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Legacy nutrients stored in agricultural soils are a substantial component of riverine

nutrient discharge contributing to the eutrophication of aquatic ecosystems. These

nutrient loads can persist and delay water quality initiatives, for example, those of the

Great Lakes Water Quality Agreement which seek to reduce phosphorus (P) loads

entering the Western Lake Erie Basin. In this watershed, approximately 5% of fields

have P concentrations 2.5-fold greater than the maximum agronomic recommendations

for corn and soybeans. Fields with these elevated-P concentrations (>100mg P kg−1

soil) act as a source of legacy-P and discharge greater P loads. Implementing best

management practices to treat runoff from these fields is desirable but finding them has

been a challenge as soil test data are proprietary information creating an asymmetric

information barrier. To overcome this barrier, we formed a public-private partnership that

included agricultural retailers who conduct soil testing for farmers. Agricultural retailers

who partnered with this project provided their soil P data and contacted farmers to gauge

their interest, maintaining privacy for farmers until they expressed interest. Only 3.8%

of soil samples in the provided data had elevated-P concentrations. In many cases,

these elevated-P soils were confined to zones within fields, and 13% of fields had at

least one elevated-P zone. We pursued these elevated-P fields as research sites for

the implementation and monitoring of management practices. The agricultural retailers

contacted 77 farmers with surveys, and 25 responded with interest in meeting the

research team to discuss the project. Following a preliminary evaluation with the spatial

data of fields operated by interested farmers, visits were arranged so that 12 research
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sites could be located. As indicated through the surveys, discussions with farmers,

and soil data, many of the fields had accumulated elevated-P due to historic land-use

(livestock, manure, or biosolid application) creating legacy sources. We conclude that

public-private partnerships featuring agricultural retailers are a promising tool that may

help overcome asymmetric information barriers to finding andmanaging agricultural fields

with legacy-P that that disproportionately contribute to nutrient runoff.

Keywords: eutrophication, Lake Erie, conservation, edge-of-field, agricultural retailers, soil test phosphorus,

asymmetric information barrier

INTRODUCTION

Legacy nutrients stored in agricultural soils pose a serious
threat to downstream waterbodies as they steadily leach into
surface and subsurface runoff. Across the world, agricultural
discharge of nutrients has contributed to the eutrophication
of many aquatic ecosystems (Smith et al., 2006; Diaz and
Rosenberg, 2008). Reducing agricultural nutrient loads requires
collaboration between public and private entities to efficiently
manage this diffuse pollution. Nutrient management plans such

as the Chesapeake Bay Program (2014), the European Economic
Community (EEC) (1991), and the Great Lakes Water Quality
Agreement (GLWQA; International Joint Commission, 2012)
have largely targeted agricultural sources. Despite substantial

efforts to improve water quality, the response is often slower

than desired, with legacy sources implicated as one reason for

the lag in meeting desired water quality improvements (Sharpley
et al., 2013; Melland et al., 2018; Van Meter et al., 2018).
Further demonstrating the relevance and widespread nature of
this problem, a study of 143 watersheds across the United States
concluded that legacy sources contributed to riverine export of
phosphorus (P) in 49 watersheds at an average rate of 86 kg P
km−2, compared to 56 kg P km−2 in 94 watersheds where P was
still being applied (Stackpoole et al., 2019).

One objective of the GLWQA is focused on reducing
phosphorus loads since this nutrient supports the growth
of cyanobacteria and algae in Lake Erie (International Joint
Commission, 2012). In the Western Lake Erie Basin (WLEB),
the single greatest contributor to P loads is the agriculturally-
intensive Maumee River watershed (Maccoux et al., 2016).
Separate studies estimated that legacy-P sources account for 34–
66% (Stackpoole et al., 2019) or 39–49% (Kast et al., 2021)
of the annual total P load discharged by the Maumee River.
The GLWQA and subsequent action plans (Ohio Lake Erie
Commission, 2018; United States Environmental Protection
Agency, 2018) have established annual loading targets of 860
metric tons of total P and 186 metric tons of dissolved reactive P
for the Maumee Basin—a 40% reduction from 2008 loads (Ohio
Lake Erie Commission, 2018). Reducing legacy-P loads alone
would make considerable progress toward meeting the stated
water quality goals.

Legacy-P may persist for decades after its accumulation in
the soil, masking water quality improvements as soil P reserves
are gradually drawn down under revised nutrient application
rates (Jarvie et al., 2013; Williams et al., 2015; Vollmer-Sanders

et al., 2016; Liu et al., 2018). Recent reviews of soil testing
laboratory data from the WLEB found that over 5% of soil
samples in the region have a P concentration that exceeds
100mg kg−1 soil (Williams et al., 2015; Dayton et al., 2020).
This concentration is 2.5-fold greater than the maximum of
40mg P kg−1 soil recommended by the Tri-State guidelines for
corn and soybeans, which are the dominant crops in the WLEB
(Culman et al., 2020a). Beyond this concentration, additional
phosphorus application is not expected to improve agronomic
yields (Culman et al., 2020a). This means that these fields will
be a source of legacy-P as there is minimal fresh application of
this nutrient from fertilizer inputs. Numerous studies have also
linked elevated-P soils to disproportionately greater loads of P
in runoff (e.g., Mcdowell et al., 2002; Vadas et al., 2005; Wang
et al., 2012; Duncan et al., 2017). This means that elevated-P
soils act as critical source areas of P loads within the watershed
(Thomas et al., 2016). Modeling has suggested that targeting
best management practices (BMPs) to these critical source areas
will result in greater P reduction (Ghebremichael et al., 2013;
Scavia et al., 2017; Teshager et al., 2017; Martin et al., 2021). This
includes using a variety of in-field (e.g., cover crops, subsurface
placement of fertilizer) and structural, edge-of-field practices
(e.g., wetlands, riparian buffers) that capture, store, and treat
surface and subsurface runoff. Locating the fields with elevated-
P soils can therefore be expected to simultaneously (1) maximize
the performance of these conservationmeasures by placing BMPs
near sources of greater P loads, while (2) addressing legacy-P in
the watershed.

