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Abstract: The size of the harmful algal blooms in western Lake Erie is strongly correlated 
with agricultural phosphorus (P) loading from tributaries. Despite farmers’ efforts to reduce 
sediment-bound P loadings and fertilize using current guidance, the media and public have 
singled them out as the culprit in Lake Erie re-eutrophication. In this paper, two farmer 
surveys were used to evaluate if farmers in the Lake Erie region follow P fertilizer recommen-
dations, and we also review historic and current P management guidance provided by the 
scientific community and agricultural industry. The majority (56% to 80%) of farmers apply 
P fertilizers at or below the current fertility recommendations. Wholesale agronomic changes 
(e.g., no-tillage adoption, crop cultivar advances, and fertilizer application and formulation) 
have occurred since current fertilizer recommendations were developed. Although crop P 
uptake mechanisms have not changed, these agronomic changes have altered P cycling in 
soil and water. Based on these results, it is time that the scientific community and agricultural 
industry acknowledge that our current guidance may be contributing to eutrophication. We 
must ask whether or not we have (1) developed appropriate fertility guidance, (2) developed 
and recommended appropriate practices to protect water quality, (3) adequately considered 
"the law of unintended consequences" in conservation recommendations, and (4) focused 
too much on short-term economic outcomes while disregarding environmental quality. 
Improved understanding, reconsideration of traditional recommendations, and wider farmer 
adoption of the most effective practices are needed to develop a sustainable agricultural 
system in the Western Lake Erie Basin that produces needed commodities while preserving 
ecosystem integrity.

Key words: eutrophication—fertilizer management—nutrient management—phosphorus—
water quality

The “do not consume” order by the City of 
Toledo, Ohio, for drinking water in August 
of 2014 placed the spotlight on agricul-
tural phosphorus (P) loadings to Lake 
Erie (Fitzsimmons 2014; Wines 2014). The 
decision to prohibit human water consump-
tion from the lake stemmed from detection 
of microcystin concentrations above 1.0 μg 
L–1 in the treated drinking water, which is 
a drinking water standard set by the World 
Health Organization (WHO 2003). These 
elevated microcystin concentrations were 
the result of an intense harmful algal bloom 
of the cyanobacteria Microcystis centered 
over the Toledo drinking water intake. 
Phosphorus loading to the lake, especially 
in the spring (March through July), has been 
shown to significantly impact the extent of 

the harmful algal blooms (HABs) (Chaffin et 
al. 2011; Stumpf et al. 2012, 2016). Maccoux 
et al. (2016) found that 71% of the P load-
ing to Lake Erie originated from nonpoint 
sources, while only 20% was from point 
sources, such as waste water treatment plants. 
Approximately 85% of the P transported into 
Lake Erie via the Maumee River, a major 
tributary to the Western Lake Erie Basin 
(WLEB), has been estimated to be from agri-
cultural sources (Scavia et al. 2016). 

In the aftermath of the Toledo drinking 
water incident, much of the popular press 
has stated that the excess P loading is due 
to carelessness of the farming community 
(Fitzsimmons 2014; Wines 2014). That is, 
the popular press has implied that farmers 
are not being good stewards of the land by 

applying excess P to fields and not imple-
menting management practices that decrease 
P losses. In many regions where P-related 
water quality issues arise, the primary cul-
prit is manure applications; however, in the 
WLEB, manure applications represent less 
than 20% of P applications (King et al. 2017). 
It is undeniable that some farmers are not 
heeding the management recommendations 
of land grant universities, certified crop advi-
sors (CCAs), Soil and Water Conservation 
Districts (SWCD), and USDA Natural 
Resources Conservation Service (NRCS) 
staff. However, some in the agricultural advi-
sory community suggest that majority of 
farmers are following at least some, if not all, 
of the advice offered from these groups in 
regards to applying fertilizer at rates designed 
to optimize crop yields while protecting 
environmental quality. In this paper, we 
review current P fertility recommendations 
and results from two farmer surveys to deter-
mine the extent to which farmers in the Lake 
Erie region are following recommended P 
application rates. We also examine histori-
cal and current P management guidance by 
the scientific community and agricultural 
industry, and how it has impacted prevailing 
farming practices and P loss. While blame 
has been placed on the farming community 
for water quality issues such as the Toledo 
drinking water incident, we, as a scientific 
community and agricultural industry, must 
also acknowledge our role and accept some 
level of responsibility. We must ask ourselves 
if we have provided sufficient guidance to 
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the farmer and consider whether or not 
we have (1) developed appropriate P fer-
tility recommendations, (2) developed and 
recommended the appropriate practices to 
protect water quality, (3) adequately consid-
ered tradeoffs when providing conservation 
recommendations, and (4) focused too much 
on short-term economic outcomes without 
regard for environmental quality. The objec-
tives of this paper are to evaluate the extent 
to which farmers adhere to current fertility 
guidance and set out priorities for research 
that will provide farmers with recommenda-
tions that optimize agronomic performance 
with water quality protection.

