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Potential Farm-Level Economic
Impact of Incorporating
Environmental Costs Into Nitrogen
Decision Making: A Case Study in
Canadian Corn Production
Kamaljit Banger*, Joshua Nasielski, Ken Janovicek, John Sulik and Bill Deen

Plant Agriculture, University of Guelph, Guelph, ON, Canada

Corn yield response to nitrogen (N) rates typically follows a flat plateau polynomial

function with a relatively “flat” region on either side of the Economically Optimum N

Rate (EONR). This flat region indicates that a wide range of N rates can approximate

the maximum returns achieved at the EONR. To avoid yield penalties due to N stress,

farmers tend to over- apply N which results in complex tension between farmers and

other stakeholder groups. Using 10-years field data (2009–2018) from Elora, Ontario, we

estimated the magnitude of cost to farmers if optimal N rate is based on both economic

and environmental costs, and assessed whether incorporating environmental costs into

optimum N rate increases profit variability. A cropping system model (DeNitrification

and Decomposition model, DNDC) was calibrated and validated for corn yield and

environmental N losses against five N rates (30, 58, 87, 145, and 218 kg N ha−1) during

2009–2018. Our results suggest that N rates could vary by 46–91 kg N ha−1 around

the EONR without reducing profits substantially (<$25 ha−1 of maximum profits) during

2009–2018. When environmental costs were accounted for, environmentally optimal N

rate was reduced by 11–54 kg N ha−1 (7–31% of EONR) with maximum reductions

in N rates occurred in an extremely dry (2012) year. With conservative estimates of

the environmental costs of N loss, our study suggests that the environmental benefits

accrued at environmentally optimal N rates are 2–4-folds’ greater than the reduction

in net farmer income. This indicates that the environmental returns to policies which

compensate farmers for applying environmentally optimal N are large. Results of this

study further suggest that farmers need to adjust N rates depending on the weather in

a growing season.

Keywords: corn, EONR: economically optimum N rate, environmental cost, nutrient recommendation, climate

extremes

INTRODUCTION

Improving nitrogen (N) management in the North American corn belt is essential for increasing
food production and reducing environmental degradation (Frink et al., 1999; Ladha et al.,
2005; Ewing and Runck, 2015). In corn production, <50% of applied N is used by the
growing crop thus leaving a remainder vulnerable to loss through leaching or gaseous pathways
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(Cassman et al., 2002). For instance, excessive N leaching from
fields makes groundwater unfit for human consumption and
causes eutrophication in streams, lakes, and coastal oceans
(Howarth and Marino, 2006; Anderson et al., 2008; Dodds
et al., 2009). Fertilizers are responsible for nitrous oxide (N2O)
emissions, which is a potent greenhouse gas and also plays an
important role in stratospheric ozone depletion (IPCC, 2014).
Therefore, N management must address the twin challenges
that under- N application results in yield penalties while over-
application above crop needs causes environmental degradation
and unnecessary economic losses.

Currently, farm-level N fertilizer application decisions
are primarily driven by crop yields and farm profits, not
environmental concerns (Sawyer et al., 2006; N-Calculator,
2020). The Economically Optimal N Rate (EONR), commonly
used to estimate N application rates is defined as the N rate
where a unit of fertilizer N provides a yield increase equal
in value to the cost of the N fertilizer (Sawyer et al., 2006;
Morris et al., 2018). While the yield response to N function
used to derive EONR implicitly considers crop N demand, soil
N supply, and N losses to the environment, EONR estimation
does not explicitly considers environmental costs associated with
N loss. Conversion of yield response and N fertilizer rate into
an economic profit response results in a relationship typically
represented by a polynomial function with a relatively “flat”
region on either side of the EONR (Rajsic and Weersink, 2008;
Cabas et al., 2010). The existence of a flat profit response
suggests that actual N rate can deviate above or below the
EONR without significantly impacting profitability (Pannell,
2006). The existence of a flat payoff response has two implications
for N fertilizer management decisions. Firstly, even though
EONR is highly variable (Sogbedji et al., 2001; Derby et al.,
2004; Tremblay et al., 2012; Dhital and Raun, 2016), farmers
have limited economic incentives to invest in new technologies
aimed at more accurately estimating EONR (Liu et al., 2006).
Secondly, given the similar economic risks of under-application
vs. over-application of N fertilizer relative to EONR, farmers
opt for over-application (Rajsic and Weersink, 2008), and, as
a result, increase environmental risks whilst also missing an
opportunity to realize economic gains. Farmer tendency to over
apply relative to EONR results in a complex tension between
farmers and other stakeholder groups (Ewing and Runck, 2015).
For instance, in Central Iowa and Southern Minnesota, US, corn
yields are very high due to better agronomic management and
particularly due to high N rates (NAAS, 2015). At the same
time, urban residents of this region may pay more than US$4.00
per 1,000 gallons of water so that local water supplies meet
U.S. Environmental Protection Agency standards of 10mg of
nitrate-N (NO3− ) per liter (Powlson et al., 2008). Thus, farmers
often feel a social responsibility to adjust N rates and reduce
environmental degradation.