Despite the knowledge that elevated-P fields exist, their
locations are largely unknown because soil data are proprietary
information. This creates an asymmetric information barrier
to management programs, where the knowledge of the
optimal fields that could benefit from BMPs is obscured to
managers. Partnering with individuals and organizations who
hold this knowledge can overcome this asymmetric information
barrier. In the WLEB watershed, many farmers consult
with agricultural retailers when designing and implementing
nutrient management plans for their operations: nearly half
of agricultural operators in the WLEB watershed rely on
an agricultural retailer (also known as a nutrient service
provider or crop consultant) to apply fertilizer (Prokup
et al., 2017). Agricultural retailers also are responsible for
soil testing thus possessing the asymmetric knowledge that
could lead to locating elevated-P fields and thus targeted BMP
implementation. Agricultural retailers often have more limited
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knowledge about BMPs that could be used to reduce edge-of-
field nutrient losses, but because of their trusted relationships
with farmers it has been suggested that they could become non-
traditional actors promoting conservation activity with farmers
(Vollmer-Sanders et al., 2016; Eanes et al., 2017). Partnering
with agricultural retailers will allow for the identification of
the elevated-P fields through shared data while enhancing
the roles of retailers in promoting the adoption of BMPs
by farmers.

Public-private partnership (PPPs) are arrangements between
private and public entities in which resources, responsibilities,
risks and rewards are shared between the partners in pursuit
of a mutually agreed upon objective (Kwak et al., 2009). PPPs
provide unique capabilities by combining the resources and
authority available to the private and public partners, but at the
cost of coordination and monitoring needed to ensure partners’
alignment with the objective and performance of agreed upon
tasks. While the majority of the literature on PPPs focuses
on projects such as transportation and energy infrastructure
(World Bank, 2017), several authors suggest or explore the use of
PPPs to deliver environmental damage mitigation in agriculture
(Calvo, 1998; Lawrence et al., 2014; Benson et al., 2018). The
novelty of our contribution is the development of a PPP to
specifically address the crucial informational asymmetry that
impedes effective management of elevated-P fields. In our PPP,
private partners contribute improved information concerning
target fields and the public sector partner provides financial and
technical resources to mitigate P losses from these fields.

As part of a publicly-funded grant, we formed a PPP in the
WLEB with the objective to find 12 elevated-P fields to serve
as research sites to target legacy-P loads. We worked with four
agricultural retailers in this study who were willing to share
deidentified soil test data and approach their farmer customers
to participate in this study. In addition to guiding the selection
of field sites, we used data provided by the agricultural retailers to
increase knowledge about the extent and distribution of elevated-
P soils across the basin. Specifically, we quantified the number of
elevated-P zones within fields and then calculated the average soil
test phosphorus (STP) for these fields. Additionally, we correlated
STP concentrations with soil texture and other micronutrients
that could help predict potential water quality impacts (Hanrahan
et al., 2020a,b) and historical management activities (e.g., manure
or biosolid application; Mantovi et al., 2003; Popovic et al., 2012).
Following the initial contact by agricultural retailers with farmers,
the research team evaluated the suitability of fields for BMPs
and hydrological monitoring. This study demonstrates the value
of forming public-private partnerships to identify and manage
sites that act both as a source of legacy-P and disproportionately
contribute to degradation of ecosystem services.

MATERIALS AND METHODS

Formation of Public-Private Partnership
Our PPP was initiated by a research team from Ohio State
University (OSU and Extension), the United States Department
of Agriculture-Agricultural Research Service (USDA-ARS), and
The Nature Conservancy (TNC). Early in 2017, we engaged

the Ohio Agribusiness Association (OABA) and 4R Nutrient
Stewardship Council with an interest in building a public-
private partnership. The OABA is a trade association made
up of businesses that serve Ohio agriculture and is the
administrator of the 4R Nutrient Stewardship Certification
Program for agricultural retailers (sometimes referred to as
nutrient service providers) who follow established guidelines for
fertilizer application (Vollmer-Sanders et al., 2016). The OABA
introduced the project team to four 4R-certified agricultural
retailers in the Maumee River watershed whom they thought
would consider partnering on our project. These groups included
an independent consulting group (consulting with farmers
on 90 km2 in the WLEB), two farmer cooperatives (1,030–
1,350 km2), and a national corporation (2,370 km2). These
agricultural retailers agreed to join the partnership and to (1)
share de-identified soil test data; (2) deliver and participate in
regular surveys and interviews to evaluate the effectiveness of
the partnership; and (3) serve as a point of contact between
researchers and farmers to find participants for this study
(Figure 1). For their participation, each agricultural retailer
received an annual stipend (US$2,000) across the five years of
the partnership.

Following the formation of the PPP with the four agricultural
retailers, municipal-level legislation was passed granting
guardianship rights to the citizens of the city of Toledo, Ohio.
The resulting Lake Erie Bill of Rights (LEBoR) allowed citizens
of Toledo to file lawsuits against Lake Erie polluters across
jurisdictions (Henry, 2019). This ruling was subsequently
challenged in and invalidated by the Ohio Supreme Court
(Drewes Farms Partnership v. City of Toledo, Ohio, 2020). As a
result, and despite their continued support and involvement in
an advisory role in the project, one of the agricultural retailers
withdrew their commitment to share data or contact farmers for
the purpose of identifying research sites. Specifically, this retailer
expressed concerns that their involvement could negatively
impact their business. We continued the project with three
agricultural retailers who participated fully in this study.