Phosphorus Fertility Recommendations
Development of Recommendations. 
Historically, fertility recommendations 
have been based solely on the regulating 
services associated with soil fertility, while 
other ecosystem services, such as water con-
tamination control, have been given little 
attention. Researchers developed P fertilizer 
recommendations to maximize yield as effi-
ciently as possible relative to fertilizer cost 
(Thomas and Hanway 1968). In fact, during 
the 1960s and 1970s, P fertilizer was rela-
tively cheap compared to crop value (figure 
1). Consequently, recommendations were 
designed to ensure there would be no chance 
of nutrient deficiency even in a high-yielding 
year (Nelson 1967). Due to the relationship 
between fertilizer price and crop value and 
the nonlinear relationship between fertilizer 
rate and yield (on responsive soils), the eco-
nomic risk of under-fertilization was much 
greater than that of over-fertilization when 
viewed over multiple years. Furthermore, P 
was often described as “immobile” due to 
low soil solution P solubility. Thus, control 
of P loss from agricultural fields was synon-
ymous with erosion control (Wadleigh and 
Dyal 1970; van Schilfgaarde et al. 1981). In 
one sense, the notion of P immobility was 
accurate since the amount that dissolves in 
solution is generally negligible relative to 
total P (Pierzynski 1991; Pierzynski et al. 
2005); however, this is only true for soil P 
and not for P from either manure or fertil-
izer (Sommers and Sutton 1980; Young and 
Davis 1980; Smith and Moore 2005; Smith 
et al. 2005).

One could argue that simply changing 
soil test interpretation philosophy (e.g., from 
build and maintain to sufficiency approach) 
would require little effort or research. 

Further, we might contend that little has 
changed regarding fertilizer requirement, 
even as crop yields have changed. However, 
there are important knowledge gaps and 
shortcomings in our current use of soil 
testing. In many of the rainfed areas of the 
United States where acid soils are prominent, 
fertility recommendations were originally 
developed using the Bray soil test (Bray and 
Kurtz 1945). Since that time, many universi-
ties and private consultants have switched to 
fertilizer recommendations based on soil test 
P concentrations determined by Mehlich 
3 extract (Mehlich 1984) or Mehlich 1 
(Mehlich 1978). Very little, if any, soil test 
correlation and calibration work was done 
with the new extracts. Rather, in most cases 
a set of soils was analyzed using both the old 
and new methods, and a linear regression was 
developed to convert existing recommenda-
tions to the new soil test basis. Furthermore, 
some soil testing labs reported soil test P to 
farmers as Bray P, but the samples were actu-
ally analyzed using Mehlich 3 procedures 
and results were interpolated to a Bray P 
basis using correlations developed between 
the methods. Adding to the confusion, rec-
ommendations might be provided on a Bray 

P basis (e.g., tri-state [Indiana, Ohio, and 
Michigan] fertilizer recommendations; tables 
1 and 2) with the expectation that the end 
user will convert their soil test results to a 
Bray basis from Mehlich 3 as reported by the 
lab (Watson and Mullen 2007).

There is a pressing need to conduct cor-
relation and calibration work with current 
soil test P methods to not only increase the 
confidence we have in current soil test crit-
ical levels, but also to increase the precision 
fertilizer recommendations. The need to 
increase the precision of fertilizer recom-
mendations is ever more important with 
increasing adoption of variable fertilizer 
application based on subfield soil sampling. 
The shortcomings of current soil testing 
practices and associated fertilizer recommen-
dations might be magnified when applied on 
a subfield basis through precision agriculture, 
particularly considering that critical soil test 
concentrations are likely both spatially and 
temporally variable at finer resolutions.

Research into high solubility P fertilizers 
began in the 1950s, and these studies were 
generally conducted on soils with low P sta-
tus (Webb and Pesek 1958, 1959). In many 
instances over the last 30+ years, farmers 

Figure 1
Crop and phosphorus fertilizer price indices (US$) over time (USDA ERS 2016). Phosphate price 
index represents price paid by the producer in 1982 = US$100. Crop price index represents 
price received by farmers for all crops in 1990 to 1992 = US$100.
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have been convinced by the communities 
that advise them that they cannot produce 
a crop without supplemental P. Therefore, 
some producers often apply additional P to 
P sufficient soils despite overwhelming evi-
dence that economic return from increased 
yield is unlikely.