Canadian corn production is concentrated in the humid areas
of eastern Canada, where monthly precipitation is relatively
evenly distributed across the growing season. As such, N losses
are possible during both the growing and non-growing season.
For example, gaseous N losses such as ammonia volatilization
and N2O emissions accounted for 65 kg N ha−1 in the broadcast

and 27 kg N ha−1 in the injected fertilizer management scenarios
when total N rate was 148 kg N ha−1 (Drury et al., 2017).
At provincial scale in Ontario, Drury et al. (2007) estimated
that residual soil N remaining in soil at the end of growing
season during 1986–2001 was 30–36 kg N ha−1, most of
which is potentially leachable during the fall, winter and early
spring prior to planting (Drury et al., 2007). As such, there
is normally little residual fertilizer N available for subsequent
crops, and fall application of N fertilizer is rare in part due
to the high potential of N losses. Commonly in Ontario, N
is applied to corn fields as urea and incorporated via some
form of tillage prior to planting in the spring. Often, some
N (30 kg N ha−1 or less) is also applied close to the seed
trench during planting, a practice colloquially called “starter”
fertilization because this N is positionally available to corn
roots as the crops starts growing. Rather than applying the
majority of N pre-plant, a growing proportion of Ontario farmers
apply N in-season, typically as liquid urea ammonium nitrate
that is either injected in the soil profile or streamed onto the
soil surface.

However, existing Decision Support Systems (DSS) in the
Northern Corn Belt do not currently account for environmental
costs associated with N losses due to fertilizer management
(Banger et al., 2017). Recently, Morris et al. (2018) highlighted
this inability to account for environmental costs as one of
the important limitation of existing N management DSS in
the US Corn Belt. Some private sector tools such as Adapt-
N, Climate FieldView, and Encirca estimate different N loss
pathways in response to fertilizer management (Sela et al., 2016;
FieldView, 2019) but they only consider N losses to enable
estimation of N fertilizer replacement costs. In order to achieve
economic profits and ecosystem sustainability, it is critical to
account for the ecosystem services hampered by different N loss
pathways from a field (Banger et al., 2017). Several researchers
have estimated the damages to different ecosystem services per
unit of N loss in terms of economic cost (Birch et al., 2011;
Compton et al., 2011; Sobota et al., 2015). Accounting for both
economic and environmental costs in the DSS could encourage
collaborations between farmers and other stakeholders such as
municipalities, provincial, and federal regulatory agencies to
form practical strategies for overall ecosystem sustainability.
Moreover, as long as an “environmentally” optimal N rate
is within the range of the flat payoff response around (i.e.,
above and below) the EONR, incorporating environmental
costs may result in only trivial reductions in net farm-
level returns.

To develop new N management DSS and facilitate
collaboration avenues between farmers and other stakeholders,
we estimated EONR and assessed environmental losses in a 10-yr
continuous corn experiment in Ontario, Canada. We assessed
the magnitude and year to year variations in the environmental
cost in response to N rates in Canadian corn production.
Therefore, the objectives of this study were to (1) estimate the
magnitude of cost to farmers if economic and environmental
costs are included into a “environmentally optimal” N rate; and
(2) to assess whether incorporating environmental costs into
optimum N rate increases profit variability.

