Improving corn nitrogen fertilizer recommendations for Ontario with rainfall
effects on crop nitrogen demand

by

Caleb Niemeyer

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of

Master of Science
in
Plant Agriculture

Guelph, Ontario, Canada

© Caleb Niemeyer, January, 2020



ABSTRACT

IMPROVING CORN NITROGEN FERTILIZER RECOMMENDATIONS FOR ONTARIO
WITH RAINFALL EFFECTS ON CROP NITROGEN DEMAND

Caleb Niemeyer Advisor:
University of Guelph, 2019 Dr. Bill Deen

To achieve maximum profitability while reducing negative environmental consequences, corn
growers attempt to apply nitrogen (N) fertilizer close to the Maximum Economic Rate of N
(MERN). MERN is highly variable and difficult to predict due to variation in net soil N supply
and crop N demand which are both influenced by weather. Data from a ten year N response trial
in Elora, Ontario were analyzed to study rainfall effects on MERN. Further historical weather
and N response data from Elora and Ridgetown, Ontario were also collected. On these medium-
textured soils, net soil N supply had little variation while crop N demand was variable. Rainfall
accumulated from V5 to V12 was associated with increased yield, crop N demand and MERN. A
rainfall adjustment to the current Ontario Corn N Calculator improved grower profitability by
$54.86 ha! in a validation dataset, demonstrating potential to use in-season precipitation data to

improve N management.
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1 Literature Review

1.1 Introduction
1.1.1 Importance of N management

Corn (Zea mays) is an important food, feed and bioenergy crop both in Ontario and around
the world. In 2005, global corn production was 0.71 billion Mg (Zheng et al., 2018). To produce
this amount of grain, an estimated 392.8 km? of water, 146 million hectares of land and 17.8% of
the world’s nitrogen (N) fertilizer were used (Heffer et al., 2017; Rudel et al., 2009; Zheng et al.,
2018). This resource usage puts significant strain on global ecosystems. With some estimates of
future corn grain demand suggesting a need to double 2005 corn grain production by 2050, it is
clear corn production systems will need to become far more resource use efficient to meet future

grain requirements while minimizing negative environmental consequences (Tilman et al., 2011).

Corn requires large amounts of N to reach maximum yield. Fertilizer N is typically applied
to high yielding corn production systems. While the application of fertilizer N is important to
maintain current grain production levels, its production and use are associated with significant
economic and environmental costs. The Haber-Bosch process converts atmospheric N2 gas into
plant available forms of N (NOs and NH4"); it is an energy intensive process which consumes large
amounts of natural gas (Robertson and Vitousek, 2009). Once N fertilizer is applied to the soil, it is
susceptible to various loss pathways. Nitrate is very mobile in the soil solution, allowing water to
leach nitrate into ground and surface water, damaging drinking water quality and aquatic
ecosystems (Robertson and Vitousek, 2009). N can also be lost through the production of N
containing gasses through the processes of denitrification and volatilization. N2O is one such gas

which is also a greenhouse gas with 300 times the warming potential of CO> (Forster et al., 2007).
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Agriculture produces 80% of anthropogenic N2O, primarily as a result of N fertilizer use
(Robertson, 2004). N fertilizer costs are also a large proportion of crop production budgets. As a
result, both environmentalists and growers are interested in improving N management to optimize

profit while reducing N pollution.

To maximize profit, corn growers attempt to apply N fertilizer at the Maximum Economic
Rate of N (MERN), which is the N rate where the last additional unit of N fertilizer provides a yield
increase equal in value to the last unit of N input (Gaudin et al., 2015a; Rodriguez et al., 2019).
While MERN maximizes profitability, environmental concerns are lessened when N is applied at or
below this N rate. N in excess of MERN is less likely to be taken up by the crop and as a result, is at
increased risk of loss through leaching or denitrification after the growing season (Alotaibi et al.,
2018; Andraski et al., 2000; Hong et al., 2007; Xu et al., 2017). This provides a strong
environmental and economic motivation to apply N at MERN. While growers do attempt to apply
N at MERN, this N rate is highly variable and difficult to predict at the beginning of the growing

season (Dhital and Raun, 2016; Kablan et al., 2017; Mamo et al., 2003; Scharf et al., 2006).

1.1.2 Net Soil N supply and Crop N demand

In a given field and year, MERN is determined by two major factors assuming constant
grain and N fertilizer prices, net soil N supply and crop N demand. Net soil N supply is the
difference between plant available N provided by mineralization of organic matter and N losses,
typically through leaching and denitrification (Morris et al., 2018; Stanford, 1973). Net soil N
supply can be estimated by growing corn without N fertilizer and multiplying crop biomass per
hectare by the percentage of N in the biomass (Stanford, 1973). Since no N fertilizer is applied, all

N in this crop is obtained from the soil’s N supply. Furthermore, since N is most likely one of the
2



most yield limiting factor in managed N response trials, this provides an estimate of the soil’s
ability to supply N to the crop in that site and year (Lory and Scharf, 2003; St. Luce et al., 2011).
The second major factor which determines MERN is crop N demand (Lawes et al., 2019; Morris et
al., 2018; Stanford, 1973). Crop N demand can be estimated using a similar method to net soil N
supply. To estimate crop N demand, corn is grown with non-limiting rates of N fertilizer so that
yield is limited by other factors than N. Crop biomass per hectare is then multiplied by the
percentage of N in the biomass. This quantity represents the maximum rate of N a crop would take
up for growth given the yield limitations experienced by the crop in that site and year (Stanford,

1973).

Predicting MERN is difficult since both crop N demand and net soil N supply are dependent
on interactions between soil type, crop growth and weather which is itself difficult to predict (Dhital
and Raun, 2016; Lawes et al., 2019; Nyiraneza et al., 2010). To assist growers in predicting MERN
early in the growing season, numerous N rate Decision Support Systems (DSS) have been
developed using various approaches in an attempt to solve the problem of predicting MERN. While
crop N demand and soil N supply are both important in determining MERN, some DSS do not
account for, or minimize, one of these important determinates of MERN due to the complexity of

predicting N demand and supply.

1.1.3 N rate decision support systems

One of the earliest attempts to develop an N rate DSS was developed by Stanford (1973).
While he recognized the importance of net soil N supply in determining optimal N rates, he
calculated crop N demand as requiring 21.4 kg N per Mg of expected corn grain yield. Growers

would then estimate a yield goal for their field and apply N based estimated crop N demand. This
3



figure was popularized by agronomists and growers who found this an intuitive rule of thumb for N
rate decision making (Rodriguez et al., 2019). This figure remains popular amongst growers,
although slightly smaller figures are occasionally recommended by agronomists due to increasing N
use efficiency over time due to higher yields (Haegele and Below, 2013; Woli et al., 2016). While a
helpful concept, simply estimating required N based on a yield expectation is not reliable since
yield is not known at the beginning of the growing season when N is typically applied (Vanotti and
Bundy, 1994). Also, it does not account for differences in net soil N supply due to varying organic

matter levels, mineralization rates, residual soil N, previous crop and N losses.

Another potential means to improve prediction of MERN is the Pre-Sidedress Nitrate Test
(PSNT). This soil test is taken before sidedress N fertilizer application (approximately V4-V6) from
the top 30 cm of the soil across a field. Nitrate concentration is measured to obtain a measure of soil
N supply at the point in time of sampling (Bao and Wu, 2008; Nyiraneza et al., 2010; Osterhaus et
al., 2008; St. Luce et al., 2011). An N rate recommendation is generated in Ontario by comparing
the measured soil nitrate value to a table which predicts MERN based the nitrate levels of a
calibration N response database (Anonymous, 2017). The soil N test is calibrated for a region by
running many field sites and determining the MERN for each. This allows for the development of a
relationship between soil test level and MERN. This DSS typically only considers soil N supply,
however in some jurisdictions such as Ontario, PSNT recommendations have been modified to
account for expected yield (Rosser, 2016). The challenge with this DSS is that accuracy of MERN
prediction remains low since the PSNT only measures nitrate at one moment during the growing
season and nitrate levels are variable over time due to changes in weather and soil conditions

(Nyiraneza et al., 2010; Osterhaus et al., 2008).



