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RE: Comments on Ohio’s Maumee Watershed Nutrient TMDL 
 
Dear Chief Kavalec: 
 
The Environmental Law & Policy Center (“ELPC”) submits the following comments on modules 
1 and 2 of Ohio EPA’s proposed Maumee River Watershed Total Maximum Daily Load 
(“TMDL”). ELPC is the Midwest’s leading environmental advocacy organization. For more than 
25 years, ELPC has been working to protect the environment and public health around the 
region, with a particular commitment to the Great Lakes. 
 
We appreciate Ohio EPA’s decision to prepare a TMDL for the Maumee River Watershed, as 
well as the opportunity to comment on the first two “modules” or components of that TMDL. 
Unfortunately, as explained in detail below, information presented in these modules raises major 
concerns about the viability and effectiveness of the proposed TMDL. We are primarily 
concerned with the following position statements, each of which, on its own, would prevent the 
TMDL from remediating western Lake Erie if implemented as described in the modules:  
 

• the TMDL will focus solely on total phosphorus and not on dissolved reactive 
phosphorus (“DRP”), which is the driver of the harmful algal bloom crisis;  

• the TMDL will not involve a comprehensive inventory of pollution sources or allocation 
of load reductions among those sources; and 

• the TMDL will rely entirely on the H2Ohio program to provide the requisite “reasonable 
assurances” of nonpoint source reductions.  

 
These comments also explain our serious concerns about the public input and participation 
process for the first two TMDL modules, particularly, the use of a webinar-only format.  
 
In offering these comments, we recognize Ohio EPA’s efforts so far, as well as challenges it 
faces in trying to prepare a Maumee River Watershed TMDL. But if the effort is to be 
worthwhile, and Ohio is to meet its commitments under Annex 4 of the Great Lakes Water 
Quality Agreement and fulfill its obligations under the Clean Water Act, the TMDL must be 
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designed to succeed. We urge Ohio EPA to reconsider its position on each of these issues before 
moving forward.  
 
 
Use of Total Phosphorus Instead of DRP  
 
We were pleased to see the webinar embrace the 40% reduction target for total P set by the 
Annex 4 Task Team.1 But the Task Team also set that same reduction target for DRP2 and the 
webinar made clear that the TMDL will not even attempt to achieve it, stating “only total P will 
be used in this TMDL,” not DRP. This approach puts the TMDL on a path to failure.  
 
As the webinar acknowledges, the HAB crisis is being driven by DRP, which is phosphorus that 
is not attached to a particle and thus 100% bio-available for uptake by the cyanobacteria that 
form the algal blooms.3 DRP also makes up only 20% of the total P load.4 That means that even 
major reductions of total P do not assure meaningful reductions of DRP.5 Indeed, since the 
1990s, total P loading has shown no clear trend, while DRP loading has increased by 155%.6 
 
The webinar tries to justify its total P-based approach by claiming that “accounting for total P 
loads is easier to track and more scientifically straightforward than DRP.” But the presenter did 
not explain or support that claim, and we are unaware of any reason why it would be correct. 
Indeed, DRP and total P are both monitored and tracked across the watershed, with results 
presented by the Ohio Lake Erie Commission.7 The webinar also states that “efforts to reduce 
total P generally reduce DRP.” In fact, some popular BMPs, including no-till and cover crops, 
reduce total P but may increase DRP, at least in some circumstances.8 This is particularly true 
given the widespread application of liquid dairy manure on tile-drained fields in the Maumee 

                                                 
1 See Annex 4 Objectives and Targets Task Team Final Report to the Nutrients Annex Subcommittee, 
Recommended Phosphorus Loading Targets for Lake Erie at 2 (May 11, 2015), 
https://www.epa.gov/sites/production/files/2015-06/documents/report-recommended-phosphorus-loading-
targets-lake-erie-201505.pdf  
2 Id. at 3. 
3 Recommended Phosphorus Loading Targets at 32; see David B. Baker et al., Needed: Early-Term 
Adjustments for Lake Erie Phosphorus Target Loads to Address Western Basin Cyanobacterial Blooms, 
45.2 J. of Great Lakes Research 203–211 (2019) 
4 Recommended Phosphorus Loading Targets at 32. 
5 Id. 
6 Id. at 2, 16. 
7 See Ohio Lake Erie Commission, Expanded Lake Erie Tributary Monitoring, November 2020 at p. 14, 
https://lakeerie.ohio.gov/static/Water_Monitoring_Summary/Expanded_load_monitoring_report_2020_FI
NAL.pdf. We also note that this document and its predecessors are not listed as sources for the TMDL; 
they should be added. 
8 Xiaojing Ni, Yongping Yuan, Wenlong Liu, Impact factors and mechanisms of dissolved reactive 
phosphorus (DRP) losses from agricultural fields: A review and synthesis study in the Lake Erie basin, 
714 J. of Science of the Total Environment 7 (2020) (“Both conservation tillage and no-till demonstrated 
significant potentials to increase DRP subsurface losses compared to conventional tillage (p < 0.01).”) 
(attached as Exhibit A). 

https://www.epa.gov/sites/production/files/2015-06/documents/report-recommended-phosphorus-loading-targets-lake-erie-201505.pdf
https://www.epa.gov/sites/production/files/2015-06/documents/report-recommended-phosphorus-loading-targets-lake-erie-201505.pdf
https://lakeerie.ohio.gov/static/Water_Monitoring_Summary/Expanded_load_monitoring_report_2020_FINAL.pdf
https://lakeerie.ohio.gov/static/Water_Monitoring_Summary/Expanded_load_monitoring_report_2020_FINAL.pdf
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basin—the phosphorus in that liquid is already dissolved and can flow right through to the tiles.9  
Even the use of setbacks and buffers will not stop the DRP loss caused by such manure 
applications. And to the extent total P reduction efforts do reduce DRP, the ratio between them 
(with DRP being only 20% of total P) means that a 40% reduction of total P could result in a 
DRP reduction of only 8%. 
 
If the TMDL is to have any hope of success in remediating western Lake Erie, it must focus on 
DRP, not just total P. We urge Ohio EPA to revisit its position now and begin the TMDL with a 
focus on DRP as well as total P. 
 
Source Identification and Allocation 
 
The first two TMDL modules do not commit to an essential feature of any TMDL: identifying 
pollution sources in the watershed and allocating pollution reductions among sources based at 
least in part on their contributions.  
 
The list of documents the agency plans to use for the TMDL includes many important items, 
such as the nutrient mass balance study referenced above. But those documents do not inventory 
pollution sources in the watershed, or even identify and analyze the contributions from different 
types of inputs (e.g. commercial fertilizer vs. manure, tile drain outlets vs. edge-of-field runoff).  
 
Instead, it appears that the state will be asking local partners to estimate the sources and amounts 
of nutrient pollution within locally developed nine-element non-point source implementation 
strategies. This approach is inadequate because those partners lack the resources to complete the 
necessary analysis; it also ensures that source identification and allocation efforts will be 
scattershot and inconsistent across the watershed. Notably, current 9-element plans do not 
inventory pollution sources or even distinguish between pollution from manure and pollution 
from commercial fertilizer; instead, they lump those sources together under the heading 
“agricultural load.”10 This missing source distinction is particularly important given the 
substantial increases in animal units (especially confined animals) in the watershed, discussed in 
detail below. 
 
As explained in the comments of the Toledo Metropolitan Area Council of Governments 
(“TMACOG”), Ohio’s reluctance to identify nutrient sources is not due to lack of data. A wide 
range of datasets exist, and when analyzed holistically through OEPA’s Loading Analysis 
modeling, they can give a more complete picture of all sources of pollution. These include:  
 

• CAFO/CAFF Permits and related data, including manure and nutrient management 
plans 

• USDA Census of Agriculture data 
• Ohio Lake Erie Commission nutrient load monitoring data 

                                                 
9 David Green, Frank Gibbs: Liquid Manure Is Too Wet, State Line Observer (Aug. 20, 2006) (attached 
as Exhibit B). 
10 See, e.g., Nine-Element Nonpoint Source Reduction Implementation Strategy for Little Black Creek 
HUC-12 (04100004-03-01) at Sec. 2.3, p. 14, https://www.epa.ohio.gov/Portals/35/nps/Approved%209-
Element%20Plans/Little%20Black%20Creek_Ver1.0_1-16-2020.pdf?ver=2020-01-22-111922-650. 

https://www.epa.ohio.gov/Portals/35/nps/Approved%209-Element%20Plans/Little%20Black%20Creek_Ver1.0_1-16-2020.pdf?ver=2020-01-22-111922-650
https://www.epa.ohio.gov/Portals/35/nps/Approved%209-Element%20Plans/Little%20Black%20Creek_Ver1.0_1-16-2020.pdf?ver=2020-01-22-111922-650
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• Estimates of non-permitted animal operations, including the animal feeding operation 
inventory prepared by ELPC and the Environmental Working Group 

• Fertilizer sales records 
• Summary statistics collected by the Ohio Agriculture Conservation Initiative and 

H2Ohio 
• Western Lake Erie Nutrient Source Inventory commissioned by Lucas County and 

the City of Toledo 
 
OEPA can supplement these data sets with information from nine-element plan partners as 
appropriate. It should also develop a strategy for expanded data collection, including edge-of-
field and/or tile outlet monitoring and water testing.  
 
Finally, it appears that the agency may be planning to allocate the 40% total P reduction equally 
to all HUC 12 sub-watersheds. This approach will fail to account for differences in land use and 
nutrient loss across the study area, and is particularly problematic given that “hotspots” 
(including fields with extremely high soil test phosphorus levels) are likely responsible for a 
disproportionate amount of agricultural runoff pollution.11 
 
We urge Ohio EPA to commit to completing a proper inventory of pollution sources in the 
watershed, which can then support an informed and effective allocation of load reductions and 
loading analysis plan.  
 
Reasonable Assurances 
 
As the webinar acknowledges, TMDLs must include an implementation plan that provides 
“reasonable assurances that nonpoint source reduction will in fact be achieved”; otherwise, “the 
entire load reduction must be assigned to point sources.”12 This requirement is particularly 
important here because nonpoint sources account for approximately 90% of the total P load into 
Lake Erie.13 The webinar says the agency will rely entirely on Gov. DeWine’s H2Ohio program 
to provide “reasonable assurances” of nonpoint source reductions for the Maumee River TMDL, 
calling it the “missing piece” that previously prevented satisfaction of that requirement. 
 

                                                 
11 See R. L. Muenich, M. M. Kalcic, J. Winsten, K. Fisher, M. Day, G. O’Neil, Y.-C. Wang, D. Scavia, 
Pay-for-performance conservation using swat highlights need for field-level agricultural conservation, 
American Society of Agricultural and Biological Engineers, Vol. 60(6): 1925-1937, 1930 (2017), 
https://doi.org/10.13031/trans.12379 (showing vertical boxplots detailing variability in DRP losses from 
specific farmer fields based on conservation practices and field conditions in the Raisin River Watershed) 
(attached as Exhibit C).  
12 U.S. EPA, Guidance for the Implementation of Water Quality-Based Decisions: The TMDL Process, at 
15, EPA 440/4-91-001 (Apr. 1991) 
https://nepis.epa.gov/Exe/ZyPDF.cgi/00001KIO.PDF?Dockey=00001KIO.PDF; 
Ohio Rev. Code § 6111.562(B)(5). See also 33 U.S.C. § 1313(d)(1)(C); U.S. EPA, Protocol For 
Developing Nutrient TMDLs at 9-2, EPA 841-B-99-007 (Nov. 1999), 
https://nepis.epa.gov/Exe/ZyPDF.cgi/20004PB2.PDF?Dockey=20004PB2.PDF 
13 See Nutrient Mass Balance Study 2020 at 3, 93. 

https://doi.org/10.13031/trans.12379
https://nepis.epa.gov/Exe/ZyPDF.cgi/00001KIO.PDF?Dockey=00001KIO.PDF
https://nepis.epa.gov/Exe/ZyPDF.cgi/20004PB2.PDF?Dockey=20004PB2.PDF
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This approach also dooms the TMDL to fail. To begin with, Ohio has not established a dedicated 
source of funding for H2Ohio; it depends on annual appropriations. Even current levels of 
funding are not close to sufficient to finance necessary nutrient reduction efforts and there is no 
guarantee that funding will continue, let alone increase, into the indefinite future. Substantial 
H2Ohio funds are also used for projects like coastal wetlands in Lake Erie, which, whatever 
benefits they may provide for water quality and habitat, do not reduce DRP or even total P loads 
into the lake. 
 
More fundamentally, to the extent H2Ohio addresses the agricultural pollution driving the HAB 
crisis, it relies entirely on voluntary programs and incentive payments to agricultural operators to 
adopt so-called best management practices (“BMPs”), without any measurement of baseline 
pollution levels or tracking of pollution reductions. These voluntary programs have been tried for 
years without producing any measurable DRP or TP reductions.14 This failure reflects the 
limitations of a voluntary BMP-only paradigm. As discussed above, some BMPs can be 
ineffective or counter-productive in reducing DRP. And neither H2Ohio nor the TMDL (as 
discussed above) provide the kind of measurement and tracking that allow BMPs—which at best 
are highly site-specific—to be properly targeted. As TMACOG’s comments explain: 
 

Ohio EPA cannot provide reasonable assurances that nutrient reduction goals will 
be met without accountability and the ability to target implementation efforts. 
Implementation efforts cannot be targeted without a documented baseline upon 
which success can be measured. A baseline cannot be created without 
understanding each nutrient source’s proportional contribution to the total nutrient 
load for each watershed. As noted in previous comments, OEPA has no intention 
to identify individual NPS nutrient sources. 

