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Abstract
Quantifying spatial and temporal fluxes of phosphorus (P) within and among agricul-

tural production systems is critical for sustaining agricultural production while min-

imizing environmental impacts. To better understand P fluxes in agricultural land-

scapes, P-FLUX, a detailed and harmonized dataset of P inputs, outputs, and budgets,

as well as estimated uncertainties for each P flux and budget, was developed. Data

were collected from 24 research sites and 61 production systems through the Long-

term Agroecosystem Research (LTAR) network and partner organizations spanning

22 U.S. states and 2 Canadian provinces. The objectives of this paper are to (a) present

and provide a description of the P-FLUX dataset, (b) provide summary analyses of the

agricultural production systems included in the dataset and the variability in P inputs

and outputs across systems, and (c) provide details for accessing the dataset, dataset

limitations, and an example of future use. P-FLUX includes information on select site

characteristics (area, soil series), crop rotation, P inputs (P application rate, source,

timing, placement, P in irrigation water, atmospheric deposition), P outputs (crop

removal, hydrologic losses), P budgets (agronomic budget, overall budget), uncer-

tainties associated with each flux and budget, and data sources. Phosphorus fluxes

and budgets vary across agricultural production systems and are useful resources to

improve P use efficiency and develop management strategies to mitigate environ-

mental impacts of agricultural systems. P-FLUX is available for download through

the USDA Ag Data Commons (https://doi.org/10.15482/USDA.ADC/1523365).

1 INTRODUCTION

Accelerating global demand for agricultural products com-

bined with the need to conserve natural resources has resulted

in calls for sustainable intensification—that is, increasing pro-

duction while minimizing environmental impact (Kleinman

et al., 2018; Spiegal et al., 2018). Sustainable intensification

requires scalable strategies that efficiently invest resources

and mitigate trade-offs produced when simultaneously work-

ing toward both production and environmental objectives. The

use and management of phosphorus (P) is the epitome of a

sustainable intensification challenge given its widespread use

in agricultural production (Sharpley et al., 2018), its likely

future scarcity (Van Vuuren et al., 2010), and environmen-

tal concerns associated with excess P delivered to surface

waters (Bennett et al., 2001; Elser et al., 2007). Improving our

understanding of the spatial and temporal fluxes of P within

and among agricultural production systems and quantifying

the effects of management practices on P cycling are critical

needs for addressing this challenge.

Numerous studies have quantified P fluxes in cropland

(Baker & Richards, 2002; Bos et al., 2021; Hanrahan et al.,

2019; Lanyon et al., 2006; Ma et al., 2011; MacDonald

et al., 2011), rangeland, and pasture systems (Obour et al.,

2011; Rothwell et al., 2020; Sattari et al., 2016; Swain et al.,

2007; Vendramini et al., 2007) across varying spatial and

temporal scales. Accounting for P inputs (e.g., fertilizer

application) and outputs (e.g., crop removal) to a defined

system over a fixed time period is useful for determining P

budgets. Phosphorus budgets can help identify P surpluses

or deficits, provide insight into P cycling processes, and

quantify P use efficiency (Zhang et al., 2020). However,

mailto:mark.williams2@usda.gov
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comparing nutrient fluxes and budgets among studies can be

difficult due to variability in the conceptual model used for

completing the budget (Oenema et al., 2003). Depending on

the conceptual model (e.g., Soil–Plant, Animal–Plant–Soil,

Agro–Food, Landscape, and variants within each; Li et al.,

2019), the flux components used for completing the budget

can vary along with the level of detail captured by the budget.

Agriculture is also diverse, spanning gradients in scale,

climate, physiography, ecology, economics, and culture

(Zhang et al., 2007). Differences in spatial and temporal

boundaries further complicate the comparison of nutrient

budgets and nutrient use efficiencies among agricultural

production systems (Oenema et al., 2003; Zhang et al.,

2020).

