in high-crop-
coverage areas. While the dataset is valuable for characterizing cross-crop differences in
nitrogen fertilizer use, it requires improvement to accurately represent spatial patterns of
nitrogen use. Our study’s approach to spatially and temporally aligning the data revealed
that the overall nitrogen application in Iowa, when focusing solely on corn cultivation, was
closer to recommended practices. A deeper understanding of crop rotations and pasture
nitrogen application could likely yield even better results.

3.1.2. Quantifying Cropland-Nitrogen Inputs and Output at the County Level

Our study reveals a comprehensive cropland-nitrogen budget for Iowa’s agricultural
landscapes, encompassing CN, fixation nitrogen (FN), and grain nitrogen (GN). The results
show that in the majority of counties and years, CN remains the largest nitrogen input
source, as it exceeds FN in 63.4% of cases. This indicates the extensive use of chemical
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fertilizers in the state’s agricultural practices and demonstrates the potential impact of
chemical fertilizer use on the state’s Ns.

The results seen in Figure 4 also emphasize the significance of nitrogen-fixating crops
in reducing reliance on chemical fertilizers. Although FN is a smaller nitrogen source than
CN in Iowa, nitrogen fixation can play a crucial role in contributing to a more balanced
nitrogen budget. Incorporating nitrogen-fixating crops into crop rotations can enhance
soil health and reduce the need for external nitrogen inputs, promoting more sustainable
agricultural practices.
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We noticed differences in FN and GN across Iowa’s counties (Figure 5), with FN
being more abundant in regions with extensive soybean cultivation. GN, associated with
the nitrogen content of harvested grains like corn and soybeans, is closely related to the
yields and harvested acreage of these crops, underscoring the distinct nitrogen dynamics
associated with specific crops within the state.

Technological advancements in grain production are acknowledged for their potential
to impact FN and GN. Ren et al. [52] highlight the role of technological advancements in
understanding and enhancing the efficiency of nitrogen fixation in legumes, which can
have implications for FN in agricultural systems. Debruin and Butzen [53] underscore the
role of technological advancements in breeding and managing corn hybrids to improve
GN and overall nitrogen use efficiency (NUE).

Recent innovations in precision agriculture, such as variable rate application (VRA)
technology [54], remote sensing, and real-time soil nutrient monitoring, have significantly
improved NUE by allowing farmers to apply nitrogen fertilizers more precisely and ef-
ficiently. These technologies reduce nitrogen surplus (Ns) by ensuring that nitrogen ap-
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plications are tailored to the specific needs of the crop at different growth stages, thereby
minimizing losses due to leaching and runoff [55], for example, using data from soil
and crop sensors to apply nitrogen more accurately. Active canopy sensors, such as the
GreenSeeker and Crop Circle systems, measure plant nitrogen status in real time and adjust
fertilizer applications accordingly, which can improve NUE by up to 15% compared to
uniform application methods [54]. Similarly, the CERES Maize crop-growth model helps in
determining the optimal nitrogen rates for different field zones, reducing overall nitrogen
usage while maintaining or increasing crop yields [55].
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Figure 5. Spatial distribution of fixation nitrogen (FN) and grain nitrogen (GN) in Iowa. (a,b) show the
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tively, demonstrating the variability in nitrogen dynamics across Iowa’s agricultural landscapes.

While the current study does not adjust the nitrogen budget for these potential techno-
logical improvements, we recognize that FN and GN contributions may evolve over time.
with agricultural innovation. Continual monitoring and updating of nitrogen budgets to
reflect changes in agricultural practices and technologies will ensure the model’s robustness
over time. The comparative analysis of CN, FN, and GN delineates their contributions
to the overall cropland-nitrogen budget. CN emerges as the primary nitrogen form in
regions with intensive corn cultivation, while FN’s contribution is more pronounced in
soybean-dominant areas. GN’s presence further illustrates the interconnectedness of these
nitrogen forms in Iowa’s agricultural ecosystem.

3.2. Quantitative Assessment of Animal-Based Nitrogen Contributions

In Figure 6, we present detailed visuals comprising two plots. The plots (a) and (b)
provide a temporal comparison of hog and cattle populations for two counties, before and
after applying our interpolation techniques.