 
The voluntary BMP paradigm has another fatal flaw: it focuses only on trying to stop nutrient 
loss after application, all while the amount of nutrients being applied – particularly from 
untreated animal waste at confined feeding operations—continues to rise. ELPC’s analysis with 
the Environmental Working Group showed that the number of confined animal operations in the 
Maumee watershed grew by 42% between 2005 and 2018 and the number of animals more than 
doubled, from 9 million to 20.4 million.15 The Ohio Department of Agriculture recently 
acknowledged this explosive growth in manure production at confined facilities, estimating that 
animal units in the Maumee watershed increased 88% between 2002 and 2017.16 All of that 
manure is spread, untreated, on land adjacent to or in the general vicinity of the animal feeding 
operations that produce it. The state continues to permit new large CAFOs while leaving 

                                                 
14 See Ohio Nutrient Mass Balance Study, Ohio Dep’t of Agriculture, 22 (2020) (finding no significant 
reduction trend in P loading in Lake Erie or the Maumee River watershed). Ohio officials have also 
recently re-confirmed that H2Ohio relies solely on voluntary measures. See Tom Henry, H2Ohio 
payments offered to farmers in 10 more Ohio counties, some in Northwest Ohio, The Toledo Blade, July 
6, 2021,  https://www.toledoblade.com/local/environment/2021/07/06/h2hio-farm-incentives-expand-
into-10-more-nwo-counties/stories/20210706114  
15 Envt’l Working Grp., ELPC, Explosion of Unregulated Factory Farms in Maumee Watershed Fuels 
Lake Erie’s Toxic Blooms (Apr. 2019), https://www.ewg.org/interactive-maps/2019_maumee/. 
16 Ohio Dep’t of Agriculture, Livestock Agriculture in the Maumee Watershed in Ohio, Presentation to 
Perrysburg City Council at slide 22 (May 26, 2021) (attached as Exhibit D). 

https://www.toledoblade.com/local/environment/2021/07/06/h2hio-farm-incentives-expand-into-10-more-nwo-counties/stories/20210706114
https://www.toledoblade.com/local/environment/2021/07/06/h2hio-farm-incentives-expand-into-10-more-nwo-counties/stories/20210706114
https://www.ewg.org/interactive-maps/2019_maumee/
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facilities just below permitting thresholds completely unregulated.17 The H2Ohio approach is 
like paying people to empty cups of water out of a sinking boat while allowing new holes to be 
drilled in its bottom.  
 
In short, Ohio EPA’s statement that it will rely solely on H2Ohio to provide “reasonable 
assurances” of nonpoint source reductions amounts to a concession that the TMDL will not 
satisfy that vital requirement.18 We urge the Agency to reconsider this approach and to develop a 
credible plan, including enforceable regulatory standards, to provide “reasonable assurances” of 
nonpoint source reductions in the TMDL.  
 
Inadequate Format/Insufficient Public Participation  
 
Modules 1 and 2 of the TMDL were presented entirely as online videos or “webinars,” the 
second of which was more than 30 minutes long. Instead of having Ohio EPA’s findings and 
commitments memorialized in a document that the public could carefully read, analyze and 
reference, the video-only approach buries vital information in a fleeting oral presentation. Our 
staff members, who are well-versed in the underlying issues, had to repeatedly pause and rewind 
the video just to document Ohio EPA’s statements. The burden would be even higher on 
ordinary citizens.  
 
The videos did include PowerPoint slides, but those slides contained only a small portion of the 
information presented in the webinars. Notably, the slides said nothing about two essential 
features of the TMDL discussed above, which were mentioned only in the oral presentation: (i) 
the TMDL will focus on total phosphorus, not DRP, and (ii) the TMDL will rely solely on the 
H2Ohio program to satisfy the “reasonable assurance” requirement. Moreover, the PowerPoint 
slides were not even available for viewing or download on the website; we had to request them 
from Ohio EPA (which the agency did promptly send them over in response). The website also 
failed to provide an email address for submitting public comments; we had to ask Ohio EPA for 
that information too (which it provided). 
 
This approach to public involvement is inadequate and undermines the TMDL development 
process. We ask that Ohio EPA please publish transcripts of the oral presentations in the first two 
modules and commit to presenting future modules in written documents so the public can 
adequately digest and respond to them. We also support further expanding the public 
participation process, including in-person meetings that would allow communities most impacted 
by HABs in Western Lake Erie to ask questions about and comment on the TMDL development 
process. 

                                                 
17 See Concentrated Animal Feeding Operations, Ohio Envt’l Protection Agency, 
https://www.epa.ohio.gov/dsw/cafo/index#126567134-cafo-npdes-permits-in-ohio (listing and linking to 
CAFO permits); News & Events, Ohio Dept. of Agriculture, 
https://agri.ohio.gov/wps/portal/gov/oda/divisions/livestock-environmental-permitting/news-and-events/ 
(listing new proposed permits to install and permits to operate).  
18 The state’s “reasonable assurance” problems will become even worse if current Ohio HB 175, which 
eliminates all protections for ephemeral streams, becomes law. See Testimony of R. Michaels in 
Opposition to HB 175, available at https://www.legislature.ohio.gov/legislation/legislation-committee-
documents?id=GA134-HB-175.  

https://www.epa.ohio.gov/dsw/cafo/index#126567134-cafo-npdes-permits-in-ohio
https://agri.ohio.gov/wps/portal/gov/oda/divisions/livestock-environmental-permitting/news-and-events/
https://www.legislature.ohio.gov/legislation/legislation-committee-documents?id=GA134-HB-175
https://www.legislature.ohio.gov/legislation/legislation-committee-documents?id=GA134-HB-175
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Conclusion 
 
Western Lake Erie is now facing yet another algal bloom season. Its waters will once again be 
coated in thick green scum that imperils drinking water supplies, prevents outdoor recreation, 
and harms the region’s vital tourism industry. There is no mystery about the cause of this 
impairment – phosphorus pollution, particularly DRP, from agricultural sources. Under the Clean 
Water Act, the Maumee River Watershed TMDL must provide a reliable roadmap for 
remediating the impairment and saving the lake, which would also be consistent with Ohio’s 
repeated commitment to reduce phosphorus loads by 40% by 2025 pursuant to Annex 4 of the 
Great Lakes Water Quality Agreement.  
 
If the TMDL follows the course laid out in the first two TMDL modules, however, that goal will 
not be achieved – the focus on total P instead of DRP, the failure to identify pollution sources 
and allocate reductions accordingly, and the reliance on H2Ohio to provide “reasonable 
assurances” of nonpoint source reductions each set the TMDL on a path to failure. We strongly 
urge Ohio EPA to reconsider these issues and commit to a TMDL process that will comply with 
the Clean Water Act, fulfill the state’s Annex 4 commitments, and restore Lake Erie for current 
and future generations.  
 
Thank you again for the opportunity to submit these comments.  
 
 
/s/ Robert Michaels 
Robert Michaels 
Senior Attorney  
Environmental Law and Policy Center  
35 East Wacker Drive, Suite 1600 
Chicago, Illinois 60601 
rmichaels@elpc.org 
(312) 673-6500  
 
 
Caroline Cox 
Staff Attorney 
 
John Petoskey 
Associate Attorney 



 

 

 

 

 

 

 

 

 

Exhibit A 
 

Xiaojing Ni, Yongping Yuan, Wenlong Liu, Impact factors and mechanisms of 
dissolved reactive phosphorus (DRP) losses from agricultural fields: A review and 
synthesis study in the Lake Erie basin, 714 J. of Science of the Total Environment 

7 (2020)  

 



Impact factors and mechanisms of dissolved reactive phosphorus (DRP)
losses from agricultural fields: A review and synthesis study in the Lake
Erie basin
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H I G H L I G H T S

• A synthesis analysis was conducted on
dissolved reactive phosphorus (DRP)
loss.

• Greater DRP losseswere associatedwith
higher soil test phosphorus.

• The effectiveness of conservation prac-
tices on DRP loss depends on soil prop-
erties.

• Soil test and soil survey are suggested,
especially during wet years.

• Fertilizer application rate and timing are
critical for DRP loss management.
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Dissolved Reactive Phosphorus (DRP) losses from agricultural fields promote algae growth in water bodies, and
may increase the risk of Harmful Algal Blooms (HABs). Using existing data from the Lake Erie Basin, we applied
multiple regression analysis to better understand the impacts of both site-specific conditions (e.g., soil types/
properties) and management practices (e.g., Agricultural Conservation Practices [ACP]) on annual DRP losses
in subsurface and surface runoff. Results showed that soil properties significantly impact DRP losses. Greater
DRP losseswere associatedwith increased soil pH and Soil Test Phosphorus (STP). By contrast, soil organicmatter
(SOM)was inversely correlatedwith DRP losses. Soil clay content was also inversely correlatedwith DRP subsur-
face losses, but had no impact on DRP surface losses. The ACPs evaluated had varied effectiveness on DRP loss re-
duction. Cropping systems involving soybean could reduce DRP subsurface losses, whereas winter cover crops
could cause unintended DRP subsurface losses. Cropping systems involving soybean and cover crops, however,
had no impact on DRP surface losses. In addition, no-till and conservation tillage also enhanced DRP losses com-
pared to conventional tillage, particularly for soils with high SOM and/or high clay content.
Precipitation amount and fertilizer application rate significantly increased DRP surface losses as expected. Fertil-
izer application rate, however, had no impact on DRP subsurface losses. The impact of precipitation amount on
DRP subsurface losses depends on STP levels. Precipitation amount significantly increases DRP subsurface losses
when STP is higher (N41 mg kg−1 in this analysis). The optimal STP level for crop growth is 30 to 50 mg kg−1.
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Results from this study help us to better understandDRP losses and the effectiveness of ACPs for controlling them.
We suggest taking soil surveys and soil tests into consideration when designing and/or implementing ACPs to
manage DRP losses. Furthermore, the method we used for this study could be applied to other agricultural re-
gions to investigate impacts of site-specific conditions and management practices on water quality.

Published by Elsevier B.V.

1. Introduction

Runoff from farm fields has been amajor cause of Lake Erie's harmful
algae blooms (HABs), which can make water toxic to fish, wildlife, and
people. Lake Erie's HABs have been an annual threat to surrounding
communities and businesses who worry about whether algae will:
1) pollute their drinkingwater; 2) harm the region's vital tourism econ-
omy; and 3) prevent residents and visitors from recreational opportuni-
ties such as boating, swimming, and visiting shorelines. In fact, the city
of Toledo, Ohio, US had to shut down their drinking water supply due
to HABs detected in Lake Erie in the summer of 2014, which affected
more than a half million residents in Toledo. Since 1970s, many plans
and efforts have been implemented to control total P input by mainly
limiting point source pollution; by early 1990s, HABs have been consid-
erably mitigated in Lake Erie. However, severe eutrophication has been
observed and algal biomass has increased again in the mid-1990s
(Dolan, 1993; Dolan and Chapra, 2012; Fang et al., 2019). When ad-
dressing causes of the re-eutrophication of Lake Erie, researchers have
shifted their focus from total phosphorus (TP) to dissolved reactive
phosphorus (DRP) (Scavia et al., 2014). Although this form of P is a rel-
atively small portion of TP (i.e. 11%–24%) (Scavia et al., 2014; Watson
et al., 2016), DRP is highly reactive and bioavailable for algae growth
(Baker et al., 2014; Steffen et al., 2014). In fact, by analyzing algal
bloom biomass andDRP losses from 1996 to 2010, Kane et al. (2014) re-
ported that total phytoplankton and cyanobacteria biomass was signif-
icantly correlated with DRP losses in agricultural watersheds during
summer. In addition, by monitoring phosphorus loads from major trib-
utaries to Lake Erie, researchers observed that DRP loads have doubled
in the 2000s compared to the 1990s, while TP loads have been relatively
constant over the same period (Scavia et al., 2014; Watson et al., 2016).
Thus, DRP has been recognized as a primary threat to water quality in
Lake Erie and there is need for actions and practices that mitigate DRP
losses (Daloglu et al., 2012; Smith et al., 2015a).

Agricultural conservation practices (ACPs), including conservation
crop rotation, cover crops, no-tillage/conservation tillage, and nutrient
management, have been implemented in the Lake Erie basin tomitigate
non-point source pollution (Smith et al., 2015a; USDA-NRCS, 2016). As
most existing ACPs are designed to reduce sediment/particulate P
losses, their effectiveness and dominant mechanisms on DRP reduction
are still under investigation (Michalak et al., 2013; Smith et al., 2015a).
Crop rotations have shown potential to mitigate DRP losses by improv-
ing crop P uptake efficiency (Carefoot and Whalen, 2003; Daryanto
et al., 2017), although such efficiency substantially varies among differ-
ent types of rotations and/or site-specific conditions. For example, for
rotations involvingwinter wheat, Smith et al. (2015a) indicated the po-
tential for decreased DRP losses due to higher P use efficiency by post-
poning fertilizer application to avoid the snow-melting period in a
corn-soybean-wheat-oat cropping system compared to the widely-
applied corn-soybean cropping system. Stenberg et al. (2012) and
Daryanto et al. (2017) reported greater DRP losses because of P release
from frost-damaged plants and less P uptake by wheat. Winter cover
crops are expected to reduce bioavailable P in soil by taking up P. In ad-
dition, cover crops may enhance P sorption and thus reduce DRP losses
from fields (Villamil et al., 2006). At the same time, cover crops could in-
crease DRP losses resulting from decay of cover crops, which is en-
hanced by the freeze-thaw effect (Bechmann et al., 2005; Sharpley
and Smith, 1991). No-till management was originally considered as
having the potential to reduce DRP losses through controlling erosion

and water loss (Mostaghimi et al., 1988). However, studies in the Lake
Erie region have had conflicting results due to subsurface drainage sys-
tems that were widely installed in agricultural landscapes because of
the poorly drained soils (Jarvie et al., 2017; Smith et al., 2015c). Many
researchers have reported higher DRP losses from sites with no-till
compared to those with conventional tillage. They indicated that poten-
tial mechanisms for increased DRP losses from no-till fields included:
1) enhanced P mineralization from crop residue causing higher levels
of bioavailable P in soil (Daryanto et al., 2017; Sharpley and Smith,
1989); 2) P stratification in top soils causing higher P losses from the
enriched P soil layer (Baker et al., 2017; Jarvie et al., 2017); and 3) en-
hanced development of macropores providing a shortcut for DRP to
subsurface drainage systems (Baker et al., 2017; Williams et al., 2016).
By contrast, Shipitalo et al. (2013) did not find significant differences
among various tillage treatments and suggested that impacts of tillage
practices on DRP losses need to be evaluated along with other factors
such as soil properties. Conflicting results on the effectiveness of ACPs
on DRP lossmitigation indicate that a systematic examination is needed
to obtain general insights across various conditions (Smith et al., 2018;
Stammler et al., 2017).