Each corn producing US state and Canadian province has an N rate DSS that varies in
approach for recommending N rates (Morris et al., 2018). Private companies have also released
proprietary software which model soil N dynamics in an attempt to predict optimal N rates
(Melkonian et al., 2008; Tremblay et al., 2014). The Ontario Corn N Calculator (OCNC) attempts
to predict MERN with the price of fertilizer and grain, previous crop, location in the province,
Ontario Corn Heat Unit rating, manure application, application timing and expected yield
(Janovicek and Stewart, 2004). These DSS are useful, but none have achieved a high degree of
accuracy in their prediction of MERN across both time and space. The widespread economic and
environmental impacts of non-optimal N rates justify further research to improve N rate DSS

accuracy.

1.2 Relationship between MERN and yield across and within sites

The yield at MERN, also known as Maximum Economic Yield (MEY), is a measure of crop
N demand since MEY is close to maximum non-N limited yield at typical N fertilizer and corn
grain prices. The relationship between MEY and MERN across several N response experiments is
controversial and the importance of including measures of crop N demand such as expected yield in
N rate DSS has been challenged (Rodriguez et al., 2019). The controversy stems from research
which examined N response across several sites with varying previous crops and soil characteristics
and found weak relationships between MEY and MERN, suggesting soil N supply is the primary
driver of variation in MERN (Morris et al., 2018; Nafziger et al., 2008; Nyiraneza et al., 2010;

Scharf et al., 2006; Vanotti and Bundy, 1994).



To examine the relationship between MERN and MEY across both sites and years, a
database of long-term N response studies was compiled from the literature. It was predicted that
MERN and MEY will be weakly related to each other across sites. However, it is likely that when
the effect of year is isolated by examining data within long-term trials, the relationship between
MERN and MEY will be stronger due to less net soil N supply variation which dilutes the effect of

crop N demand on MERN.

A literature search was conducted to compile a database of long-term corn N response trials.
To be included in the analysis, at least 7 years of yield data or calculated MERN at the same site
must be available. If the study contained more than one rotation in a long-term N response trial, the
N responses were included as different sites. Where data was presented in charts, WebPlotDigitizer
(Version 4.2, Ankit Rohatgi, San Francisco, California, USA) was used to extract numerical data
from the published images. Where MERN and MEY were not calculated in the study, they were
calculated by fitting quadratic-plateau response models to grain yield data using PROC NLIN in
SAS software (Statistical Analysis System, version 9.4, SAS institute, NC, USA) as described in

further detail in Chapter 2..

To evaluate the relationship between MEY and MERN across sites in this database, a linear
regression between the two variables was conducted in PROC REG. Linear regressions in PROC
REG were also conducted between MEY and MERN for each long-term trial in the database. A

boxplot of the resulting coefficients of determination was generated in RStudio version 3.5.1.



1.2.1 Yield is not strongly related to MERN across sites

Seven studies with 21 unique long-term crop rotations were identified which matched the
selection criteria described above. These studies contained 316 site-years of N responses (Table
1.1). Most trials were conducted on medium textured soils in the US Corn Belt and Ontario. As
predicted, MEY and MERN across all 316 site-years of data were weakly positively correlated with
each other (R?=0.07, p<0.0001) (Figure 1.1). This observation is consistent with several other
studies that found a weak or no relationship between MERN and MEY across several locations
(Morris et al., 2018; Nafziger et al., 2008; Nyiraneza et al., 2010; Scharf et al., 2006; Vanotti and

Bundy, 1994)



Table 1.1 Trial details of long-term corn N response data compiled for analysis

Author Site Rotation! Treatments Years Soil Type RZMERN vs MEY?®
(Mallarino and Ortiz-Torres, 2006)  Kanawha, IA CcC 1985-2004 Silty Clay Loam 0.01
(Mallarino and Ortiz-Torres, 2006)  Nashua, I1A cC 1979-2004 Loam 0.33
(Nevens and Reheul, 2005) Melle, Belgium CC- silage 1995-2001 Sandy Loam 0.10
(Stanger and Lauer, 2008) Lancaster, WI CcC 1970-2004 Silt Loam 0.24
(Varvel et al., 2007) Shelton, NE cC Irrigated 1995-2004 Silt Loam 0.11
(Stevens et al., 2005) Monmouth, IL cC 1983-2002 Silt Loam 0.47
(Gaudin et al., 2015a)2 Ridgetown, ON CcC Till 2009-2017 Silty Clay 0.44
(Gaudin et al., 2015a)? Ridgetown, ON cC No Till 2009-2017 Silty Clay 0.24
(Gillespie et al., 2014)? Ottawa, ON cC 1992-2011 Loam 0.19
(Puntel et al., 2016) Ames, |A CcC 1999-2014 Loam 0.29
(Mallarino and Ortiz-Torres, 2006)  Kanawha, IA CO 1985-2004 Silty Clay Loam 0.02
(Gaudin et al., 2015a)? Ridgetown, ON CSwW Till 2009-2017 Silty Clay 0.42
(Gaudin et al., 2015a)? Ridgetown, ON CSwW No Till 2009-2017 Silty Clay 0.40
(Mallarino and Ortiz-Torres, 2006)  Kanawha, IA CS 1985-2004 Silty Clay Loam 0.06
(Mallarino and Ortiz-Torres, 2006)  Nashua, 1A CS 1979-2004 Loam 0.36
(Stanger and Lauer, 2008) Lancaster, WI CSs 1970-2004 Silt Loam 0.37
(Puntel et al., 2016) Ames, 1A Cs 1999-2014 Loam 0.21
(Gaudin et al., 2015a)? Ridgetown, ON CS Till 2009-2017 Silty Clay 0.16
(Gaudin et al. 2015)? Ridgetown, ON CSs No Till 2009-2017 Silty Clay 0.30
(Mallarino and Ortiz-Torres, 2006)  Kanawha, IA CA 1979-2004 Loam 0.05
(Mallarino and Ortiz-Torres, 2006)  Nashua, 1A CCOA 1985-2004 Silty Clay Loam 0.18

Crop rotation sequence. C = corn, S = soybeans, W = wheat, O = oats, A = alfalfa

2Contains partially unpublished data from the Ontario Corn Nitrogen Database

3Coefficient of determination of linear regression between Maximum Economic Nitrogen Rate (MERN) and Maximum

Economic Yield (MEY)
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Figure 1.1 Relationship between MEY and MERN across long-term N response trials. Coloured dots represent
site-years of long-term N response trials with different crop rotations. C = Corn, S = Soybean, A = Alfalfa, W =
Wheat, O = Oats
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Figure 1.2 Boxplot of coefficients of determination of regressions between yield and MERN for each long-term N
response site. The center line represents the median and upper and lower whiskers represent the maximum and
minimum values.
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1.2.2 Yield is related to MERN within sites

The coefficients of determination generated from regressions between MEY and MERN within
each long-term site are displayed in Figure 1.2. These R? values had a median R? of 0.24, higher
than the R? value of 0.07 observed across sites. This supports the prediction that the relationship
between MERN and MEY is stronger within one site than across sites since more variation in net
soil N supply is introduced when examining N response across sites (Scharf et al., 2006). Variation
in net soil N supply from site to site exists in part due to differences in crop rotations. Corn grown
after corn requires significantly greater N than corn grown after alfalfa due to the immobilization of
mineral N by corn residue and the mineralization of alfalfa residue the following growing season
(Carpenter-Boggs et al., 2000). Differences in organic matter can also be significant from site to
site, further increasing net soil N supply variation across sites (St. Luce et al., 2013). When the
effect of year is isolated by examining data at a long-term trial, it becomes evident that crop N
demand is an important determinant of MERN. While it is important for N DSS to predict variation
in N response from site to site, any individual farmer must typically try to predict annual variation
in MERN if they are growing corn on the same land as previous years. This suggests that the effect

of crop N demand on MERN is an important component of an N rate DSS.