Collection of Data Used to Locate
Elevated-P Fields
We set a threshold for elevated-P at a soil test phosphorus (STP)
concentration of ≥100mg P kg−1 soil, which is 2.5-fold the
regional recommended agronomic STP concentration for corn
and soybean (Culman et al., 2020a). Units for STP were expressed
in equivalents of Mehlich-3P as most commercial soil testing
laboratories in the region use this extraction method (Culman
et al., 2020b). Previously, the Bray-P1 method was used in setting
the Tri-State standards (Vitosh et al., 1995), and two of the
partnered agricultural retailers still used Bray-P1 equivalents in
their operations. To account for this, we multiplied the Bray
P1 values by 1.35 to convert them into Mehlich-3P equivalents
(Culman et al., 2020b).

The three agricultural retailers used different methods of
sampling and analysis to evaluate STP levels in fields: composite,
grid, or zone. In composite sampling, multiple soil cores are
collected and composited prior to analysis resulting in a single
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FIGURE 1 | The structure of the Public-Private Partnership. This partnership involved a mixture of public/private businesses, agencies, and non-profit organization

(see lower-right legend). The research team included representation from a public, governmental agency; a public, non-profit organization; and a private, non-profit

organization. Each number represents the steps in the formation of our public-private partnership. (1) Three agricultural retailers agreed to share their soil test

phosphorus data with the research team. (2) The research team then requested the retailers to each contact 25 farmers about their interest in participating with the

research project returning information from those who were interested. (3) The research team evaluated only the fields of interested farmers (highlighted orange) and

arranged meetings with them and the agricultural retailers to discuss their enrollment in the conservation and monitoring program.

STP concentration. For the other two approaches, multiple
samples are taken from within the same field: gridded sampling
used a standard-sized area, while zone sampling could be
designed based on soil types, yields, or other field-specific data.
For this study, we referred to each field area as a “zone.” We
considered any agricultural field with at least one elevated-P zone
to be a candidate for monitoring and management due to limited
auxiliary knowledge about the field.

The data supplied by the three agricultural retailers (identified
individually as AR_[1–3]) varied substantially. Specifically, AR_1
shared their most recent data (2016–2017) in a format that
included a de-identified client identification number, field
name, and zone with corresponding STP data. Likewise, AR_2
shared recent data (2015–2018) and included other geochemical
analyses. Finally, AR_3 only shared their STP data for the
elevated-P fields. Since AR_3 provided an incomplete dataset, it
was excluded from an analysis of STP concentrations distributed
across the basin. Some data provided by AR_1 and AR_2
included repeated measurements for a particular field, and in
those cases only the most recent data was included for this
analysis. Through discussions with the agricultural retailers, we
learned some data referred to small vegetable gardens (n = 48)
or local school district properties such as baseball and football
fields (n= 17). We removed garden and schoolyard data, leaving
a combined dataset that included 47,093 P measurements across
35,951 distinct agricultural fields (i.e., an average of 1.3 zones
per field).

Ultimately, the objective of this initial data screening was
to identify 25 farmers from each agricultural retailer so we
could inquire about their willingness to participate in this study.
In an iterative process, we started by selecting a list of fields,
preferentially seeking those with the highest concentration and
multiple zones with STP ≥100mg kg−1 soil. Working with
the agricultural retailers we arrived at a total of 77 current

customers who manage elevated-P fields (25/26/26 farmers from
AR_1/AR_2/AR_3, respectively). To get a better understanding
of the fields managed by these 77 customers, we asked the
agricultural retailers to complete a questionnaire asking for
information on 106 fields managed by these farmers. We
preferentially selected fields with the greatest STP concentrations
and/or the greatest number of elevated-P zones. The requested
information included: the operation size for the farmer (total
acreage); geographic location; number of elevated-P fields
managed; field size; adjacency of the field to open water; current
fertilizer type; method of fertilizer application; who applied
the fertilizer; soil type(s); tillage practice(s); and current/past
land uses.

We then developed a survey to be delivered by the
agricultural retailers to the 77 farmers managing elevated-P
fields (Appendix A). We gave each agricultural retailer general
instructions on how to deliver this survey, allowing for electronic
or in-person discussions. We provided a brief explanation of
our project followed by an inquiry to gauge the interest of the
farmer on a scale of 1–5, with 1 being “not at all interested” and 5
being “extremely interested.” The survey also included questions
pertaining to whether the fields in question were owned or
rented; the farmer’s participation in other conservation programs
and practices; and a set of demographic characteristics. Farmers
who responded with an interest of ≥3 (moderately, very, or
extremely interested) were considered interested in participating
in the research project. One exception involved a customer of one
of the agricultural retailers who expressed interest in the project
after attending an outreach event that mentioned our project.

We requested GIS information from the agricultural retailers
on fields belonging to interested farmers; this inquiry yielded
spatial information on 52 elevated-P fields. This included one
field that was later selected as a research site that was not
located through retailers. Rather, this field was brought to our
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attention by the owners of a field who had chosen to participate
in our study. At least one field was selected from each of the
interested farmers. Within the defined zones, we analyzed for
relationships with STP concentrations between predominant soil
types (United States Department of Agriculture, 2013) and other
soil test data.

For the purpose of monitoring nutrient loads, we sought
elevated-P fields that were hydrologically isolated with
concentrated flow paths. The initial step in finding these
isolated fields involved downloading LiDAR elevation data
from the publicly available Ohio Statewide Imagery Program
(OSIP) that was input into the Personal Computer Storm Water
Management Model (PCSWMM; Computational Hydraulics
International, version 7.2). We delineated hydrologic flow paths
to screen for potential fields. We then followed up with the
agricultural retailers to arrange a meeting involving our team of
researchers and the farmers managing the fields in the presence
of a representative from the retailer. This meeting allowed
us to ground-truth the surface flow paths, but also allowed
identification of subsurface drainage outlets on the sites. We
further discussed with the farmers their willingness to allow us to
implement and monitor the effects of BMPs on these sites with
the goal of obtaining 12 new research sites.