Site-specific conditions, i.e. soil physical/chemical properties, exhibit
complex and misunderstood impacts on DRP fate and transport in agri-
cultural landscapes, potentially altering the effectiveness of ACPs at dif-
ferent locations (King et al., 2015; Ron Vaz et al., 1993; Sharpley et al.,
1986). For example, finer soil particles could enhance preferential
flow (Djodjic et al., 2004; Simard et al., 2000), which increases risk of
DRP losses. By contrast, finer soil particles could also reduce potential
loss of DRP by improving P sorption (Sharpley, 1993). Similar conflicting
patterns also exist regarding soil organic matter (SOM). SOM is sup-
posed to increase soil macroporosity (Bot and Benites, 2005) and thus
expedite potential DRP losses. On the other hand, due to its complex va-
riety and structure, SOM may also increase/decrease P adsorption ca-
pacity (Daly et al., 2001; Kang et al., 2009), thereby introducing
considerable uncertainty as to SOM's effects on DRP losses. Site-
specific conditions therefore also need to be examined systematically
along with existing field management practices to address their com-
plex impacts on DRP losses and ACPs effectiveness.

Although a considerable number of studies have focused on ACP im-
pacts on DRP losses, there is no systematic review focusing on the effec-
tiveness of ACPs under various site-specific conditions. To address this
research gap, we conducted a synthesis study based on recent publica-
tions (2000–2018). Synthetic analysis can be an efficient way to evalu-
ate the integrated impacts of site-specific conditions and management
practices for several reasons. First, synthetic analysis enables work on
large and more complex datasets collected from multiple field studies
with various experimental conditions (Daryanto et al., 2017) so that
DRP losses could be evaluated under a range of factors representing dif-
ferent hydro-biochemical processes and management practices. Fur-
thermore, an aggregated dataset from multiple field studies could
provide more general information on how site-specific conditions
(Christianson et al., 2016; Mutema et al., 2015) impact the effectiveness
of ACPs, which cannot be evaluated in individual studies.

This study aimed to improve our understanding ofmechanisms con-
trollingDRP fate and transport by synthesizing information from studies
of ACP effectiveness on DRP losses across various site-specific condi-
tions in highly managed agricultural landscapes in the Lake Erie basin.
To achieve this goal, we conducted a generalized linear regression to
evaluate the effectiveness of existing ACPs on DRP subsurface losses
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and surface losses along with site-specific conditions. The correspond-
ing statistical results, along with background information and knowl-
edge from existing literature, were used to identify the dominant
mechanisms controlling DRP subsurface losses and surface losses.
Such information is critical for researchers as well as policy-makers in
designing and implementing ACPs for DRP control (McDowell et al.,
2015). In addition, such an understanding is very important for DRP
modeling because it would help model parameterization to better rep-
resent watershed conditions (Arhonditsis et al., 2019).

2. Materials and methods

2.1. Study area

The study area is the Lake Erie basin in the Great Lakes region
(Fig. 1). The drainage area is approximately 78,100 km2, and includes
portions of the states of Indiana, Ohio, Pennsylvania, Illinois, and Mich-
igan in the United States and portions of the province of Ontario in
Canada. Agricultural cropland is the dominant land use (~74% in
Fig. 1a), and major crops include corn, soybean, and winter wheat
(Agriculture and Agri-Food Canada, 2010; U.S. Geological Survey,
2011). Agricultural production was estimated to produce N75% of TP
loads to Lake Erie from 1994 to 2008 (Dolan and Chapra, 2012). Due
to the prevalence of poorly-drained soils under natural conditions
(Fig. 1b, (Ross et al., 2018)), artificial drainage systems, mostly subsur-
face tile drainage, have been extensively implemented in cultivated
croplands in this region (Sugg, 2007).

2.2. Literature searching and screening

We searched peer-reviewed literature, in English from 2000 to 2018
using Science Direct,Web of Science, and Google Scholar, that focused on
phosphorus export to Lake Erie from agricultural fields. The topic key-
words included phosphorus or dissolved reactive phosphorus or soluble
reactive phosphorus or nutrient loss, agricultural field, and water. The

initial literature search resulted in N600 articles. Those 600 articles
were screened and articles of interestwere selected according to the fol-
lowing criteria: 1) the studywas a field study conducted in the Lake Erie
basin; 2) the study reported site-specific conditions and management
practices, i.e. major soil types, phosphorus source(s) as fertilization or
legacy P, and cropping system; and 3) the study reported annual DRP
losses from either subsurface or surface runoff during the study period.
The first round of screening also included a review of the locations of
field studies named in the titles and abstracts to confirm they were in
the Lake Erie basin,whichnarrowed the literature pool down to 36 jour-
nal articles. Those 36 articles were carefully read and only nine papers
(238 site-years in total, Table 1) reported necessary information for
this study.

2.3. Data processing

2.3.1. Variable description
Some variables had multiple temporal interpretations due to the

different definitions among the selected studies (Table 2). The differ-
ent definitions were not distinguished in this study. For example, an-
nual DRP losses were defined as the reported DRP losses from each
study year or the annual average of the study period. Annual rainfall
depth was similarly defined as the reported total rainfall depth of
each study year or the annual average depth of the study period cor-
responding to the annual DRP loss. In addition, some factors were
unified and reclassified to ensure that variables from different stud-
ies were compatible in further analyses. Soil test P (STP) was unified
as Mehlich-3 P. According to Mallarino (1995), Bray-P and Olsen-P
are equivalent to approximately 1.12 and 0.45 times of Mehlich-3
P, respectively, which was applied in this study to convert Olsen-P
and Bray-P1 to Mehlich-3 P. Fertilization methods were reclassified
into two categories based on placement location: broadcasting as
surface application, and injection, banding, and incorporating fertil-
izer as subsurface application. Tillage types were divided into three
groups: no-till, conservation tillage (including vertical, rotational,

Fig. 1. Study area and locations of the fields used in this study. i Indicating runoff potential in undrained condition, A to D: low to high runoff potential (USDA-NRCS, 2004).
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strip, and disked [reduced input] tillage), and conventional tillage
(i.e. chisel, paraplow, and disked [no reduced input] tillage). The dif-
ferent timings of the management practices such as fall or spring till-
age and fertilization, and the types of cover crops, were not
distinguished in this study due to limited data availability.

We aimed to record all site-specific and management practice in-
formation in each individual study corresponding to its reported DRP
losses. Those management practices were excluded if there was only
one study performed on that practice. In addition, as the measure-
ments and conservation practices were conducted individually, the
precision of measurements varied depending on their original stud-
ies. We did not report this information due to limited data
availability.

2.3.2. Missing information handling
To prepare data for further analysis, missing site-specific conditions

andmanagement practiceswerefilled in or estimated based on the type
of variable (Table A1). For missing precipitation site-years, daily precip-
itation data from the Global Historical Climate Network (GHCN) dataset
and Canada's historical climate dataset were used to summarize the an-
nual rainfall depth of each site-year. Missing soil properties were ex-
tracted from the Soil Survey Geographic (SSURGO) and Soil
Landscapes of Canada (SLC) databases based on site location. Slope,
STP, and fertilizer application rates were estimated by the arithmetic
mean of existing values. For studies with missing information on cate-
gorical management practice, records were assigned to another level
as “N” for further analysis.

2.4. Data analysis

2.4.1. Statistical analysis methods
To evaluate the dominant mechanisms controlling DRP, subsurface

and surface losses in the Lake Erie basin, a multiple linear regression
model was developed using the synthesized data. Major steps included
collinearity elimination, model setup, and model selection.

2.4.1.1. Collinearity elimination. Correlation analyses were performed
first to identify collinearity among variables. Highly correlated variables
were removed from the dataset. We examined three types of correla-
tions, including correlation between two numerical, two categorical,
and numerical and categorical variables. For numerical variables, a
non-parametric correlation analysis method, Spearman's rank correla-
tion coefficient (ρ), was used to determine highly correlated variables
(Spearman, 1904) for non-normal datasets. In addition, simple linear
regression was conducted to test the correlation between numerical
and categorical variables. Coefficient of determination (R2) of the simple
regression analysis was used as the indicator of variable correlation. For
two categorical variables, Cramer's V (Cramir, 1946) from Pearson's chi-
square test was applied to estimate their correlations. For all three indi-
cators (ρ, R2, and Cramer's V), the absolute value of 0.75 was set as the
lower threshold of highly correlated variables (N│0.75│).

2.4.1.2. Multiple linear regression. To identify variables associated with
DRP subsurface and surface losses, a multiple linear regression model
wasdeveloped using site-specific conditions andmanagement practices
as independent variables and logarithmic forms of DRP subsurface and
surface losses as dependent variables (Eq. (1)). Record of each site-
yearwas treated as an independent sample. In addition, categorical var-
iables were considered as dummy variables with reference categories
listed in Table A7.

ln Yð Þ ¼ β0 þ βij � Dij þ βk � Nk þ ε ð1Þ

where: DRP subsurface or surface losses, kg P ha−1; intercept;Dij: 0 or 1,
existing status of the jth level of ith categorical variable; coefficient of Dij;

Table 1
Literature used in analysis and available DRP data.

Literature Location NO. of site-years for DRP losses Management practice(s) of interest

Subsurface Surface

Tan and Zhang (2011) ON, CA 10 9 Drainage water management
Zhang et al. (2017) ON, CA 16 16 Drainage water management, cover crop
Lam et al. (2016) ON, CA 2 N/A Conservation tillage
Wang et al. (2018) ON, CA 2 N/A Nutrient management
King et al. (2016) OH, US 24 N/A Drainage water management, nutrient management
Pease et al. (2018) OH, US 61 50 Conservation tillage, nutrient management, cropping system
Saadat et al. (2018) IN, US 20 N/A Drainage water management, nutrient management
Smith et al. (2017) IN, US N/A 9 Nutrient management, cover crop
Shipitalo et al. (2013) OH, US N/A 14 Conservation tillage, nutrient management, cover crop, cropping system
Total site-years 135 98

Table 2
Definitions of the variables extracted from the literature.

Variables Description Include in
regression
analysisc

Slope, % The field average slope, considered constant
for each field during study period

N

SOM, % Soil organic matter, considered constant for
each field during study period

Y

BD, g cm−3 Soil bulk density, considered constant for
each field during study period

N

STP, mg kg−1 Soil test phosphorus by Mehlich-3 method,
indicates the plant-available P pool before
the study started, considered constant for
each field during study period

Y

Soil content, % (clay,
silt, sand)

Considered constant for each field during
study period

Y

pH Considered constant for each field during
study period

Y

Rainfall, mm Annuala or annual averageb rainfall Y
Fertilizer application
rate, kg P ha−1

Annuala or annual averageb fertilizer
application rate during the year

Y

Cropping system Crop rotation type of the study, constant for
each field during study period

Y

Crop species Crop planted in the specific yeara or “mixed
crop type”b

Y

Fertilizer type Fertilizer type used in the yeara or across
study periodb

N

Fertilization method Fertilization method used in the yeara or
across study periodb

N

Drainage water
management

Whether or not a field used a drainage
management system in the study year

Y

Tillage type Conventional tillage, conservation tillage, or
No-till

Y

Cover crop Whether or not a field was planted to cover
crops in the study period

Y

DRP subsurface and
surface losses, kg P
ha−1

Annuala or annual averageb DRP subsurface
and surface losses of the year

Y

a Value in specific year if study reported data for each study year.
b Average value in study period if study reported data as annual average.
c Y, included in regression analysis; N, not included in regression analysis.

4 X. Ni et al. / Science of the Total Environment 714 (2020) 136624



Nk: kth standardized numerical variable using Eq. (A1); coefficient of the
Nk; error term.

2.4.1.3. Model selection. After conducting the multiple linear regression,
model selection was necessary to preserve important variables in the
model without trading off model performance. The optimal model
was selected according to the minimal Akaike information criterion
(AIC) value using the forward-backward approach (Akaike, 1973). AIC
value considers both goodness of fit and number of parameters, which
could indicate the relative quality of a model compared to other candi-
date models. Residual diagnostics and the Shapiro-Wilk test (Shaphiro
and Wilk, 1965) were applied to the optimal model to verify assump-
tions of the multiple linear regression.

2.4.2. Rainfall and STP interaction effect analysis
Literature has shown substantial positive impacts of rainfall

(Algoazany et al., 2007) and STP (McDowell and Sharpley, 2001;
Sharpley et al., 1986) on DRP losses, but there is limited information re-
garding the interaction of rainfall and STP. Thus, in addition to the main
effect of annual rainfall depth and STP analyzed in the statistical model,
we further examined the interaction effect between annual rainfall
depth and STP groups. All sampleswere categorized into four groups ac-
cording to quartiles of recorded rainfall depth. In addition, samples in
each rainfall group were further divided into two groups based on the
median STP value of 41 mg kg−1, which falls in the optimal soil P
range (30 to 50 mg kg−1, (Vitosh et al., 2000)). Side-by-side boxplots
of DRP losses were developed by groups to compare distributions of
DRP losses among samples in different rainfall and STP groups. We did
not perform such a comparison for DRP surface losses due to limited
data availability.

3. Results and discussion

In total, we collected 137 site-years for subsurface loss and 101 for
surface loss analysis. Among all site-years, the DRP losses ranged from
3.1 × 10−5 to 2.4 kg P ha−1. For site-specific conditions and manage-
ment practices, some numerical variables showed high variance
among fields. For example, STP ranged from 11.3 to 411.9 mg kg−1

and annual rainfall depth ranged from 613 to 1301 mm. For categorical
variables, tillage types were distributed evenly among three categories,
e.g. no-till (n=55), conservation tillage (n=63), and conventional till-
age (n= 57). For cover crops, only 10% (18 out of 175) of the site-years
included cover crops in the synthetic dataset. Further statistical summa-
ries of variables are available in Tables A2 and A3.

