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Abstract Reactive nitrogen (N) fluxes have increased tenfold over the last century, driven by increases in
population, shifting diets, and increased use of commercial N fertilizers. Runoff of excess N from intensively
managed landscapes threatens drinking water quality and disrupts aquatic ecosystems. Excess N is also a
major source of greenhouse gas emissions from agricultural soils. While N emissions from agricultural
landscapes are known to originate from not only current‐year N input but also legacy N accumulation in
soils and groundwater, there has been limited access to fine‐scale, long‐term data regarding N inputs and
outputs over decades of intensive agricultural land use. In the present work, we synthesize population,
agricultural, and atmospheric deposition data to develop a comprehensive, 88‐year (1930–2017) data set of
county‐scale components of the N mass balance across the contiguous United States (Trajectories Nutrient
Dataset for nitrogen [TREND‐nitrogen]). Using a machine‐learning algorithm, we also develop spatially
explicit typologies for components of the N mass balance. Our results indicate a large range of N trajectory
behaviors across the United States due to differences in land use and management and particularly due to
the very different drivers of N dynamics in densely populated urban areas compared with intensively
managed agricultural zones. Our analysis of N trajectories also demonstrates a widespread functional
homogenization of agricultural landscapes. This newly developed typology of N trajectories improves our
understanding of long‐term N dynamics, and the underlying data set provides a powerful tool for modeling
the impacts of legacy N on past, present, and future water quality.

Plain Language Summary Over the last century, people have increasingly used nitrogen
fertilizer to increase crop yields. The nitrogen not taken up by crops in agricultural areas runs off of the
land and pollutes rivers, lakes, and coastal areas. This excess nitrogen also forms a powerful greenhouse gas
that contributes to climate change. Excess nitrogen can build up in the environment over time and pollute
our water for decades. It is therefore necessary for us to know how much extra nitrogen has been applied
over many decades to better understand current risks to the environment. In our study, we have used
multiple data sources to calculate how much nitrogen has been added to the landscape, how much nitrogen
has been removed through crop production, and how much human waste is produced, for every county
in the contiguous United States from 1930 to 2017. We show that the main sources of nitrogen can be
different in different areas of the country. We also show that high levels of nitrogen use canmake landscapes
in very different climates look very similar. This new data set will be very important for creating models that
can predict how decades of high nitrogen inputs impact water quality and future changes in climate.

1. Introduction

Worldwide increases in the fluxes of reactive nitrogen (N) threaten drinking water quality, disrupt aquatic
ecosystems, and escalate emissions of greenhouse gases (Camargo & Alonso, 2006). In the United States,
7% of domestic wells have been found to exceed the 10 mg N L−1 drinking water standard for nitrate
(Dubrovsky et al., 2010), and recent work suggests that human health is negatively impacted even at concen-
trations as low as 0.9 mg N L−1 (Schullehner et al., 2018; Ward et al., 2018). In Denmark, more than 40% of
monitoring wells are reported to have concentrations greater than the WHO drinking water standard
(Hansen et al., 2017), and in China, it has been suggested that at least 28% of wells exceed this standard
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(Gu et al., 2013). In coastal regions, we see N‐driven increases in the incidence of harmful algal blooms
(HABs) and the development of large dead zones. Problems of nutrient‐induced hypoxia have been noted
for decades along the Louisiana continental shelf in the Gulf of Mexico and in the Chesapeake Bay
(Harding et al., 2019; Rabalais et al., 2002; Van Meter et al., 2017). Excess N in soils and surface water also
leads to increased GHG emissions, with agriculture accounting for approximately 63% of all anthropogenic
emissions of N2O (Syakila & Kroeze, 2011).

At both global and local scales, increased N fluxes are dominated by the food and energy requirements of a
growing human population. Development of the Haber‐Bosch process for fixing atmospheric N paved the
way for industrial‐scale production of commercial N fertilizers (Smil, 1999). Increased fertilizer use fueled
a post‐WW2 revolution in farming and a doubling and tripling of crop yields (Mosier et al., 2004).
Increasing population, differences in dietary choices, and changes in energy policy have led to increased
meat consumption, increases in livestock grain requirements, rising corn‐based ethanol production, and
increases in the agricultural land area necessary tomaintain desired production levels (Alexander et al., 2015;
Donner et al., 2004; Hudiburg et al., 2016). As livestock feeding operations have been more concentrated,
overapplication of excess manure N to crop and pastureland has become commonplace (Metson et al., 2016).

Increasingly, efforts are being made to quantify the nature and magnitude of changes in anthropogenic N
cycling. It has been estimated that more than 150 Tg of anthropogenic, reactive N is added to the global N
cycle each year through industrial fixation processes, cultivation of N‐fixing crops, and the burning of both
fossil fuels and biomass, and some suggest that this human intensification of the global N cycle has trans-
gressed planetary boundaries (Galloway et al., 2008; Rockström et al., 2009). At a country scale, it has been
shown that more than 50% of anthropogenic N is lost to the environment, with losses varying as a function of
climate, crop type, and fertilizer application rates (Lassaletta et al., 2014).