Data Analysis
We analyzed soil chemistry data in R (version 3.6.0; R Core
Team, 2019) with images created in the grammar of graphics,
“ggplot2,” package (Wickham, 2016). We used the cumulative
density function to evaluate the distribution of STP values and
arithmetic mean concentrations across fields. Additionally, we
calculated the 95% confidence interval for field average STP
concentrations using the student’s t-test to estimate the average
field concentration as a function of the target concentration
for elevated-P. Next, we analyzed the spatial data provided
on the subset of 52 fields selected from farmers interested in
participating in the study. We tested for linear relationships
between STP and other geochemical data (n = 12) using
the Pearson correlation coefficients to calculate the R2. P-
values were adjusted using the Bonferroni method to detect
statistical significance (α = 0.05). We used the post-hoc
Kruskal-Nemenyi test to detect pairwise differences in STP
concentrations by different soil textures using the”PMCMR”
package (Pohlert, 2014).

Six ordinary-least-square (OLS) regression models were
developed to analyze the relationship between field STP
concentrations with the data collected about farmers and their
operations through the agricultural retailers. While this analysis
was not critical to identifying the fields for the study, it helps
to answer the broader question about field and farm operator
characteristics typically associated with elevated-P fields. The
dependent variable for this analysis was the maximum reported
STP concentration for any zone on each elevated-P field. The
main independent variables were: the size of the farm operation
(small, medium, large); whether or not the field is adjacent
to an open water source; indicators for fertilizer application
methods (broadcasting and starter, variable rate application, flat
rate application, broadcasting only); indicators for past land
use (livestock, crop, or unknown); whether or not manure

application is practiced; whether or not the operation uses
only inorganic fertilizer; whether or not the farmer practices
conservation tillage; indicators for cover crops, crop rotation
practices (corn/soybean or corn/soybean/wheat), or any other
conservation practices; and the interest level of the farmer to
participate in the programmeasured on a scale from 1 to 5 where
1means not interested at all and 5means extremely interested. As
no farmer responded with an interest level of 2, we rescaled these
values to 1–4 in these OLS models. We also included an indicator
variable denoting if the field is in a county from the northwestern
region of Ohio (Table S1).

The first model (1) included all variables collected through
the questionnaire and survey. The second model (2) divided
conservation tillage, previously an indicator value, into two
categories: no-till and strip-till. The third model (3) converted
the crop rotation to an indicator variable for whether wheat
was included. The fourth model (4) converted the 1–5 scale
measuring farmers’ interest level to participate in a PPP into
an indicator denoting whether (≥3) or not (1) farmers showed
some interest. The fifth model (5) created an indicator variable
for whether the land use had previously included livestock and
another indicator for whether past land use included crops (with
unknown past land use as the omitted category). In the final
model (6) we omitted the indicator variable for the practice of
manure application. All models included geographic area fixed
effects (i.e., northwest Ohio region). We evaluated the models
using corrected Akaike Information Criterion (AICC) selecting
for the lowest value (Burnham and Anderson, 2002).

RESULTS

Elevated-P Concentrations in the Western
Lake Erie Basin
STP measurements obtained from two of the participating
agricultural retailers ranged from 2–1,580mg kg−1 soil
(Figure 2A). While 34% of the data were above the agronomic
recommended maximum of 40mg P kg−1 soil, 3.8% of the
data were above the elevated-P field threshold of 100mg P
kg−1 soil. Thirteen percent (926/6,970) of fields had at least
one elevated-P zone. For 563 of these fields, though, there was
only one elevated-P zone, and these areas often represented
less than half of the number of zones sampled across the field
(Figure 2B). Alternatively, 129 of the elevated-P fields had STP
≥100mg kg−1 soil in every sampled zone. This included 75 fields
that had multiple zones, while the other 54 consisted of a single
soil sample. With these variations in STP concentrations across
fields, elevated-P fields had an average STP concentration of 91±
4.9mg P kg−1 soil (Figure S1). In selecting the farmers to engage
in the search for research sites, we used this data to identify those
operations that had the greatest STP concentrations and/or most
zones of elevated-P.

Identifying Elevated-P Fields for BMP
Implementation and Monitoring
Among the 77 farmers initially identified with elevated P fields,
we received a positive response (≥ 3) from 32% of these farmers,
reducing the potential number of study sites to ∼170 fields
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FIGURE 2 | (A) Distribution of soil test phosphorus (STP) values (in Mehlich-3 equivalents) across fields in the combined data provided by AR_1 and AR_2. The black

line shows the cumulative density of STP concentrations. Vertical lines highlight the concentrations for the recommended agronomic need (40mg P kg−1 soil; green)

and the threshold set for defining elevated-P fields in the region (100mg P kg−1 soil; orange). (B) Percent of zones with elevated-P compared to the total number of

zones on the field. Violins are scaled such that the area within each violin is representative of fields in that category. The inset graph includes the relative number of

fields without any elevated-P zone. Violins are underlain by boxplots to show the median, interquartile range, and outliers.

and 25 interested farmers (Figure 3). Two of the agricultural
retailers received interest from 10 farmers each (out of 25 or 26),
while the other retailer only received interest from 5/26 farmers.
One noteworthy difference between these three retailers was in
how the research team communicated with them to deliver the
survey. For the two agricultural retailers that received interest
from 10 farmers, we had direct contact with the person who
delivered the survey to the farmer. However, the research team
had contact with only a division manager at the other retailer—
with a corporate structure—and not with the crop consultants
who delivered the survey to the farmers. This highlights a
challenge of constructing and managing PPPs involving multiple
private entities.