Based on the correlation analysis (Table A4–A6) among variables
and their inherent relationships, we removed several variables to
avoid potential collinearity. Sand content was first removed due to its
collinearity with the sum of silt and clay content. Then, BD, fertilization
method, and fertilizer type were removed due to their high correlations
with STP. Given that the STP has been indicated as an important factor
affecting DRP losses (Sharpley et al., 1986), we kept STP in the regres-
sion analysis. The final independent variables considered in themultiple
linear regression analysis were: silt content, clay content, STP, SOM, pH,
annual rainfall depth, fertilizer application rate, crop planted for the site
year, cropping system, drainage water management, tillage type, and
cover crop (Table 2).

3.1. DRP subsurface losses

The optimal model for DRP subsurface losses included variables for
silt content, clay content, SOM, pH, STP, cropping system, drainage
water management, tillage, and cover crop (Table 3), which was with
adjusted R2 of 0.48. The optimal model did not include annual rainfall
depth or fertilizer application rate due to their relatively lower impacts
on subsurface DRP losses compared to other variables. In addition, we
verified assumptions of the multiple linear regression, i.e. normality

(p = 0.82 for Shapiro-Wilk test), homoscedasticity, and independence
(see diagnostic plots in Fig. A1).

3.1.1. Soil properties, dominant mechanisms, and potential implications for
ACPs

Soils with higher pH values tended to generate higher DRP losses
(p b 0.001) (Table 3), which was consistent with findings from existing
studies (Fortune et al., 2005; Ron Vaz et al., 1993; Wang et al., 2012).
Many efforts have been made to investigate the increased DRP losses
from less acidic soils. Ron Vaz et al. (1993) and McDowell et al. (2002)
reported that increasing pH values in soils would provide more surface
charges favoring P desorption on soil mineral surfaces. In addition,
higher soil pH could enhance the potential to replace phosphate ions
with OH– ions in soil solutions (Ohno et al., 2011).

Annual DRP subsurface losseswere found to be positively and signif-
icantly correlated with STP (p b 0.001) (Table 3). This finding agrees
with previous studies (Duncan et al., 2017; McDowell and Sharpley,
2001). STP was used to represent plant-available P in soil including la-
bile and solution P (McCray et al., 2012), which could rapidly transform
tomobile DRP. In addition, STPwas considered an indicator of soil P sat-
uration (Pautler and Sims, 2000). Higher levels of soil P saturation could
increase risk of DRP transport to the environment (Beauchemin and
Simard, 1999).

Our study also found that clay content had a significant inverse rela-
tionship with DRP losses (p = 0.001) (Table 3). A limited number of
field studies have focused on how clay content impacts annual DRP sub-
surface losses. Increased clay content, however, potentially decreases
soil permeability and soil P bioavailability and consequently reduces
DRP losses. Many studies demonstrate that soil clay content has an in-
verse relationship with permeability in well-mixed soils (Bear, 1988;
Punmia et al., 2005), which could potentially prevent DRP losses
through subsurface drainage flow. In addition, soil with higher clay con-
tent has greater specific surface area, contributing to phosphate adsorp-
tion (Fontes andWeed, 1996). Such phosphate adsorption could reduce
Pmobility in the soil solution and consequently lower risk of DRP trans-
port to subsurface drainage systems. However, by tracking labeled P in
clay and sandy soil, Djodjic et al. (1999) indicated that soils with higher
clay content could promote preferential flow by aggregation of soil par-
ticles. Due to theprevalence of subsurface tile drainage in this region, in-
tensive preferential flow could provide more direct pathways to
subsurface drains for DRP and thus increase DRP subsurface losses
(King et al., 2015). Therefore, ACPs that stimulate preferential flow, i.e.
conservation tillage, should be avoided in fields with high clay content

Table 3
Multiple linear regression model of DRP subsurface losses using the variables selected by
AIC based method.

Variables Coefficient Standard
error

p-value Reference level

(Intercept)⁎ −0.646 0.326 0.049 NA
Silt −0.293 0.155 0.061
Clay⁎ −0.395 0.119 0.001
SOM⁎ −0.285 0.091 0.002
pH⁎ 0.547 0.114 0.000
STP⁎ 0.439 0.091 0.000
Cropping system (C\\S)⁎ −1.613 0.372 0.000 Cropping system

(C\\C)Cropping system (C-S-W)⁎ −1.642 0.429 0.000
Cropping system (C\\W) −0.954 0.595 0.112
Drainage water
management (control)

−0.276 0.180 0.129 Free drainage

Tillage (Conservation
tillage)⁎

1.247 0.268 0.000 Conventional
tillage

Tillage (No-till)⁎ 0.819 0.300 0.007
Cover crop (Y)⁎ 0.811 0.306 0.009 No cover crop

Note: C\\C, continuous corn; C\\S, corn-soybean rotation; C\\W, corn-winter wheat rota-
tion; C-S-W, corn-soybean-winter wheat rotation; Cover crop (Y), cover crop planted in
the year.
⁎ p-value ≤0.05.
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to reduce risk of DRP losses. In this study, review and analysis by synthe-
sizing nine studies suggested that combined effects from limiting soil
permeability and soil P bioavailability of soil clay content exhibited
greater influences on DRP subsurface losses than preferential flow.
This finding indicates that higher clay content could potentially reduce
annual DRP losses in this region.

Similar to clay content, SOM had a significantly negative impact on
annual DRP subsurface losses (p = 0.002) (Table 3), which matches
findings from existing studies that showed SOM increased P sorption
capacity (Borie and Zunino, 1983; Kang et al., 2009). On the other
hand, compared with the relatively limited SOM levels in the synthetic
dataset (1.2–4.1% in Table A2), other studies indicated the influence of
SOM on DRP sorption could level off, or even reverse, at greater SOM
levels (Kang et al., 2009). Daly et al. (2001), for example, reported
SOM in peat soils (%SOM N 30) might inhibit P sorption. In addition,
higher percentages of SOM can enhance macroporosity (Bot and
Benites, 2005) and promotes preferential flow, thus expediting DRP
losses (King et al., 2015). Special attention is therefore required to de-
sign or implement ACPs favoring soil fertility (such as conservation till-
age, manure application and/or cover crops) in organic soils, especially
for those peat soils cultivated directly from natural conditions (i.e. wet-
lands). To provide practical guidelines for farmers and policy-makers, it
is important to identify the potential threshold of SOM levels that could
alter effectiveness of ACPs in organic soils in further studies.

3.1.2. Interaction between annual rainfall and STP
The response of annual DRP subsurface losses to annual precipitation

varied with different STP groups (Fig. 2). In fields with lower STP
(≤41 mg kg−1), rainfall had limited impacts on DRP subsurface losses
whereas higher rainfall substantially enhanced DRP subsurface losses
fromfieldswith higher STP (N41mgkg−1). After reviewing the relation-
ship between STP and DRP losses, Christianson et al. (2016) also indi-
cated that variability in hydrologic conditions, i.e. rainfall, resulted in
insignificant correlations between STP and P losses (Watson et al.,
2007). The interaction between rainfall and STP can be explained by
the integrated impacts of bioavailable P and hydrological processes in
agricultural fields. Higher STP represented a larger amount of plant-
available P and a higher degree of P saturation (McCray et al., 2012;
Pautler and Sims, 2000), both of which increase risk of bioavailable P
loss to subsurface drainage. In addition, saturated soils in agricultural
fields in wetter years could increase the chance of DRP transport with
runoff and consequently enhance DRP losses (Algoazany et al., 2007).
In some circumstances, the combined effects on annual DRP subsurface
losses could be magnified when there are both high-level rainfall and
high STP (the 4th group of boxplots in Fig. 2). Furthermore, existing
studies regarding climate change have predicted greater variabilities
in precipitation (Hayhoe et al., 2010; Mortsch and Quinn, 1996),

therefore agricultural fields with higher STP levels are expected to be
more vulnerable to DRP losses in future scenarios.

To mitigate DRP losses in agricultural fields with higher STP levels,
we recommend that soil tests be performed prior to implementation
of any agricultural management practices, and not limited to ACPs
(Maguire and Sims, 2002). If STP exceeds the optimal range (i.e. 30 to
50 mg kg−1), ACPs need to be designed and evaluated with caution as
their effectiveness could be masked by intensive precipitation (Fig. 2,
(Christianson et al., 2016)). In addition, further studies regarding the
optimal STP levels under changing climate scenarios are necessary to
address the interaction between STP levels and precipitation.

3.1.3. Dominant mechanisms and indications of ACP effectiveness
The effectiveness on DRP subsurface losses reduction varied among

ACPs (Table 3). Crop rotation could help reduce DRP subsurface losses
compared to monoculture. DRP subsurface losses could also be miti-
gated by implementing drainage water control systems, although the
difference between fields with and without the system was minor
(p = 0.129). On the other hand, some ACPs were not effective for DRP
reduction, such as cover crops and no-till/conservation tillage.

Fertilizer application rate had relatively less impacts on DRP subsur-
face losses compared to other factors and was therefore excluded from
the optimal model. Although significant positive correlations between
fertilizer application rates and DRP subsurface losses have been de-
tected in other studies (Algoazany et al., 2007; Hergert et al., 1981;
Zhang et al., 2003), Christianson et al. (2016) reported insignificant re-
lationships between fertilizer application rates and DRP subsurface
losses similar to our results. Christianson et al. (2016) further explained
that the significance of such a correlation could only be observed under
high fertilization rates (N150 kg P ha−1),which falls beyond the range of
fertilization rates in our synthesized dataset (0–117 kg P ha−1 in
Table A2). Despite this insignificant relationship, excessive fertilizer ap-
plication could elevate STP levels and eventually increase DRP subsur-
face losses (Liu et al., 2012; Madison et al., 2014). When investigating
interactions between STP and fertilizer application rates in manured
fields, Madison et al. (2014) found that even though manure P applica-
tion did not immediately contribute to DRP losses via subsurface drain-
age water, elevated subsurface DRP losses were observed due to high
STP from historical P applications. Thus, there is a lag in response of
DRP subsurface losses to changes in fertilizer application rates.

Compared to continuous corn cropping systems (C\\C), all the eval-
uated cropping systems, e.g. Corn-Soybean (C\\S), Corn-Soybean-
Wheat (C-S-W), and Corn-Wheat (C\\W), exhibited negative relation-
ships with DRP losses and C\\S and C-S-W were significant
(p b 0.001), whereas C\\W was not (p = 0.121). Existing studies indi-
cate that fertilization rates for soybean are generally lower than for
corn, which reduces total P input in C\\S cropping systems and conse-
quently reduces DRP losses (Saadat et al., 2018; Tan and Zhang, 2011;
Wang et al., 2018). Therefore, crop rotations involving soybean should
be encouraged to lower risk of DRP losses. However, other studies men-
tioned that less biomass was harvested from soybean production than
from corn production (Carefoot and Whalen, 2003; Fageria et al.,
2013), so it is important to also evaluate the economic effectiveness of
crop rotation to ensure its sustainability. Regarding the C\\W cropping
system, further studies are needed to generate recommendations for ro-
tations with winter wheat since we found very few existing studies
(n = 4 in Table A3).

Cover cropping, one of the most popular ACPs, was designed to re-
duce nutrient losses from agricultural fields. However, use of cover
crops showed a significantly positive relationship with DRP losses via
subsurface drainage (p = 0.009). Similar results were also observed in
other studies (Bechmann et al., 2005; Sharpley and Smith, 1991). Al-
though cover crops reduce P availability by P uptake, there are other
mechanisms that contribute to elevated DRP losses. First, decay and de-
composition of cover crop residue increases availability of mobile phos-
phorus, especially during freezing and thawing periods (BechmannFig. 2. Boxplots of DRP subsurface loss in different annual rainfall depth and STP groups.
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et al., 2005; Liu et al., 2019). In addition, since cover crops are initially
designed to trap sediment, sediment-adsorbed DRP preserved in the
field can be released back into soil solution (Sharpley et al., 2013;
Sharpley and Smith, 1991). Harvesting cover crops for other uses there-
fore might be considered to reduce the amount of P available for loss.

Both conservation tillage andno-till demonstrated significant poten-
tials to increase DRP subsurface losses compared to conventional tillage
(p b 0.01). Conservation tillage and no-till were first introduced in the
late 1970s as best management practices (BMPs) to both reduce sedi-
ment losses from agricultural soils and enhance soil sustainability by in-
creasing soil fertility (Laflen et al., 1978; Unger and McCalla, 1980).
Although effectiveness of conservation tillage on sediment control has
been thoroughly recognized (Gaynor and Findlay, 1995; Laflen et al.,
1978), its potential impacts on expediting DRP losses have drawn
more attention recently, especially in the Lake Erie region, in areas
with extensive subsurface drainage systems (Christianson et al., 2016;
Daryanto et al., 2017). By minimizing the disturbance of soil structures
with less or evenno tillage infields, conservation tillage increases devel-
opment of preferential flow paths that can directly transport DRP into
underlying subsurface drain lines (Baker et al., 2017; Shipitalo et al.,
2000; Williams et al., 2016). Moreover, enhanced P mineralization and
P stratification in no-till fields could result in higher P availability in
the soil profile (Baker et al., 2017; Daryanto et al., 2017; Jarvie et al.,
2017; Sharpley and Smith, 1989). While investigation of the dominant
mechanisms and quantitative evaluation of conservation tillage on
DRP losses are still evolving (Uusitalo et al., 2018; Williams et al.,
2016), we suggest that application of conservation tillage and no-till
in tile-drained fields requires careful design and assessment. Finally, re-
searchers and policy-makers may need to seek new ACPs to better con-
trol DRP losses from agricultural fields.

3.2. DRP surface losses

In the AIC model selection for DRP surface loss, silt, clay, cropping
system, and cover crops were removed from the model. The assump-
tions of multiple linear regression have also been verified for the DRP
surface losses model, as in the DRP subsurface losses analysis, with the
Shapiro-Wilk test with a p-value of 0.84, with plots shown in Fig. A2.
The optimal model had an adjusted R2 of 0.70.