The USDA Long-term Agroecosystem Research (LTAR)

network was designed to rectify the difficulties often asso-

ciated with multisite comparisons and seeks to develop

a national roadmap for the sustainable intensification of

agricultural production in the face of a diverse range of

agricultural stressors and expectations (Kleinman et al.,

2018). Through empirical experimentation and coordinated

observation, the LTAR network enables cross-site compar-

ison, as well as integration of findings at broader spatial

and temporal scales. The network is currently represented

by 18 locations representing approximately 49% of cereal

production, 30% of forage production, and 32% of livestock

production in the United States (Kleinman et al., 2018). Part-

nerships with universities and other research organizations

have further broadened the scope and relevance of the LTAR

network in the United States and internationally (Walbridge

& Shafer, 2011). Many LTAR locations and partners have a

long tradition of measuring water and nutrient fluxes at field

and watershed scales (Kleinman et al., 2018). The network

is therefore uniquely poised for characterizing P fluxes, P use

efficiency, and P budgets across diverse agroecosystems and

for providing the data (Kaplan et al., 2017) and inferences

needed to inform both local and national P management

strategies.

Through collaboration among LTAR network locations

(n = 15) and with partner research organizations in the United

States and Canada (n = 9), including those in the USDA Con-

servation Effects Assessment Project (CEAP) and the Agri-

culture and Agri-Food Canada Living Laboratories Initiative,

the P-FLUX dataset was developed. P-FLUX is a harmo-

nized dataset of P fluxes (inputs and outputs) and budgets, as

well as estimated uncertainties for each flux and budget, for

61 diverse production systems. The objectives of this paper

are (a) to present and provide a description of the P-FLUX

dataset, (b) to provide summary analyses of the agricultural

production systems included in the dataset and the variabil-

ity in P inputs and outputs across systems, and (c) to provide

details for accessing P-FLUX, dataset limitations, and exam-

ple future uses.

Core Ideas
∙ Assessing P fluxes and budgets is critical for sus-

tainable agricultural intensification.

∙ P fluxes and budgets were determined for 61 pro-

duction systems in the USA and Canada.

∙ P inputs, outputs, and budgets were highly variable

across production systems.

∙ A detailed and harmonized dataset of P

fluxes/budgets and uncertainties was developed.

∙ Data are available as comma-separated (.csv) files

through the USDA Ag Data Commons.

F I G U R E 1 Map of research locations in the United States and

Canada that contributed to the P-FLUX dataset. Note: Points reflect the

general location of the main research institution and not the specific

research sites included in the dataset

2 DATASET DESCRIPTION

2.1 Geographic extent and production
systems

The P-FLUX dataset spans 22 U.S. states and 2 Cana-

dian provinces, with latitudes ranging from Florida, USA

(27˚24′39.75″ N) to Manitoba, Canada (49˚53′42.27″ N)

and longitudes from Vermont, USA (73˚12′43.56″ W) to

Washington, USA (117˚10′54.12″ W) (Figure 1). Each of the

24 locations contributed data from one or more production

systems (n = 61) that were representative of common agricul-

tural practices for their respective region. Production systems

are classified as either (a) cropland with grain, root, or fiber

crops (n = 42); (b) cropland with harvested forage (n = 6);

(c) mixed (n = 6); (d) rangeland (n = 5); or (e) bioenergy

(n = 2). Crop rotations vary from 1 yr (i.e., continuous crop-

ping) to 10 yr (Table 1). The most common crops include
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T A B L E 1 Locations and production systems included in the

P-FLUX dataset. If a production system is represented more than once

within a given state or province, then the number (n) of systems is

indicated in parentheses

State or province Production system
Arkansas, USA Continuous cotton

Cotton–corn

Pasture; grazed tall fescue

Pasture; hayed and grazed tall fescue

(n = 2)

Colorado, USA Rangeland

Florida, USA Rangeland (n = 2)

Georgia, USA Cotton–peanut (n = 2)

Sorghum–peanut–cotton

Idaho, USA Wheat–potato–barley–sugar beet (n = 2)