Frontiers in Sustainable Food Systems | www.frontiersin.org 2 July 2020 | Volume 4 | Article 96

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Banger et al. Environmental Costs in Nitrogen Decisions

TABLE 1 | Experimental design for assessing the effects of nitrogen rate on corn yield and environmental losses during 2009–2018.

Yr 1 2 3 4 5 6 7 8 9 10

2008 57 57 57 57 57 57 57 57 57 57

2009 0 28 57 115 188 –––––––––––––––––115–––––––––––––––––––––––––

2010 –––––––––––––––––115––––––––––––––––––––––––– 115 57 188 28 0

2011 188 115 28 0 57 –––––––––––––––––115–––––––––––––––––––––––––

2012 –––––––––––––––––115––––––––––––––––––––––––– 0 28 57 115 188

2013 115 188 0 28 57 –––––––––––––––––115–––––––––––––––––––––––––

2014 –––––––––––––––––115––––––––––––––––––––––––– 188 115 28 0 57

2015 28 188 0 57 115 –––––––––––––––––115–––––––––––––––––––––––––

2016 –––––––––––––––––115––––––––––––––––––––––––– 57 0 115 188 28

2017 115 57 188 28 0 –––––––––––––––––115–––––––––––––––––––––––––

2018 –––––––––––––––––115––––––––––––––––––––––––– 28 188 0 57 115

In order to neutralize the long-term legacy effects of treatments, a consistent 115 kg N ha-1 was applied at sidedress stage following each nitrogen treatment. All plots received 30 kg

N ha-1 with starter fertilizer applied at planting in addition to the N treatments shown below.

METHODS

The field experiment was located in Elora, Ontario (43◦38’31.1”
N 80◦24’14.8” W) in a tile drained continuous corn system.
The soil was silt loam (Albic fluvisol, WRB 2006) with pH of

7.7, in which sand, silt, clay, and soil organic carbon were 32,
48, 20, and 4.5%, respectively. During the study period (2009–
2018), the field wasmanagedwith fall moldboard plow and spring

secondary tillage prior to planting. Approximately, 79,000 plants
ha−1 maize hybrids (DKC 39-97) seeds were planted on 0.76m

row spacing. Both potassium and phosphorus were applied in
the fall prior to plowing, with rates based on provincial soil test
recommendations. At planting, 30 kg N ha−1 fertilizer (15-15-15-

2Zn) was applied in bands 5 cm beside and 5 cm below the seed.
Main plots were split into individual treatment plots (82 m2) and

received one of five N rates as urea ammonium nitrate (UAN)
side-dressed at the V6 growth stage (Abendroth et al., 2011) at
7 cm soil depth in the center of the rows at 0, 28, 57, 115, and

188 kg N ha−1. In this way, total N rate was of 30 kg N ha−1

(N1), 57 kg N ha−1 (N2), 87 kg N ha−1 (N3), 145 kg N ha−1 (N4),
218 kg N ha−1 (N5). In general, a consistent N rate application
over a long-term can result in strong legacy effects, which may
pose difficulties in estimating N rate at EONR. To avoid legacy

effects, the five N rate treatments were constantly randomized
from year-to year, and every 2nd year was a “reset year”’ when

treatment plots receive a uniform N application of 145 kg N ha−1

(Table 1). For analysis of N rate effects on yield and EONR,

we did not use 145 kg N ha−1 (legacy treatment) after every N
rate treatment. In N rate treatments, corn yield, aboveground N
uptake, and soil N concentration was recorded each year from all
treatments. Further details on the data collection protocols can
be obtained from previous publications (Nasielski et al., 2020).