While R? values of regressions between MEY and MERN within sites tended to be higher than
across sites, there was variability in the proportion of variation in MERN explained by MEY
(Figure 1.2). Crop rotation may determine the relative importance of net soil N supply and crop N
demand on MERN determination. Rotations that include crops such as alfalfa, which provide a
significant amount of N to the following corn crop, may be more influenced by variation in net soil
N supply than rotations where the previous crop has minimal contribution to the current year’s corn

11



crop (i.e. continuous corn). This is because low N supplying previous crops would have little N
available for loss or mineralization while high N supplying crops may have larger amounts of N
available for mineralization or susceptible to loss through annually variable weather. There is
insufficient crop rotation data to examine the effect of crop rotation on determination of MERN, but
crop rotation remains a likely source of variation in the relative importance of net soil N supply and

crop N demand on determination of MERN.

1.2.3 Value of including N demand in N rate recommendation tools

This review and analysis of long-term N response studies has demonstrated the importance of
including estimates of crop N demand when attempting to predict MERN. Those attempting to
develop N rate DSS without sufficient long-term N response data may not appreciate the
importance of crop N demand due to dilution of the effect of demand by net soil N supply variation
across sites. While the median R? value between MERN and MEY was only 0.24, avoiding yield
potential in N DSS as some are suggesting (Rodriguez et al., 2019), would likely weaken N rate
DSS, especially since most of these DSS explain well under half of the variation in observed
MERN (Janovicek and Stewart, 2004; Osterhaus et al., 2008). Long-term N response trials are
important since they allow for evaluation of annual variation and can help inform grower decisions
since growers must make decisions every year a crop is grown on their land. Accurate prediction of
crop N demand would be valuable when developing N rate DSS since crop N demand is part of

MERN determination.
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1.3 Objective and Hypotheses

Three main hypotheses will be tested in this thesis. The first is that MERN will be positively
correlated with MEY and crop N demand where net soil N supply variation is minimized. Secondly,
rainfall during late vegetative corn growth stages will be positively correlated with N demand and
MERN where precipitation is a limiting factor to crop growth. The final hypothesis is that
precipitation effects on crop N demand can be used to improve existing N recommendation systems
to increase grower profitability. The objective of this thesis is to examine the relationships between
precipitation, crop N demand and grain yield response to N fertilizer to improve Ontario corn N

recommendation systems.
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2 Role of precipitation in predicting annual variation in optimal
corn N rates in a 10 year nitrogen response trial

2.1 Abstract

To minimize environmental harm while maximizing economic returns to corn growers,
nitrogen (N) fertilizer should be applied at the Maximum Economic Rate of N (MERN). However,
MERN is highly variable and difficult to predict since several interacting factors (weather, soils,
cropping practices, etc.) influence optimal N rates either by changing net soil N supply or crop N
demand. Significant research into predicting MERN has focused on predicting variation in net soil
N supply; however, corn N rate decision support tools remain unable to account for large amounts
of temporal variation in MERN. To examine the causes of variation in MERN, a 10-year, N
fertilization study was established in 2009 in Elora, Ontario where crop management was held
constant to allow for the observation of environmental influences on optimal N rates. Estimates of
MERN varied from 157 to 273 kg N hal, depending on the year. Net soil N supply varied little
across years and did not explain the temporal variability of MERN; however, crop N demand varied
by year, and explained much of the temporal variability of MERN. Rainfall amounts from V5 to
V12 explained 71% of the variation in MERN across the ten year study. The amount of rainfall
during this time period likely influenced soil water storage and crop growth rates during the period
bracketing silking, which is known to be a critical period in corn yield determination. Crop N
demand tends to increase with grain yield. Since the evidence would suggest net soil N supply
variability was minimal on this medium-textured soil, we can assume the temporal variation in
MERN was determined by crop N demand. These findings highlight the importance of crop N

demand when attempting to predict MERN. As crop yields become increasingly sensitive to

14



moisture stress, rainfall effects on crop N demand may become more important in determining

optimal N rates.

2.2 Introduction

Adequate Nitrogen (N) availability is essential for high yielding corn production systems and
fertilizer N is often used to supplement N provided by mineralization of soil organic matter and
other natural sources of N. Worldwide corn N use efficiency often falls below 50% (Lassaletta et
al., 2014) with efficiency decreasing when N fertilizer application rates exceed crop N demand
(Robertson and Vitousek, 2009). Low efficiency represents not only an economic inefficiency from
the perspective of the grower, who is applying N which does not contribute to crop production, but
also has profound implications for global N biogeochemical cycling and regional nutrient pollution
(Robertson and Vitousek, 2009). The Maximum Economic Rate of N (MERN) is the N rate where
the last unit of fertilizer N provides a yield increase equal in value to the cost of the last unit of N
fertilizer. Although MERN is calculated to optimize profitability, by avoiding economically
excessive N application, it effectively limits environmental N losses since N rates above MERN are
associated with lower fertilizer use efficiency and increased losses (Alotaibi et al., 2018; Andraski
et al., 2000; Hong et al., 2007; Xu et al., 2017). The challenge is that MERN is highly variable, both
temporally and spatially, making accurate prediction difficult (Dhital and Raun, 2016; Mamo et al.,

2003).

Variation in MERN is caused by variation in crop N demand and net soil N supply. Crop N
demand and net soil N supply are themselves influenced by static variables, which do not change

during one season, such as soil organic matter, soil texture, manure application, and previous crop
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(Dhital and Raun, 2016; Morris et al., 2018; Puntel et al., 2016; Sogbediji et al., 2001; Stanford,
1973; Tremblay et al., 2013). Crop N demand and net soil N supply are also influenced by dynamic
variables, such as precipitation (Puntel et al., 2019; Tremblay et al., 2012), which are unpredictable
and change during the season. A recent modelling study demonstrated that dynamic variables
explain a much higher percentage of MERN variation than static variables (50% vs 20%) (Puntel et
al., 2019). In rainfed agricultural systems, precipitation has been shown to be a key dynamic
variable that must be better considered to improve accuracy of N rate decision support tools

(Colago and Bramley, 2018; Gregoret et al., 2006; Shanahan et al., 2008; Tremblay et al., 2012).

Rainfall can influence MERN through impacts on the three major N cycle components
identified by Cassman et al., (2002): soil N mineralization from soil organic matter and crop
residues, nitrogen losses and crop N uptake. Of these three N cycle components, the relationship
between spring precipitation and MERN has typically been attributed to rainfall’s influence on net
soil N supply since increased N losses are associated with higher spring precipitation (Kay et al.,
2006; Lawlor et al., 2008; Morris et al., 2018). For example, in a modelling study using the APSIM
model, Puntel et al., (2016) demonstrated that higher MERN values in years with above normal

spring precipitation were caused by an increase in N loss (denitrification and leaching).

While N losses due to precipitation will impact MERN, the magnitude of this impact will
depend on factors such as corn growth stage, climate (Nyiraneza et al., 2010) and soil texture
(Kablan et al., 2017; Ziadi et al., 2013). On fast draining coarse textured soils, excess soil water can
lead to large leaching losses, while on poorly drained finely texture soils, soil saturation leads to
economically important denitrification losses (Sela et al., 2016; J. M. Sogbedji et al., 2001; St. Luce

etal., 2011). In comparison, on medium textured soils both denitrification and leaching losses of N
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may be less than coarse or fine textured soils (Sogbedji et al., 2001; Sogbediji et al., 2010). Both
crop N uptake and water use increase as a function of crop growth rates (e.g. leaf area expansion)
(Devienne-Barret et al., 2000; Gonzalez-Dugo et al., 2010), so in general, the risk of high N losses
due to excess soil water declines when crop growth rates are high (Moreno et al., 1996). In corn,
crop growth and N uptake rates reach their maximum at mid-season during late vegetative and early
reproductive growth stages (~V10-R3) (Bender et al., 2013; Woli et al., 2018), suggesting that the

probability of in-season N loss is much lower once past the spring.