There have been many attempts to bring both mass balance and process‐based modeling approaches to con-
siderations of water quality in intensively managed watersheds. Such attempts have ranged from simple
input‐output N budgets (Goyette et al., 2016; Hong et al., 2011, 2012; Kopáček et al., 2013; Swaney et al., 2018)
to complex biogeochemical process models (Del Grosso et al., 2002; Ilampooranan et al., 2019; Yiridoe
et al., 1997). The first category is the Net Anthropogenic Nitrogen Inputs (NANI) approach, which calculates
the difference between all anthropogenic inputs and outputs (atmospheric deposition, commercial N fertili-
zer application, crop N fixation, N inputs and outputs of food and feed) to a watershed (Hong et al., 2011).
Based on this approach, significant linear relationships have been noted between net N inputs to a
watershed and measured fluxes of riverine N, with some suggesting that approximately 25% of net N inputs
are lost to downstream waters (Boyer et al., 2002; Howarth et al., 2006; Swaney et al., 2012). Adding more
complexity, empirical models such as SPARROW (R. B. Alexander et al., 2001), GREEN (Grizzetti
et al., 2005), and NEWS (Mayorga et al., 2010) have been used to predict riverine N loads based on a function
of watershed N inputs and terrestrial and aquatic retention factors that are calibrated to nitrogen loads at the
watershed outlet. Finally, more sophisticated biogeochemical models, such as DAYCENT, CENTURY, and
SWAT, explicitly simulate various N fluxes (e.g., denitrification and crop uptake leaching) using detailed
process‐based equations (Del Grosso et al., 2002; Ilampooranan et al., 2019; Yiridoe et al., 1997).

The above approaches make one critical assumption that may limit their real‐world accuracy: that a given
year's N balance is the primary driver of that year's N fluxes. Indeed, it is increasingly understood that N
emissions from agricultural landscapes are a function not only of current‐year N inputs but also of legacy
N that may have accumulated over decades of fertilizer application and intensive livestock production
(Ascott et al., 2017; Chen et al., 2014; Sebilo et al., 2013; Van Meter et al., 2016). For example, studies of
nitrate pollution in the U.S. Mississippi River Basin suggest that as much as 85% of the current riverine N
load is made up of legacy N (Van Meter et al., 2017, 2018).

Therefore, to better understand long‐term N dynamics, and in particular, the role of N legacies in driving
both dissolved and gaseous emissions of N from human‐impacted landscapes, it is crucial to develop
long‐term data sets of N inputs and outputs. In their analysis of Mississippi and Susquehanna River Basin
trends in riverine nitrate, Van Meter et al. (2017) developed such a data set, allowing them to estimate
watershed‐scale N balances from 1800 to 2016. Their estimates, however, were based on state‐level
Agricultural Survey data, thus limiting the spatial resolution of their results. To provide finer spatial resolu-
tion, Swaney et al. (2018) have developed a county‐scale data set of anthropogenic N inputs and outputs
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covering much of the contiguous United States, and Sabo et al. (2019) have built upon this work to provide
more complete geographic coverage and a more inclusive inventory of N inputs. In addition, Hamlin
et al. (2020) have developed estimates of landscape N inputs across the Great Lakes region at a 30‐m spatial
resolution. All of these data sets, however, are limited in their temporal extent. The Swaney et al. (2018) data
set provides N inputs and outputs at 5‐year intervals for the period 1987–2012, the Sabo et al. (2019) data set
covers only the years 2002, 2007, and 2012, and the Hamlin et al. (2020) data set only the years 2008–2015. To
provide greater temporal coverage, Yang et al. (2016) have developed a county‐scale data set covering the
period 1930–2012, but their data are limited to manure nutrient production.

Here, we address these limitations by constructing a long‐term (1930–2017), county‐scale N mass budget for
the contiguous United States—the Trajectories Nutrient Dataset for nitrogen (TREND‐nitrogen). In this
work, we quantify individual components of the anthropogenic N balance and also calculate county‐scale,
N surplus magnitudes, which we define here as a simple sum of N inputs (fertilizer N application, biological
N fixation, atmospheric N deposition, manure N, and human waste) and nonhydrologic outputs (crop N
uptake). In carrying out this work, our primary objectives were to (1) provide multidecadal, fine‐scale, tra-
jectories of N inputs and outputs across the contiguous United States and (2) to investigate spatial and tem-
poral changes in the county‐scale patterns in N inputs and outputs in the context of historical changes in
population, land use, and management.

2. Materials and Methods

Details regarding compilation of the mass balance data set are provided in section 2.1. Additional methods
related to our cluster analysis and development of the N surplus typologies are provided in section 2.2.

2.1. Data Set Preparation: The Nitrogen Mass Balance

Components of the N mass balance were calculated for the period 1930–2017 at a county scale across the
contiguous United States. All data related to this mass balance are included in the TREND‐nitrogen data
set (https://doi.org/10.1594/PANGAEA.917583) (Byrnes et al., 2020). Details regarding the calculation of
individual components of the mass balance are provided below and in the Supporting Information S1. For
a summary of the individual components and related data sources, see Table S1.