In the Lake Erie region over the past 
several years, there has been an intensifying 
call for an update to current fertility rec-
ommendations (i.e., the Tri-State Fertilizer 
Recommendations for Corn, Soybeans, 
Wheat, and Alfalfa [Tri-State Fertility 
Guide]) that reflects (1) multiple ecosystem 
services, including agronomic production 
and protection of water quality; (2) updated 
agronomic practices (e.g., no-tillage, lack 
of P fertilizer incorporation, and differ-
ent P sources); (3) improvements in crop 
genetics and modern crop varieties; and (4) 
differences in soil properties such as organic 
matter content as well as regional differences 
in soils (and thus variables such as inherent P 
fixation). Table 1 provides the 1995 Tri-State 
Fertility Guide recommendations for corn 
(Zea mays L.). Although these recommenda-
tions were updated in 2012 to reflect current 
reasonable crop yields (table 2), the same 
equations governing the recommendations 
were maintained through simple extrapola-
tion with greater yield goals. Thus, a more 
intensive and thorough evaluation of the P 
fertility requirements for modern cropping 
systems under various soil and crop condi-
tions is a critical need.

Application Rates Relative to 
Recommendations. Two surveys were used to 
determine how closely farmers in the Lake 
Erie region adhere to fertility guidance. In 
the first survey, 26 Indiana farmers were per-
sonally interviewed regarding the cropping 
system attribute data for up to four fields, 
each from 2010 to 2012. Specific data col-
lected included every activity that occurred 
on the field (i.e., tillage, planting, harvest, etc.), 
specific inputs (i.e., chemicals and fertilizers 
used, seeding rates and varieties used, etc.), 
crop yield, and specifics about the soils and 
fertility in each field. These cropping system 
attribute data were then used to determine 
if fertilizer applied to each field met or sur-
passed the fertility recommendation for the 
individual crop or crop rotation within the 
field. The P recommendation for each field 
and in each year was calculated based on the 
soil test P levels and crop yield. Where crop 
yield exceeded the P recommendations of 

Table 1
Original phosphorus (P) fertility recommendations for corn from the Tri-State Fertility Guide  
(Vitosh et al. 1995). Phosphorus recommendations are in units of kg P ha–1. STP is the soil test P.

 Yield goal (Mg ha–1)

STP (mg kg–1) 6.3 7.5 8.8 10.1 11.3

5 42 47 49 54 56

10 29 34 37 42 44

15 to 30 17 22 24 29 32

35 10 10 12 15 17

40 0 0 0 0 0

Table 2
Revised phosphorus (P) fertility recommendations for corn from the revised Tri-State Fertility 
Guide (Agricultural Nutrients and Water Quality Working Group 2012). Phosphorus recommen-
dations are in units of kg P ha–1. STP is the soil test P.

 Yield goal (Mg ha–1)

STP (mg kg–1) 7.5 9.1 10.7 12.6 14.1 15.7 17.3

5 47 51 56 61 66 71 76

10 34 39 44 49 54 59 61

15 to 30 22 27 32 37 42 47 49

35 10 12 15 20 22 24 24

40 0 0 0 0 0 0 0

the traditional tri-state fertility recommenda-
tions (Vitosh et al. 1995), the updated fertility 
guidance was used (Agricultural Nutrients 
and Water Quality Working Group 2012). 
Since most farmers in the region only apply 
P fertilizer once during the crop rotation, 
the P recommendation was also calculated 
for the crop rotation (corn–soybean [Glycine 
max L.] or corn–soybean–wheat [Triticum 
aestivum L.]) in each field based on crop yield. 
The P applied to each field was then plotted 
against the P recommendation.

A second formal survey was conducted 
for farmers in Ohio. The sample popula-
tion for this survey consisted of corn and 
soybean farmers within the Maumee River 
watershed (Burnett et al. 2015). Researchers 
from the colleges of Food, Agricultural, 
and Environmental Sciences and Arts and 
Sciences at The Ohio State University cre-
ated three mail-back questionnaires used 
in this study. Each of the three survey ver-
sions included a section of questions about 
field management practices that were to 
be answered while the farmer considered a 
specific field with low, average, or high crop 
productivity. Of the approximately 12,000 
addresses in the 24 counties of the Maumee 
Watershed, a random sample (n = 2,500 for 
each version) of corn and soybean farmer 
addresses was purchased from a private sam-

pling firm. The surveys were conducted 
following Dillman’s tailored design method 
(Dillman 2000). In February of 2014, an 
announcement letter was sent to the ran-
dom sample of farmers informing them that 
they would soon be receiving a survey in the 
mail. A cover letter and a survey booklet with 
prepaid return postage were sent to all par-
ticipants a week later. Included with this first 
survey was a token incentive of a one dol-
lar bill to increase response. In early March 
a reminder postcard was sent to participants 
who did not return the survey. In late March 
an additional mailing of the cover letters and 
survey booklets was sent out to those partici-
pants who had not yet responded. In late April, 
a final reminder letter was sent to participants.