Figure 7 compares hog populations using non-interpolated, interpolated, and state-
level validation data. The interpolated data align closely with the state-level validation data,
as evidenced by R2 = 0.99997, demonstrating the accuracy of our interpolation method.
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We also compared MN with and without accounting for storage losses to the county
average manure-production rates reported by Bian et al. [36]. Figure 8 shows the dis-
tribution of these three measures. The mean difference between MN with storage loss
and the county average manure-production rates is approximately 8.5 kg/ha, and the
median difference is 1.9 kg/ha. These values are relatively small compared to the standard
deviation of 25.4 kg/ha. In contrast, the mean difference between MN without storage loss
and county average manure-production rates is approximately 21.7 kg/ha, with a median
difference of 12.3 kg/ha and a standard deviation of 27.8 kg/ha.
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calculations aligns more closely with county averages, underscoring the importance of considering
nitrogen storage in agricultural ecosystems.

These findings highlight the substantial impact of manure storage on MN levels.
The closer alignment of MN with storage loss with the average manure-production rates
suggests that incorporating storage loss into the calculation of MN provides a more realistic
estimate of manure-nitrogen levels in agricultural settings.

Lastly, it is important to acknowledge the limitations of our study in terms of the
factors not accounted for, particularly manure transportation and waste management. Due
to the economic impracticality of transporting manure long distances [56], our estimates
of MN are inherently localized. This constraint reflects the practical limitations faced by
animal producers and emphasizes the localized nature of our MN estimation. While this
approach does provide valuable insights into MN distribution, it is crucial to understand
that these findings are largely applicable within a limited geographical scope surrounding
the production sites.

3.3. County-Specific Approaches to Nitrogen-Surplus Mitigation

The series of maps showing Ns every ten years from 1968 through 2018 across Iowa’s
counties (Figure 9) unveils significant fluctuations in its levels over the decades. These
maps highlight the spatial and temporal variations in Ns, reflecting changes in agricultural
practices and weather patterns. For instance, the extreme drought of 1988 had a direct
impact on yields [57], underscoring how sensitive Ns is to climatic variations.

Figure 10 highlights shifts in agricultural practices exemplified by changes in animal
population data from Story, Madison, and Wayne counties, which correlate with these
shifts in Ns values. In Story County, a 15.06% decrease in hog populations and a 64%
decrease in milk production from 1968 to 1978 significantly affected MN contributions.
Specifically, in 1968, Story, Wayne, and Madison counties had combined hog and cattle
populations of 183,500, 133,000, and 203,000, respectively, which were associated with
higher MN contributions. By 2018, these numbers had decreased to 89,692, 64,501, and
64,557, respectively. Conversely, Lyon, Sioux, and Washington counties saw a significant
increase in livestock populations from 1968 to 2018, with Lyon’s numbers rising from
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285,500 to 1,276,412, Sioux’s from 501,500 to 1,761,287, and Washington’s from 367,000 to
1,422,109. This increase in livestock density is a significant factor contributing to the higher
MN contributions observed in these counties by 2018.
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Figure 10. Breakdown of Ns components for random Iowa counties across six decades. The stacked
bar charts illustrate the contributions of commercial nitrogen (CN), fixation nitrogen (FN), manure-
nitrogen (MN), and grain nitrogen (GN) to the overall Ns in each county for the years 1968, 1978, 1988,
1998, 2008, and 2018. This visualization provides insights into the changing dynamics of nitrogen
sources and their impact on Ns over time.

Another significant shift in agricultural practices, which reflects changes in FN, can be
observed in Lyon and Sioux counties from 1968 to 1978. During this period, soybean yields
in these counties surged dramatically, with Lyon County witnessing a 115.18% increase in
yields and Sioux County a 105.39% increase, largely due to improved plant genetics and
agricultural management. A report from Irwin and Good [58] indicates that soybean yields
have trended higher since 1960, in a linear trend. This yield enhancement contributed to
significant variations in Ns, emphasizing the growing role of biological nitrogen fixation.
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The increase in FN across different counties by 2018 further illustrates a broader shift
towards more nitrogen-fixing crops like alfalfa. For instance, Fremont County saw its
soybean acreage increase from 90,900 acres in 1968 to 112,500 acres in 2018, with corn
acreage also rising. In contrast, Madison County experienced a decrease in soybean
acreage from 107,100 acres in 1968 to 68,700 acres in 2018, but corn acreage increased.
The FN increase can be explained by looking into the additional layers of CDL data,
which show significant changes in other nitrogen-fixing crops and grass/pasture land.
Fremont County’s alfalfa acreage grew from 351 acres in 2008 to 992 acres in 2018, and
other hay/non-alfalfa areas increased as well. Grass/pastureland decreased. In Madison
County, alfalfa acreage more than doubled, from 4283 acres in 2008 to 9313 acres in 2018,
and other hay/non-alfalfa acreage saw a substantial increase. Following the same pattern
as Fremont, grass/pastureland decreased. These shifts suggest a move towards more
nitrogen-fixing crops like alfalfa contributing to FN, alongside changes in soybean and
corn cultivation. This trend is supported by biotechnological advances aiming to reduce
dependence on synthetic nitrogen fertilizers, highlighted by research at MIT’s Voigt lab,
which is developing genetically engineered cereal crops that fix their own nitrogen, reducing
the need for chemical fertilizers [59]. Similar advancements are noted in a University of
Missouri review on the nitrogen cycle, emphasizing the environmental impact of nitrogen
fertilizers and the potential of biological nitrogen fixation to enhance sustainability [60].