Note that compilation of such a large data set requires the use of many different underlying data sets, often
compiled by different organizations, at different scales, for different reasons. The harmonization of such data
sets not only presents methodological challenges but also provides substantial benefits, in this case in the
form allowing large‐scale comparisons of N dynamics across spatial and temporal scales. Specific challenges
related to this harmonization are addressed in the sections below related to individual components of the
mass balance.
2.1.1. Atmospheric N Deposition
Atmospheric N deposition, DEP, was calculated as the sum of wet and dry deposition of oxidized forms of N
(NOx). Three primary data sets were used to calculate N deposition over the 1930–2017 study period: (1) U.S.
4 km × 4 km gridded wet (1986–2017) and dry (2000–2017) deposition data (National Atmospheric
Deposition Program, 2018); (2) national NOx emission trend data (1943–2008) (Houlton et al., 2013); and
(3) global 450 km × 420 km gridded deposition data (1860–2050) (Dentener, 2006). For additional details
regarding development of the 1930–2017 deposition data set, see Text S1.1.
2.1.2. N Fertilizer
County‐scale estimates of N fertilizer use (domestic and agricultural), FERT, were obtained for the period
1945–1985 from Alexander and Smith (1990) and for the period 1987–2012 from Brakebill and
Gronberg (2017). For the period 1930–1944, we used gridded, 5 km × 5 km resolution, estimates of N ferti-
lizer application from Cao et al. (2018). For the period 2012–2017, we estimated county‐scale N fertilizer
inputs based on national fertilizer use data (1994–2017), which we scaled to individual counties based on
established ratios of county to national‐scale use for the period 2008–2012 (USDA, 2018). For additional
details regarding development of the 1930–2017 fertilizer data set, see Text S1.2.
2.1.3. Biological N Fixation
Biological N fixation, BNF, the process by which nonreactive atmospheric N is microbially fixed and con-
verted to reactive N (Galloway et al., 1995), was calculated for cropland using area‐ and yield‐based methods
(Bouwman et al., 2005; Han & Allan, 2008; Hong et al., 2013). BNF input values were calculated for the
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following crops: soybeans, peanuts, lentils, dry beans, snap beans, hay (alfalfa and non‐alfalfa), and cropland
pasture. Calculations were based on county‐scale estimates of cropped area and crop production data
obtained from the U.S. Agricultural Census. Data for census years between 1930 and 2012 were obtained
from a digitized Agricultural Census data set housed within the Inter‐university Consortium for Political
and Social Research (ICPSR) data archive (Haines et al., 2018). Data for the 2017 census year were obtained
through the USDANational Agricultural Statistics Service (NASS) Quick Stats tool (USDANASS, 2017). For
additional details and parameters used in the calculations, see Text S1.3 and Tables S2 and S3.
2.1.4. Manure N Inputs
Manure N inputs, MAN, which we define here as all waste excretion from livestock production, were esti-
mated using livestock inventory data available through the U.S. Agricultural Census. Data were obtained
from the ICPSR data archive (1930–2012) (Haines et al., 2018) and NASS Quick Stats. Eleven different live-
stock categories (dairy cattle, beef cattle, heifers, steers, chickens, pullets, broilers, turkeys, hogs, sheep, and
horses) were included in the calculations, similar to other studies (Boyer et al., 2002; Goyette et al., 2016;
Hong et al., 2011; Yang et al., 2016). These 11 categories were confirmed to contribute over 95% of all manure
produced in each state based on 2012 livestock inventory estimates. Manure N was calculated using the pro-
duct of reported heads of livestock and the annual N content of the manure generated per animal and then
normalized by county area (kg N ha−1 y−1). For additional details and parameters used in the calculations,
see Text S1.4 and Tables S4 and S5.
2.1.5. Crop N Uptake
Crop N uptake, CROP, was calculated using county‐scale, crop‐specific production data from the
Agricultural Census. Data were obtained from the ICPSR data archive (1930–2012) (Haines et al., 2018)
and NASS Quick Stats (2017) (USDA‐NASS, 2017). A total of 63 different crops, including field crops, fruit
and nut trees, fruits, and vegetables, were used in calculating this component of the N budget. This selection
of crops, which was confirmed to cover ≥97% of the county‐scale cropped area (USDA NASS Cropland Data
Layer, 2010), is much broader than that accounted for in other studies. For example, Swaney and
Howarth (2019) include only 16 crop types for N uptake calculations, and Sabo et al. (2019) explicitly include
21 crop types, plus an “other crop” category for which uptake was calculated using a mean N uptake para-
meter. Parameter values used to convert crop production data to crop N uptake values (kg N ha−1 y−1) in the
present study are given in Table S6, and for additional details regarding the calculation of the crop N uptake
values, see Text S1.5 and Table S6).
2.1.6. Human N Waste Inputs
Inputs of N associated with human waste, HUM, were estimated using population census data and litera-
ture estimates of per capita human annual N excretion (5 kg N y−1) (Hong et al., 2011). Decadal
county‐scale population census data were available from 1930 to 1990 (U.S. Census Bureau, 2007), and
annual data were available after 1990 (U.S. Census Bureau, 2016). For the period 1930–1990, we interpo-
lated decadal census data to obtain annual estimates of population. County‐scale human N waste inputs
were calculated as the product of the N excretion rates and county‐scale population numbers. Note that a
significant fraction of this waste is treated in wastewater treatment plants or septic systems before it is
discharged to the environment. The treatment efficiencies of human waste vary spatially and also have
changed significantly over the last 88 years. Developing these trajectories is beyond the scope of the cur-
rent work.
2.1.7. N Surplus Calculation
We define the county‐scale N surplus, NScnty (kg N ha−1 y−1), as the difference between N inputs (atmo-
spheric N deposition, fertilizer N, manure N, biological N fixation, and human N waste) and “productive”
N outputs (crop and pastureland N uptake) (Bouwman et al., 2005; Hong et al., 2013; Van Meter et al., 2017)
(Figure 1 and Equation 1).