There has been considerably less focus on variation in MERN resulting from precipitation’s
influence on crop N uptake and demand as compared to precipitation’s influence on soil N supply
and N loss. Crop N demand is driven by biomass accumulation (Devienne-Barret et al., 2000; Peng
et al., 2010; Plénet and Lemaire, 2000). Biomass accumulation and crop N demand are related to
grain yield since corn harvest index usually exceeds 0.5 (Ciampitti and VVyn, 2012). There is
growing evidence that water availability is becoming a stronger determinant of corn grain yield
(Jiang, 2017). This suggests that the impacts of precipitation on crop N demand as a source of
MERN variation may also increase and consequently should be investigated. Higher
evapotranspiration driven by higher yields, as well as increasing vapour pressure deficits and
altered precipitation patterns as a result of climate change may be contributing to the increasing
sensitivity of average corn yields to water availability (Sinclair and Rufty, 2012). Greater crop
water stress may also be exacerbated by reduced water holding capacity of soil resulting from lower
organic matter levels due to simplification of rotations (Gaudin et al., 2015b). While the impact of

precipitation amount on N losses are important, the impact on crop N demand may be an important
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variable for estimating MERN, especially for soil types or climatic regions that are less prone to in

season N losses.

Examining the role of precipitation on optimal N rate in corn is difficult. The effect of
precipitation in many studies is often confounded by soil type, N application history, as well as crop
rotation and other management variables. The present study utilizes data from a long-term (10 year)
nitrogen trial conducted in South-Western Ontario in which soil type, N history, crop rotation and
management were held constant, thereby better isolating the impact of precipitation. The study was
conducted on a medium textured soil so in-season losses were expected to be low and confined to
early corn growth stages. Under these conditions we hypothesized that yearly variation in MERN
will be primarily due to precipitation effects on corn N uptake and demand. The objective of this
study was to isolate the effect of rainfall on crop N demand to determine if rainfall can be used to

predict temporal variation in crop N demand and MERN.

2.3 Materials and Methods

2.3.1 Study site, management and treatment imposition

A 10-year N response trial was established in 2009 at the Elora Research Station near Elora,
Ontario, Canada (43.63357, -80.38830) on a Guelph Loam soil with pH of 7.7, silt 48%, clay 20%
and soil organic matter 4.5%. In every year, tillage consisted of fall primary tillage along with
spring secondary tillage prior to planting. The experiment was planted at 79 000 seeds ha* with a
0.76 m row spacing. At planting, a starter fertilizer blend of 30 kg ha® of N, P,0s and K20 was
banded 5 cm below and 5 cm beside the seed. Soil P and K sampling was done every year (Table
A.1) and additional P and K was broadcast prior to corn planting, at rates which varied based on
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soil test results to maintain non limiting soil P and K levels (Anonymous, 2017). The hybrid was
changed once halfway through the trial in 2014 from the Pioneer brand hybrid 38B14 to the Dekalb
brand hybrid DKC39-97 (Table A.2). These hybrids were selected since they both require 2700
Ontario Corn Heat Units (OCHU) to reach maturity, which is well adapted to the growing season
length of Elora. Weeds were controlled using one pre-emergent application of s-Metolachlor,
atrazine, mesotrione, and glyphosate, followed by one application of glyphosate at approximately

the V6 development stage.

N treatments were applied on plots 6 rows wide and 17 m long at the V6 stage as liquid urea
ammonium-nitrate (UAN) knifed between corn rows at a 7 cm depth. Since the applicator had 5
knives, the inner 4 rows received the full rate and the outside rows (rows 1 and 6) only received N
on one side of the row, meaning the outside rows received half the treatment rate. Six different N
rates were applied at sidedress; combined with the starter N fertilizer applied at planting, the total N
applied in each treatment equaled 30, 58, 87, 145, 218 or 260 kg N ha™. Nitrate-N in the top 30 cm
of the soil was measured each year in every plot one to eight days before N application to estimate
plant available N. Five samples were taken per plot and mixed together to get one sample per plot.
Samples were either taken directly to SGS laboratories (503 Imperial Rd N, Guelph, Ontario) for
analysis or stored at 4°C if temporarily necessary. The Ontario Ministry of Agriculture, Food and
Rural Affairs (OMAFRA) provides N rate recommendations based on soil nitrate tests taken just
prior to V6, known as a pre sidedress nitrate test (PSNT). N rate recommendations based on PSNT
results were generated using the Ontario PSNT calculator (Anonymous, 2017). Grain yield was
determined via a mechanical harvester (Gleaner R42; AGCO Corp., Duluth, GA, USA) on the four
inner rows of every plot. A GrainGage (Juniper Systems Inc.; Logan, UT USA) was used to
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determine grain weight, moisture concentration and test weight. Corn grain yield was adjusted to
15.5% moisture. N concentration in the stover and grain was measured by sampling five
consecutive and representative plants from the inner four rows of each plot. Plants were dried at
65°C and ground using a Tandem 6.5 HP 2-way feed Chipper/Shredder (Briggs and Stratton,
Wauwatosa, Wisconsin, USA). N concentration was determined with the Dumas method (Simonne
etal., 1997). Total N uptake was estimated by multiplying the weight of the stover and grain by the
concentration of N. All tillage details, calendar dates for planting, V6 sidedress N application,

nitrate-N sampling (PSNT) and final harvest are presented in Table A.2.

To understand the effect of historical N application rate on yield response to N, two
application histories were imposed throughout the experiment. The experimental design was a 2 x 6
factorial with N application history (long-term and short-term) and N rate as the two factors
imposed in four replicates. On the set of long-term N history plots, the same N rate was applied
each year, resulting in plots receiving either 30, 58, 87, 145, 218 or 260 kg N ha* consistently over
the entire 10 year study period. On the set of short term N history plots, the N rate was constantly
randomized from year-to-year, and additionally, the N rate applied in the previous year was held
constant at 145 kg N hat. To accomplish this constant history while collecting yield data in every
year in the six N treatments, the number of short-term N response plots was double that of the long-

term N response plots (Table 2.1).
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Table 2.1. Conceptual representation of N treatments. Sidedress N application rate treatments were applied as a part of
either a short term N response or long-term N response. All plots received 30 kg N ha™* with starter fertilizer applied at
planting in addition to the N treatments shown below. Shaded treatments were plots in a “resting” phase not used in
generation of N response curves.

Short term N response | Long-term N response
Year K T
-- kg N ha*--

1 0 |28 [57 115 [188 --115-- 230 |0 |28 [57 | 115 | 188
2 --115-- 115 [ 57 [188 [28 |0 230 |0 |28 [57 | 115 | 188
3 188 115 [28 [0 [57 --115-- 230 |0 |28 [57 [115 | 188
! !

10 --115-- |28 [188 |0 [57 115 [230 [0 |28 |57 [115 | 188

2.3.2 Weather data and crop growth stage calculation

Daily minimum and maximum temperatures, solar radiation, and precipitation were
recorded at a weather station located on the research station less than 2 km away from the
experiment (Agricultural and Forest Meteorology Group, 2018). The site 30 year average annual
precipitation is 894mm with an average precipitation total of 368 mm from May to September.
Average annual air temperature is 6.7°C. On days when weather station sensor errors prevented
collection of precipitation or solar radiation, alternative sources were used. For precipitation, data
from a nearby weather station (approximately 3 km North) were used (Environment and Climate
Change Canada, 2018) For solar radiation, data were obtained from the NASA POWER project,
which estimates incident solar radiation using a variety of satellites and computer models (NASA
Langley Research Center, Hampton, VA) (“POWER Data Access Viewer,” 2019). To validate
estimates of solar radiation obtained from this source, available measured data for the duration of
the trial were compared to NASA solar radiation estimates. Root Mean Squared Error was

calculated with the following formula

YO "YO
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where n is the total number of observations, S is the NASA predicted value and O is the observed
(measured) value. The RMSE of the NASA predicted surface solar radiation as compared to the
available observed data was 2.24 MJ M2 day*. The coefficient of determination was 0.93,
indicating that the use of NASA solar radiation data was an acceptable alternative to measured solar

radiation data when unavailable.

To estimate crop phenological stages, Ontario Corn Heat Units (OCHU) were calculated
following Brown and Bootsma, (1993). OCHU estimates crop development as a function of daily
minimum and maximum temperature and has been shown to be one of the most accurate methods
of estimating crop development (Kumudini et al., 2014). Based on Anoynomous, (2017), first leaf
development was estimated to occur once 330 OCHUs were accumulated, the rate of leaf
appearance was estimated as 0.0125 leaf OCHU™, silk appearance (R1; Abendroth et al., 2011) was
estimated to occur at 1 480 OCHUs and the start of grain-fill (R2; Abendroth et al., 2011) was
estimated to begin at 1 825 OCHUSs. In each year of the experiment, the day of 50% silking (R1)
date was determined visually. In 2016, 2017 and 2018, the rate of leaf appearance was monitored at
an adjacent field planted with the same corn hybrid. These field observations were used to validate
estimates of OCHU accumulation required for leaf and silk appearance. Table A.3 shows observed
OCHU required to reach certain growth stages as compared to the estimated required OCHU.
Average differences between the observed and estimated were small and likely within measurement

error, validating the assumptions used to predict crop growth stages.