Of the 170 elevated-P fields with interested farmers, we
requested spatial information on 52 fields so that they could
be evaluated as candidates for in-person visits (Figure 4).
From these 52 fields we determined that 32 were fit for
surface water monitoring through our PCSWMM delineations.
Specifically, 14 were preferable as candidates based on greater
STP concentrations and isolated flow paths that crossed the
elevated-P zone, while the other 18 were less suitable but still
given consideration (e.g., Figure 4). Based upon the rankings
by the research team, we visited 23 of these fields, at which
point we had selected the 12 final fields for monitoring and
BMP implementation.

In the quest to find 12 elevated-P fields for this study, site
visits were necessary to confirm surface flow paths, ensure
hydrologic isolation from other sources of water, and locate
subsurface drainage outlets. Generally, two cases were presented:
(1) the flow paths were confirmed through observation of
erosion and/or farmer knowledge, or (2) no signs of erosion
were present, and farmers stated they had not observed surface
runoff in the past—this was common for highly permeable,

sandy soils, which are present in many of the second cases.
Site visits were also used to discuss and identify the location
of subsurface drainage tiles on the sites. Of the 23 fields that
were visited, 18 featured subsurface drainage tiles. Most of the
farmers knew the location of tile outlets but only some possessed
maps showing the locations of tiles. Selected sites were chosen
based on the ability to install monitoring equipment to capture
both surface and subsurface flow, when possible, with limited
off-site contributions.

The final discussion between the farmers and research team
was about which BMPs would be suitable for a particular
field. We arranged visits with 14 farmers to discuss practices
on their fields. Two of these farmers opted out of the
research after discussing BMPs on their fields: one was
considering selling their land for commercial development,
while the other was not interested in additional conservation
measures on a field already utilizing several. The PPP
was able to successfully recruit nine farmers/land-owners
who were willing to allow installation of new BMPs and
subsequent monitoring on 12 elevated-P fields (Table 1). The
three remaining farmers showed interest after meeting, but
their fields were not selected as there were monitoring
and/or sampling challenges at these locations. At five of the
selected sites, no BMP was chosen in the initial stages, but
monitoring equipment was installed to begin collecting data.
These data will be used to inform the future management
strategies to be adopted in the latter stages of the research,
so that the most appropriate management action can be
taken. Two sites have had drainage water management and
monitoring equipment successfully installed. The remaining
five sites have edge-of-field practices installed including two
constructed wetlands and three subsurface-fed phosphorus
filter beds.
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FIGURE 3 | The process of finding elevated-P fields for BMP implementation and monitoring. Initially, 77 farmers were contacted to find interested participants. A

selection of potential sites was chosen from the pool of interested farmers and spatial information was requested on these fields. Following a hydrological assessment

using the spatial data, fields were visited to assess the suitability of a practice at each site. Ultimately, 12 fields were identified for monitoring and BMP implementation.

Our selection process in collaboration with the agricultural
retailers successfully identified 12 elevated-P fields for research
sites with average field STP concentrations ranging from 76–
401mg P kg−1 soil. This equated to an average field STP
concentration of 247mg P kg−1. We were also successful
in identifying sites with elevated-P zones that featured many
different soil textures present in the region, with “clay”
being the only soil texture that was not represented. For
eight of these sites, the likely origin of elevated-P could
be traced back to the application of manure or municipal
biosolids as fertilizer, with one field having a history of
livestock operations which were currently still present on site.
Another site (#11) had been used for vegetable production
in the past and may have received manure prior to a
transfer in ownership to the current farmer. Site #6 had
been previously used as an orchard with no known manure
applications. The reasons for elevated-P on the remaining
two sites remained unknown following our discussions with
the farmers.

Characteristics of Elevated-P Fields
In addition to identifying the 12 elevated-P fields to be used as
research sites, we identified field, farm, and farmer characteristics
associated with elevated-P fields. The three agricultural retailers
supplied geospatial and additional geochemical data on a
selection of 52 fields from the farmers who expressed interest
in adopting BMPs. Elevated-P was correlated (R2

> 0.16; p <

0.001) with the concentration of copper, iron, and zinc, in order
from weakest to strongest correlation (Table 2). Additionally,
there were significant correlations between S and Mn with P.
All significant relationships were positive, meaning that the
concentrations of these metals and sulfur were greater in the
zones with greater STP.

There was also a statistically significant relationship between
soil texture and STP concentrations on the 52 elevated-P fields.
Generally, the greater P concentrations tended to be found
in zones with sand or sandy loam textures (Figure 5). The
three sandiest textures (“sand,” “loamy sand,” and “sandy loam”)
accounted for 113 of the 188 elevated-P zones in the fields we
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FIGURE 4 | Surface water flow paths across a field (Site #2, Table 1) selected for this study. This site image depicts the isolated and concentrated hydrology sought

for monitoring following the delineation of catchment areas and their respective flow paths (see legend in the bottom-right). Areas of the field are labeled and shaded

according to the local STP concentration in units of mg P kg−1 soil.

analyzed. Of individual soil textures, though, silty clay loam
zones were where the greatest number of elevated-P zones
were identified (50). Proportionally only 23% of these “silty
clay loam” zones had STP ≥ 100mg kg−1 soil, while this was
the case for over 75% of the “sand” zones. This means that
in addition to having generally greater STP, these zones were
also more frequently the elevated-P zones within these fields,
though the reason for this relationship was outside the scope of
this analysis.