The three surveys were mailed out to a 
total of 7,500 farmers (n = 2,500 for each 
version). A total of 3,937 surveys were ini-
tially returned. In total, 2,232 surveys were 
used in this analysis. In this survey, field crop 
productivity was identified by crop yield his-
tory. Receivers of the questionnaire used for 
this study were asked about crop rotation, 
crop grown in 2012, crop grown in 2013, 
frequency of P fertilizer application, P fer-
tilizer used, most recent soil test results, rate 
of P applied, and anticipated yield. As with 
the survey of Indiana farmers, the informa-
tion from this survey was used to develop 
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P recommendations. Actual P applied was 
then compared to the P recommendation of 
individual fields for a given year and for the 
crop rotation.

In the survey of Indiana farmers, out of 
78 fields with three complete years of data 
(figure 2), 6 of the fields did not receive any P 
fertilizer from 2010 through 2012, and only 
3 to 4 kg P ha–1 was applied to 14 fields at 
the time of planting in years where corn was 
grown. When data were examined for only 
the corn year (beginning at harvest of the 
previous crop to allow for fall fertilizer appli-
cations), 49% of the fields had P application 
rates at or below the recommendations in the 
Tri-State Fertility Guide (figure 2a;) (Vitosh 
et al. 1995; Agricultural Nutrients and Water 
Quality Working Group 2012).

Many farmers will apply P fertilizers every 
other year, so the amount of P applied for the 
corn–soybean rotation was also compared to 
the P fertility recommendations from the 
Tri-State Fertility Guide (figure 2b). When P 
fertility for the rotation was considered, the P 
applications were closer to aligning with the 
recommendations, as 56% of the fields had P 
applied at or below the fertility recommen-
dations, and an additional 17% had P applied 
within 10 kg ha–1 of the recommendation. 
Based on these analyses, 24% of the fields had 
more than 20 kg P ha–1 applied when the 
Tri-State Fertility Guide recommended no 
additional P fertilizer. Over-application of P 
relative to current fertility guidance could be 
a source of P losses to Lake Erie, although 
there are many other potential contributors 
than over-fertilizing roughly one-quarter of 
fields (Baker et al. 2017; Jarvie et al. 2017; 
King et al. 2015; Smith et al. 2007, 2015), 
so it is unlikely to be the only cause. Since 
the majority of fields have P applied near 
or below recommended levels, assigning 
blame for Lake Erie re-eutrophication to all 
farmers is unjustified, especially since those 
managing three-quarters of the fields are 
adhering to the current state-of-the-science 
fertility guidance.

In the survey of Ohio farmers in the 
Maumee River watershed (Burnett et al. 
2015), 74% of fields met or were below the 
one year tri-state fertility recommendations 
(figure 3a). When P recommendations for 
the crop rotation were evaluated, 90% of 
the fields were determined to meet or be 
fertilized at or below the recommendations 
(figure 3b). This includes 1,301 fields (58%) 
that received no P application for the 2013 

Figure 2
Phosphorus (P) applied by fertilizer type graphed against the P recommended from the Tri-State 
Fertility Guide for (a) the corn crop in the rotation and (b) the entire rotation (corn–soybean or 
corn–soybean–wheat). These data represent 78 fields and were collected during interviews 
with 26 farmers in Indiana. Note that not all fields represented in this data set are from the 
Western Lake Erie Basin. 
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crop. Of those, 670 fields (30%) had both a 
zero recommended rate and zero P applied. 
Only 102 fields (<5%) had a P application 
when there was a zero P recommenda-
tion. Phosphorus recommendations were 
exceeded in 216 fields. If we assume that P 
applications are made every other year, and 
we double the number of fields that exceed 
P recommendations for the crop rotation, 
then roughly 19% of the fields will exceed P 
recommendations for the crop rotation.

These surveys correspond well to stud-
ies examining the ranges in soil test levels 
across the WLEB. In a study of soil test P 
(as Mehlich 3) in the Sandusky River Basin, 
as well as from a database of Ohio soil tests 
for the WLEB, most soils (70%) were within 
the “build-up” or “maintenance” ranges for 
corn and soybean (Baker et al. 2017). This 
implies that only 30% of fields were bad 
actors, and further analysis suggests that only 
targeting reductions in this 30% would be 
insufficient to reach reductions required to 
reduce algal blooms in Lake Erie. As Baker 
et al. (2017) concluded, “Achieving a 40% 
reduction in dissolved reactive P loading will 
require adoption of BMPs in fields across the 
full range of agronomic soil-test levels.”