Accumulated rainfall and solar radiation during crop growth stages intervals were then
calculated (Table 2.2). The intervals chosen were planting to V4, V5 to V12, VT and R1 and R2 to

R6. Planting to V4 corresponds with a period when N losses and net N supply are sensitive to
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precipitation, particularly to increased N loss resulting from high precipitation amounts (Sogbedji et
al., 2001). V5 to V12, VT to R1 and R2 to R6 are periods when precipitation and solar radiation can
have the greatest impact on corn growth, grain yield and hence crop N demand. In particular,
precipitation and solar radiation in the critical yield determining period bracketing silking
(approximately 10 to 15 days before and after silking or V12 to the start of R2) would likely have
the greatest impact on crop N demand because growing conditions during this time help establish

potential grain yield (Andrade et al., 1999; Cakir, 2004; Grant et al., 1989).

23



Table 2.2 2009-2018 precipitation (mm) and solar radiation (MJ m2) accumulated during various growth stages
at the Elora Research Station.

Year Planting-V5 V5-V12 VT and R1 R2-Maturity* Planting — Maturity
mm MJ m2 mm MJ m2 mm MJ m2 mm MJ m2 mm MJ m™
2009 95 920 63 578 68 432 79 617 305 2547
2010 164 855 106 579 57 434 60 614 387 2482
2011 150 654 58 561 65 407 132 655 405 2277
2012 92 913 9 604 22 457 85 721 208 2695
2013 164 848 134 432 104 530 201 719 603 2529
2014 79 852 105 514 52 515 194 878 430 2759
2015 119 770 139 545 39 502 98 647 395 2464
2016 86 954 35 617 55 453 212 668 388 2692
2017 108 798 79 538 33 436 95 803 315 2575
2018 42 782 49 561 34 427 72 530 197 2300

'Maturity was based on harvest date. A list of harvest dates for each year is found in Table A.2.

2.3.3 Statistical methods and calculation of MERN

All statistical analyses were performed using SAS statistical software (Statistical Analysis
System, version 9.4, SAS institute, NC, USA). Yield data were analyzed using PROC GLIMMIX
with N application history, N rate and year as fixed effects and block as the random effect. Since
repeated measures were taken from plots each year, various equal time spacing covariance
structures were fit and the covariance structure “heterogeneous compound symmetric” (CSH) was
chosen since the model fit with this covariance structure was associated with the lowest Akaike
Information Criterion (AICC). PROC UNIVARIATE was used to test for normality of residuals.
Scatter plots of conditional studentized residuals were examined for each factor in the model and
linear predictor to test for random distribution, homogeneity and independence of studentized
residuals among levels. The treatment with a total of 260 kg N ha'* was then excluded from the

analysis since it was only present in the long-term N history plots (Table 2.1).
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To calculate MERN for each year, quadratic-plateau response models were fit to grain yield

data using PROC NLIN as follows:
y = a+ bn + cn? when n<nmax,
else
y = @+ bNmax +Chmax®

where y is yield, a is the intercept, b is the linear coefficient, c is the quadratic coefficient, n is the
fertilizer N rate (kg N ha*) and nmax is the fitted N rate above which yield is modelled to plateau.
Constraints were imposed during regression model fitting such that b >= 0 and ¢ <= 0. Nmax Was

calculated as follows:
Nmax = -b/(2¢) when b>0 and c<0 else,

Nmax = 0 when b=0 and c=0, else nmax was set to a value in excess of the highest N rate when

b>0 and c=0.

A price ratio (PR) of 6.2 was chosen when calculating MERN. The following equation was

used to calculate MERN
MERN = (PR - b) / (2c)

If the calculated MERN exceeded the highest N rate applied in the trial, MERN was
extrapolated up to 5% higher than the highest N rate applied. This extrapolation was based on the

assumption that MERN was likely not significantly greater than the highest N rate treatment.
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MERN exceeded 260 kg N ha* only in 2015, and estimated MERN was capped at 273 kg N ha™.
Maximum Economic Yield (MEY, or the yield at MERN) was also calculated. Delta Yield (DY)
was calculated as the plateau yield (maximum yield) minus the intercept yield (estimated yield at 0

kg N ha™).

Estimates of 95% confidence limits for MERN and the associated maximum economic yield
(MEY) were obtained by bootstrapping conditional residuals obtained from the analysis of yield
data described above. Two thousand bootstrap replicates were created for each year by reassigning,
with replacement, residuals to each of the predicted values obtained from the combined analysis
(Jaynes, 2011). Reassignment of residuals was restricted to within year and N rate. The quadratic-
plateau model was then fitted to each of the bootstrap replicates and MERN, MEY and DY were
calculated as described earlier. The bootstrapped MERN, MEY and DY estimates from the
bootstrap replicates associated with each regression curve were ranked smallest to largest with the
50th and 1950th ranked values considered as estimates of the lower and upper 95% confidence
limits, respectively (Nasielski et al., 2019). Where bootstrapped MERN values exceeded the highest
rate of N applied, these MERN values were extrapolated up to 120% of the highest applied rate of

N (312 kg N ha'l).

Crop N uptake data from plots receiving 30 kg N ha* were analyzed with PROC GLIMMIX
where year was the fixed effect and block was the random effect. N uptake from N rich plots (260
kg N ha) were also analyzed with PROC GLIMMIX. Only long-term N history data were included
in this analysis since 260 kg N ha™ were only applied as a long-term treatment. The covariance

structure “compound symmetric” (CS) was selected for both N uptake models. Pairwise least
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squares mean differences for years were calculated with the LINES option in the LSMEANS

statement of PROC GLIMMIX for both N uptake analyses.

Linear regressions were conducted in PROC REG between rainfall or solar radiation
accumulated during various stages of crop development and MERN, MEY and DY. Linear
regressions in PROC REG were also conducted between the PSNT N rate recommendation, crop N

uptake and calculated MERN.

2.4 Results

2.4.1 MERN was variable across years

Year, N application rate and their two-way interactions had a significant effect on corn grain
yield while N treatment history and its interactions were statistically non-significant (Table 2.3).
Since there was no effect of N application history, both N histories were pooled to fit a single N

response curve for each year.

MERN, MEY and DY were all highly variable across years (Figure A.1). Quadratic plateau
response equations are provided in Table A.4. Delta yield estimates varied from 2.60-9.67 Mg ha%,
depending on the year (Table 2.4). Yearly estimates of MERN varied from 157 to 273 kg N ha* and
MEY varied from 7.32 Mg ha to 13.96 Mg ha* (Table 2.4). Significant differences in MERN and
MEY across years were suggested since 95% confidence limits did not overlap in all years (Table
2.4). Complete confidence limits could not be calculated for 2012 and 2015 since either one or both
of their bounds exceeded the cap imposed, which was 120% of the highest applied rate of N. 2012
had the largest standard error followed by 2015 (Table 2.4). This high error contributed to a large

confidence limit which exceeded the assumed cap of 120% of the highest N rate applied, or 312 kg
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N ha’. Confidence limits around MERN tended to be larger than around MEY. When excluding
2012 and 2015 for the reason mentioned above, the average confidence limit length was 0.73 Mg
ha around MEY, 6.4% of average MEY, while average confidence limit width was 65 kg N ha!
around MERN, 32.4% of average MERN. MEY was strongly related to MERN

(MERN=36.7+14.99*MEY, R?=0.65 p=0.0048) (Figure A.1).

Table 2.3. Type 3 tests of fixed effects for corn grain yield.