In this study, we used a well-calibrated and validated cropping
system model (DeNitrification Decomposition, DNDC v. CAN,
version 9.5). During 10-yr time period, DNDC model has been
calibrated and validated for local conditions for corn yield, N2O
emissions, and NO3− leaching losses by previous researchers
(Abalos et al., 2016b; Congreves et al., 2016a; Jarecki et al.,

2018; Nasielski et al., 2020) A detailed description of the model
subcomponents and design can be found in previous publications
(Kroebel et al., 2011; Smith et al., 2013; Abalos et al., 2016a;
Congreves et al., 2016b; Dutta et al., 2016; Banger et al., 2020).
In brief, the model input datasets were developed for Elora
experimental research station. Daily weather data (maximum
and minimum temperature, solar radiation, precipitation, wind
speed, humidity) were obtained from the weather station
maintained by Environment Canada on the research station. To
initialize the model, a 10-year spin up corn-soy-barley rotation
was run prior to the analyzed simulations using actual weather
data (1999–2008) collected on-station, to stabilize C:N dynamics
of the cropping system. The simulation process was continuous,
with the 10 years simulated sequentially without annual reset.
The actual dates of planting, harvest, tillage, and fertilization
from the field experiment were used in the model for every
year, and the “reset year” was simulated but not included in the
analysis. Overall, 50 simulations were performed (five N rate
treatments for 10 years). In this study, validated version of DNDC
was used to assess the impact of five N rate treatments [N1, N2,
N3, N4, and N5] yield and N loss pathways in 10 simulated years
(2009–2018). Over a 10-yr period, the DNDC estimated daily
environmental N losses (N2O and NOx gas emissions, NO3−

leaching andNH3 volatilization) were aggregated to the crop year
period (time period fromMay 1 to 30 April).

For three N loss pathways, we used literature values for
environmental costs (Table S1). Sobota et al. (2015) reviewed
potential damage costs of N ($/kg N) to air, land, and water
resources in the US in the early 2000s. All the specific
environmental costs were divided into three categories (low,
median, and high). For NO3− leaching included damages to
eutrophication and colon cancer. For ammonia volatilization,
we used respiratory diseases, changes in carbon sequestration,
and loss of biodiversity (Table S1). We used only three
environmental damages due to N2O emissions including
greenhouse effect, UV exposure to crops, and UV exposure
to humans. Our environmental costs for individual N loss
pathways were obtained from Europe and the US, particularly
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FIGURE 1 | Crop yield in the five nitrogen rate treatments during 2009–2018.

In all the treatments, 30 kg N ha−1 was applied at planting and rest was

sidedressed in the growing season. Total N rates in five treatments were as

follows: N1: 30 kg N ha−1; N2: 57 kg N ha−1; N3: 87 kg N ha−1; N4: 145 kg N

ha−1; N5: 218 kg N ha−1. Treatments indicated by letters are significantly

different from each other with a p-value of 0.05 based on a Tukey HSD

(Honestly Significant Difference).

in the Chesapeake Bay watershed (Dodds et al., 2009; Birch
et al., 2011; Van Grinsven et al., 2013; Sobota et al., 2015).
Given that environmental, recreational, and health costs of
N contamination may differ in Canadian ecosystems, we
provided conservative estimations for environmental costs
associated with N loss pathways. For example, we excluded
several environmental costs which were less meaningful for
Ontario corn production such as the damages to the coastal
ecosystems (Compton et al., 2011). Additionally, we used a
low potential environmental cost category for all the N loss
pathways (Sobota et al., 2015). While environmental costs of
N losses are thus only rough approximations for Ontario corn
production, the goals of our study were to highlight twin
challenges and identify some policy solutions for reducing
environmental degradation while maintaining or improving
crop yields.

In this study, EONR was estimated based on the corn yield
in five N rates used in the DNDC simulations. We used 10-yr
average prices for corn (OMAFRA, 2019) and fertilizer (McEwan,
2019) to estimate EONR. Quadratic plateau yield response to N
curves were fitted using the nlin procedure of SAS version 9.4.
Constraints were imposed such that the fitted linear coefficient is
≥0 and the fitted quadratic coefficient is ≤0. These constraints
force the fitting of a non-response (plateau) starting at the lowest
N rate for cases with an overall tendency for decreasing yields
with increasing N rates or a positive linear response for cases
that have accelerating rates of yield response with increasing
N rates.