Many farmers in the survey of Ohio farm-
ers report using fertilizer rates well below 
the P recommendations. From this survey, 
there were 1,454 fields that apply fertilizer 
to fields where P is recommended. Of these 
fields, 40% have fertilizer applied at rates that 
do not exceed 80% of the fertility recom-
mendations. This suggests that a substantial 
number of fields are receiving less P than 
recommended. Further investigation into 
these farms is warranted to determine how 
their management affects P sustainability, as 
well as to understand what drives the nutri-
ent management decisions of these farmers.

Comparing those producers applying P 
fertilizers at or below versus above recom-
mended rates, we see that the individuals 
applying above recommended rates are older, 
with more years farming, and are more likely 
to be retired from another occupation (t-test 
p < 0.05). They also have stronger “produc-
tionist” identities, indicating that they are 
more likely to believe that a “good farmer” 
is one who has the highest yields per hect-
are, has the highest profits per hectare, uses 
the latest technology, etc. They are also less 
concerned about the seriousness of nutrient 
loss and associated algal bloom issues. These 
results indicate that the individuals not fol-

Figure 3
Phosphorus (P) applied to 2,232 Ohio fields in 2013 as a function of P recommended based on 
soil test P and yield goals for (a) the year in which the fertilizer application was made, and  
(b) the crop rotation grown (corn–soybean or corn–soybean–wheat) in the field.
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lowing recommended rates are perhaps a 
bit more established, which may make them 
more likely to maintain agronomic produc-
tion using older or status quo management 
guidelines. Anecdotally, from the smaller 
study of Indiana farmers, one 80-year-old 
farmer mentioned that he was once told to 
apply 449 kg P ha–1, and it seemed to work 

so he would continue to use that practice. 
From a motivational standpoint, these indi-
viduals may think that applying higher P 
rates than recommended maximizes produc-
tivity while not having enough P results in 
negative economic consequences through 
potentially decreased yield. In addition to 
it being challenging to convince these indi-
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viduals to change given their core identity 
and beliefs, it is not likely that changing the 
behavior of this minority will solve the issues 
in western Lake Erie. We currently have no 
evidence that these individuals are farming 
a particularly large proportion of the land. 
Given the age of this potentially resistant 
minority, it is likely that as these individ-
uals age and retire from farming, they will 
be replaced with individuals who are more 
similar in their beliefs and characteristics to 
the current majority who are concerned 
about nutrient loss and more likely to adopt 
current recommendations. In the meantime, 
working with the ~80% of producers who 
are applying rates near appropriate rates to 
further optimize those rates or to increase 
adoption of subsurface placement and other 
recommended practices may be the best way 
to achieve the goal of decreased agricultural 
P contributions to the lake.

The survey of Ohio farmers reports a 
higher number of farmers adhering to cur-
rent fertility guidance. It should be noted 
that in the larger data set, the farmers were 
asked about the yield goal they use for fer-
tilizer applications. The survey of Indiana 
farmers did not ask about yield goal, but 
farmers did provide information on the 
actual yields harvested in their fields. The 
lower relative number of farmers achieving a 
level of P sustainability as a function of their 
fertilizer applications in the small study may 
be due to actual yields being lower than the 
yield goals. Farmers apply fertilizers before 
the growing season, so it is not reasonable 
for them to know the actual yield they will 
harvest while planning operations for a crop.

Prevailing Practices that Affect 
Phosphorus Fertilization
Rental Agreements. Approximately 51% of 
the farmland in Ohio and roughly 54% in 
Indiana is rented or leased (USDA NASS 
2012; Reimer et al. 2012). Most of these 
rental agreements require the tenant to 
maintain the fertility of the field. Thus, even 
if the field has excessive soil test P levels, the 
farmer is contractually bound to apply P fer-
tilizer equal to the crop removal rate. Many 
farmers in the Lake Erie region are aware 
of the risks to water quality by applying P 
where it is not needed (Burnett et al. 2015) 
and will not apply P fertilizer on fields that 
they own, but they do apply P fertilizer to 
rented fields due to contractual obligations. 
Manure applications also represent a distinct 

minority of the nutrient sources applied 
within the WLEB (less than 20% of the P 
applied [USDA NRCS 2016]). Absentee 
landowners who require their tenants to 
maintain fertility level in fields, even when 
those levels are excessive, therefore share 
responsibility for the water quality problems 
in Lake Erie.