NScnty ¼ DEP þ FERT þ BNF þMAN þHUM − CROP (1)

where DEP is atmospheric N deposition (kg N ha−1 y−1); FERT is inorganic N fertilizer (kg N ha−1 y−1);
BNF is biological N fixation in legume crops (kg N ha−1 y−1); MAN is N in livestock waste (kg N ha−1 y−1);
HUM (kg N ha−1 y−1) is N in human waste; CROP represents crop N uptake and N consumption by graz-
ing livestock (kg N ha−1 y−1). NScnty magnitudes are reported as median values along with their interquar-
tile range (IQR).
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The NScnty N surplus metric used herein includes only nonhydrologic outputs. As discussed by Sabo
et al. (2019) with regard to their 2002–2012 U.S. N mass balance, the surplus N is considered to have three
possible fates: (1) storage within the landscape, in soils or groundwater; (2) losses to the atmosphere due
to denitrification; or (3) export from the landscape as riverine N. Storage and denitrification magnitudes
are not included here due to difficulties in estimation and a lack of reliable data at appropriate scales.
Riverine N magnitudes are not specified herein, as these estimates must be made at a watershed scale.
The developed data sets will be useful to include in landscape and watershed‐scale modeling efforts, which,
in the future, can be used to better quantify currently unspecified N fates.

2.2. Clustering of N Mass Balance Trajectories

We used k‐means cluster analysis to (1) identify clusters of counties across the contiguous with similar tra-
jectories for individual components of the N mass balance (FERT, BNF, MAN, DEP, HUM, CROP) and (2)
identify clusters of counties with similar N surplus trajectories. The k‐means algorithm is an unsupervised
learning algorithm that minimizes the sum of squared error among a specified number of groups, using
an iterative approach (Hartigan &Wong, 1979; Likas et al., 2003). One cluster center is added at a time, with
N executions of the k‐means algorithm, where N is the size of the data set (Likas et al., 2003). The algorithm
is initiated with k initial seeds for the clusters, and all N data are compared with each seed (Ay & Kisi, 2014).
The intracluster variance is iteratively minimized by minimizing the sum of squared Euclidean distances
(EDs) (MacKay & Mac, 2003). We carried out the analysis using the Matlab Statistics and Machine
Learning Toolbox (Mathworks, R2018b).
2.2.1. Individual Component Clusters
To identify clusters for individual components of the mass balance, we divided the 88‐year study period into
five periods: 1930–1940, 1941–1960, 1961–1980, 1981–2000, and 2001–2017. For each period, we calculated
(1) the mean annual value (kg N ha−1 y−1) for that component and (2) the linear slope for the component
trajectory, giving us a total of 10 metrics, or features, for each county to use with the k‐means algorithm.

For each analysis, the k‐means algorithm was run for a range of k values, and the ED value was plotted
against the number of clusters for each run. The optimal number of clusters was then selected using the
“Elbow Method”, which is based on visual inspection of a plot of ED values versus k, with the “elbow” k

Figure 1. Conceptual diagram showing fluxes associated with major components of the N mass balance. The
county‐scale N surplus, NScnty, is calculated, using the TREND‐nitrogen data set, as the difference between N inputs
(atmospheric N deposition, biological N fixation, manure N, and human N waste) and N outputs in the form of crop
harvest and consumption of pastureland grasses by grazing livestock.
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value being considered optimal (Kodinariya & Makwana, 2013). As noted by Kodinariya and
Makwana (2013), the elbow cannot always be unambiguously identified. To address this, we
supplemented the Elbow Method with a visual inspection of resulting clustered N trajectories to confirm
whether including additional clusters provided additional insight into spatial and temporal variations in
N dynamics.
2.2.2. N Surplus Clusters
For the cluster analysis of N surplus trajectories, we split the NScnty time series for individual counties into
five time periods, the same as those used for analysis individual components (section 2.2.1). As with the com-
ponent trajectories, we included themeanmagnitude and the linear slope forNScnty for each period. In addi-
tion, we included themean fractional contribution of each input component (FERT, BNF,MAN,DEP,HUM)
to the total N input magnitude over the entire time period, thus providing a total of 15 features for the NScnty
k‐means analysis. Methods employed for the remainder of the analysis were identical to those used in the
clustering of individual components.