To estimate EONRenv, firstly we calculated the environmental
cost associated with three N loss pathways for every unit of
N applied. After N cost returns were calculated on a 1 kg N
ha−1 interval as the difference of the monetary value of corn
yield estimated from the quadratic-plateau response equations
and the monetary cost of fertilizer N applied. After N cost
returns including environmental costs were calculated by also

FIGURE 2 | DNDC estimated environmental nitrogen loss (kg N ha−1) from

corn production. In the treatments, 30 kg N ha−1 was applied at planting and

rest was sidedressed in the growing season. Total N rates in five treatments

were as follows: N1: 30 kg N ha−1; N2: 57 kg N ha−1; N3: 87 kg N ha−1; N4:

145 kg N ha−1; N5: 218 kg N ha−1. Treatments indicated by letters are

significantly different from each other with a p-value of 0.05 based on a Tukey

HSD (Honestly Significant Difference).

subtracting the monetary environmental N costs estimated on
the same 1 kg N ha−1 intervals. Yearly estimates for ENOR
and ENORenv occurred at the N rates that maximize these
2 after N cost responses each year. In this way, EONR is
the maximum economic N rate that takes into account corn
price and fertilizer N cost but not environmental costs while
EONRenv takes into account corn price, N cost as well as
environmental costs.

In this study, we used a two-way analysis of variance without
replications (ANOVA) to test if two factors including N rate
(N1, N2, N3, N4, and N5) and year (10 years from 2009
to 2018) were significantly different. Corn yield, N loss, and
environmental cost variables were evaluated at five N rates during
2009–2018. ANOVA test if results are significant overall, but
it does not identify where those differences in group means
exist. To identify which specific group’s means are different, we
used Tukey’s Honest Significant Difference (HSD) test (Tukey,
1991). This post-hoc test identifies pairwise differences among
all possible sample means. In this study, we have identified
differences between five N rates and 10 yrs at p < 0.05 level
of significance.

RESULTS

Corn Yield and Environmental Nitrogen
Losses
Across the 10-yr period, corn yield ranged from 3.6 to 11.5Mg
ha−1 in five N rate treatments (Figure 1). In N1, corn yield
remained below 4.74Mg ha−1 which increased significantly (p
< 0.05) in N2 (5.2–6.5Mg ha−1), N3 (6.9–7.3Mg ha−1), and
N4 and N5 (7.4–11.5Mg ha−1). Corn yields in N4 and N5
were not statistically different during 2009–2018. When the three
DNDC estimated N loss pathways (NO3− leaching, ammonia
volatilization, and N2O emissions) were aggregated, total N loss
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FIGURE 3 | Ten-yr average proportion of three nitrogen loss pathways (N2O

emissions, NO3− leaching, and ammonia volatilization) and their environmental

costs. In the treatments, 30 kg N ha−1 was applied at planting and rest was

sidedressed in the growing season. Total N rates in five treatments were as

follows: N1: 30 kg N ha−1; N2: 57 kg N ha−1; N3: 87 kg N ha−1; N4: 145 kg N

ha−1; N5: 218 kg N ha−1 Treatments indicated by letters are significantly

different from each other with a p-value of 0.05 based on a Tukey HSD

(Honestly Significant Difference). (A) Proportion of N20 emissions,

NO3− leaching, and ammonia volatilization to total N loss. (B) Environmental

cost.

varied from 3.9 kg to 56.5 kg N ha−1 across the treatments
during 2009–2018 (Figure 2). Unlike corn yield, environmental
N loss was statistically similar in N1, N2, and N3 (3.9–16.4 kg
N ha−1) which increased substantially once fertilizer N rate
exceeded 87 kg N ha−1 across the years. For instance, N loss
was significantly (p < 0.05) greater in the N5 (33.8–56.5 kg N
ha−1) followed by N4 (12.8–29.6 kg N ha−1) than N1, N2, and N3
treatments (3.9–16.4 kg N ha−1). The model predicted that the
years with extreme dry (2012) and extreme wet (2013) growing
season had relatively higher environmental N loss than other
years (Figure S1).