Phosphorus Sources. The dominant 
sources of fertilizer P in the WLEB are 
monoammonium phosphate (MAP) and 
diammonium phosphate (DAP). From the 
farmers interviewed in the smaller survey, 
57% of the fields that had any P fertilizer 
applied (organic or inorganic) used MAP 
or DAP. In the larger survey, 85% of P 
applied in 2013 were fertilized with MAP or 
DAP. These sources along with ammonium 
poly-phosphate (Poly) and triple superphos-
phate (TSP) contain more than 90% of their 
total P in the soluble form (table 3).

Many farmers assume that the majority 
of the P applied to their fields will be taken 
up by the crop. However, most studies indi-
cate that less than 10% of fertilizer P will be 
taken up by the crop to which it is applied, 
although P use efficiency as high as 30% has 
been reported (Withers et al. 2005). Thus, 
when highly soluble P sources are applied, 
more than 70% will be either sorbed by the 
soil or be lost to the environment. For exam-
ple, Smith et al. (2016) found as much as 
19% of applied fertilizer P can be lost to the 
environment through surface runoff during a 
single event (Smith et al. 2016). Phosphorus 
losses from plots and fields have shown that 
surface runoff P loss can account for 0.7% to 
42% of the P applied as fertilizer (Hart et al. 
2004). Thus, in regions like the WLEB where 
dissolved reactive P (DRP) is a primary con-
cern, fertilizing with the most soluble forms 
of P may be ill-advised. As such, the scientific 
community and agricultural industry need to 
better educate farmers about the increased 
risk of P loss when applying highly soluble 
fertilizer to their fields and perhaps recom-
mend alternative P sources that are less soluble.

Fertilizer Application Timing and 
Method. The majority of P fertilizers are 
applied between harvest of one crop and 
establishment of the following crop. In 
the typical WLEB corn–soybean rotation, 
the “fertilizer spreading season” is usually 
October through April. Regulations have 
further decreased the time farmers can 
spread manure on their fields. For example, 
Indiana has banned manure applications to 

frozen or snow covered ground (Indiana 
Register 2012). Ohio also limits fertilizer 
and manure applications during the winter 
as well as before precipitation events (Senate 
Bill 1) and requires anyone who spreads 
fertilizer on more than 20 ha to obtain a 
certified fertilizer applicators license (Senate 
Bill 150; Ohio Legislature 2015). While this 
may be effective at reducing the excess loss 
of recently applied P, it further constrains 
fertilizer application timing (Williams et al. 
2011, 2012).

The application of P during the nongrow-
ing season coincides with the period of 
greatest P losses from fertilizer applications 
(King et al. 2015, 2016). Studies have shown 
that P losses are generally much greater 
immediately after application than in the 
weeks to months after application (Smith et 
al. 2007; Harmel et al. 2009). Further, since 
potential evapotranspiration is generally low-
est during this period (King et al. 2014), an 
equal volume precipitation event will result 
in greater P losses during the “fertilizer 
spreading season” compared to the growing 
season. The November 1 to April 15 fertilizer 
spreading season encompasses approximately 
45% of the year, during a period with mini-
mal water and nutrient uptake by plants. For 
hydrologic years 2008 to 2011, an average 
of 68% and 67% of the annual DRP and TP 
loads, respectively, for the Maumee River 
were delivered to Lake Erie during the fertil-
izer spreading season (figure 4).

Broadcasting is the most common method 
for farmers to apply P fertilizers as large fields 
can be covered quickly. Large investments 
have also been made recently by fertil-
izer dealers to purchase fertilizer spreading 
equipment that allows for varying the rate of 
dry product application as it moves through 
the field (i.e., variable rate technology). 
Incorporation of fertilizer through tillage 
after application, injection, or placed 5 cm 
below and 5 cm to the side of the seed row 
may be the best methods to minimize P losses, 
particularly soluble P via runoff (Daverede et 
al. 2004; McConnell et al. 2013; Smith et al. 
2016). In fields where higher rates of P fertil-
izer are needed (i.e., based on tables 1 and 2), 
the cost associated with injecting fertilizers 
into the soil may be prohibitively high. Yet, 
there is some evidence that where surface 
levels of P are high (20 mg kg–1 or 20 ppm 
higher than the agronomic level), a one-time 
inversion tillage via moldboard plow would 
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reduce the risk of DRP runoff by about 30% 
(Baker et al. 2017).