Continuous corn

Continuous corn; with triticale cover

crop

Corn–barley–alfalfa–alfalfa–alfalfa

(n = 2)

Iowa, USA Corn–soybean (n = 2)

Corn–soybean; with cereal rye cover

crop

Kansas, USA Corn–soybean

Kentucky, USA Corn–soybean (n = 2)

Manitoba, Canada Canola–soybean–wheat

Wheat–canola

Wheat–hemp

Organic small grains with flexible

rotation

Maryland, USA Corn–soybean–wheat & soybean; with

rye cover crop (n = 2)

Corn–soybean; with rye and vetch cover

crop

Corn–soybean–wheat; with rye and

vetch cover crop

Corn–soybean–wheat–alfalfa–alfalfa–

alfalfa

Michigan, USA Continuous corn

Hybrid poplar

Switchgrass

Minnesota, USA Corn silage–alfalfa

Mississippi, USA Continuous cotton

Continuous soybean

Missouri, USA Corn–soybean

New Mexico, USA Rangeland

North Carolina, USA Pasture and continuous corn

Pasture

Corn–wheat–soybean

North Dakota, USA Spring wheat–corn–soybean

(Continues)

T A B L E 1 (Continued)

State or province Production system
Spring wheat–corn–soybean; with cover

crop

Ohio, USA Corn–soybean (n = 2)

Corn–soybean–wheat

Oklahoma, USA Continuous wheat (n = 2)

Rangeland

Ontario, Canada Soybean–soybean–corn

Corn–soybean–wheat (n = 2)

Pennsylvania, USA Corn–corn–corn–corn–corn–corn–corn–

alfalfa–alfalfa–alfalfa

(n = 2)

Texas, USA Corn–corn–wheat (n = 3)

Vermont, USA Corn silage–hay

Washington, USA Spring wheat–garbanzo–winter wheat

corn (Zea mays L.; n = 35), soybean [Glycine max (L.) Merr.;

n = 23], and wheat (Triticum aestivum L.; n = 21). The dataset

also includes other general site information (e.g., area and soil

series).

2.2 Phosphorus fluxes and management

For each agricultural production system, research locations

completed a P budget data form providing detailed informa-

tion on P fluxes. Research locations provided management

information including P application (source, timing, place-

ment, rate) and crop removal for each crop within the rota-

tion. For example, in a production system with a 2-yr rotation

of corn and soybean, the mean and standard deviation for P

application rate and crop removal were reported for both corn

and soybean (Table 2). In cases where separate P budget data

forms from the same location were completed for replicate

plots with similar production systems (i.e., similar field and

nutrient management practices), data were averaged to create

one representative dataset for the system since P fluxes and

budgets were nearly identical. Data on hydrologic losses (i.e.,

surface runoff and subsurface drainage), P applied via irriga-

tion, and atmospheric deposition were reported on a calendar

year because these measurements are typically not available

for each specific crop within a rotation (Table 2). All data pro-

vided from research locations were assumed to be represen-

tative of current agricultural practices and climate common

to the region where the data were collected, and data are not

specific to particular years or time period.

If data on one or more P flux component were not mea-

sured by the research location, data were estimated whenever

possible. Data for atmospheric deposition and hydrologic

losses were estimated using literature values from studies



WILLIAMS ET AL. 455

T A B L E 2 Example data from a corn–soybean rotation in Ohio,

USA

Variable Data
Site name Eastern Corn Belt LTAR

State/Country Ohio, USA

Area (ha) 13

Soil series (USDA) Hoytville clay loam

Length of crop rotation (yr) 2

Crop rotation Corn–soybean

Cover crop No

Irrigation No

Subsurface drainage Yes

Type of tillage No-till

P source Inorganic

P application timing Spring/Fall

P application placement Broadcast

Avg. P application rate (kg P ha−1 yr−1)

Corn 17.20 ± 24.32a

Soybean 0.00 ± 0.00

Information source Measured

Reference Farm records

Avg. P removed by crop (kg P ha−1 yr−1)