Of the six OLS models developed, we selected the 5th OLS
regression model since it had the lowest AICC value (Table S2).
This model revealed a positive correlation between maximum
STP on a field and past livestock use, current use of only inorganic
fertilizers, the use of cover crops, and conservation practices
other than conservation tillage or cover crops such as small grains
in rotation, filter strips, riparian buffers, and grassed waterways
(Table 3). On the other hand, there was a negative correlation
between maximum STP on a field, a past land use of solely

commodity crops, and current common crop rotations (corn/soy
or corn/soy/wheat). Importantly, there was also a negative
correlation between maximum STP and interest in participating
in this study. In other words, STP concentrations were higher
on farms where livestock were present in the past or where the
past land use was not just commodity crops, and where current
practices involve only inorganic fertilizers, cover crops, atypical
crop rotations (i.e., those including vegetables, alfalfa, or two
consecutive years of soybeans), and conservation practices like
small grains in rotation, filter strips, riparian buffers, and grassed
waterways. In addition, farmers with greater STP concentrations
were less likely to be interested in participating in our program.

DISCUSSION

Our PPP was successful in recruiting farmers operating on
private, agricultural lands to participate in monitoring and
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TABLE 1 | Project sites and characteristics.

Site ID Average STP

(mg kg−1 soil)

Range STP (mg

kg−1 soil)

Area (m2) Practice Implemented Elevated-P Soil

Textures

(predominant)

Historical

Applications or

Land Use Leading

to Elevated-P

1 352 212–492 4.0 × 104 drainage water

management

loam sandy loam manure

2 197 108–401 18.2 × 104 drainage water

management

loam loamy sand sandy

loam

unknown

3 161 130–181 2.8 × 104 phosphorus filter loamy sand sandy loam livestock operations

4 401 43–684 21.4 × 104 phosphorus filter loam sand sandy loam

silty clay loam

manure

5 380 269–491 9.7 × 104 phosphorus filter silty clay loam biosolids

6 222 147–297 3.6 × 104 wetland loamy sand sandy loam former orchard

7 82 22–215 3.4.3 × 104 wetland loam silty clay loam biosolids

8 318 23–1,193 29.1 × 104 monitoring (practice yet to

be determined)

loam sand sandy loam biosolids

9 162 162 4.9 × 104 monitoring (practice yet to

be determined)

loamy sand biosolids

10 76 25–131 18.6 × 104 monitoring (practice yet to

be determined)

loam silty clay loam unknown

11 131 63–181 49.4 × 104 monitoring (practice yet to

be determined)

loam silt loam silty clay

loam

vegetable

production,

possible manure

12 316 272–357 13.3 × 104 monitoring (practice yet to

be determined)

loam clay loam silty clay biosolids

The arithmetic mean was calculated using the STP concentrations across the whole field. The total field area is described although not all area may be hydrologically connected to the

BMP and monitoring. Only the predominant soil type is listed for the elevated-P zones. Historic knowledge is based on information from farmers and/or landowners.

TABLE 2 | Relationship between soil test phosphorus (STP) and soil chemistry

data averaged across the selected 52 elevated-P fields from interested farmers.

Analyte R2 DF Bonferroni- Adjusted p-value

Zn 0.451 (+) 352 <0.001*

Fe 0.240 (+) 352 <0.001*

Cu 0.168 (+) 352 <0.001*

S 0.149 (+) 352 <0.001*

Mn 0.027 (+) 352 0.024*

Mg 0.013 471 0.138

Al 0.018 101 1

N 0.011 101 1

OM 0.004 471 1

K 0.003 471 1

Ca 0.003 471 1

pH 0.002 471 1

Pearson correlations were used to determine the R2, while the signs in parentheses

indicate positive or negative relationships (+/-). The degrees of freedom and p-values

associated with these relationships are shown, with significant relationships (p < 0.05)

indicated with an asterisk.

conservation practice assessment to mitigate runoff from
elevated-P fields. Frequently, conservation efforts involve the
direct voluntary adoption of BMPs or conservation measures
such as with the USDA National Resource Conservation Service’s
(NRCS) Wetland Reserve Program that has sought to restore
wetland habitat on agricultural lands since its creation in the

1990 Farm Bill (P.L. 101-624; Benson et al., 2018). While farmer
engagement in these voluntary government programs has had
some success (e.g., Bosch et al., 1995), many have argued that
not enough conservation is happening on private lands (Wilson
et al., 2013; Osmond et al., 2019). Likewise, PPPs involving
industrial entities, such as the National Forum on Non-point
Source Pollution, have been effective at mitigating agricultural
pollution using voluntary incentive programs sponsored by
the private sector (Calvo, 1998). Examples from the National
Forum included an educational program developed by the Coors
Brewing Company to encourage the adoption of BMPs by barley
growers, with monetary rewards given to the Future Farmers of
America chapters for their role in recruiting farmers to install
riparian buffers (Calvo, 1998).Within theWLEB, the 4R program
is an example of another PPP that was able to make substantial
progress in adoption (35% of acres enrolled within two years)
by choosing to certify agricultural retailers rather than individual
farmers (Vollmer-Sanders et al., 2016). In many ways, our PPP
operated on a similar path as the 4R Nutrient Stewardship
Certification program, but it faced different barriers due to its
narrower scope. That is, the proportion of fields that could benefit
from the array of 4R practices is relatively large compared to
the proportion of fields with elevated-P concentrations which
require mitigation through other means including edge-of-field
practices. This makes identifying the small number of operators
who are willing to consider mitigation of elevated-P fields a
more precise task that is likely ill-suited to general mechanisms
used to enroll farmers into other programs. Our PPP is a
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FIGURE 5 | The distribution of STP concentrations by soil texture using violin plots on the selection of 52 elevated-P fields from interested farmers. The light blue lines

correspond to the 25-50-75th quantiles. The number (n) of zones for each soil type is shown below the soil types. Groups were compared using the post-hoc

Kruskal-Nemenyi test with letters above the violins representing significant differences for individual soil textures (α < 0.05). This test was also run for sandy against

non-sandy soil textures as indicated by asterisks above the gray dashed-lines. Orange and green horizontal lines are placed at the 100 and 40mg P kg−1 thresholds,

respectively.

rare example of such a partnership that leveraged asymmetric
information held by private entities to ensure resources were
spent more efficiently. In other words, payments were made to
the participating agricultural retailers to locate fields where we
expect a return on this investment to be realized through greater
load reductions.