It is difficult, however, for farmers to apply 
at times other than the “fertilizer spreading 
season” given logistical and infrastructure 
constraints within our current agronomic 
system. These constraints include current 
regulations, crop rotation, fertilizer avail-
ability, and recommended P rates necessary 
for current production levels. Farmers may 
therefore be constrained to apply P during 
this period largely by factors that are out of 
their immediate control.

Conservation Guidance and Tradeoffs
Conservationists spent much of the last half 
of the twentieth century developing and 
implementing practices to decrease soil ero-
sion. It was understood that P losses were 
primarily associated with sediments; thus, 
erosion control practices limited P loss. 
However, this is not necessarily true for 
DRP. The problem occurred, not due to 
ignorance of the small amounts of dissolved 
losses (Logan and Adams 1980), but because 
of the disconnection between aquatic ecol-
ogy and the inherent difference in the scale of 
DRP impact on crops compared to aquatic 
ecosystems. For example, the critical P con-
centration in solution necessary for growing 
various crops ranges from 0.008 to 1.6 mg 
L–1 (Hue and Fox 2010). However, depend-
ing on N concentration and Microcystis strain, 
dissolved P concentrations as low as 0.11 mg 
L–1 can cause a dramatic increase in Microcystis 
growth (Vezie et al. 2002).

We cannot discount the tremendous 
efforts that have reduced erosion in vast 
swaths of agricultural landscapes, as practices 
such as no-tillage and grassed waterways are 
effective in erosion control. These practices 
do appear to improve water quality asso-
ciated with sediment and TP reductions 
(Richards et al. 2009). However, there is a 
growing body of evidence that practices that 
keep the ground covered can result in diver-
gent DRP and TP losses (Smith et al. 2015) 
because of the indirect effects of adapting fer-
tilizer application techniques to accompany 
erosion control practices. Indeed, Williams 
et al. (2016) found that surface broadcast fer-
tilizer on a no-till field significantly increased 
P concentrations in tile discharge compared 
to fertilizer that was incorporated into the 
soil. In addition, Baker et al. (2017) found 
substantial stratification of P in soils, even 
though many were in rotational no-till and 

Table 3
Fertilizer formulation, phosphorus (P) content, and solubility.

 Formulation Total P Soluble P Solubility
Source (N-P2O5-K2O) (g kg–1) (g kg–1) (%)

Monoammonium phosphate 11-52-0 227 212 93.4

Diammonium phosphate 18-46-0 201 185 92.1

Ammonium polyphosphate 11-37-0 166 165 99.3

Triple superphosphate 0-46-0 201 200 99.5

Single superphosphate 0-18-0 78.5 59.9 76.2

Bone meal 2-14-0 61.1 5.9 9.6

Rock phosphate 0-3-0 13.1 0.1 0.9
Notes: N = nitrogen. P2O5 = phosphorus pentoxide. K2O = potassium oxide.

received chisel or disk plowing prior to corn 
(72%). Conservationists and scientists failed 
to recognize that surface crop residues can 
be a significant DRP runoff source (Sharpley 
1981; Sharpley et al. 1992). Instead, they 
supported the notion that P must be surface 
applied to maintain no-till conditions. In 
an era when incorporation of fertilizers was 
being discouraged, highly soluble P fertiliz-
ers were desirable because they encouraged 
fertilizer P to leach into the root zone. 
However, coupling surface application and 
highly soluble fertilizers has significantly 
exacerbated DRP loss in both surface runoff 
and tile drainage (Jarvie et al. 2017).

Managing for multiple resource concerns 
can be difficult due to competing perfor-
mance objectives. Sediment enrichment of 
surface waters contributes not only to total 
P loading, but also other contaminants and 
degrades water quality in its own right. 
However, if controlling sediment loads was 
all that was required to reduce P-related 
eutrophication in Lake Erie this would 
have not become an issue, given decreases 
in discharge-normalized sediment loading 
seen since the 1980s (Richards et al. 2009). 
Nonetheless, since roughly 2002 the sever-
ity and extent of algal blooms have increased, 
and this increase is predominately correlated 
with spring DRP loading, mostly via storm-
pulsed runoff (Stumpf et al. 2012, 2016). Thus, 
conservation practices that reduce stormflow 
discharge, especially during critical peri-
ods such as the spring, are likely needed to 
minimize the impact of intensive agriculture 
on Lake Erie. Further, practices designed to 
reduce nitrate (NO3) loading will not neces-
sarily solve DRP related resource concerns. 
For example, cover crops provide a safety 
net to partially recover N applied in excess 
of crop uptake during a growing season. 
However, research has shown that they can be 
a source of DRP to runoff in regions where 

they can freeze and thaw during the winter 
(Bechmann et al. 2005). In effect, conser-
vation practices are spatially and temporally 
variable in the effectiveness and they must be 
carefully matched to performance objectives. 
In some cases all resource objectives cannot 
be met, and an open dialogue is necessary to 
choose between the lesser of two “evils,” as 
the tradeoffs between agronomic production 
and environmental outcomes may sometimes 
be mutually exclusive (Kleinman et al. 2015).