Corn 26.00 ± 2.83

Soybean 22.00 ± 2.83

Information source Measured yield, literature

Reference IPNI (2014)

Avg. atmospheric P deposition (kg P

ha−1 yr−1)

Corn–soybean 0.14 ± 0.10

Information source Literature

Reference Baker & Richards (2002)

Avg. surface runoff total P losses (kg P

ha−1 yr−1)

Corn–soybean 0.00 ± 0.00

Information source Measured

Reference Hanrahan et al. (2019)

Avg. subsurface drainage total P losses

(kg P ha−1 yr−1)

Corn–soybean 0.42 ± 0.17

Information source Measured

Reference Hanrahan et al. (2019)

aMean ± SD.

carried out in nearby sites or regions (i.e., state or province)

and similar P management practices (for hydrologic losses).

Crop removal was estimated, if needed, by multiplying

average crop yield by a crop P removal factor obtained from

the literature (e.g., IPNI, 2014). If a site did not have data

on crop yield, yield was estimated using recent agricultural

census data (USDA National Agricultural Statistics Service;

https://www.nass.usda.gov). For P flux components without

estimates of variability, the standard deviation was assumed

to be 25% of the corresponding component value, similar

to the approach used by Baffaut et al. (2020) to assign

uncertainties to water budget components whose uncertainty

was not quantified. Each P flux for all production systems

is classified within the dataset based on the data source as

either (a) measured data, (b) estimated data from similar sites

or derived from literature values, (c) professional judgment,

or (d) model results. Full citations are included in the dataset

when flux components were estimated.

2.3 Phosphorus budgets

Phosphorus budgets were calculated for each production sys-

tem, whereby P inputs included application rate, atmospheric

deposition, and irrigation water, and P outputs included crop

removal and hydrologic losses. Agronomic P budgets (ΔPagro)

were determined using the soil surface approach accounting

for the main P fluxes crossing the soil surface layer (i.e.,

excluding hydrologic losses; Soil–Plant conceptual model;

Li et al., 2019; Oenema et al., 2003). Inputs were summed

(Equation 1) and total input uncertainty (Uinput) was calcu-

lated by combining individual input uncertainties (i.e., stan-

dard deviations; Equation 2). Subsequently, ΔPagro with its

uncertainty (UΔPagro) was determined using Equation 3.

∑
Input = Papplication + Patmosphere + Pirrigation (1)

𝑈input =
√

𝑈
2
Papplication

+ 𝑈
2
Patmosphere

+ 𝑈
2
Pirrigation

(2)

ΔPagro =
∑

Input−Pcrop ±
√

𝑈
2
Input + 𝑈

2
Pcrop_removal (3)

Hydrologic losses from a production system were summed

(Equation 4) and the total uncertainty calculated by combin-

ing the uncertainties of individual components (Equation 5).

Overall P budgets (ΔPoverall; Agronomic budget − hydro-

logic losses) with its uncertainty was subsequently deter-

mined (Equation 6).

Phydrologic = Psurface + Psubsurface (4)

𝑈Phydrologic =
√

𝑈
2
Psurface

+ 𝑈
2
Psubsurface

(5)

ΔPoverall = ΔPagro −
∑

Phydrologic+
√

𝑈
2
Pagro + 𝑈

2
Phydrologic

(6)

https://www.nass.usda.gov
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T A B L E 3 Descriptive statistics for average annual P inputs, outputs, agronomic P budgets, and overall P budgets for production systems

Variables n Min. 25th percentile Median Mean 75th percentile Max.
kg ha−1

Inputs

Papplication 61 0.0 9.7 24.9 42.6 35.1 387.1

Patmosphere 61 0.0 0.3 0.4 0.4 0.6 1.9

Pirrigation 61 0.0 0.0 0.0 0.0 0.0 0.1

Outputs

Pcrop_removal 60 0.0 10.2 21.7 21.0 28.7 70.8

Phydrologic 51a 0.0 0.3 0.6 1.4 2.0 10.4

Budgetsb

Agronomic 61 −26.4 −3.2 3.4 22.4 17.3 345.4

Overall 51 −32.7 −2.6 3.2 21.6 16.5 340.6

aTotal P (n = 46); dissolved reactive P (n = 5).
bAgronomic = Papplication + Patmosphere + Pirrigation − Pcrop_removal; Overall = Agronomic − Phydrologic.