3. Results and Discussion
3.1. County‐Scale N Surplus Across the Contiguous United States

Our results show a sevenfold increase in the county‐scale N surplus across the contiguous United States
between 1930 and 2017, from a median value of 2.62 (IQR 0.47–4.69) kg N ha−1 y−1 in 1930 to 18.5 (IQR
8.82–33.4) kg N ha−1 y−1 in 2017, with specific areas emerging as hotspots over time (Figure 2). In the
1930s, the county‐scale N surplus ranged from a median magnitude of 0.30 (IQR −3.52 to
1.60) kg N ha−1 y−1 in the Great Plains states to values greater than 200 kg N ha−1 y−1 in large urban areas
such as San Francisco and New York City. An East‐West gradient can be seen in NScnty magnitudes, with
higher values in the Northeastern and Mid‐Atlantic states driven by N in atmospheric deposition and live-
stock manure. Mineral N fertilizer use during this period was minimal.

Figure 2. County‐scale N surplus (NScnty, kg N ha−1 y−1) maps for the contiguous United States for (a) 1930, (b), 1960,
(c) 1990, and (d) 2017.
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By 1960, we see increases in the N surplus as a function of agricultural intensification, driven by post‐WWII
increases in the use of N fertilizer (Cao et al., 2018). Increases are particularly apparent in the midwestern
Corn Belt. While in 1930, NScnty values in many midwestern counties were negative, indicative of agricul-
tural production without sufficient replenishment of soil N, by 1960 the median NScnty magnitude was 8.8
(IQR 4.3–15.3) kg N ha−1 y−1 across the Corn Belt, and surplus values were in many counties more than
30 kg N ha−1 y−1 in agricultural areas of Illinois and Nebraska. By 1990, the Corn Belt truly emerged as
the largest regional NScnty hot spot, with median magnitudes of 34.6 (IQR 18.0–47.3) kg N ha−1 y−1. In
2017, Corn Belt states, as well as the California Central Valley continue as NScnty hot spots. In contrast, sur-
plus values decreased in many nonurban Northeastern U.S. counties, driven by decreases in atmospheric N
deposition (Lloret & Valiela, 2016).

3.2. Components of the N Balance

Cluster analysis was used to explore the dominant modes of behavior across the United States for the six
components of the N mass balance: (a) human waste N, (b) atmospheric N deposition, (c) livestock manure
N, (d) fertilizer N, (e) BNF, and (f) crop N uptake. The clustering was carried out based on temporal changes
in N fluxes for individual components over time as well as the magnitudes of these county‐scale fluxes. It is
important to note that decisions regarding the number of clusters for each component and thus criteria for
divisions between clusters are not absolute. The results do, however, allow us to better see key differences in
temporal trajectories and to better identify spatially and temporally varying drivers of N dynamics, as
described below.
3.2.1. Human Waste
Five clustered trajectories for human N waste were identified. These trajectories reflect the spatial distribu-
tion of human population across the United States as well as differences in the growth rates of various cities
(Figure 3a). Cluster 5 and 6 counties contain a variety of medium to large U.S. cities (e.g., New York, Atlanta,
Dallas–FortWorth,Washington D.C., Chicago, and San Francisco). Cluster 6 counties havemaintained high
population densities, and thus high N inputs, across the entire time frame of analysis, with some migration
out of the metropolitan areas evident after World War II due to suburbanization and increasing car owner-
ship (Rieniets, 2009). Counties in Clusters 2, 3, and 4 are characterized by heterogeneous land use, often with
high‐density urban cores surrounded by lower density peri‐urban areas or rural landscapes. Human waste N
inputs in these areas have increased steadily, but moderately, over the study period, with a mean increase of
0.12 ± 0.13 kg N ha−1 y−1. In contrast, humanwaste N inputs have remained flat in Cluster 1. Cluster 1 coun-
ties cover 90.8% of the country and are dominantly rural but contributed only 31.6% of the total humanwaste
N inputs in 2017.