Similar to DRP subsurface losses, pH and STP have positive relation-
ships with DRP surface losses, while SOM has a negative relationship
with DRP surface losses (Table 4). In addition, precipitation had a signif-
icantly positive relationshipwithDRP surface losses. This positive corre-
lation was also demonstrated by Kleinman et al. (2006) and Liu et al.
(2014) who measured DRP losses with various rates of simulated rain-
fall. Greater annual rainfall generally indicates greater runoff volume,
which is the major driving force of DRP transport (Sharpley et al.,
1993). In fact, several studies have observed this positive relationship
between stream discharge (up to 80% as runoff according to Neff et al.

(2005)) and DRP loads to Lake Erie (Baker et al., 2014; Jarvie et al.,
2017; Stow et al., 2015). Rainfall contributes larger amounts of water
to surface runoff compared to subsurface discharge (Smith et al.,
2015b), which could increase risk of DRP washing away. In addition,
wetter soil conditions promote desorption of DRP attached to soil parti-
cles, resulting in greater P mobilization (Sharpley et al., 2013; Sharpley
and Smith, 1991). Thus, relatively wetter years could increase site vul-
nerability to DRP losses in surface runoff. Finally, fertilizer application
rate is significantly correlated with DRP surface losses, an observation
that differed from DRP subsurface losses. Fertilizer application rate
had a significant positive impact onDRP surface losses due to its high in-
teraction with surface runoff, consistent with previous studies (Allen
and Mallarino, 2008; Duncan et al., 2017). P fertilizer is one of the
major sources of DRP in agricultural fields. Fertilizer P could immedi-
ately be washed away by surface runoff (Smith et al., 2007), whereas
it can take days to months for fertilizer P to leach to the subsurface
after interacting with soil (Miller, 1979). Accordingly, limiting the
amount of fertilizer applied could aid in DRP surface lossmitigation. Fer-
tilizer application timing should also be managed by taking weather
into consideration to prevent interaction of fertilizer Pwith surface run-
off. Ourfindingsmatched the “4R” nutrient stewardship, a framework of
fertilization activities (4R Nutrient Stewardship, n.d.). It indicates that
the different types of fertilizers need to be applied at the right place
with the right amount to avoid nutrient losses ((Johnston and
Bruulsema, 2014). Thus, fertilizer management is critical to DRP loss re-
duction and should be promoted to improve nutrient use efficiency.

4. Conclusions and recommendations

This study systematically evaluated DRP losses from previous studies
with various site-specific conditions and management practices. Results
showed that soil properties impacted DRP losses significantly. High STP
would result in higher DRP losses from both surface and subsurface
flow.Management practices such as ACPs could be implementedmore ef-
fectivelywith better understanding andquantification of howsoil proper-
ties could impact DRP losses. For example, both clay content and SOM
could reduce DRP subsurface losses by decreasing soil permeability and
soil P bioavailability, but they could potentially increase macroporosity
and form preferential flow paths that could also increase DRP subsurface
losses. Therefore, ACPs that promote preferential flow, such as no-till,
should be avoided in fields with subsurface drainage and high SOM
and/or clay content. Cropping systems involving soybean could also be
an effective ACP for managing DRP subsurface losses. However, cover
crops were not effective for DRP subsurface losses reduction based on
our analysis. Tillage practices affected both DRP subsurface and surface
losses significantly and, surprisingly, conventional tillage has the potential
to reduce DRP losses by disturbing topsoil and prevent preferential flow.

In conclusion, we suggest considering the following points when
implementing ACPs for controlling DRP losses:

• Soil properties must be understood to enhance agricultural water
quality management

• Soil testing on P is critical, especially during wet years
• Fertilization management, such as “4R” stewardship, should be pro-
moted to control DRP losses

Further analyses need to focus on quantifying dominant mecha-
nisms of ACPs and site-specific conditions and their combined impact
under complex scenarios. More data and further studies are needed
that explore impacts of other ACPs or site-specific conditions on total
DRP and P losses from both the surface and subsurface. In addition, as
the recommendations were generated with only taking DRP into con-
sideration, these recommendations should be considered with caution
in N-sensitive regions. Although this study was conducted in a specific
region (Lake Erie basin), the framework has potential to be applied to

Table 4
Multiple linear regression model of DRP surface losses using the variables selected by AIC
based method.

Variables Coefficient Standard
error

p-value Reference level

(Intercept) −2.353 0.392 0.000

NA

SOM⁎ −1.289 0.307 0.000
pH⁎ 2.078 0.324 0.000
Fertilizer rate⁎ 0.480 0.183 0.010
STP⁎ 0.827 0.151 0.000
Rainfall depth⁎ 1.014 0.164 0.000
Crop species (S) 0.288 0.511 0.575 Continuous corn
Tillage (Conservation
tillage)

0.749 0.420 0.078 Conventional
tillage

Tillage (No-till)⁎ 1.003 0.421 0.019

Note: S, soybean.
⁎ p-value ≤0.05.
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other agricultural regions to explore impacts of site-specific conditions
and management practices on water quality.
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Appendix A. Appendix

Table A1
Searching criteria for missing information.

Missing information Key information Source

Site location Project name Online project introduction
Rainfall Site location U.S.: NOAA, https://www.ncdc.noaa.gov/cdo-web/ Canada: Canada historical climate data, http://climate.weather.gc.ca
Soil properties Site location U.S.: SSURGO, https://datagateway.nrcs.usda.gov/GDGHome_DirectDownLoad.aspx

Canada: Agriculture and Agri-Food Canada, http://sis.agr.gc.ca/
Other Project name Other literature in same program

Note: Key information: the key used when searching the missing data.

Table A2
Summary of numerical variables.

Numerical variable SOM, % BD, g/cm3 STP, mg kg−1 Soil Clay% Soil Silt%

No. of site-years 97 69 141 175 175
Data range 1.16–4.1 1.06–1.45 11.3–411.9 10–65 20–65
Numerical variable Soil Sand% pH Total rainfall, mm Fertilizer application rate, kg P/ha
No. of site-years 175 87 161 99
Data range 5–57 5.4–8.5 613–1301 0–117

Table A3
Summary of categorical variables.

Categorical variable Crop rotation Crop species Fertilizer type Fertilization method

No. of site-years 175 94 175 166
Data level and site-years C-C: 6 C: 51 Inorganic: 105 Mix: 12

C-S: 125 S: 43 Organic: 11 Subsurface: 84
C-S-W: 40 Mix: 50 Surface: 70
C-W: 4

Categorical variable Drainage water management Tillage Cover crop
No. of site-years 152 175 175
Data level and site-years Free: 125 No-till: 55 N: 157

Control: 27 Conventional tillage: 57 Y: 18
Conservation tillage: 63

Note: Cropping system: C-C: continuous corn, C-S: corn-soybean rotation, C-S-W: corn-soybean-wheat rotation, C-W: corn-wheat rotation; Planted crop: C: corn, S: soybean,W:winterwheat.

Table A4
Spearman's rank correlation coefficient between numerical variables.

Area Slope silt clay SOM BD pH Rainfall Fertilizer application rate STP

Area 1 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Slope −0.587⁎ 1 N/A N/A N/A N/A N/A N/A N/A N/A
silt −0.327⁎ 0.763⁎ 1 N/A N/A N/A N/A N/A N/A N/A
clay 0.470⁎ −0.377⁎ −0.505⁎ 1 N/A N/A N/A N/A N/A N/A
SOM 0.576⁎ −0.743⁎ −0.366⁎ 0.572⁎ 1 N/A N/A N/A N/A N/A
BD −0.618⁎ 0.734⁎ 0.516⁎ −0.590⁎ −0.822⁎ 1 N/A N/A N/A N/A
pH 0.011 −0.320⁎ −0.048 −0.233⁎ −0.118 0.453⁎ 1 N/A N/A N/A
Rainfall −0.119 0.650⁎ 0.470⁎ −0.075 −0.030 0.234⁎ 0.340⁎ 1 N/A N/A
Fertilizer application rate −0.159 0.235⁎ 0.231⁎ −0.054 −0.125 0.276⁎ 0.183⁎ −0.129 1 N/A
STP 0.489⁎ −0.236⁎ −0.033 −0.166⁎ 0.375⁎ −0.851⁎ −0.398⁎ 0.000 −0.269⁎ 1

Note: Numbers in bold: Spearman's rank correlation coefficient N 0.75; N/A, not applicable.
⁎ p-value b0.05.
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Table A5
R2 of single linear regression between numerical and categorical variables.

Single linear regression model R2 p-value

STP~Fertilization method 0.912 0.000
STP~Fertilizer type 0.896 0.000
Rainfall~Crop 0.533 0.000
pH~Tillage 0.475 0.000
SOM~Crop 0.471 0.948
Fertilizer rate~Crop 0.391 0.000
Silt~Fertilization method 0.376 0.020
Clay~Cropping system 0.306 0.012
Silt~Cropping system 0.251 0.001
Rainfall~Fertilizer type 0.220 0.000
Rainfall~Cropping system 0.205 0.007
Fertilizer rate~Fertilization method 0.189 0.011
Rainfall~Drainage water management 0.162 0.000
pH~Cover crop 0.162 0.000
Rainfall~Tillage 0.150 0.000
Rainfall~Fertilization method 0.143 0.370
Silt~Tillage 0.120 0.145
Silt~Fertilizer type 0.119 0.758
SOM~Fertilization method 0.118 1.000
Fertilizer rate~Fertilizer type 0.117 0.254
Clay~Tillage 0.114 0.001
Clay~Fertilization method 0.113 0.131
Clay~Fertilizer type 0.109 0.119
STP~Tillage 0.099 0.672
Fertilizer rate~Tillage 0.097 0.071
STP~Crop 0.090 0.009
Rainfall~Cover crop 0.090 0.001
pH~Fertilizer type 0.078 0.044
Silt~Cover crop 0.078 0.003
pH~Crop 0.065 0.048
pH~Cropping system 0.063 0.204
STP~Cropping system 0.062 0.208
SOM~Cropping system 0.057 0.862
Silt~Crop 0.057 0.296
SOM~Tillage 0.040 0.917
Clay~Cover crop 0.032 0.057
Clay~Crop 0.032 0.779
STP~Drainage water management 0.032 0.060
STP~Cover crop 0.027 0.080
pH~Fertilization method 0.027 1.000
Fertilizer rate~Drainage water management 0.025 0.093
pH~Drainage water management 0.024 0.098
SOM~Fertilizer type 0.023 0.159
SOM~Cover crop 0.021 0.126
Fertilizer rate~Cropping system 0.008 0.700
Silt~Drainage water management 0.007 0.371
Clay~Drainage water management 0.003 0.535
Fertilizer rate~Cover crop 0.003 0.543
SOM~Drainage water management 0.002 0.629

Note: Numbers in bold: R2 N 0.75.

Table A6
Cramer's V from Pearson's chi-square test between categorical variables.

Cropping system Crop Fertilizer type Fertilization method Drainage water management Tillage Cover crop

Cropping system N/A 0.374⁎ 0.414⁎ 0.465⁎ 0.411⁎ 0.528⁎ 0.225
Crop 0.374⁎ N/A 0.359⁎ 0.253⁎ 0.589⁎ 0.393⁎ 0.323⁎

Fertilizer type 0.414⁎ 0.359⁎ N/A 0.641⁎ 0.353⁎ 0.471⁎ 0.193
Fertilization method 0.465⁎ 0.253⁎ 0.641⁎ N/A 0.235 0.326⁎ 0.289⁎

Drainage water management 0.411⁎ 0.589⁎ 0.353⁎ 0.235 N/A 0.341⁎ 0.203⁎

Tillage 0.528⁎ 0.393⁎ 0.471⁎ 0.326⁎ 0.341⁎ N/A 0.289⁎

Cover crop 0.225 0.323⁎ 0.193 0.289⁎ 0.203⁎ 0.289⁎ N/A

Note: N/A, not applicable.
⁎ p-value b0.05.
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Table A7
Reference level of each categorical variable.

Categorical variable Reference level

Crop C: corn
Cropping system CC: continuous corn
Fertilizer type Inorganic
Fertilizer method Surface application
Drainage water management Free drainage
Tillage Conventional tillage
Cover crop No cover crop planted

Fig. A1. Residual diagnostics of the final multiple linear regression model of DRP subsurface losses. a) residuals vs fitted; b) Q-Q plot; c) scale-location; d) residuals vs leverage.
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Fig. A2. Residual diagnostics of the final multiple linear regression model of DRP surface losses. a) residuals vs fitted; b) Q-Q plot; c) scale-location; d) residuals vs leverage..

Nk ¼ N−mð Þ=sd ðA1Þ

where: N, the original value of numerical variable; m, the mean value of the Nk; sd, the standard deviation of N.
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Frank Gibbs: Liquid manure is too wet 
Written by David Green. Aug. 20, 2006 

By DAVID GREEN 

Don’t blame tile lines for discharges of liquid manure into drains, says soil scientist and 
farmer Frank Gibbs, and don’t blame the rich soil with its worm holes leading to the tile. 

Put the blame on the watered down manure. That’s where the problem lies. 

Gibbs, from the National Resources Conservation Service office in Findlay, Ohio, spoke to 
farmers last Wednesday at the annual Center for Excellence Field Day at Bakerlads Farm 
north of Clayton. 

Gibbs told how he came to this conclusion several years ago, after he got a call from a 
producer in Ohio who had a problem. He was applying manure from his swine operation at 
only about half the recommended rate, but  it was still finding its way into tile and drains. 

A DNR officer told the farmer that he wouldn’t cite him for discharges this time, but it had to 
be stopped. 

“I went down there thinking I’d see big cracks in the ground,” Gibbs said, “but the soil 
moisture was ideal. Impeccable shape. I saw lots and lots of night crawler holes and I 
thought, ‘My God, could this be what’s going on here?’” 
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Gibbs got ahold of some dye—similar to the kind used to check for leaks in a toilet tank—
dumped it into the manure lagoon and agitated the mixture. After he dug down to a six-inch 
tile, manure was injected into the soil with a drag line. The tile was dry when the experiment 
began. 

“We wondered how long it might take to percolate down to the tile lines. Twenty minutes? 
Should we go to lunch?” 

There was no time for lunch, Gibbs said. The dye was there within seconds, and every time 
a pass was made over a lateral tile line, another pulse of colored liquid came through. 