Effect Numerator DF  Denominator DF F value P value
N History 1 99.66 0.04 0.8436
N rate 4 144 629.49 <0.0001
Year 9 292.8 184.22 <0.0001
N rate*N history 4 114 0.69 0.6003
N rate*year 36 465.2 26.50 <0.0001
N history*year 9 292.8 1.52 0.1389
N rate* N history*year 36 465.2 0.82 0.7636
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Table 2.4. Corn grain yields, Maximum Economic Rate of N (MERN), Yield at MERN (MEY), delta yield (DY)
and their 95% confidence limits (CL) for each year studied (2009-2018).

Year
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

Ave?

N Application Rate (kg-N ha™)

30 58 87 145 218 260 SE MERN  95% CL MEY 95% CL DY! 95% CL
Grain Yield (Mg ha) (kg-N ha't) (Mg ha?)

6.42a2 7.58ab 8.35d 9.06e 9.58e 9.27e 0.12 173 126-197 9.48 9.25-9.63 4.04 3.19-5.25
5.77cd 7.02c 8.3de 10.21d 10.9c 11.1c 0.14 195 174-233 10.88 10.66-11.22 6.82 5.90-7.89
6.14ab 7.41b 8.81bc 10.21d 10.88c 11.31c 0.14 199 168-288 10.85 10.46-11.90 5.86 5.15-6.72
5.43de 6.04e 6.679 7.15f 7.36f 7.69f 0.18 167 95 -8 7.32 6.79-9.09 2.60 1.71-4.36
6.35a 7.85a 9.46a 11.69a 13.05a 13.89a 0.13 255 223-309 13.68 13.28-14.47 8.89 8.26-9.59
5.17e 7.05¢c 8.63c 10.82bc 12.24b 12540  0.12 215 199-237 12.32 12.17-12.51 9.22 8.42-9.99
5.51de 6.55d 7.88ef 10.05d 12.24b 12.86b 0.17 273 - 13.96 14.24-15.46 9.67 10.04-11.09
5.88bc 7.67a 9.08b 10.37cd 11.25¢ 11.56¢ 0.17 157 129-193 10.50 10.14-10.95 6.56 5.60-7.71
5.23e 7.28bc 9.09b 10.95b 12.29b 12.36b  0.15 189 170-210 12.23 11.91-12.6 9.44 8.52-10.36
4.78f 6.20e 7.83f 9.24e 10.33d 10.18d 0.16 213 189-240 10.16 9.91-10.44 6.85 6.15-7.56

5.67 7.07 8.41 9.98 11.01 11.28 200 172-283 11.14 10.88-11.82 7.00 6.29-8.05

!Delta Yield (DY) is defined as the plateau yield minus the modeled yield at 0 kg N ha!
2Grain yields with different letters in a column are significantly different (p<0.05).

3- Indicates a bound on the confidence interval could not be calculated as it exceeded 120% of the highest N rate
applied in the study.

4Average value across years. Average MERN, MEY and DY exclude 2012 and 2015 since complete confidence limits
could not be calculated for MERN for those years

2.4.2 Early season precipitation effects on net soil N supply did not predict MERN

The total amount of rainfall from planting to V4 was highly variable across years, ranging from
42-164 mm (Table 2.2). Despite large variation in the total rainfall amounts during this period,
precipitation was not correlated to MEY, DY or MERN (Table 2.5). The apparent lack of a
relationship suggests that the total amount of rainfall from planting to V4 likely did not cause large
variation in net soil N supply across years, since rainfall during this period would be typically

associated with N loss through leaching or denitrification (Kay et al., 2006; Morris et al., 2018;
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Puntel et al., 2016). The observation that net soil N supply did not vary across years is supported by
PSNT N rate recommendations which had lower variation between years than MERN and were not
correlated with MERN (Figure 2.1). PSNT values were low with an overall mean value of 9.4 ppm
with a standard deviation of only 1.8 ppm across the 10 years of the study. Further evidence for a
stable soil N supply is the observation that soil N supply, as measured by crop N uptake of the
lowest N rate treatment (30 kg N hat) was also not correlated with MERN (Figure 2.2a). Similar to

the low variation in PSNT values, the standard deviation of crop N uptake at the lowest N rate was

5.5 kg N ha.
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Figure 2.1. Regression between the Ontario Pre-Sidedress Nitrate Test N recommendation and observed
MERN. Years of measurements are displayed beside data points.
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Figure 2.2. Figure 2.2a shows a regression between N uptake at the 30 kg N ha treatment and MERN. Figure 2.2b shows a
regression between rain from the V5 to V12 growth stages and non N limiting crop N uptake. Years of measurements are displayed
beside data points. In each graph, points with different letters represent significantly different crop N uptake values (p<0.05).

2.4.3 Late vegetative stage precipitation was a predictor of N response

The total amount of rainfall from V5 to V12 was correlated to all three measures of N
response, while sums of accumulated rainfall in other periods were not correlated. Rainfall amounts
from V5 to V12 were correlated with crop N demand as measured by non-N limiting crop N uptake
(Figure 2.2b). Correlation coefficients of regressions between rainfall accumulated during V5 to
V12, VT and R1 and R2 to R6 growth stages and DY, MEY and MERN are shown in Table 2.5.
Total rainfall amounts from V5 to V12 were correlated with N response while total rainfall amounts

during other periods were not correlated with N response.

The standard deviation of corn yields in the lowest N treatment (30 kg N ha*) was 1.05 Mg

hat suggesting that net N supply was relatively stable over the 10 years of the study. Conversely,
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corn yields at the highest N rate treatment (260 kg N hat), where crop yield was not considered
limited by N, had a larger standard deviation (1.72 Mg ha™l). The variance of these two treatments
are significantly different (p=0.0003) according to the results of a Levene’s test of homogeneity of
variance, suggesting larger variation in crop N demand than net soil N supply across years. Non-N
limiting crop N uptake was significantly different across years (Figure 2.2b) which indicates

variation in crop N demand between years.

2.4.4 Solar radiation effects on MERN

Correlation coefficients of regressions between solar radiation accumulated during various
growth stages and DY, MEY and MERN are shown in Table 2.5. Solar radiation during both V5 to
V12 and VT to R1 was correlated to DY, MEY and MERN; however, the correlation between solar
radiation in the earlier time period was negative while the later period was positive. To further
investigate, a regression between V5 to V12 rain and solar radiation during the same period was

conducted. Rain and solar radiation are negatively correlated in this period (r = -0.73).

Table 2.5. Correlation coefficients generated by linear regression with rainfall or solar radiation accumulated
during various growth stages and response to N application over 10 seasons from 2009-2018.

Planting-V4 V5-V12 VT and R1 R2-Maturity
Rain Solar Rain Solar Rain Solar Rain Solar

DY 0.16 -0.34 0.78*** -0.64** 017  0.53 0.35 0.37
MEY 0.38  -0.37 0.90*** -0.73** 041 0.60* 0.39 0.28
MERN 0.30 -0.47 0.84** _073** 029 0.64* 0.11 0.01

* Indicates significance at the p<0.1 level
** |ndicates significance at the p<0.05 level
***Indicates significance at the p<0.01 level
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2.5 Discussion
2.5.1 MERN variation across years

MERN and other measures of N response used in this study were highly variable across years. This
observation is consistent with other studies that have demonstrated high levels of temporal variation
(Kablan et al., 2017; Mamo et al., 2003). Unlike many previous studies, static factors, including soil
type, rotation, crop management and N history were held relatively constant, allowing for further
study of dynamic factors such as rainfall. A particularly unique aspect of the present study was the
ability to test for N history effects. Frequently long-term N trials (Bundy et al., 2011; Mallarino and
Ortiz-Torres, 2006; Poffenbarger et al., 2018; Puntel et al., 2016; Stanger and Lauer, 2008) utilize
N treatments consisting of the same N application applied over multiple years to the same plot such
that N treatments differ each year due to treatment legacy effects. We evaluated this common N
treatment design against N treatments that had uniform N history the previous year and observed
that N history had no effect on corn N response. Lack of effect of N history is presumably because
N losses occurred in between growing seasons. This is supported by the observation that soil nitrate
levels measured each year in the spring prior to corn planting did not differ across N application
histories or N application rates (data not shown). This finding is similar to other studies which have
observed little or no effect of N fertilization on soil N levels the following spring in temperate
climates (Jokela and Randall, 1989; Vyn et al., 1999). This observation further emphasizes the need
to identify optimal N rates since N in excess of crop N uptake may not be available the subsequent

season.
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2.5.2 N demand and net N supply impacts on MERN variation

Variation in MERN was not associated with variation in net soil N supply. A common
indicator of net soil N supply is unfertilized crop N uptake (Morris et al., 2018; Stanford, 1973).
This measure estimates the total N available to the crop since the only major source of N would be
from soil mineralization. For the continuous corn system on the medium-textured soil used in this
study, N uptake of the low N treatment demonstrates that net soil N supply is relatively low and
does not vary substantially across years. This is further supported by observed PSNT values that
were both low and stable across years. N fertilization recommendations are frequently made using
PSNT values. Using yearly values for PSNT and provincial N recommendations (Anonymous,
2017), N application rates would only vary 43 kg N ha* across years. In comparison, MERN

estimates varied by 116 kg N ha*across years.