For production systems with more than one crop in

the rotation, annual average P inputs, outputs, ΔPagro, and

ΔPoverall were calculated. Consistent with previous stud-

ies, positive budgets indicate an increase in P storage and

negative budgets indicate a decrease in P storage, after

accounting for all inputs and outputs. Averaging and uncer-

tainty propagation was accomplished using the errors func-

tion in the R package errors, which uses first-order Taylor

series method for uncertainty propagation (R Core Team,

2017; Ucar et al., 2018). Descriptive statistical analysis

for P fluxes and budgets was performed using conven-

tional univariate statistics functions in the R package Hmisc

(Harrel, 2021).

3 DATASET OVERVIEW

3.1 Phosphorus inputs

Across production systems, P application was the largest input

ranging from 0.0 to 387.1 kg ha−1 (mean = 42.6 ± 77.5 kg

ha−1 yr−1; Table 3, Figure 2). Systems receiving P were typ-

ically cropland, with inorganic P (n = 33), organic P (i.e.,

manure; n = 19), and mixed P (i.e., both inorganic and organic

P; n = 3) as the source of applied P. Six production sys-

tems did not receive any P applications. Phosphorus appli-

cation rate tended to be greater in systems receiving organic

P (median = 55.7 kg ha−1 yr−1; mean = 140.3 ± 156.2 kg

ha−1 yr−1) compared with inorganic P (median = 20.3 kg

ha−1 yr−1; mean = 19.5 ± 10.1 kg ha−1 yr−1). Application

timing occurred in the spring (April–June; n = 19), summer

(July–September; n = 2), fall (October–December; n = 16),

and winter (January–March; n = 1). The remaining systems

(n= 17) had mixed application timing (i.e., application timing

varied each rotation year). Phosphorus was surface broadcast

(n = 26), incorporated with tillage (n = 15), injected (n = 7),

or mixed placement (n = 7).

Irrigation occurred in 25% (n = 15) of production sys-

tems, with irrigation water adding P in only two systems.

Only one of the two systems had measured or estimated values

for inputs resulting from irrigation equaling 0.1 kg ha−1 yr−1

(Table 3, Figure 2). Atmospheric deposition was generally

estimated using literature values. Across production systems,

atmospheric deposition ranged from 0.01 to 1.9 kg ha−1 yr−1,

with a median of 0.4 kg ha−1 yr−1 (mean = 0.4 ± 0.3 kg

ha−1 yr−1; Table 3, Figure 2).

3.2 Phosphorus outputs

Production systems ranged from one crop in the rotation

(e.g., continuous corn) to greater than three crops in the

rotation (Table 1). Crops were harvested in 57 of the 61

systems, with measured data (n = 26) and values esti-

mated from the literature (n = 31) as primary data sources.

Crop removal ranged from 0 (i.e., no crop harvested) to

70.8 kg ha−1 across sites with a median of 21.6 kg ha−1

(mean = 20.6 ± 14.6 kg ha−1; Table 3, Figure 2). For the

most common crops—corn, soybean, and wheat—median

crop removal was 31.5 kg ha−1 (mean = 28.6 ± 10.9 kg ha−1),

18.8 kg ha−1 (mean = 17.3 ± 5.9 kg ha−1), and 12.7 kg ha−1

(mean = 15.3 ± 11.6 kg ha−1), respectively.