One cannot assume that more judicious 
use of fertilizers will be sufficient to solve 
Lake Erie eutrophication, as it will likely take 
many conservation practices to avoid, con-
trol, and trap nutrients as they flow through 
the system. Applying multiple conservation 
practices on a single field does seem to be 
an effective method of addressing multiple 
resource concerns (Francesconi et al. 2015; 
Her et al. 2016). Thus, holistic recommenda-
tions to farmers to adopt several practices on 
a field are likely needed to address multiple 
resource concerns. We also cannot make rec-
ommendations to solve the DRP issue from 
agricultural fields without recognizing that 
our solutions may result in exposing other 
resource concerns. While we are addressing 
DRP losses, we must therefore be aware of 
how our recommendations may affect other 
aspects of the farming system as a whole. 
Farmers following the best available guid-
ance on conservation practices should not 
be denigrated for increased DRP loading 
leading to eutrophication within Lake Erie, 
as most of them were (and maybe still are) 
unlikely aware of the tradeoffs and nuances 
related to conservation practice adoption. 
Instead, we as the community that develops 
conservation guidance need to be forthright 
about the benefits and shortcomings of our 
recommendations and quickly develop guid-
ance and conservation practices that will 
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Figure 4
(a) Soluble phosphorus (P) and (b) total P loads from the Maumee River during the 2008 to 2011 
hydrologic years (HY; starting October 1). The vertical lines roughly represent crop harvest (No-
vember 1) and the target date to start planting corn (April 15), between which is the period when 
commercial fertilizers are generally spread. The values on the right side of the graph  
indicate how much of the annual load occurred during the “fertilizer spreading season.”
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help farmers balance crop productivity with 
water quality concerns.

Moving Forward
The interaction between different manage-
ment goals and recommendations, each based 
in good intentions, combined with a variety 
of extenuating circumstances and constraints 
has led to the current water quality issue in 
Lake Erie. Solutions to the problem must 
consider all stakeholders, interests (including 
economics), and potential unintended con-
sequences within the watershed. To avoid 
further unintended consequences, an inter-
disciplinary approach is necessary to better 
understand the complex agro-ecosystem and 
the impact of nutrient management.

Environmental degradation has occurred 
despite the majority of farmers adhering to 
current fertility recommendations. It is also 
likely that those not adhering to recommen-
dations are not the sole cause of the problem, 
and may also be less likely to adapt their 
practices moving forward. Thus, the recom-
mendations, as well as the prevailing practices 
that affect P fertility management, must be 
carefully assessed. The farmer who follows 
these recommendations and survives inside 
the constructs of the fertility infrastructure 
is no more culpable in contributing to the 
DRP loading than those providing him/her 
with advice and tools to manage nutrients 
on the farm. It is likely that this farmer is the 
one who will further adjust their practices 
in response to thoughtful recommendations 
made by trusted advisors. Thus, we present a 
clarion call to consider not only agronomic 
provisioning and economics in fertility rec-
ommendation, but also the potential for 
environmental degradation, and to provide 
more holistic and tailored recommendations 
to the farming population who is largely 
ready and willing to adjust their practices 
(Wilson et al. 2014).

Moving forward, we recommend 
researchers consider the following to guide 
the development of fertility recommenda-
tions into the future:
• There is a pressing need to calibrate soil 

test methods to yield response to improve 
precision fertilizer recommendations.

• Intensive evaluation of P fertility 
requirements for modern cropping sys-
tems (i.e., new high yielding hybrids 
and no-till management).

• Encourage the use of yield history as a 
basis for yield goal.
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• Present farmers with risk management 
information (i.e., the risk to yield of not 
fertilizing or the risk of contributing to 
P loss when using a particular fertilizer 
source at a specific application timing).

• Develop a better understanding of P fer-
tilizers' solubility related to plant uptake 
and runoff loss risk.

• Evaluate alternative P application tim-
ings/methods that will limit risk to loss 
while not sacrificing yield potential.

• Recognize competing performance 
objectives and tradeoffs of adopting 
new practices, and anticipate the law 
of unintended consequences of our 
recommendations.

Disclaimer
The United States Department of Agriculture (USDA) is 

an equal opportunity provider and employer. Mention of a 

company or trade name is for description only and does not 

imply endorsement by the USDA.
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