DNDC simulated NO3− leaching accounted for 44–89% of
total N loss in the five N treatments over the 10-yr study
period (Figure 3A). Although the magnitude of NO3− leaching,
ammonia volatilization, and N2O emissions increased with N
rate (Figure S2), their relative proportions to total N loss changed
substantially. For instance, the contribution of NO3− leaching to

total N loss was greater in N1, N2, N3 (79–89% of total N loss)
and decreased substantially in N4 and N5 (44–45% of total N
loss). This occurred because of disproportionally greater increase
in ammonia volatilization than NO3− leaching due to increase N
rates. For instance, ammonia volatilization losses were 0 in N1
and increased to 50–53% of total N loss in N4 and N5. Ten-yr
average N2O emissions were smaller (4–11% of total N loss) than
NO3− leaching and ammonia volatilization losses during 2009–
2018. Environmental cost associated with the NO3− leaching,
ammonia volatilization, and N2O emissions was significantly (p
< 0.05) greater in N5 ($152–353 ha−1) followed by N4 ($88–201
ha−1) than other treatments ($41–160 ha−1) during 2009–2018
(Figure 3B).

Effects of Accounting for Environmental
Costs on Corn Yield
Over 10-yrs, EONR varied from 151 to 218 kg N ha−1; averaging
189 kg N ha−1 (Figure 4). In 4 years (2010, 2013, 2014, and
2018), EONR was >189 kg N ha−1, while EONR ranged from
151 to 188 kg N ha−1 in other years. Farm-level profits at EONR
ranged from $1,281 to $2,391 ha−1 during the study period.
EONR and economic returns were not significantly correlated
since the years with greater EONR did not always result in high
economic profits (Figure 4). Our results suggest that farmers
had a wide range of flexibility in adjusting N rates without
significantly reducing economic profits during 2009–2018. For
instance, N rate between 122 and 213 kg N ha−1 achieved
economic profits within $25 ha−1 of maximum profit range in
2012. In other years, there was a flexibility of adjusting N rates
by 46–77 kg N ha−1 from EONR within the economic threshold
of $25 ha−1 (Figure 4). The second highest environmental N
loss occurred in 2013 (12.5–52.8 kg N ha−1) which had 9–
58% higher May-August cumulative rainfall than other years
during 2009–2018.

When environmental cost was incorporated into the estimate
of optimal N rate, “environmentally optimal N rate” (EONRenv)
ranged from 115 to 192 kg N ha−1, representing a reduction
of 11–54 kg N ha−1 relative to EONR (Table 2). The yearly
N rate reductions in EONRenv were 7–31% of EONR. The
highest reduction in the N-rate occurred in 2012, which
received 77% lower May-August cumulative rainfall (498mm)
compared to the 30-yr long-term average (Figure S1). In
contrast, the second most reduction in the EONRenv occurred
in 2013, which had 9–58% higher May-August cumulative
rainfall than other years during 2009–2018. Reduced N rate
at EONRenv corresponded with reductions in corn yields.
Relative to EONR, corn yields at EONRenv were reduced
by 1–7% (Table 2). Reductions in N rate to account for
environmental costs, reduced farm level economic profits by
0.4–2.8% (a net reduction of $7–66 ha−1) relative to profits
at N rates associated with EONR during 2009–2018. Although
farm level economic profits were reduced at EONRenv, the
reduction in environmental costs at EONRenv were 2–4-folds
greater than the farm level economic losses during 2009–2018
(Table 2).
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FIGURE 4 | Relationship between net returns to nitrogen costs and nitrogen rates during 2009–2018. The underlying yield responses were fitted using a

quadratic-plateau model. After N cost return response was calculated as the value of com estimated from quadratic plateau yield response equations subtract the

cost of N required to attain the estimated yield. Green colored line indicates the threshold within 25$ ha−1 of economic profits. Star indicates the maximum economic

rate of nitrogen fertilizer.

DISCUSSION

Our results from a 10 year data set where soil type and

management were held constant strengthens previous
observations that corn N response and resulting EONR is

highly variable due to the complex interactions in crop growth,
weather variability, and environmental losses (Vetsch and
Randall, 2004; Xie et al., 2013; Morris et al., 2018). Although

EONR is highly variable our analysis also suggests that failure to
apply exactly at EONR has relatively low farm level economic
impact in most years. Conversion of N yield responses to

profit responses demonstrates that in any given year, N rates
can vary substantially from EONR (46–91 kg N ha−1) without

significant reductions in farm level economic profits (<$25
ha−1 of maximum economic profits) (Figure 4). These results

correspond with other studies demonstrating a flat profit
response and limited impact on profit when actual N rate
deviates from EONR (Pannell, 2006; Rajsic and Weersink, 2008;