Gibbs wondered if the pressure from the applicator pump was the cause, so they next tried a 
gravity-feed system. Same problem. One more idea came to mind. This time they avoided 
the watery manure from the lagoon and loaded some of the thicker slurry from the pit under 
the hog barn. 

“It didn’t go anywhere,” Gibbs said. “It behaved like manure. We dug up some areas with a 
back hoe and it was laying right where it was shot.” 

He knew then not to fault the tile nor the healthy soil. 

“The problem is simple. We’re watering manure down to where it behaves like water. Let me 
repeat that. We’re watering manure down to where it behaves like water. You don’t need to 
be a rocket scientist to understand that.” 

Gibbs has heard the suggestion that no-till soil is at fault. Get rid of the worm holes and 
there’s no conduit for the manure. 

Not true. 

“Preferential flow will occur in conventional tillage through cracks and around the soil 
structure,” he said. “We need to stop confusing the issue with tillage. The issue is that we’re 
adding too much water.” 

This is a situation that needs to be addressed, Gibbs said. 

“We need to keep on top of this. We really do. I think some basic research could solve the 
problem.” 

Maybe the percentage of solids needs to be up to four or five percent, he said. Or, from what 
he learned in Europe, even higher. 

The Dutch method 



With so many Dutch farmers investing in this area, Gibbs decided to take a trip to the 
Netherlands to see how they farmed in that country. He was in for a surprise. 

He didn’t see any of the watered down manure that the large dairies are using here. The 
solid content was at about eight percent. 

He noticed a plastic membrane spread over a storage lagoon with rain water waiting to be 
pumped from an overnight storm. Gibbs figured it was to keep the water out of the lagoon, 
but he was wrong. It was to control odor. 

Gibbs watched as a farmer loaded his applicator with manure and inserted a paper form into 
equipment that recorded his position by GPS. Once in the field, additional data was stamped 
onto the form. A sample bag of manure was collected to send for analysis by a government 
agency. 

If manure exceeds the allowable nitrate rates, Gibbs was told, the farmer receives a bill from 
the government. 

The Dutch farmer joked about having one government official for every farmer, but it isn’t the 
heavy regulation that’s hurting agriculture in Holland, he said, it’s simply a lack of space. 

Gibbs returned home knowing that the practice of watering down manure didn’t come from 
Europe. 

“That’s our technology,” he said. “We’re going to all the work of writing up Comprehensive 
Nutrient Management Plans and then where does it go? Into the tile. We just need a little bit 
of research to figure this thing out so we don’t have to scrap the whole thing.” 

Gibbs said he’s made attempts to urge agricultural agencies to study the issue, but it’s never 
gone far. 

“Everybody’s going off in other directions,” he said. “We need to work together. We don’t 
have to destroy our soils. We don’t need to rip our tile out. 

“What we should do is look at solids. Eight percent isn’t that much. I don’t know why we can’t 
tweak that.” 

  - Aug. 30, 2006  

Stop it in the root zone 

A visit to Wisconsin gave soil scientist Frank Gibbs additional hope for the future. 



“They have some really good things going on there,” he said. 

For example, the custom manure applicators have formed an association. They have 
standards and training, for those who choose to join the group. They work closely with the 
EPA. They practice cleanup of spills for when something goes wrong. 

Gibbs was impressed with the beautiful crops growing on rolling hills. The key was the soil. 

“They’ve got hay and they’ve got alfalfa and they put manure on it,” he said. 

In this area, it’s almost always corn and soybeans, year after year. It’s the root system of a 
plant such as alfalfa that breaks up the soil to prevent compaction. 

Custom applicators have to work with what they’re given, Gibbs said, and sometimes control 
structures are in order. Gibbs has built shut-off valves at the property line to stop the flow of 
liquid manure. A catch basin is added to collect the flow—a septic tank will do the job—and 
the manure can be pumped out and applied in a safe area between tile lines. 

It’s just a Band-Aid approach, Gibbs said, not a solution, but it’s better than using rubber tile 
plugs in which case a farmer has no idea if the manure has left the tile. Besides, he asks, do 
we know where all the tile is? And if we miss one, who’s fault is it? 

That’s when the arguing and finger-pointing begins. When manure flows into a drain, who is 
at fault—the farmer who owns the animals, the owner of the land where it’s being applied, or 
the person in charge of the application? 

“If we do it the wrong way,” Gibbs said, “it’s going to be a mess.” 

Any time manure enters a tile line, it’s wasted. At that point, Gibbs said, the nutrient is too 
deep to be absorbed by plants. 

“We have to stop it in the root zone,” Gibbs said. 

Smoke test highlights no-till 

As a long-time proponent of no-till farming, Frank Gibbs often tries to convince other farmers 
to give it a try. 

One of his early attempts was to dig out a cubic foot of his no-till soil and place it next to a 
sample from his neighbor’s sugar beet field that suffered from a lot of compaction due to 
trucks. Then he would pour a bottle of water onto each and watch it soak into his soil and run 
off his neighbor’s. 



“It was kind of hokey,” Gibbs said. “Farmers would say, ‘You’re from the government. You 
probably poked holes in it.’ I needed a different way to show the value of no-till.” 

He remembered a blower contraption a friend created for planting beans—it never worked 
right—and as a fan of Red Green, Gibbs got out the duct tape to rig up a device for blowing 
smoke into a tile line. 

“I could make smoke come out of millions of worm holes,” he thought. 

The smoke test shows good soil conditions and at the same time, it shows the avenue that 
liquid manure takes to reach tile lines. It takes the easiest route, Gibbs said, the path of least 
resistance. Through worm holes and cracks in the glacial till, manure can quickly makes its 
way to tile. 

To set up the Center of Excellence Field Day at Bakerlads Farm, Gibbs dug a hole to reach a 
tile line. He found two hand-laid tile lines, then a plastic line, then another older line. Tile is 
everywhere. 

He set up his blower, dropped in a smoke bomb and watched for smoke to start rising out of 
a soybean field. Smoke started to run toward the bean field, but the line made a turn and 
headed back into the cornfield. That’s the trouble with tile lines, he said, you never know how 
many there are or where they end up. 

Watching smoke rise out of the soil is a great demonstration, Gibbs said, and a real 
attention-getter. 

“It’s hard for folks to deny this stuff happens when there’s smoke coming up under their feet.” 
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PAY-FOR-PERFORMANCE CONSERVATION USING  
SWAT HIGHLIGHTS NEED FOR FIELD-LEVEL  

AGRICULTURAL CONSERVATION 

R. L. Muenich,  M. M. Kalcic,  J. Winsten,  K. Fisher,  
M. Day,  G. O’Neil,  Y.-C. Wang,  D. Scavia 

ABSTRACT. Pay-for-performance (PFP) is a relatively new approach to agricultural conservation that attaches an incentive 
payment to quantified reductions in nutrient runoff from a participating farm. Similar to a payment for ecosystem services 
approach, PFP lends itself to providing incentives for the most beneficial practices at the field level. To date, PFP conser-
vation in the U.S. has only been applied in small pilot programs. Because monitoring conservation performance for each 
field enrolled in a program would be cost-prohibitive, field-level modeling can provide cost-effective estimates of anticipated 
improvements in nutrient runoff. We developed a PFP system that uses a unique application of one of the leading agricul-
tural models, the USDA’s Soil and Water Assessment Tool, to evaluate the nutrient load reductions of potential farm practice 
changes based on field-level agronomic and management data. The initial phase of the project focused on simulating indi-
vidual fields in the River Raisin watershed in southeastern Michigan. Here we present development of the modeling ap-
proach and results from the pilot year, 2015-2016. These results stress that (1) there is variability in practice effectiveness 
both within and between farms, and thus there is not one “best practice” for all farms, (2) conservation decisions are made 
most effectively at the scale of the farm field rather than the sub-watershed or watershed level, and (3) detailed, field-level 
management information is needed to accurately model and manage on-farm nutrient loadings. 

Keywords. Agricultural conservation, Pay-for-performance, Phosphorus, River Raisin, SWAT, Western basin of Lake Erie. 

he western basin of Lake Erie (WBLE) is currently 
experiencing a resurgence of harmful algal blooms 
(HABs) and low oxygen conditions (hypoxia), 
driven primarily by increases in phosphorus (P) 

loads to the lake (Obenour et al., 2014; Scavia et al., 2014, 
2016; Rucinski et al., 2016). To reduce the occurrence and 
severity of HABs and hypoxia, the U.S. and Canada set a 
lake-wide P load target of a 40% reduction from 2008 levels. 
Given that the drainage area of the WBLE is approximately 
70% agricultural, and that an estimated 89% of total phos-
phorus (TP) and 71% of dissolved reactive phosphorus 
(DRP) loads come from nonpoint sources (Maccoux et al., 

2016), it is necessary to develop solutions to reduce agricul-
tural nonpoint source P losses. 

Many agricultural conservation programs in the U.S., 
such as the Environmental Quality Incentives Program 
(EQIP), focus on implementing conservation practices and 
may not have the ability or funding to track or maximize the 
associated environmental benefits (Claassen et al., 2008; 
Sharpley et al., 2015). Additionally, programs like EQIP rely 
primarily on voluntary participation, which makes it difficult 
to target conservation to areas that need it most (Talberth et 
al., 2015; Wardropper et al., 2015). To address some of these 
concerns within current U.S. approaches to agricultural con-
servation, there is a growing movement to implement pay-
for-performance (PFP) conservation programs (Winsten and 
Hunter, 2011; Fales et al., 2016; Kerr et al., 2016; Palm-For-
ster et al., 2016). In this approach, the farmers still partici-
pate voluntarily, but payments are made for the environmen-
tal benefits provided by implementing conservation prac-
tices, as opposed to paying for the practices themselves. This 
ensures that all farms work toward a quantifiable goal, al-
lows for flexibility in the practices that farmers choose, and 
helps get the most effective practices in the places of greatest 
need. The PFP approach is similar to the payments for eco-
system services framework, implemented around the globe, 
that aims to create a market for benefits provided by the en-
vironment (Schomers and Matzdorf, 2013). 

Theoretical modeling approaches to evaluating opportu-
nities in PFP agricultural conservation have indicated, from 
an economics perspective, the potential improvements for 
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agricultural conservation that focuses on payments for ben-
efits or outcomes, rather than payments for practices or in-
puts (Talberth et al., 2015; Drechsler, 2017). In addition to 
theoretical modeling, some studies have piloted PFP pro-
grams in the U.S. (Winsten, 2009; Douglas-Mankin et al., 
2013; Fales et al., 2016). However, one difficulty in imple-
menting a PFP program, and a potential reason why they are 
not used more widely, is the cost and complexity of quanti-
fying performance. Measuring field-scale nutrient losses, for 
example, can be quite costly, and a number of years may be 
needed to demonstrate practice effectiveness due to weather 
variability (Santhi et al., 2014). Therefore, PFP programs 
can more efficiently apply indices (Winsten, 2009) or mod-
els (Douglas-Mankin et al., 2013; Fales et al., 2016) to quan-
tify the potential conservation performance for a given sys-
tem. To our knowledge, this project is the first implementa-
tion of the Soil and Water Assessment Tool (SWAT) to as-
sess agricultural conservation practice performance at the 
field scale for a P-based PFP program. While not specifically 
calling the program PFP, Douglas-Mankin et al. (2013) de-
scribed a program for “paying for sediment” reductions that 
was implemented in Black Kettle Creek watershed in Kan-
sas, and it represents the most similar approach to our work 
with respect to modeling in a PFP system. Their work 
demonstrated the potential for PFP to achieve water quality 
improvements in a cost-effective and flexible manner. We 
build on this work with a P-based PFP system using SWAT 
and use the findings to highlight the importance of field-
based conservation. The overall goal is to present our initial 
experiences in modeling farm-scale P load reductions with 
SWAT and to provide insights into the practical application 
of this method for quantifying the performance of a PFP con-
servation program. 

METHODS 
STUDY AREA 

The agriculturally dominated River Raisin watershed 
(RRW; ~2737 km2; HUC 04100002) is located in southeast-
ern Michigan and drains into the WBLE. It is ~54% cropland 
(primarily corn, soybeans, and winter wheat) and ~18% 
grassland and pasture (fig. 1). Apart from the Detroit River, 
the RRW is Michigan’s largest contributor of sediment and 
nutrients to the WBLE (Maccoux et al., 2016), contributing 
an annual average of 173 metric tons of TP from 2003 to 
2013 and 37 metric tons of DRP from 2009 to 2013 into Lake 
Erie (Maccoux et al., 2016). While the soils are not as poorly 
drained as those in the neighboring Maumee River water-
shed, there is still a high rate of subsurface drainage (also 
called tile drainage), especially in the southeast portion that 
is more dominated by heavy clay soils. The northwest sec-
tion is characterized by hilly slopes and woody wetlands, 
while the southeast is relatively flat and agricultural. 

The RRW was designated as a Great Lakes “area of con-
cern” based on beneficial use impairments from contami-
nated sediments associated with loss of fish and wildlife hab-
itat (USEPA, 2016). The river also has Clean Water Act 
303d-listed impaired sections, including stretches desig-
nated as impaired due to excess nitrates. 

PAY-FOR-PERFORMANCE MODELING FRAMEWORK 
The SWAT model was developed as part of a larger PFP 

effort that included (1) farmer surveys (see the Supplemental 
Information at https://hdl.handle.net/2286/R.A.191651) 
about field-level management and practices that they were 
interested in applying to reduce P loss from their farmland 
to waterways, (2) modeling baseline P losses and estimating 
the anticipated benefits of implementing new practices for 
individual fields using SWAT, (3) calculating the total cost 
to farmers for implementing these new practices and com-
paring these costs to the payments that farmers would re-
ceive for the amount of P reduced, (4) signing contracts in-
dicating payments and costs to the farmers, (5) verifying im-
plementation of the new practices, and (6) using SWAT to 
determine the average P loss reduction from all participating 
farms based on their selected practices. This article focuses 
on the development and application of the SWAT model 
within this larger framework. 