Hydrologic losses were expected to occur in 60 of 61

production systems, with data either measured (n = 43),

estimated from the literature (n = 8), or no data reported

(n = 9). Of the systems with hydrologic data, most were

reported as total P load (n= 46), whereas others were reported

as only dissolved reactive P load (n = 5). Phosphorus losses

were reported as both surface runoff (n = 44) and subsurface
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F I G U R E 2 Phosphorus fluxes and budgets for 61 production systems in the P-FLUX dataset. (a) Average annual inputs (P application rate,

irrigation water P, and atmospheric P deposition), outputs (crop P removal, hydrologic losses), and overall P budgets. For visualization, the

production systems are ranked from largest (top of figure) to smallest (bottom of figure) overall P budget. The production systems are identified on

the y-axis as the state/province abbreviation followed by the crop type(s) in parentheses. (b) Detailed depiction of atmospheric P deposition,

irrigation water P, and hydrologic losses for each of the production systems

tile drainage (n = 22). Hydrologic loss varied from 0.0 to

10.4 kg ha−1 yr−1, with a median P loss of 0.8 kg ha−1 yr−1

(mean = 1.5 ± 1.9 kg ha−1 yr−1; summary statistics reported

herein include both dissolved reactive [n = 5] and total P

[n = 46]) (Table 3, Figure 2). When present, subsurface

drainage was a significant pathway for P loss, contributing

>50% of the total hydrologic losses in some cases. For sites

with subsurface hydrologic losses, median surface runoff

losses were 0.3 kg ha−1 yr−1, while median subsurface

losses were 0.4 kg ha−1 yr−1. For sites with only surface

hydrolgoic losses, runoff was also an important P output

(Figure 2).
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3.3 Agronomic and overall phosphorus
budgets

Agronomic and overall P budgets were variable across pro-

duction systems (Table 3; Figure 2). Agronomic budgets

ranged from −26.4 to 345.4 kg ha−1 yr−1, with a median of

3.4 kg ha−1 yr−1 (mean = 22.4 ± 70.6 kg ha−1 yr−1). Phos-

phorus inputs exceed outputs for 39 systems, indicating an

increase in agronomic P, whereas inputs were less than out-

puts for 22 systems, indicating a decrease in agronomic P.

Overall budgets ranged from −32.7 to 340.6 kg ha−1 yr−1 and

had a median of 3.2 kg ha−1 yr−1 (mean = 21.6 ± 69.7 kg

ha−1 yr−1).

4 DATA AVAILABILITY AND FUTURE
USE

4.1 Data availability

P-FLUX data are available for download as comma-separated

(.csv) files through the USDA Ag Data Commons (https://doi.

org/10.15482/USDA.ADC/1523365). All LTAR data prod-

ucts are in the public domain and may be freely copied, dis-

tributed, edited, remixed, and built upon, with the expectation

that publications, models, and data products that make use of

the dataset should include proper acknowledgement, includ-

ing citing datasets, in a similar way to citing a journal arti-

cle. The LTAR network data sharing principles and guidelines

(Kaplan et al., 2020) accompanies the P-FLUX dataset on the

Ag Data Commons website.

4.2 Data limitations

While P-FLUX is a detailed dataset of P fluxes and budgets

from diverse agricultural production systems in the United

States and Canada, it is important to note several limitations

and areas where the dataset could be improved. The P-FLUX

dataset is viewed as a living dataset, whereby as the LTAR

network continues to grow and new data are collected, the

P-FLUX dataset can also evolve, update, and improve. The

current dataset comprises P fluxes derived from various data

sources (measured, estimated from literature sources, etc.),

which adds uncertainty to calculated budgets. Although P-

FLUX captures this uncertanity, additional data collection

will undoubtedly improve flux and budget estimates. Sim-

ilarly, data within P-FLUX are average fluxes and budgets

under typical management and representaive climatic cond-

tions; therefore, data are not specifically tied to a particular

calender year or time periods within the database. Including

annual data rather than averages, adding time periods of data

collection, and including accompanying climatic data (e.g.,

precipitation) would enhance the utility of the dataset, espe-

cially for assessing the effects of climate change, for example,

on agricultural management and P loss.