Meanwhile, the consistent contributions of GN across all counties highlight the on-
going role of crop uptake in mitigating Ns, underscoring the importance of integrated
nitrogen management strategies to sustain agricultural productivity while minimizing
environmental impacts.

Finally, the data reveal a nuanced understanding of CN usage across different periods,
especially in the context of the EISA mandates [46]. From 1968 to 1974, prior to these
mandates, all counties showed no decrease in CN rates. However, distinct trends emerged
in subsequent periods: from 1975 to 1989, 8 counties experienced a decrease; from 1990 to
2004, this trend expanded significantly, with 58 counties showing a reduction; and from
2005 to 2019, post-mandate, 53 counties continued this decreasing trend, as illustrated in
Figure 11. This evolution contradicts the initial expectation of a uniform increase in CN
usage to boost corn production [60–62]. Instead, the decrease in fertilizer rates accompanied
by an increase in soybean acreage and crop rotation correlates with the growth in ethanol
production post-2007 [63]. These trends may be attributed to advancements in precision
agriculture and the increased adoption of tools like the Nitrogen Calculator, which have
influenced profitability and heightened environmental awareness [64,65].

While Ns serves as a valuable proxy for assessing potential impacts on water quality,
it has limitations in accounting for the complete nitrogen flow dynamics. This is signifi-
cant, as Ns does not differentiate between nitrogen retained in the soil, absorbed by crops
for growth (including that which is translocated to the grain, or leaching into water sys-
tems. Despite these limitations, the study’s findings offer valuable insights for guiding
county-level environmental policies, such as those outlined in the Iowa Nutrient Reduction
Strategy. Counties with high Ns may benefit from stricter nitrogen application regulations
or incentives for adopting sustainable practices.

Incorporating economic considerations is crucial for effective decision-making. While
tools like the Corn Nitrogen Rate Calculator provide valuable economic insights, there is
still a gap in the availability of interactive, intuitive, and universally applicable tools. These
decision-making aids are essential for helping stakeholders, including policymakers and
farmers, evaluate the cost-effectiveness of various conservation and agricultural practices.
Developing more accessible and comprehensive tools can support the balance between
agricultural productivity and environmental sustainability while ensuring economic viabil-
ity. Addressing this gap will empower a broader range of stakeholders to make informed
decisions that align with both their financial interests and sustainability goals.

Further studies are necessary to fully understand the environmental impact, including
research on nitrogen flow dynamics and the long-term effects of different management
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practices. Additionally, there is a need for more granular data to enhance the precision
of analyses. This study relied on publicly available data from USDA [39] and other open-
source research, which may have limitations in resolution and coverage. Addressing these
data limitations and uncertainties is crucial for refining the findings and developing more
targeted and effective nitrogen-management strategies.
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Figure 11. Comparative analysis of commercial nitrogen-rate trends across different periods relative
to the EISA Mandates [46]. This swarm plot illustrates the distribution of slopes for each defined
period (1968–1974, 1975–1989, 1990–2004, and 2005–2019), with colors indicating the trend (increase
or decrease) in commercial nitrogen usage. The data highlight a complex pattern of changes, with no
decreases observed before 1975, followed by increasing occurrences of decreasing slopes, peaking
during 1990–2004 and continuing through the post-mandate period (2005–2019).

3.4. Energy System Contributions to the IFEWs Balance

The ethanol production capacity equation (Equation (6)) demonstrated a reasonable
level of accuracy in estimating county-level ethanol production in Iowa. In our validation
process and fine-tuning of factor 3.36, we constrained the equation’s results to always
be lower or equal to the EIA-reported values post-2007. This adjustment was necessary
to account for the significant increase in ethanol production following the intensification
of production and use of ethanol, influenced by the EISA mandates [46]. Consequently,
while our model shows improved alignment with EIA-reported figures post 2007, it is
important to note that the absolute values of ethanol production were significantly higher
in this period compared to earlier years. This increase in production scale is reflected in
the discrepancies observed in Figure 12, which illustrates the comparison between the
EIA-reported ethanol production values and the results from Equation (6). The plot demon-
strates a closer alignment of our model’s estimates with actual data, particularly in years
following the enactment of EISA, although it also highlights that the larger scale of produc-
tion post 2007 introduces greater absolute discrepancies despite a relative improvement in
model accuracy.