SWAT MODEL DEVELOPMENT 
SWAT is a process-based, hydrologic and water quality 

model developed by the USDA (Arnold et al., 1998, 2012) 
that is commonly applied to simulate the water quality im-
pacts of agricultural conservation and land management 
(Gassman et al., 2014). The model uses landscape data 
(soils, elevation, land use, and land management) and asso-
ciated process equations to mathematically represent water-
shed dynamics. The model runs at a daily scale, driven by 
weather data (temperature, precipitation, solar radiation, rel-
ative humidity, and wind speed), and provides hydrologic 
and water quality outputs at multiple spatial and temporal 
scales. 

A baseline SWAT model was developed for the entire 
RRW using medium-resolution streams from the National 
Hydrography Dataset (NHD), 30 m digital elevation model 
(DEM) from the U.S. Geological Survey, land use data from 
the 2006 National Land Cover Dataset (Fry et al., 2011), soil 
data from the Soil Survey Geographic Database (USDA-
NRCS, 2016a), and weather data from the Great Lakes En-
vironmental Research Laboratory. A 4,000 ha stream thresh-
old was used to delineate sub-basins that were approximately 
the size of 12-digit hydrologic unit codes. Hydrologic re-
sponse units (HRUs) were defined using a 0% land use 
threshold, 10% soil threshold, and a single slope class. Using 
a single slope class means that the HRUs were not defined 
by their slope; however, the average slope derived from the 
DEM was used in calculations. Point sources were added to 
each sub-basin based on the U.S. Environmental Protection 
Agency’s Discharge Monitoring Report. Wetlands and res-
ervoirs were added to each sub-basin based on the NHD wa-
terbody dataset. 

Agricultural land crop rotations were determined based 
on overlaying six years (2007-2012) of the National Agri-
cultural Statistics Service (NASS) cropland data layers 
(CDL). The most common rotations identified using this ap-
proach were corn and soybean and combinations of corn, 
soybean, and winter wheat. Rotations were applied across 
the watershed to ensure that the percentages of corn, soy-
bean, and wheat matched well with the 2012 CDL and to 
maintain the appropriate amount of cropland with wheat in 
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its rotation. The total amount of fertilizer applied was based 
on county-level fertilizer sales (Ruddy et al., 2006), while 
manure application rates were developed based on methods 
from Ruddy et al. (2006) using numbers of animals for each 
county from the 2007 NASS census. A mass balance ap-
proach was used to ensure that the total amount of inorganic 
and organic nutrients in the watershed was applied within 
crop rotations and was allocated to crops based on agro-
nomic need using the Tri-State Standard (Vitosh et al., 
1995). Manure-based nutrients were also allocated based on 
proximity to a confined animal feeding operation by assum-
ing that fields within five miles of these large operations are 
more likely to receive manure applications. This is a reason-
able assumption because all of the confined animal feeding 
operations in the region are swine and dairy, which most 
likely produce liquid manure that is difficult and not cost-
effective to transfer more than a few miles (Nowak et al., 

2002). The total amount of nutrients applied matched well 
with published estimates of nutrient inputs for this period 
(Han et al., 2012). Tillage operations were estimated based 
on the 2006 National Crop Residue Management survey 
from the Conservation Technology Information Center 
(http://www.ctic.purdue.edu). Tile drains were assumed to 
be present on row cropland with very poorly, poorly, and 
somewhat poorly drained soils using the most recently de-
veloped tile drainage routine in SWAT, based on DRAIN-
MOD equations (activated by setting SWAT’s parameter 
ITDRN to 1). Other existing practices, such as filter strips 
and cover crops, were not included because these data were 
not accessible. More details on the SWAT model setup, in-
cluding crop management files, are provided in the Supple-
mental Information. 

We applied a modified version of SWAT 2012, Revision 
635, that corrects for an error in the source code that pre-

Figure 1. Location of the River Raisin watershed (RRW) draining to the western basin of Lake Erie (WBLE) and land use from the 2006 National
Land Cover Dataset. The location map also shows the algae in the WBLE on 2 August 2015 (true-color image retrieved from NASA Worldview, 
courtesy of the NASA EOSDIS Land Processes Center, Sioux Falls, South Dakota). 
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vented the correct routing of soluble P through tile drains. 
More details on this change are provided by Kalcic et al. 
(2016) and Muenich et al. (2016). We used manual calibra-
tion on the most sensitive parameters identified using 
SWAT-CUP (Abbaspour, 2015) for the period 2001-2005, 
with validation from 2006 to 2010, ensuring good prediction 
of streamflow, sediment, TP, DRP, total nitrogen (TN), and 
nitrate near the outlet of the river to Lake Erie over the ten-
year time period. Manual calibration was performed by 
changing one or multiple parameters at a time, based on a 
sensitivity analysis and modeler expert knowledge, until 
three different objective functions, i.e., coefficient of deter-
mination (R2), Nash-Sutcliffe efficiency (NSE), and percent 
bias (PBIAS), reached reasonable levels for streamflow, TP, 
DRP, TN, and sediment at the gauging station near the wa-
tershed outlet and to ensure that field-level outputs (amount 
of tile flow, amount of nitrogen and P through tiles, and crop 
yields) were within established ranges. Publicly available 
observed daily data for all constituents near the outlet of the 
River Raisin were available from the National Center for 
Water Quality Research (https://www.heidelberg.edu/aca-
demics/research-and-centers/national-center-for-water-
quality-research), enabling a robust comparison for all pa-
rameters. Daily climate data from the Global Historical Cli-
matology Network (Menne et al., 2012) were lagged by one 
day to improve calibration performance by accounting for 
the difference in timing between the 24 h periods considered 
for climate and in-stream measurements (Kalcic et al., 
2016). 

IMPLEMENTING FARMER-INFORMED SWAT  
MODEL AT THE FIELD LEVEL 
Applying Field-Level Information  
in the SWAT Framework 

Using the surveys filled out by either participating farm-
ers or conservationists (see the Supplemental Information), 
baseline SWAT management files were created for each 
field within a farm, and the farm’s fields were digitized man-
ually based on farmer-provided maps. Management infor-
mation included details such as crop rotation, planting and 
harvesting dates, fertilizer (amount, type, and timing), tillage 
type and timing, tile drains, and existing conservation prac-
tices. For each unique set of field management operations on 
the farm, all HRU files in the watershed model were changed 
to match that specific management, and the SWAT model 
was run. Because we focused exclusively on field-level out-
puts, and the code used to change management files and run 
the model was computationally efficient, changing all farm 
fields simultaneously streamlined the process. 

 

Ten farms were included in this pilot study, all within one 
tributary of the River Raisin that was identified as a target 
for conservation in a past watershed management plan. Four 
of the ten farms had at least some portion of their fields 
drained by subsurface tile drains. Two of the farms practiced 
continuous no-till, and on average the farms applied about 
28 lb acre-1 of P. The farm P applications were higher than 
the values reported for the region (USDA-NRCS, 2016b), 
which is not surprising because the intention of the program 
was to reach farmers who could make the greatest impact 
with respect to reducing P on their fields. Three of the farms 
were already using some kind of winter cover crop on some 
of their fields, and only one of the farms applied manure. 
More details on the management of each farm are provided 
in the Supplemental Information. 

After simulating a farmer’s baseline for each field, we 
tested all scenarios that the farmer was interested in imple-
menting. Table 1 provides a list of practices and variations 
of those practices implemented across the participating 
farms. While most of these are generally considered conser-
vation practices, not all farmers were interested in imple-
menting every practice or combination of practices, and not 
all practices implemented by farmer preference resulted in 
improvements from the baseline. 

Extracting SWAT Output at the Field Level 
While SWAT is not often applied at the field scale, its 

base unit of calculation (the HRU) essentially provides field-
scale outputs, and previous studies have shown its usefulness 
at the field scale (Daggupati et al., 2011; Douglas-Mankin et 
al., 2013; Kalcic et al., 2015; Teshager et al. 2016). HRUs 
are areas with the same soils, slope, and land use within a 
sub-basin and are lumped together for calculations. There-
fore, to extract field-based output, we overlaid field bound-
aries on top of HRU boundaries and calculated an area-
weighted output within the field boundary based on the un-
derlying HRUs. Because we applied a soil lumping threshold 
of 10%, we had “holes” in our HRU shapefile, indicating that 
the soil type in that area accounted for less than 10% of the 
soil (by area) in the sub-basin; therefore, this land area was 
lumped in with another HRU. This presented a problem 
when trying to extract data based on field boundaries, so 
these areas were “filled in” by reversing the lumping process 
in SWAT. Details on this approach are provided in the Sup-
plemental Information. The model was run for all baseline 
and scenario conditions for ten years (2001-2010) to dampen 
interannual variability and to estimate an annual average im-
provement in nutrient loading (kg ha-1) per field. While final 
payments were to be based on TP reductions, payments were 
not made if a selected practice increased DRP. 

Table 1. Single practices implemented in scenarios run across fields and farms as well as variations in the implementations. Some practices were 
run in combination with each other while many were implemented individually. 

Practice Abbreviation Details and Variations on Practice 
Cover crops CC Addition of winter cover crop. Species added varied (cereal rye, oats, clover, radish). 
Filter strip FS Installation of filter strip. Width of implementation varied from 10 to 60 ft. 

P application rate change P RATE P fertilizer amounts reduced. Reduction varied from 10% to 30%. 
P application timing change P TIME Changed from spring to fall or fall to spring. 
P application method change P APP Changed from broadcast to subsurface application or vice versa. 

No-till NT Changed from current tillage type to no-till. 
Tillage change TILL Changed from one tillage type to another (neither option was no-till). 

Rotation change ROT Changed the crop rotation. 
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RESULTS 
WATERSHED-SCALE SWAT MODEL 
CALIBRATION AND VALIDATION 

After model calibration, the model met commonly ac-
cepted criteria for performance (Moriasi et al., 2007) based 
on monthly statistics for streamflow, TP, and DRP during 
the calibration and validation periods, as well as the entire 
PFP modeling period (table 2 and fig. 2). For final parameter 
values, calibration and validation plots, and evaluation sta-
tistics for nitrogen and sediment, see the Supplemental In-
formation. 

In addition to reasonable matching to observed water 
quality at the outlet, we examined relevant field-level model 
outputs. Average annual simulated crop yields for corn (9.6 t 
ha-1), soybean (1.8 t ha-1), and wheat (4.6 t ha-1) were similar 
to NASS-reported estimates for the region during the mod-
eling period (2001-2010), i.e., 8.4 t ha-1 for corn, 2.5 t ha-1 
for soybeans, and 4.3 t ha-1 for wheat. In addition, we en-
sured that the flow and nutrients coming through the tile 
drains were in an appropriate range. In the calibrated model, 
24% of the watershed’s contribution to streamflow came 
through the tiles, carrying with it 70% of the nitrate and 30% 
of the DRP exported from the entire watershed. Given the 
fact that the RRW is likely not as heavily tiled as some other 
Midwestern agricultural watersheds, these values fall within 
reasonable, observed ranges (King et al., 2015; Smith et al., 

2015; Williams et al., 2015). 
Using the calibrated and validated watershed-scale 

model, we compared field-scale and farm-scale P losses in 
three ways: (1) comparing baseline losses determined from 
the calibrated watershed-scale model to baseline losses from 
the farmer-informed model for each field on the ten pilot 
farms, (2) evaluating the variability in baseline P losses 
within and between farms with the farmer-informed model, 
and (3) evaluating the effectiveness of conservation prac-
tices across fields and farms with the farmer-informed 
model. 

FIELD-LEVEL COMPARISONS 
Calibrated Watershed Model versus  
Farmer-Informed Baseline P Losses 

We compared results for 2001-2010 from the SWAT 
model, calibrated in a standard way across the full RRW, 
with the farmer-informed model for the specific fields within 
the ten farms submitted to the PFP program. In doing so, we 
evaluated how well a watershed-scale model calibrated near 
the outlet of the watershed can provide field-scale infor-
mation in the absence of field-level management data. For 
some farms, our calibrated watershed-scale model compared 
well with the farmer-informed baselines (fig. 3), while for 
many others it did not. 

The simulated annual average P losses from agricultural 

Table 2. Monthly calibration and validation statistics and combined PFP period statistics. 

 

Streamflow (cms) TP (kg) 

 

DRP (kg) 
NSE R2 PBIAS (%) NSE R2 PBIAS (%) NSE R2 PBIAS (%) 

Calibration (2001-2005) 0.75 0.8 -7.57 0.59 0.6 -7.83  0.51 0.52 9.5 
Validation (2006-2010) 0.82 0.85 -7.75 0.47 0.66 16.15  0.51 0.53 -4.77 
PFP period (2001-2010) 0.81 0.83 -7.75 0.5 0.59 5.25  0.54 0.54 5.53 

Figure 2. Time series plots showing the SWAT simulated daily streamflow (cms) and TP and DRP loads (kg d-1) compared to measured data for 
the calibration (2001-2005) and validation (2006-2010) periods.  
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HRUs in the watershed-scale model ranged between 0.49 
and 10.7 kg ha-1 for TP and between 0.008 and 0.30 kg ha-1 
for DRP across the entire watershed. For both TP and DRP, 
the range varied when evaluating field-level data that were 
informed with actual management information (results from 
the farmer-informed model; fig. 3). In many cases, the TP 
and DRP losses when using actual farmer management in-
formation were higher than when using the watershed-scale 
model. This is likely because watershed-scale models typi-
cally do not have this kind of detailed management data, so 

practices tend to be averaged and are not likely representa-
tive of the full range of practices. This is further evidenced 
by some farms that had lower estimated P losses when using 
actual management data. This suggests that not all farm 
fields within a sub-basin identified as a critical source area 
based on modeling or monitoring data are necessarily high 
contributors where conservation dollars would be optimally 
spent. Conversely, fields that are not within a critical source 
area sub-basin may actually have very high losses and could 
therefore be missed by sub-basin-scale targeting. 