Cabas et al., 2010). The uncertainty in EONR across years
and existence of flat profit functions within each year has two
implications. First, it reduces the incentive for farmers to adopt

strategies to identify EONR and apply at that rate. Figure 4
demonstrates that accurate prediction of EONR was not actually

required in 9 of 10 years in which a consistent application of
180 kg N ha−1 fell within $25 ha−1 of maximum farm-level

profit threshold plateau (Figure 4). Second, as has been shown
by Rajsic and Weersink (2008), it may result in farmers having a
tendency to over- apply N fertilizers to ensure there is sufficient N
for years with unexpectedly high EONR. While farmers respond
to the existence of flat profit functions by increasing N rate, other
members of society would like to see N rate reduced below EONR

to reduce environmental costs associated with N application. To
address this twin challenge of simultaneously improving food
production and reducing environmental degradation, using a
10-yr corn experiment we estimated an environmentally optimal
N rate, EONRenv that accounts for environmental costs of N
fertilizer application. To the best of our knowledge, very limited
research has been conducted to assess the environmental cost
associated with Nmanagement in the U.S. (Compton et al., 2011;
Sobota et al., 2015), and no such study is available for Canadian
corn production. Therefore, it is very difficult to compare the
results of this study with previous findings.

Our results suggested when N rate was optimized to also
consider environmental costs, N rate reductions of 7–31% (11–
54 kg N ha−1) compared to EONR were required (Table 2). As
a consequence of these N rate adjustments, environmental costs
due to N fertilizer application were reduced by $13–177 ha−1

during 2009–2018. In Iowa and New York, Sela et al. (2016)
have shown that Adapt-N estimated N rates were 34% lower (53
and 31 kg ha−1) than farmer applied N rates, which also reduced
environmental loss by 38% (28 kg ha−1). In 2004–2008, a sensor
based N applications were able to achieve a net reduction of 16 kg
N ha−1 compared to grower selected rates in 55 on-farm trials
(Scharf et al., 2011). Our research is fundamentally different from
these studies. Unlike previous studies which compare improved
estimates of N fertilizer application rates against N rates selected
by the farmers, we have estimated changes in N rates when
environmental costs are accounted as farm inputs. Our study
assessed magnitude of cost to farmers if environmentally optimal
N rate is based on both economic and environmental costs.

Although reduction in N rates associated with EONRenv had
significant environmental benefits, it caused farm-level economic
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TABLE 2 | Reduction in nitrogen rates, yield, farm level economic loss, and environmental costs at EONRenv relative to EONR.

Yr N-rate Yield Farm-level economic loss Environmental cost

(kg N ha−1) (Mg ha−1) ––––––––––($ ha−1)–––––––––

2009 16 (10.3) 0.15 (1.6) 9 (0.5) 32 (1.8)

2010 30 (14.9) 0.32 (2.9) 23 (1.2) 47 (2.4)

2011 20 (10.7) 0.19 (1.8) 11 (0.6) 23 (1.2)

2012 53 (31.4) 0.52 (7.0) 32 (2.5) 141 (11.0)

2013 54 (22.0) 0.70 (5.2) 66 (2.8) 177 (7.4)

2014 13 (6.7) 0.13 (1.1) 8 (0.3) 15 (0.7)

2015 42 (22.5) 0.51 (5.9) 29 (2.0) 117 (7.9)

2016 11 (7.6) 0.11 (1.1) 7 (0.4) 13 (0.7)

2017 28 (31) 0.37 (3.0) 35 (1.6) 73 (3.3)

2018 19 (9.0) 0.18 (1.7) 9 (0.5) 18 (1.0)

Numbers in brackets represent the relative change (%) at EONRenv relative to EONR.