Regarding the relative importance of human waste N to overall N budgets across the United States, two
major things should be noted. First, while N inputs in urban counties can in some cases greatly exceed those
in agricultural counties due to the importance of N from human waste, the number of counties with these
high inputs is very small. Counties in Clusters 5 and 6, for example, where human N waste inputs can be
greater than 300 kg N ha−1 y−1, make up only 0.2% of total area in the United States. Second, human waste
in the United States is rarely discharged directly to the environment; it is estimated that 75% passes through a
wastewater treatment plant, while the remaining 25% is treated via private septic systems (EPA, 2004, 2005).
Therefore, despite the large N input magnitudes from human waste in densely populated urban areas, this
input represents point source pollution that we have been successful in controlling, making it pose a much
smaller risk to the aquatic environment.
3.2.2. Atmospheric N Deposition
U.S. trends in atmospheric N deposition show spatial and temporal patterns consistent with NOx emissions
as well as the implementation of Clean Air Act regulations, as demonstrated by the five identified clusters
(Figure 3b). More than 80% of North American emissions of reactive N are anthropogenic, with most origi-
nating from fossil fuel combustion associated with motor vehicle use and power generation (Galloway
et al., 2008; Howarth et al., 2002). Accordingly, there is a general east‐west gradient in deposition rates, with
the lower deposition clusters occurring in the Mountain West and the western Midwest Plains states
(Clusters 1 and 2). These spatial dynamics can be attributed to the higher population densities and emission
rates in the eastern United States as well as the prevalent west‐to‐east air mass transport trajectory across the
continent (Butler et al., 2003; Lloret & Valiela, 2016). The highest rates of deposition (Cluster 5: a peak above
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11.7 kg N ha−1 y−1 in 1978) occur in the northeastern states of New York, New Jersey, and Pennsylvania,
where high deposition rates have severely impacted ecosystems, causing degradation of forested land,
acidification of surface waters, and perturbation of the natural N cycle (Kahl et al., 2004; Lloret &
Valiela, 2016). Temporally, atmospheric deposition across the United States has been decreasing for at least
the last three decades, primarily due to progressively more stringent regulations related to NOx emissions,
including 1990 amendments to the Clean Air Act (Lloret & Valiela, 2016). The rate of decline is highest
for the eastern states with the highest deposition rates and the lowest in the western states, where there is
less industry, and deposition rates are lower.
3.2.3. Manure N
The spatiotemporal patterns of livestock N excretion provide evidence of a trend toward the centralization of
U.S. livestock production (Figure 3c). Between 1930 and 1950, livestock production was more integrated
across agricultural regions, and there was less variability in manure N inputs across counties
(6.6 ± 4.5 kg N ha−1 y−1; CV ¼ 0.67). By 2017, however, the variability in manure N inputs across counties
had doubled (10.0 ± 13.7 kg N ha−1 y−1; CV¼ 1.37). This transition is especially apparent in Cluster 6 coun-
ties, which are areas of intensive livestock production scattered throughout the United States, including the
Texas panhandle, the California Central Valley, and Pennsylvania's Lancaster County. Between 1930 and
1950, mean manure N inputs in Cluster 6 counties (10.5 ± 7.1 kg N ha−1 y−1) were close to the national
mean. After 1950, however, manure N production for these counties began to increase, and by 1965, the
magnitudes surpassed those in all other counties. After 1965, Cluster 6 manure N production increased at

Figure 3. Cluster results for each component of the N mass balance: (a) Human waste N, (b) atmospheric N deposition, (c) livestock manure N, (d) N fertilizer,
(e) biological N fixation, and (f) crop N uptake, all in kg N ha−1 y−1. Each component is divided into either 5 or 6 individual clusters based on k‐means
clustering of magnitude and slope characteristics of the county‐scale time trajectories. Each plotted trajectory represents a time series for one cluster, with the time
series line corresponding to mean values for all counties included in that cluster. The counties belonging to each cluster are shown in the map with colors
corresponding to those used in the time series plots. To see all county trajectories in each cluster, see Figure S1.
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a rate of approximately 1.7 ± 0.6 kg N ha−1 y−1. At the same time, production rates began to decrease in
Cluster 2 and Cluster 4 counties. Though the rates of decrease are relatively small (−0.09 ± 0.12 and
−0.23 ± 0.2 kg N ha−1 y−1), this area of decrease constitutes approximately 25.6% of the contiguous
United States. Such changes provide evidence of a transition from a more diversified agricultural landscape,
where small farms and livestock operations coexisted across the country (Hilimire, 2011), to more concen-
trated animal operations, which characterize the current production system.
3.2.4. Fertilizer N
Fertilizer N is the second‐largest input to the national‐scale N budget after human waste, and its use in the
United States has increased more than 20‐fold since 1945. While fertilizer application rates began increasing
across the entire country between 1945 and 1980, the rates of increase varied across the five identified clus-
ters (Figure 3d). The largest increases occurred in Cluster 4 and Cluster 5 counties, which are primarily
located in the Midwestern Corn Belt and California's Central Valley (Cluster 4, 1.4 ± 0.3 kg N ha−1 y−1;
Cluster 5, 2.0 ± 0.32 kg N ha−1 y−1). For these two high‐input clusters, the county‐scale 2017 fertilizer N
inputs were approximately 60.2 ± 9.9 and 89.7 ± 11.0 kg N ha−1 y−1, respectively. While in the Corn Belt,
fertilizer N application is primarily supporting corn and soybean production, in California's Central
Valley, the high fertilizer inputs are supporting the production of more than half of U.S.‐grown fruits, nuts,
and vegetables (Keppen & Dutcher, 2015). Cluster 1 counties, which continue to maintain very low rates of
fertilizer use (3.4 ± 3.0 kg N ha−1 y−1), include grassland and shrubland areas of the Western United States,
which have little agriculture (Waisanen & Bliss, 2002).
3.2.5. Biological N Fixation
While all leguminous plants fix N, BNF in U.S. agriculture is contingent upon the growth of two primary
crops: soybeans and alfalfa hay. In the 1930s, alfalfa accounted for 35% of all agricultural BNF, but by
2017, its contribution had shrunk to only 15%. Soybean production, however, increased 500‐fold during this
period. Although soybeans had been introduced to the United States in the 18th century, they became
important as a major commodity in the United States during the 1940s, when World War II increased the
demand for oils, lubricants, and plastics, all of which could be met by domestic soybean production
(Hymowitz & Shurtleff, 2005). Soybean production increased even more after the war, as soybeans were
shipped overseas as part of U.S. foreign‐aid programs, and livestock producers began using soybean meal
as a primary protein source for poultry, hogs, and cattle (Houck et al., 1972). For the Cluster 5 and
Cluster 6 counties, which have the highest 2017 rates of BNF, soybean N fixation increased from less than
5% of all BNF in 1930 to more than 95% of all BNF in 2017 (Figure 3e). In contrast, Cluster 1 counties, where
BNF rates are the lowest, have exhibited relatively flat trends for BNF (0.01 ± 0.01 kg N ha−1 y−1) between
1930 and 2017, and soybean N fixation still accounts for only approximately 13.2% of all crop BNF.
3.2.6. Crop N Uptake
Crop uptake is the only N output pathway in our mass balance, and the spatiotemporal patterns of uptake
are closely correlated with patterns for fertilizer N application and BNF (Figure 3f). We identified five pri-
mary clusters for crop N uptake trajectories. Clusters 4 and 5 have the largest 2017 uptake magnitudes
(Cluster 4, 101 ± 20.9 kg N ha−1 y−1; Cluster 5, 147 ± 18.5 kg N ha−1 y−1) and account for 22.5% and
24.8% of uptake at the U.S. scale, despite occupying only 3.6% and 5.8% of the overall area, respectively.
While crop N uptake has plateaued in Clusters 1 and 2, Clusters 4 and 5 continue to exhibit increases in crop
production and therefore increases in N uptake. Cluster 1 counties, where mean uptake rates have remained
low (4.7 ± 4.0 kg N ha−1 y−1, 2017), represent areas of the United States where there is little row‐crop agri-
culture, with harvested areas currently constituting less than 5% of total land area.