The inputs, outputs, and budgets in the P-FLUX dataset are

based on a Soil–Plant conceptual model (Li et al., 2019) and,

as a result, do not account for animal components (e.g., animal

feed as an input; animal products as outputs). The animal com-

ponent can represent a significant contribution to fluxes and

budgets in livestock-oriented systems (e.g., Rothwell et al.,

2020; Swain et al., 2007), especially for the rangeland sys-

tems included in the dataset. P-FLUX, therefore, may be miss-

ing important factors for these livestock systems that would

contribute to P management, budgets, and loss that would

be captured with other conceptual models (e.g., Animal–

Plant–Soil; Li et al., 2019). The P-FLUX dataset also does

not contain information on soil P concentration. Inclusion of

soil test P data was outside of the initial scope of database

development (i.e., characterization of fluxes and budgets) but

would be a useful metric to include as the database evolves

to enhance exploration of relationships among fluxes and

budgets.

4.3 Data use

The P-FLUX dataset can be used to characterize P fluxes and

budgets (and their uncertainty) across agricultural production

systems given its consistent conceptual model and calculation

methods. It serves as a valuable resource for future studies

examining spatial and temporal fluxes of P within and among

agricultural production systems and determining the effect of

management practices on P cycling. The P-FLUX dataset can

also serve to help constrain inputs to numerical models such

as the Soil and Water Assessment Tool (SWAT) and provide

benchmarks for model outputs related to crop productivity

and water quality. As a publicly available database, it has the

potential to be expanded, updated, and improved for further

uses by the LTAR network and scientific community.

Here, we briefly highlight one of many potential examples

of how P-FLUX data could be used in future studies. Data

on P management practices (e.g., P rate, source, timing, and

placement) were compared to hydrologic losses (surface +
subsurface) from production systems (Figure 3). Preliminary

results show that P losses increased with increasing applica-

tion rate and that production systems with P applied as either

organic or mixed (combination of inorganic and organic P)

sources tended to have greater losses compared to production

systems with no application or inorganic P sources (Figure 3a

and 3c). Phosphorus broadcast on the soil surface and incor-

porated with tillage generally had greater losses compared to

no P applied and injected P (Figure 3b). Phosphorus applied

https://doi.org/10.15482/USDA.ADC/1523365
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F I G U R E 3 Hydrologic P losses from production systems by (a) source, (b) placement, (c) application rate, and (d) application timing. For all

panels, “None” refers to systems where no P was applied and “Mixed” refers to a combination of management practices (e.g., combination of

inorganic P and organic P was applied). In panel (b), “BC” refers to broadcast application and “Till” refers to incorporation with tillage. In panel (d),

“W,” “Sp,” “Su,” and “Fa” refer to winter, spring, summer, and fall, respectively. Preliminary results on source, placement, and timing in this

example do not account for differences in application rates or soil nutrient levels among the various management categories

in the fall also tended to result in greater loss compared with

other seasons (Figure 3d). It should be noted that preliminary

results on source, placement, and timing in this example do

not account for differences in application rates or soil nutrient

levels among the various management categories.

5 CONCLUSION

P-FLUX is a detailed dataset of P fluxes and budgets that facil-

itates comparison of data across diverse agricultural produc-

tion systems in the United States and Canada through con-

sistent reporting and calculation methods. P-FLUX data are

publically available for download as comma-separated (.csv)

files through the USDA Ag Data Commons (https://doi.

org/10.15482/USDA.ADC/1523365). Multi-location datasets

such as P-FLUX are needed to address complex local-

, regional-, and national-scale P management challenges,

improve P use efficiency, and inform implementation of man-

agement strategies to mitigate P losses to surface waters. The

P-FLUX dataset has the potential to increase understanding of

P fate and transport through further data analyses and model-

ing approaches including the example highlighted previously.

The dataset also can serve as a framework for collecting sim-

ilar data from additional production systems for further com-

parison or can be expanded to include other data and ana-

lytes measured in agroecosystems such as nitrogen and carbon

fluxes.
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