The substantial growth in biofuel production over the past years is worth noting.
From 2011 to 2019, US ethanol production rose by 142%, with Iowa, a key biofuel- and
agricultural-commodity producer, increasing by 124%. In the same period, US biodiesel
production jumped by 252%, but Iowa’s growth was an astounding 356% [66]. These data
highlight the pivotal role of Iowa in achieving the mandates and its significance in the
study of the Iowa Food–Energy–Water systems (IFEWs) and its distinctive state-specific
land use patterns.

The increasing demand for corn and soybeans for biofuel production has significant
environmental implications, particularly concerning water quality and nitrogen surplus.
The dual use of these crops for the fuel and food sectors necessitates a careful assessment
of their environmental impact, with a focus on mitigating the effects on water quality due
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to nitrogen surplus. In addition to ethanol production, it is important to recognize the
multifaceted role of corn in Iowa’s agriculture, as it also serves as a feedstock for animal
production, contributing to the state’s output of beef, pork, and eggs. Similarly, soybeans
in Iowa play a diverse role, being used not only for biodiesel production but also in the
food industry for products like cooking oil and tofu.

These considerations underline the complexity and interdependence of agricultural
practices in Iowa’s economy and the importance of a comprehensive approach in analyzing
agricultural data and its environmental impacts. Hence, our research presents a view
of Iowa’s role in ethanol production, which could be extended to biodiesel production,
acknowledging the strengths and limitations of our predictive models. The necessity for
sophisticated, region-specific research approaches is evident, especially in addressing the
challenges of energy production, environmental sustainability, and agricultural practices.
Future research should focus on refining these models and exploring sustainable strategies
that balance energy goals with environmental and agricultural sustainability.
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3.5. Addressing Regional Variability

Significant regional variability was observed in the study results, reflecting the diverse
agricultural practices and crop types across Iowa’s counties. For example, counties with
extensive soybean cultivation, such as those in the southeastern region, showed higher FN
due to the nitrogen-fixing properties of soybeans. Conversely, counties with intensive corn
cultivation in the northwestern region had higher CN contributions due to greater reliance
on commercial fertilizers.

It is suggested that technological adoption may also vary regionally. Northwestern
counties, which are more agriculturally intensive, might have higher adoption rates of
precision-agriculture technologies like VRA and real-time soil nutrient monitoring, poten-
tially leading to better NUE and reduced Ns. In contrast, southeastern counties, with a
higher prevalence of smaller farms [67], might show slower adoption of these technologies,
impacting their nitrogen management practices.

These regional differences underscore the importance of tailored nitrogen management
strategies that consider local agricultural practices, crop types, and technological adoption
rates. Future research should focus on verifying these potential variations and develop-
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ing region-specific recommendations to optimize nitrogen use efficiency and minimize
environmental impacts across diverse agricultural landscapes.

4. Conclusions

Our findings highlight the spatial and temporal dynamics of cropland-nitrogen, with
significant variations in CN application rates across Iowa’s counties. The integration of
datasets allowed for a more accurate representation of CN rates, aligning closely with
recommended values. The study also emphasizes the importance of animal-based nitrogen
contributions in understanding the nitrogen dynamics of the agricultural landscape. The
inclusion of storage loss in the MN calculations provides a more realistic estimate of
manure-nitrogen levels.

The estimation of Ns at the county level identifies areas requiring more intensive
conservation efforts, underscoring the need for targeted approaches to mitigate nitrogen
surplus. The analysis of ethanol production capacity highlights the significant role of energy
systems in the Iowa Food–Energy–Water (IFEW) balance, with the spatial allocation of corn-
to-ethanol production providing future research efforts with insights into the distribution
of ethanol production across Iowa.

The findings of this study have important implications for environmental manage-
ment and policy development in Iowa. The identification of counties with high nitrogen
surplus can inform the implementation of more stringent nitrogen-application regulations
or incentives for sustainable practices. Additionally, the integration of energy systems
within the IFEWs framework supports the development of policies that balance agricul-
tural productivity with energy goals and environmental sustainability. In conclusion, this
study offers valuable insights into the interdependencies of agricultural practices, nitrogen
management, and energy production in Iowa’s agricultural landscape, highlighting the
need for integrated approaches, data availability, and informed policymaking to ensure
sustainable resource management.
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