3.3. N Surplus Trajectories Across the Contiguous United States

We examined county‐scale N surplus trajectories for the more than 3,000 counties across the contiguous
United States and, based on the clustering algorithm described in section 2.2.2, identified 10 distinct N tra-
jectories (Figures 4 and 5). These include three crop‐dominated clusters (C1, C2, and C3), four
livestock‐dominated clusters (L1, L2, L3, and L4), two urban‐dominated clusters (U1 and U2), and one clus-
ter for minimally impacted landscapes (M1). For the three crop‐dominated clusters, fertilizer is the primary
N input (Figures 4a and 5a). Of these, C1 has substantially greater N surplus magnitudes than the other two.
N surplus magnitudes began increasing in the C1 cluster counties in approximately 1950, concurrent with
increases in fertilizer application. Magnitudes continued to increase until 1980, after which they plateaued
at approximately 40–50 kg N ha−1 y−1 (Figure 4a). Plateau values were reached in the C2 and C3 counties
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earlier in the 1970s, remaining close to 20 kg N ha−1 y−1. While all three cropland clusters appear to have
plateaued, a spike in the N surplus can be seen for the C1 cluster in 2012. This spike can be attributed to
2012 being a drought year, which led to high rates of crop failure (Mallya et al., 2013) and thus low crop
N uptake and a large N surplus. The four livestock‐dominated clusters also demonstrate N surplus plateau

Figure 4. N surplus clusters across the contiguous United States. We have identified 10 primary clustered trajectories,
with the clusters being differentiated as a function of the slopes of the N surplus trajectories, the N surplus magni-
tudes, and the dominant input component. Time trajectories of the clusters for (a) crop production, (b) livestock pro-
duction, (c) human waste flows, and (d) atmospheric deposition. To see all trajectories on a single axis, see Figure S2.
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behavior beginning in the 1970s to early 1980s, with the L1 cluster plateauing at magnitudes 2–3 times
greater than those in the L2–L4 clusters (Figure 4b). The L1 clusters represent counties with large,
concentrated animal operations, with manure N being the dominant N input (Figures 4b and 5b).
Wisconsin, in particular, with its large dairy industry, is dominated by L1 counties. Kentucky, the Texas
panhandle, and the California panhandle are other L1 hotspots. The N surplus trajectories for the two
urban‐dominated clusters show slowly increasing surplus values, tracking with increases in human
population (Figures 4c and 5c). The magnitudes of N inputs for large urban areas (cluster U1) are the
highest among all trajectories, increasing from 156 kg N ha−1 y−1 in 1930 to 201 kg N ha−1 y−1 in 2017.
However, note that these values primarily represent human waste that is treated by wastewater treatment

Figure 5. Components of the N mass balance over time for the 10 N surplus clusters. Mean county‐scale magnitudes for
individual components of the N mass balance are shown, with inputs (manure, atmospheric deposition, fertilizer,
biological N fixation, and human waste) and outputs (crop uptake) shown as stacked bars. The time series are aggregated
into four N surplus typologies: (a) crop‐dominated; (b) livestock‐dominated; (c) urban‐dominated; and (d) minimally
impacted.
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plants before being discharged to aquatic systems, as noted in section 3.2.1. The “minimally impacted”
cluster includes counties with very little agricultural land use and low population densities. In these
counties, N surplus is dominated by atmospheric deposition, and thus the trajectories primarily follow
trends in atmospheric N deposition (Figures 4d and 5d).