Relatively low and stable net soil N supply across years is partly due to the constant
cropping system and management used in our study. The continuous corn cropping system was
responsible for some of this low and stable net N supply since large amounts of corn residue inputs
likely immobilized soil mineral N (Stojanovic and Broadbent, 1956). The lack of manure and
legume inputs further reduced variations in net soil N supply, because N mineralization from
legume and manure sources is variable and dependent on weather (Berry et al., 2006). Since plant
available soil N supply was low, loss pathways were also low because little N was available for
loss. This resulted in a cropping system that was highly responsive to fertilizer N and annual
variation in MERN was driven largely by crop N demand rather than net soil N supply. If a similar
trial was conducted in systems with manure applications and more diverse rotations including
legumes, it is probable that net N supply would be higher and more variable. The impact of crop
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rotation on MERN prediction variation was observed by Puntel et al. (2016), who found that

prediction error was larger for soybean corn rotations than for continuous corn systems.

Relatively stable net soil N supply may be partially due to the medium-textured soil utilized in
our study. It has been suggested that inaccurate fertilizer N rate predictions may be due to weather
effects, particularly water availability, on soil N supply and loss of fertilizer N (Morris et al., 2018);
however, our results suggest this may not always be true. Soil type is an extremely important
determinant of amount of N lost through the various N loss pathways. Variation in net soil N supply
is driven in part by N losses caused by leaching or denitrification due to excess soil water in coarse
or fine textured soils, respectively (Sela et al., 2016; Sogbedji et al., 2001; St. Luce et al., 2011).
However, on medium-textured soils, both denitrification and leaching losses of N may be less than
on coarse or fine-textured soils (Sogbediji et al., 2001, 2010). In the present study, the total rainfall
amount from planting to VV4 was highly variable across years but was not correlated N response
(Table 2.5). If our trial was conducted on a light sandy soil or a heavy clay soil, greater variation in
N losses due to precipitation would be expected to occur, but since our trial was conducted on a
medium-textured soil and using a cropping system expected to have low net N supply variation, it is
not surprising that precipitation during planting-V4 did not explain N response or variation of

MERN.

Our results suggest that variation in MERN and N response is related to yield and associated
crop N uptake/demand. The strong relationship between MERN and MEY observed in our study
differs from previous studies which have suggested a weak or no relationship between the optimal
rate of N and yield (Nafziger et al., 2008; Nyiraneza et al., 2010; Puntel et al., 2019; Scharf et al.,

2005; Schlegel et al., 1996). Previous studies investigating the relationship between yield and
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MERN typically obtain data from different locations or years that may vary in soil type and crop
management practices. In our study, variation in these variables is minimized and only dynamic
variables change. Where static variables are held constant, MERN and MEY are more likely to be

closely positively correlated.

Total rainfall during the period prior to silking (V5-V12) was correlated with DY, MEY and
MERN. An important yield component in corn is kernel number per ear (Tollenaar and Daynard,
1978). It has been well documented that crop growth rate during the period bracketing silking
determines kernel number and is influenced by both moisture (Andrade et al., 1999; Cakir, 2004;
Grant et al., 1989; Mansouri-Far et al., 2010; Otegui et al., 1995) and solar radiation (Kiniry and
Ritchie, 1985; Prine, 2010). Soil moisture and solar radiation during this period are major
determinants of yield and crop N requirement since these factors are typically associated with crop

growth rates.

The period of total rainfall with the highest correlation to MERN was at the beginning, or
slightly before, the critical yield determining period. This suggests soil water storage must be at a
sufficient level before the crop enters the critical yield determining period for maximum crop
growth rate during this period of crop growth. This in turn increases kernel number, grain yield
(Andrade et al., 1999) and N demand. Solar radiation during the critical yield determining period
was also a strong predictor of MERN. The two unique causes of change in crop growth rate,
moisture availability and solar radiation, have similar effects on yield and N response. These
observations provide additional evidence for the importance of yield and crop N demand in

determining MERN.
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The strong negative correlation between rain and solar radiation from V5 to V12 is intuitive
since in southwestern Ontario, days with heavy precipitation are usually associated with cloud
cover. In regions where precipitation events occur either at night, in quick bursts followed by sun or

in irrigated fields, the observed relationships between MERN, solar radiation and rain may differ.

The period VT to R1 is important for kernel number determination and corn grain yields
(Andrade et al., 2002; Calvino et al., 2003; Edmeades et al., 2000). We observed that total rainfall
amounts during this period was not correlated to MERN. Puntel et al. (2016) also found that July
precipitation, which for their study, captured the = 15 day period around corn silking, was not
correlated with MERN yearly variability. Puntel et al. (2016) attributed the lack of relationship to
the ability of the soils under study to compensate for periods of water stress and also due to 70% of
corn N uptake occurring prior to silking (Bender et al., 2013). Our study further suggests that solar
radiation may have been a larger determinant of crop growth rate during the critical yield
determining period than rainfall and, since the two variables are negatively correlated, the effect of

rain on MEY and MERN was not observed (Table 2.5).

In the cropping system under study, the lack of relationship between MERN and weather after
R2 is consistent with the hypothesis that variation in MERN is driven by weather impacts on corn N
demand. By the end of R2, potential kernel number has been established (Andrade et al., 1999;
Borras and Westgate, 2006; Melchiori and Caviglia, 2008; Otegui and Bonhomme, 1998), and this
potential acts as the driver of crop growth and hence N demand during grain-fill. While potential
kernel number and weight are relatively sensitive to abiotic stress during the critical period
bracketing silking (Andrade et al., 2002; Zinselmeier et al., 2000), after R2 only severe abiotic

stresses can reduce grain yield (Gambin et al., 2008, 2006; Hisse et al., 2019). The changing
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sensitivity of grain yield to weather effects over the growing season is likely responsible for the
finding that MERN is related to weather between V5 and R1. Additionally, although maize biomass
more than doubles after R1, only about 30% of total maize N uptake occurs post-R1 (Bender et al.,
2013; Ciampitti and VVyn, 2013). This would again mediate against the influence of post-R2 weather
on MERN, since grain N is partially satisfied by N acquired during vegetative growth and

remobilized from vegetative organs.

The relationship between total rainfall amounts and N response or MERN has also been
observed in other studies (Bundy, 2000; Gregoret et al., 2006; Puntel et al., 2016; Scharf et al.,
2006; Tremblay et al., 2012). Previous studies have suggested that precipitation exerts effects
primarily through N losses (Morris et al., 2018) and most studies have suggested that the predictive
power is low (e.g., Puntel et al., 2016) in part due to other factors causing confounding effects. It
has been demonstrated that for systems where N supply is relatively low and stable, precipitation
during mid-late vegetative stages can be highly predictive of N response and MERN. Overall, these
results provide perhaps the clearest evidence of the importance of considering precipitation effects

on crop N demand when predicting N response and MERN.

2.5.3 Implications for decision support tools

While many studies rightfully examine variation in net soil N supply when predicting MERN,
this study highlights the importance of crop N demand on MERN. Crop N demand is an important
determinant of MERN in all fields; however, the proportion of annual variation in MERN explained
by crop N demand may be less than the proportion of variation explained by net soil N supply in

cropping systems where net soil N supply is high and variable (sites with high organic matter,
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legumes, manure application, etc.). High supply side variation in these fields likely masks

significant variation in crop N demand which was observed in this study.