(a) TP losses 

(b) DRP losses 

Figure 3. Comparisons of farm-level (a) TP losses and (b) DRP losses between the baseline, watershed-scale calibrated model (white boxes), and 
farmer-informed model (gray boxes). Annual average across 2001-2010 was simulated across all fields within a given farm (A to J). 
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Variability in Baseline P Losses  
within and between Farms 

Variability across fields and farms for the farmer-in-
formed baseline model was substantial (figs. 4 and 5). An-
nual average P losses across all fields and farms ranged from 
0.32 to 7.0 kg ha-1 for TP and from 0.013 to 0.60 kg ha-1 for 
DRP. It is clear (figs. 4 and 5) that while some fields within 
a farm have similar losses per acre (e.g., farm A), many 
farms had variable losses across fields within their farms 
(e.g., farm E). These results support the idea that conserva-
tion should be at the field level rather than the farm level. 
Programs targeting specific farms only, or using a “repre-
sentative” field to estimate farm losses, could miss the most 
effective opportunities to reduce nutrient losses. 

Effectiveness and Variation  
of Conservation Practices 

We also compared the effectiveness of different conser-
vation practices or combinations of practices across farms 

and fields using the farmer-informed model (fig. 6). While 
cover crops and filter strips were consistently beneficial for 
reducing TP, they had a variable impact on DRP. Subsurface 
applications of P reduced DRP losses by a greater percentage 
than TP losses because this practice reduces the concentra-
tion of soluble P in the top soil layer that interacts with sur-
face runoff. In evaluating practice effectiveness across 
farms, we found that there was no one best practice that 
should be implemented for both TP and DRP, nor one best 
practice that should be implemented across all farms. 

Looking more closely within each farm (fig. 7) there may 
be multiple options that reduce phosphorus, given each 
farmer’s interest. In addition, understanding each farm’s cur-
rent practices, plus the physical attributes of the fields, can 
help in understanding why some practices were more effec-
tive than others. For example, farm H had fields without 
tiles, making practices that intercept or prevent P in surface 
runoff (e.g., filter strips, cover crops) quite effective. Farm F 

(a) TP losses 

(b) DRP losses 

Figure 4. Annual average agricultural HRU losses in the watershed-scale calibrated model (gray box) and farm-level losses (white boxes) for 
baseline (a) TP and (b) DRP. Annual average across 2001-2010 simulated with farmer-informed SWAT model. Each box represents a specific 
farm (A to J); the spread of the box represents the variation between fields within the farm. 
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had all fields in continuous no-till, and changing the broad-
cast P fertilizers to subsurface application prevented P strat-
ification to the top soil layer and greatly reduced the farm’s 
DRP losses. For more details on each farm and the variabil-
ity across fields, see the Supplemental Information. 

DISCUSSION 
Results from the first ten farms participating in this PFP 

program demonstrated the need for improved modeling, tar-
geting, and assessment of farms and fields for implementing 
agricultural conservation. In this section, we highlight these 
findings and offer some considerations for implementing a 
PFP conservation program. 

MODELING NEEDS FIELD-LEVEL MANAGEMENT DATA 
One of the greatest challenges in modeling agricultural 

landscapes is access to detailed management data. This kind 

(a) TP losses 

(b) DRP losses 

Figure 5. Field-level baseline (a) TP and (b) DRP losses across each field for each farm (A to J). Annual average across 2001-2010 simulated with 
farmer-informed SWAT model. Each bar within a subplot represents a different field within the farm. 
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of information is not generally accessible due to USDA con-
fidentiality rules. Therefore, non-government modelers must 
rely on lower-resolution data (e.g., county-level aggregated 
data) or expert advice (e.g., from extension educators or 
farmer advisory groups) to identify “average” or “typical” 
management operations in a given watershed. While this may 
be necessary to simulate the watershed in the absence of fine-
grained data, our results clearly demonstrate that modelers 
need access to detailed, field-level management data to get the 
right practices in the right places. The PFP approach works 
directly with the farmers to gain access to this information. 

The farmers involved in this project were provided with 
multiple conservation options for each field. While model-
ing multiple fields and options can be time-consuming, tools 
are being developed to streamline the modeling effort. In the 
next phase of this project, an automated PFP system is being 
developed for the RRW. Automated tools can reduce the 
need for modelers to process results manually and allow con-
servation planners to conduct the process independently 
when they meet with producers. 

TARGETING IS MORE EFFECTIVE AT FIELD SCALE 
The pilot phase of this work focused on farmers within a 

previously identified hotspot tributary of the RRW that was 
the location of 80% of the participating farmers’ fields. We 
found that targeting conservation practices to specific fields 
can be a better way to achieve reductions than sub-basin 
level targeting based on modeling or monitored results. 
Some current approaches target conservation funds to prior-
ity watersheds or sub-basins. While targeting watersheds is 
an important step, our results confirm what other studies 
(Collick et al., 2015; Winchell et al., 2015) have shown, i.e., 
that field-level variability can be high, even within a hotspot 
area. 

THERE IS NO “ONE SIZE FITS ALL” APPROACH 
TO AGRICULTURAL CONSERVATION 

There is often a temptation to identify a single practice or 
combination of practices to implement on a large scale to 
reduce nutrient pollution and maintain fairness for program 
 

(a) TP losses 

(b) DRP losses 

Figure 6. Percent change in farm baseline and scenario (a) TP and (b) DRP losses for different conservation practices and combinations. Annual
average for each field simulated across 2001-2010 with farmer-informed SWAT model. Conservation practices are defined in table 2. 
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participants. For example, a Minnesota law (2015 Buffer 
Law; MBWSR, 2017) requires buffers around all public wa-
ter and drainage systems by 2018. While buffers are highly 
effective at trapping sediment and certain nutrients in over-
land flow, subsurface tile drains typically bypass buffers and 
empty directly into ditches and streams. In addition, fields 
with good drainage or low slopes may have little overland 
flow in a typical year, with nutrient losses instead migrating 
off the field in subsurface flow. In these cases, buffers would 
not be very effective. While buffers provide benefits beyond 

 
nutrient reduction (e.g., habitat provision, aesthetics, stream 
stabilization; Lovell and Sullivan, 2006), Scavia et al. (2017) 
demonstrated that achieving the 40% load reduction targets 
for the Lake Erie watershed will be challenging and will re-
quire unprecedented levels of funding and implementation 
of conservation practices. Therefore, it is critical to find the 
most effective practices or sets of practices at the field level 
at the least cost to farmers and taxpayers. The PFP approach 
certainly affords the opportunity to target these practices 
where they are needed by paying for the water quality bene-

(a) TP losses 

(b) DRP losses 

Figure 7. Farm baseline and scenario (a) TP and (b) DRP losses for different conservation practices. Annual average across 2001-2010 simulated 
with farmer-informed SWAT model. Practices are defined in table 2. The scale for each farm is different to better view the practices. 
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fit, while simultaneously maintaining farmer independence 
by allowing farmers to self-select into the program and 
choose their preferred practices. 

On the ten farms that we assessed, not every practice was 
modeled for every field or farm (e.g., farmers selected spe-
cific practices that they were interested in), and not every 
practice was implemented the same way on every farm (e.g., 
cover crops were sometimes different species, or filter strips 
were different widths). Nevertheless, it is evident that con-
servation practices designed to reduce P cannot take a “one 
size fits all” approach. Each field on a farm should be as-
sessed for its physical vulnerabilities to P loss in combina-
tion with existing management actions. 

FUTURE WORK 
These results are from the first ten farms that signed up 

during our pilot phase. In addition to improving our 
knowledge of agricultural conservation needs, this study 
demonstrated the difficulties in achieving field-level target-
ing of conservation practices at a large scale. One of the 
greatest difficulties is incorporating detailed, field-level data 
into models. This can be time-consuming, especially when 
there are many fields, if fields are managed in different ways 
across the farm, or if fields are managed differently over 
time. Our future work will include automating this process 
through an online interface on the Great Lakes Watershed 
Management System (http://www.iwr.msu.edu/glwms). 
This automation will save time for modelers and for conser-
vationists or farmers when inputting data. 

Another consideration for this type of program is that a 
farmer may not be interested in every practice capable of wa-
ter quality benefit. While allowing farmers more autonomy 
ensures flexibility from their perspective, it could also pre-
vent the most effective practices from getting to the fields of 
greatest need if the farmers fail to enroll, or if they select 
practices with minimal water quality benefit. Finally, this 
implementation of PFP focused specifically on field-level 
losses. Future work will attempt to evaluate the impact of 
these identified changes at the watershed scale. This is im-
portant because not all P that leaves a field will make it to 
the watershed outlet, or do so within the same period. Some 
P may be stored in streambanks, in reservoirs, or taken up by 
algae and plants along the way. 

CONCLUSIONS 
We presented the modeling component of a PFP conser-

vation program in the RRW in southeastern Michigan. This 
area of Michigan contributes to the WBLE, which has been 
experiencing a resurgence of HABs and hypoxia in recent 
years due primarily to excess P loading from nonpoint 
sources. Innovative practices, programs, and policies will be 
required to address nonpoint-source pollution, in particular 
to achieve the 40% load reduction target required by the 
Great Lakes Water Quality Agreement. Our findings reiter-
ate the need for modelers to access field-level management 
data in order to make informed decisions about watershed 
critical source areas. We found that even within a sub-basin 
hotspot area, not all fields or farms had the same high P 

losses; in fact, some field contributions were quite low. This 
highlights the need for field-level agricultural conservation 
decisions. Additionally, we showed the potential for an ag-
ricultural conservation framework that is more flexible in 
terms of farmer choice, and more effective by paying only 
for the achievement of reductions. Finally, our results con-
firm that there was not one “best” practice that could be im-
plemented everywhere to reduce P. Overall, we demon-
strated how a PFP approach can be implemented using a 
commonly applied watershed model driven by detailed field-
level management data. 
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Livestock Agriculture 
in the Maumee Watershed 

in Ohio



Methodology – using the USDA Census of 
Agriculture

• Census conducted every five years
• 2017 Census issued April 2019



Census reports by county.

Partial counties prorated by 
area. 

Example: 74% of Hancock 
County acreage is in the 
Maumee watershed. 74% of the 
county Census numbers were 
used for analysis.



*Will NASS publish all data?
No, not all data will be available. If publishing a particular data 

item would identify an operation (for example, if there is only one 
producer of a particular commodity in a county), NASS does not 
publish the information. In such cases, the data are suppressed 
and shown as “(D),” meaning “withheld to avoid disclosing data 

for individual operations.”

Withheld data* in Census is problematic for 
analysis, especially for poultry.

In these cases, ODA Division of Livestock 
Environmental Permitting capacity numbers were 

used. 



ODA estimates an 
88% increase in 

animal units from 
2002 to 2017
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The estimated 5,100 metric 
tons of manure phosphorus
produced in Maumee 
watershed in Ohio would 
supply <20% of the annual 
crop removal in the 2.3M 
acres of cultivated cropland.

19%

Estimated Annual Crop Removal of Phosphorus

Manure Phosphorus Produced



Manure phosphorus is typically used as a replacement of commercial 
fertilizer.

As manure phosphorus application has increased, commercial fertilizer 
application has decreased proportionally. 

The average soil test phosphorus levels in the region are also declining 
(Dayton, 2020).

“commercial fertilizer rates are gradually declining, Over the same time period, 
phosphorus production rates from animal manure in the Maumee increased by 
67 percent. When summing the two nutrient sources, we do not see an overall 

increase in phosphorus production in the Maumee but rather a shift in the 
relative contribution of the major agricultural sources.” (Environmental 

Working Group, 2019)



Is P in manure more susceptible to loss than P in commercial fertilizer?

• “limited research to date finds no significant differences in P export (either 
dissolved reactive P [DRP] or total P) from fields receiving manure versus 
commercial fertilizer.” (International Joint Commission Report, 2018)

• Multi-year replicate on farm rainfall simulator trials showed 5x lower P loss 
from manure sources than commercial fertilizer. (Mallarino, 2007) 

• Risk of P loss with applications of manure (& fertilizer) can be mitigated by 
incorporation. 
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Maumee River in Waterville
March-July Concentrations

Load/streamflow = FWMC

Dissolved Reactive Phosphorus
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To reduce load of P by 40% = three “Buckets”:

1. 4R Stewardship (annual N&P application)

2. Legacy P

3. Water management

Dissolved Reactive Phosphorus
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LE quick fix?

Yes & No



targets

“Legacy P” and 
what we learned 

from 2019

courtesy of….

EXPECTED



TBP loads were 24% lower than 
expected based on flow

targets

“Legacy P” and 
what we learned 

from 2019

courtesy of….

Why?

EXPECTED

ACTUAL



• 41% of land unplanted 

in 2019 (5% in 2018)

• ~46% of typical 

commercial P amounts 

were sold

• ~15% of typical 

manure application 

from March-May

Maumee Watershed Normalized 
Difference Vegetation Index



• P transported to Lake Erie is 
a combination of legacy P 
and contemporary P losses

• Legacy P can serve as a 
chronic source of pollution to 
surface waters for decades

• Untreated sources of legacy P 
can mask the effects of 
present-day conservation 
efforts

• Effective P management 
strategies will vary 
depending on the primary 
source of P – legacy vs. 
contemporary, in-field vs. 
instream
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Why Legacy Sources Matter



Order of DRP contributions: 1) Inorganic Fertilizers 2) Legacy 3) Point Sources 4) Manure

Order of  TP contributions: 1) Legacy 2) Inorganic Fertilizers 3) Point Sources 4) Manure

Kast et al. 
2021 Journal 
of Env. Magt

Estimating Source Contributions 
From the Maumee Inorganic + Manure

“Legacy”+ =



• Ohio DNR: identifying, constructing, & managing wetland for nutrient & sediment reduction

• Ohio Dept. of Agriculture:

‒ Effectiveness of various manure management practices & application methods

‒ Cost-benefit analysis of subsurface placement

‒ Agricultural adaptation to climate change

‒ Drainage retention/detention practice

‒ Factors driving varying levels of farmer participation

• Lake Erie Commission:

‒ Modeling efforts to analyze the effectiveness of H2Ohio/Ohio DAP

‒ Paired/pilot watershed studies to assess effectiveness of stacked BMPs

‒ Cost effectiveness/cost curve approach to assess “top ten” H2Ohio BMPs (in two slides)

• Ohio EPA and Dept. Health: looking to source water protect, treatment and health risks

Priorities Coming Out of Ohio (but not unique)



Questions?



2020

Dissolved P loads 

as expected in 2020

2019 vs. 2020

Particulate P loads 

higher than expected
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