3.4. N Surplus and Landscape Homogenization

Interestingly, our results suggest that while the various N surplus clusters are, in the mean, associated with
specific regions of the country, this association is not absolute. For example, as described in section 3.3, we
identified three “crop‐dominated”N Surplus clusters (C1–C3). In these counties, fertilizer N is a primary dri-
ver of the N mass balance. In Figure 5, we see that the C1 counties, which have the highest N surplus mag-
nitudes, dominate in Iowa and other areas of the Corn Belt, a region responsible for 36% of global corn
production (Green et al., 2018). The Corn Belt, on average, has 120 frost‐free days, and mean annual preci-
pitation is approximately 940 mm (Ort & Long, 2014). However, C1 counties can also be found in other areas
that are climatically quite different (Figure 6). For example, southern California's Imperial County is located
in a desert region that rarely experiences snow and where annual rainfall is less than 80 mm. Facilitated by
irrigation water from the Colorado River, however, crop production in Imperial County dominates the
county N budget, and the county follows the C1, crop‐dominated N surplus trajectory (Collins, 2004). The
crop‐dominated C1 N dynamics of Grant County in central Washington are similarly facilitated by irrigation
water from the Columbia River, pumped via power supplied by the Grand Coulee Dam (Ortolano &
Cushing, 2000). Mean annual precipitation in Grant County is only 177 mm, and 70% of that precipitation
falls during the winter months (Miller, 1948). With irrigation, however, Grant County is the leading agricul-
tural county in Washington state based on crop sales and the 11th most important nationally
(Granastein, 2014).

The similarities in N surplus trajectories across climatically diverse regions identified in the present study are
indicative of a widespread functional homogenization of human‐dominated landscapes. Such homogeniza-
tion has been noted in both urban and rural landscapes. Urban lawns, for example, have been found to show
more similarity to other lawns in geographically and climatically diverse cities than to adjacent native eco-
systems (Groffman et al., 2014). Surface water features in urban areas have also been found to be more

Figure 6. Conversion of climatically and geographically diverse natural landscape to homogenized agroecosystems.
Nitrogen dynamics in these three counties are similarly dominated by crop production, despite large differences in
temperatures and both the timing and magnitude of annual precipitation. Elimination of resource constraints,
specifically access to irrigation water and application of commercial fertilizers, allows for homogenization of diverse rural
landscapes. Similar results have been observed by Groffman et al. (2014) in urban landscapes.
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similar to each other than to those in surrounding undeveloped landscapes (Steele & Heffernan, 2014).
Indeed, it has been conjectured that urbanization may be one of the most homogenizing of human activities,
as cities exist for centuries in a state of “disequilibrium”with the natural environment through the importa-
tion of large quantities of food, energy, and other materials (McKinney, 2006). At the same time, the urban
demand for imports of food and energy drives a similar homogenization of agroecosystems. In rural areas,
this homogenization may occur via the elimination of key resource constraints. For example, in the cases
of Imperial County, CA, and Grant County, WA, we see access to irrigation water loosening resource limita-
tions, allowing for the conversion of arid, fallow landscapes to intensive agriculture. Conversely, in Hancock
County, IA, installation of tile drainage has allowed for conversion of wet prairie land to highly productive
cropland (Basu et al., 2010; Boland‐Brien et al., 2014; Van Meter & Basu, 2015). Nutrients are also required
for plant growth, and widespread application of commercial fertilizers in crop‐dominated regions eliminates
deficits that would occur if the only source of nutrients was those occurring in native soils. Accordingly, fast
increases in fertilizer N application rates in crop‐dominated counties during the mid‐20th century, and sus-
tained N surplus magnitudes of approximately 40 kg N ha−1 y−1 are not just a simple reflection of agricul-
tural homogenization but also a driver of that homogenization.

4. Conclusions

We have developed the TREND‐nitrogen data set, which, for the first time, provides a comprehensive,
88‐year (1930–2017) data set of county‐scale N inputs (fertilizer, manure, biological N fixation, human
waste, and atmospheric deposition) and nonhydrologic outputs (crop uptake) across the contiguous
United States. Further, we have used machine‐learning approaches to identify dominant patterns in N tra-
jectories, both for individual components of the N mass balance and the net N surplus. The results of the
cluster analysis allow us to understand long‐term N dynamics and the ways in which patterns of N use have
shaped diverse regions, resulting in a homogenization of rural landscapes.

This compilation of N data from disparate sources and across over 80 years represents an unprecedented
opportunity for understanding spatiotemporal characteristics of anthropogenic N use and will be critical
to advancing our understanding of the ways in which excess N impact water quality, GHG emissions, and
ecosystem health across diverse landscapes. While county‐scale N mass balance data for the United States
has previously been available, these earlier data sets, due to limited digital availability of source data, have
generally been limited to years since 1987. This new, longer time series will explicitly facilitate the modeling
of long‐termN dynamics across periods with significant changes in land use andmanagement and will allow
for explicit consideration of the impacts of legacy N—N that has accumulated over decades of intensive crop
and livestock production—on environmental outcomes.

Data Availability Statement

The TREND‐nitrogen data set used in this research is available at https://doi.org/10.1594/
PANGAEA.917583.
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In the originally published version of this article, Figure 1 and its caption have a missing input label 
for fertilizer N. The error has been corrected to the online version of this article, but not the PDF, and the 
online version may be considered the authoritative version of record.
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