losses ranging from $7 to $66 ha−1 with an average value of
$26 ha−1 during 2009–2018 (Table 2). Based on our analysis,
incorporation of environmental costs in 4 out of 10 years
caused reductions of >$25 ha−1 (Table S2). More importantly,
our results suggest that the greatest reductions in farm-level
economic profits occurred in an extremely dry and an extremely
wet year. For instance, when rainfall in May-August was lower
than normal in 2012, EONRenv was 31% lower than EONR
(Table 2). On the other hand, EONRenv shifted much below
EONR due to greater rainfall in May-August which resulted
substantial environmental N losses. It should be noted that our
analysis compares farm level costs at EONR to EONRenv. But as
was already previously discussed, farmers may have a tendency
to over-apply N given the uncertainty in EONR over the years.
As a consequence, our analysis may actually overestimate farm
level costs of EONRenv. But if farmers do tend to apply above
EONR this also means a reduction in environmental costs, as well
as yield reductions, associated with EONRenv are underestimated
in our analysis.

Using data from a field experiment at Elora, our results
suggest that tensions between farmers and other stakeholders are
inevitable if EONRenv is. In 4 out of 10 years the farm level cost
would not be trivial. These tensions stem from the fundamental
differences in the philosophies on how various stakeholders view
farm profits and environmental conditions, and their decision
making around N use reflects these preferences. From a farmer’s
standpoint, it is challenging to adopt environmentally optimal N
rates as farmers desire to maximize profits (Ewing and Runck,
2015), although it may not be sustainable in the long-term. For
policy makers, it is difficult to regulate fertilizer use. Therefore,
it is increasingly of policy concern because better management
practices (BMPs) are voluntarily adopted by corn growers of
North America (Tomer et al., 2013). We believe that positive
outcome oriented agricultural policies should engage different
stakeholders such as farmers, municipalities, consultants, and
policy makers. We have several encouraging examples across the
globe where farmers have collaborated with other stakeholders to
reduce nutrient pollution in a watershed. For instance, in New
Zealand, a community-based audited self-management approach
has been successfully implemented. In this context, farmers and

regulatory body are working together to improve the quality and
quantity of shared local water sources in a watershed (Holley,
2015). Farmers and stakeholders collaborate to assess N carrying
capacity and explore ways to achieve a specified environmental
goal, while independent third parties verify the goals. Our results
have shown that if farmers are compensated for economic losses
to adjust N rates, environmental benefits to the society would
be 6-fold that of the cost of compensation to farmers (Table 2).
The US Department of Agriculture’s (USDA) has introduced
a practice standard for nutrient management that incentivizes
farmers to use an adaptive management approach. In Canada,
federal, provincial, and local governments can be involved in the
cost sharing of environmental initiatives such as Environmental
Farm Plan, Carbon Clean Water Act, and Carbon Credits.
Our study highlights that the concept of environmental cost
will help set goals in light of political, economic, and social
support. It would also involve standardizing methods to estimate
environmental costs in Canadian agroecosystems.

The outcome of this research has an imperative implication
for developing new N management DSS. In the North American
Corn Belt, the majority of the farmers apply fertilizers either
before or at planting using a constant N rate (Randall and
Schmitt, 1998; IFA, 2013). Our results demonstrate that a
constant application of 180 kg N ha−1 was able to achieve
economic profits within $25 ha−1 of maximum farm-level
profit threshold (Figure 4). When both farm-level economic and
environmental costs are considered, we advocate split instead
of single fertilizer application so that farmers have flexibility in
adjusting N rates based on weather during a growing season.
We emphasize that farmers should consider flat profit response
curve above which farm-level profits do not accrue rather
environmental costs increase substantially (Rajsic and Weersink,
2008). In 6 out of 10 years, EONRenv shifted away from the $25
ha−1 of maximum farm-level profit threshold plateau. It suggests
that farm-level economic losses for reducing environmental costs
were substantial in 6 of 10 years. Without economic incentives,
farmers are not likely to adopt environmentally optimal N rates.
Therefore, different stakeholders should work with farmers and
explore practical ways to compensate for farm-level economic
losses incurred in order to adjust N rates. To help farmers
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and facilitate engagements between different stakeholders in
adjusting N rates, new generation N management DSS must
incorporate environmental costs (Banger et al., 2017; Morris
et al., 2018). Future studies should focus on developing a
DSS which farmers can use to assess environmental tradeoffs
associated with N rates in a growing season.
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