Of the farmers with elevated-P fields who were contacted
through the agricultural retailers, 32% were interested in
participating in the study. This rate of response was more
favorable than a regional effort to install wetlands in which
only 1.5% of farmers responded to a mailed survey (Berkowitz
et al., 2020). Our project likely benefitted from both the fact that
retailers initiated the conversation with the farmers and the fact
that we did not target a single BMP, especially wetlands which
commonly require taking land out of production (Berkowitz
et al., 2020). Through our experience, we found that we received
greater interest when we worked directly with the agricultural
retailers who contacted farmers to complete the initial survey. On
the other hand, we did not have this interaction with the retailers
from the corporate partner. With that group we explained our
program to a division manager who sent the survey to branch
offices to be dispersed to the farmers through the crop consultants

working with each farmer. This resulted in identifying only
five interested farmers compared to 10 from each of the other
agricultural retailers, though these were not significantly different
proportions based on our limited sample sizes (n = 25/26/26).
These results indicate that working more closely with agricultural
retailers, who are entities trusted by farmers (Lawrence et al.,
2014; Enloe et al., 2017), may aid in recruiting volunteers.

While we designed our PPP to maintain the privacy of
individual farmers (all shared data were de-identified until
an individual farmer expressed interest), this remained a
concern throughout the process. One of the agricultural retailers
mentioned that several farmers they contacted were concerned
about how their involvement could expose them to potential
lawsuits. This concern may have arisen in part due to the
passage of the Lake Erie Bill of Rights (LEBoR) around the time
agricultural retailers were contacting farmers (Henry, 2019). In
fact, one of the retailers withdrew their commitment to share
their data explicitly due to the LEBoR. This agricultural retailer
was worried that their involvement in the PPP could damage
business if farmers became aware of their involvement. We
suspect that similar concerns about privacy were a factor in
the interest level of farmers and led to the negative correlation
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TABLE 3 | Factors associated with max soil test phosphorus concentrations (mg

STP kg−1 soil) on each field.

Independent variables Coefficients

Adjacent to water −14 ± 30

Broadcast and starter application −49 ± 69

VRT application 56 ± 72

Flat rate application −9 ± 76

Past land use: livestock 276 ± 94***

Past land use: crop –277 ± 75***

Manure application: yes 61 ± 41

Inorganic fertilizer only 130 ± 75*

Use conservation tillage −72 ± 58

Use cover crops 118 ± 49**

Crop rotation: C/SB –173 ± 60***

Crop rotation: C/SB/W –149 ± 66**

Any other conservation practice 88 ± 39**

Operation size: medium 14 ± 36

Operation size: small −30 ± 64

Somewhat interested in PPP −56 ± 55

Highly interested in PPP −67 ± 56

Extremely interested in PPP –279 ± 70***

Northwest Counties only 129 ± 55**

constant 295 ± 110***

R2 0.64

The predictor coefficients ± standard errors are shown. *, **, *** denotes statistical

significance at the 10%, 5% and 1% levels.

Omitted categories in this model included: Fertilizer application (Broadcast only omitted);

Past Land Use (other omitted); Crop Rotation (other omitted); Operation size (large

omitted); Interest in PPP (not at all interested omitted).

between this interest and the STP concentrations of fields. In
other words, farmers with greater STP concentrations were
more concerned with being involved in the project that could
potentially expose their identity. As a public entity, the research
team at OSU evaluated concerns about public records requests
early in the process of identifying sites, and we felt that there were
sufficient legal arguments that identifying information shared
confidentially would not be subject to these requests. In the case
that a similar PPP be developed, it will be important to consider
the manner in which identifying information shared with public
entities can be protected from the Freedom of Information Act
(5U.S.C. § 552) or other public records requests (ORC 149.43) to
preserve participating farmer anonymity.

The data supplied by the agricultural retailers in our
partnership had a lesser percentage of elevated-P samples (3.8%
vs. >5%) compared to aggregate data provided by the soil testing
laboratories in the region (Dayton et al., 2020). One potential
explanation for this was the fact that we worked with 4R-certified
agricultural retailers who were less likely to over-apply nutrients
on these fields. Working through the agricultural retailers again
provided a unique benefit to this research as it revealed that
these elevated-P zones were often isolated areas within a field.
Specifically, 13% of the fields had at least one zone of elevated-
P. This means that management would need to be extended to a
greater number of fields and may need to be tailored to treat the

runoff coming from these specific areas. In our process to find
research sites, though, one of the challenges was finding isolated
surface flow paths across elevated-P zones or having precise
knowledge of the subsurface tile network making it difficult to
intercept the runoff from these elevated-P zones. While this
posed a challenge for monitoring, dispersed flow across the
field also affected the selection of BMPs. Some practices are
better suited to be applied across whole fields and not limited
to isolated areas (e.g., cover crops, gypsum application) making
them more ideal for where water flows in multiple directions or
where there is more than one discharge point on the field. An
adaptive approach that considers these factors is necessary for
these conservation efforts where edge-of-field BMPsmay bemore
appropriate for fields with consolidated flow paths while in-field
practices could be implemented more generally.

The analysis of spatial field data and survey data provided by
the agricultural retailers about the farmer and their operation
revealed important information about the history of elevated-P
fields and some characteristics that could influence the rate of
P-loss. With cover crops, for example, studies have shown that
P is moved from the subsurface to the surface soil layer which
could explain why this practice was associated with elevated-P
in our study (Soltangheisi et al., 2020). Alternatively, farmers
who were concerned that P concentrations were too high in
their fields may have been more likely to plant cover crops or
engage in other conservation practices, leading to the positive
correlation. It was also apparent that a history of livestock
and, to a lesser extent, manure application was correlated with
maximum STP concentrations measured within a single zone of
the field. Notably, eight of our selected research sites had a known
history of livestock, manure application, or biosolid application
on the fields. Further supporting the relationship between
manure application and elevated-P were its correlation with
heavy metals (Zn, Fe, Cu) and sandier soil types. Agricultural
soils are known to become enriched with these metals following
manure applications (Mantovi et al., 2003; Popovic et al., 2012),
while historic application of manure to make sandy soils more
productive has been associated with legacy-P loading in northern
Europe (Chardon and Schoumans, 2007). Anecdotally, a few
farmers and agricultural retailers mentioned how sandy soils
were better suited to historic manure applications as they dried
out more quickly in the winter or spring that allowed more
frequent, historic applications.

The association of elevated-P with sandier soil types may also
have implications for the transport of this nutrient into drainage
from these fields. There is a common expectation that clay has a
high capacity for P sorption (Mcdowell et al., 2002; Arai and Livi,
2013; Laakso et al., 2017; Xu et al., 2020). While some cases have
demonstrated lesser P concentrations in discharge from clay soils
(Mcdowell et al., 2002), others have shown the opposite to be true
(van Es et al., 2004; Xu et al., 2020). Additionally, a desorption
experiment revealed that the sand portion—separated from its
parent soil—released P at a slower rate, which was attributed
to aluminosilicate surfaces on the sand particles (Arai and Livi,
2013). Al, Fe, Ca, and organic matter have all been indicated as
soil components that limit P-losses from soils (Mcdowell et al.,
2002; Hanrahan et al., 2020b; Xu et al., 2020). However, in our
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data, we found no correlation between the concentration of any
of these elements and STP across the elevated-P fields with the
exception of iron (Fe). This means that these elements were
unlikely to have played a role in the development of elevated-
P soils, but they may still become more important as water
quality is monitored from these sites. One of the more interesting
opportunities with the water quality data will be to explore the
relationship between P loads and sand/silt/clay content as the
research sites selected from the PPP included elevated-P soils
across a variety of soil types.

Several different practices were selected for the research sites
in the PPP so that the water quality monitoring can be used to
guide the selection of BMPs best suited to reduce P runoff from
for elevated-P fields. There were concerns about drainage water
management (DWM) on elevated-P fields as research has shown
that this practice can lead to increased P loads, although this
varied seasonally and annually (Gilliam and Skaggs, 1986; Valero
et al., 2007; Saadat et al., 2018). Despite a lack of certainty with its
effects on P-loads, DWMalso has the potential to reduce nitrogen
and increase agricultural productivity making it a desirable
practice for farmers (Gilliam and Skaggs, 1986; Pease et al., 2018).
There were similar concerns about building wetlands on these
sites with elevated-P soils as these systems may also cause the
release of P under anaerobic conditions (Land et al., 2016). For
this project, the upper-most soils were removed to reduce the
risk of P leaching after wetland construction and flooding. Over
time, there may be diminishing returns from wetlands as the
sediment becomes saturated with P (Mitsch et al., 2012). P-filters
were another intriguing system within the context of this project.
These systems are especially efficient in reducing P—a steel-slag
filter at one of the USDA-ARS sites reduced as much as 55% of
the dissolved P (Penn et al., 2020). The three systems designed
in this study appealed to the farmers as their size did not reduce
the amount of arable land or interfere with standard operations
on the field. Much like with wetlands, these systems are expected
to yield diminishing returns over time (Qin et al., 2018). Part of
the research with the new sites will include using new materials
and different configurations to improve the design of P-filters.
At five sites, only monitoring has been established to allow data
collection and analysis to determine what practice would be most
suitable for each site. The edge-of-field BMPs already selected
are still an option though other in-field BMPs will be considered
(e.g., cover crops [NRCS #340] or gypsum application [NRCS
#333]). Across all sites, management was funded by the research
project with no cost to the farmers contributing to their interest
in participating.

Expansion or replication of our PPP will require new sources
of funding so that a greater number of elevated-P sites can
receive management. Additional efforts to identify who might be
more interested in participating in future partnerships revealed
no significant differences when contrasting the uninterested vs.
interested farmers on characteristics such as farm size, total
number of elevated-P fields, maximum STP value, type of
rotation, or whether a cover crop was being used on the field
of interest. Our research will continue to explore the best way
to carry this partnership forward by fostering the relationship
between agricultural retailers and environmental managers in the

watershed. Our research intends to address a gap in knowledge
about the sustainability of PPPs in the area of conservation (Pinz
et al., 2018). We expect the results of our continued research
to show that the cost of obtaining asymmetric information by
including agricultural retailers is outweighed by the benefits
realized through enhanced P-load reductions by locating these
practices on or near elevated-P fields.

Legacy nutrients can delay the success of water quality
initiatives, but finding these sources has been challenging (Jarvie
et al., 2013; Sharpley et al., 2013; Powers et al., 2016). We were
able to overcome this barrier by partnering with agricultural
retailers who found farmers who were willing to adopt
conservation practices on elevated-P fields. As documented,
these sites had developed the elevated-P concentrations due
to past management and land-use, considering minimal new
fertilizer (starter was applied on the sites). Therefore, our
sites are expected to be a source of legacy-P discharged at
disproportionately greater concentrations (Vadas et al., 2005;
King et al., 2018). Our endeavors identified many elevated-P
fields suitable for conservation practices with farmers willing to
adopt them beyond the 12 research sites selected for our study.
This process demonstrated that public-private partnerships that
include agricultural retailers are a unique tool to help locate
and treat the sources of disproportionate and legacy-P loads that
impair water quality around the world.
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