Decision support tools that account for net soil N supply could be modified to account for the
effect of precipitation during mid-late vegetative stages on crop N demand to improve the accuracy
of estimating MERN. Such decision support tools would require two N applications. One
application at or before planting which maintains maximum yield potential and a second application
later in the growing season at or after V12 where the total N rate is adjusted for rainfall effects on
crop N demand and as well as predicted variation in net soil N supply. While late season N
application is frequently promoted as a method to reduce in-season N losses, this study suggests
that on medium-textured soils with a relatively stable net soil N supply, late season N application
would be more suited as a method to allow growers to make in season adjustments to their N

application rates after sufficient data has been collected.

2.6 Conclusions

The significant variation in MERN observed in this study highlights the importance of
developing decision support tools that account for annual variation in optimal N rates to reduce
both economic and environmental risk of N application. This long-term N response study had little
variation in net soil N supply; thus the variation in MERN was attributed to crop N demand. The
variability in crop yields and crop N demand was associated with total rainfall amounts before the
critical yield determining stage (V5 to VV12), while accumulated solar radiation during the critical
yield determining period (VT and R1) was correlated with MERN. This result was likely due to
adequate rain and solar radiation maximizing crop growth rate during the critical yield determining

period bracketing silking which increased yield, N demand and MERN. The importance of total
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rainfall amounts on soil N losses or N mineralization should not be discounted; however, this study
suggests that variation in crop N demand is also an important variable to consider when attempting

to predict MERN.

Rainfall amounts during late vegetative stages may play an increasingly important role in
determination of crop N demand and MERN due to increasing sensitivity of corn yield to moisture
availability observed by Jiang, (2017). The increasing sensitivity of corn yield to moisture presents
an opportunity to use precipitation during late vegetative growth stages to predict crop N demand at
a time when growers could feasibly apply N with late season N application equipment. This study
was conducted at one site in a continuous corn cropping system. Further research into predicting
MERN with rainfall in different soils and crop rotations is needed to develop a decision support tool
which can provide accurate N rate recommendations both spatially and temporally. Decision
support tools which do not account for annual variation in crop N demand, but rather focus solely
on net soil N supply may be improved by incorporating rainfall effects on crop N demand. An
improved decision support tool would greatly increase nitrogen use efficiency, increasing grower

profits while protecting natural ecosystems from N pollution.
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3 Cornyield and response to N are increasingly dependent on
rainfall with implications for N recommendation systems

3.1 Abstract

Applying nitrogen (N) fertilizer near the Maximum Economic Rate of N (MERN) is
important since this N rate maximizes profitability for corn growers. MERN is difficult to predict
due variability from year to year caused by weather variation. In Chapter 2, rainfall from V5 to V12
was found to increase N fertilizer requirement by increasing crop yield and N demand in a long-
term N response trial. The objectives of this study were to examine how rainfall influences MERN
in a larger N response dataset with multiple locations and previous crops and then to develop a
rainfall adjustment to the existing Ontario Corn N Calculator (OCNC). One Hundred and Thirty-six
N response curves from Ridgetown and Elora, Ontario were identified along with historical weather
data. As in Chapter 2, total rainfall amounts from V5 to V12 were correlated with MERN since
crop N demand was increased. Other periods of rainfall were not correlated with N response. A
rainfall adjustment to the existing OCNC was calibrated with data from a long-term N response trial
and validated with the larger multi-site N response dataset. The rainfall adjustment increased the
amount of variation in MERN explained by the OCNC from 19% to 49% and increased profitability
by $54.86 ha’. The rainfall adjustment to the OCNC improved prediction of MERN and
profitability only in N response curves generated since the year 2000 and not in N response curves
from 1971 to 1999. This observation aligns with other research demonstrating that water is
becoming increasingly limited to crop yield and N demand in Ontario and the US Corn Belt. This
presents an opportunity to use in season rainfall to predict MERN, allowing for improved

profitability and reduced environmental consequences of non-optimal N rate application.
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3.2 Introduction

There has been considerable research into predicting the Maximum Economic Rate of
Nitrogen (MERN) for corn since it is both environmentally and economically important for growers
to apply nitrogen (N) near MERN (Alotaibi et al., 2018; Hong et al., 2007). Despite significant
efforts and progress, N decision support systems (DSS) remain unable to predict variation in
optimal N rates with sufficient accuracy (Morris et al., 2018; Tao et al., 2018). Accurate N rate DSS
remain elusive since prediction of MERN is dependent on interactions among soil, crop growth and
weather throughout the growing season, for which sufficiently accurate long-term predictions are

also not available (Tao et al., 2018).

There has been increased interest amongst growers and agronomists in late vegetative or
early reproductive crop growth stage N application using high clearance application equipment. At
these later stages, N can be applied during rapid crop N uptake to reduce N losses from leaching or
denitrification occurring at earlier stages (Lagzdins and Helmers, 2015; Rutan and Steinke, 2018),
particularly in fields with heavy clay or light sandy soils. The benefits of delayed N application to
reduce N losses have not been observed consistently, particularly on medium-textured soils where
lower in-season N losses are often observed (Fernandez et al., 2019; Kyveryga et al., 2010;
Sogbedji et al., 2010). Another, possibly more effective, reason for using late season N application
equipment is to delay a portion of the total N application to allow time for collection of in-season
information such as weather and crop growth to inform N recommendation models, allowing for
improved prediction of corn N demand and MERN (Rutan and Steinke, 2018; Sawyer et al., 2016;

Van Es et al., 2006).
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Several studies have found that MERN is influenced by rainfall; however, often only the
effects of rainfall on MERN during early vegetative growth are examined (Austin et al., 2019;
Melkonian et al., 2008; Puntel et al., 2016; Tremblay et al., 2012). This is because sidedress N
application timing traditionally does not occur after V9 since crop height after this stage exceeds
the clearance of conventional N application equipment. The recent availability of high clearance N
application technology enables the effects of late vegetative stage precipitation on corn N demand

to be incorporated into a corn N DSS (Sawyer et al., 2016).

There is increasing evidence that rainfall is becoming increasingly limiting to crop yield in
rainfed environments (Arntz-Gray, 2017; Jiang, 2017). Net soil N supply and crop N demand,
which is driven by crop yield, are both important determinants of MERN (Lawes et al., 2019;
Morris et al., 2018). The potential increased limitation of crop yield to water availability suggests

that crop N demand and MERN may have become more sensitive to water availability.

The previous chapter demonstrated that the total amount of rainfall from V5 to V12
increased crop N demand and is an important determinant of MERN at a long-term N response
study conducted in a continuous corn cropping system in Elora, Ontario, Canada. The long-term N
response study held static factors such as location and previous crop constant which allowed for the
isolation and study of the effect dynamic variables, such as weather, have on MERN. In the
previous chapter, V5 to V12 rainfall was found to increase MERN since rainfall during that period
increased yield and crop N demand which determined MERN when soil N supply was roughly
constant from year to year. Different locations and crop rotations would presumably add variation
in net soil N supply (St. Luce et al., 2011), possibly diluting the effect of crop N demand in

determining MERN. It remains a question if the same period of rainfall can be used to predict
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MERN in a larger N response database where static variables such as soil texture and crop rotation

are not held constant.

The Ontario Corn N Calculator (OCNC) is used by corn growers in the province of Ontario
to predict optimal N rates (Anonymous, 2017). This recommendation system was introduced in
2006 and developed using 599 N response curves generated from the mid 1960’s to 2002 in Ontario
(Janovicek and Stewart, 2004). This N DSS accounts for prices of fertilizer and grain, previous
crop, Ontario Corn Heat Unit (OCHU) rating, expected yield, manure credits, soil type, location in
the province and N application timing. The OCNC is useful since it predicts variation in net soil N
supply between fields based on these static factors. However, since future rainfall, yield and crop N
demand are not known accurately at the beginning of the season, it is possible the OCNC may not
provide adequate prediction of annual variation in MERN. The coefficient of determination
between OCNC predicted and observed MERN was 0.33, indicating much variation in MERN

remains to be explained by an improved model (Janovicek and Stewart, 2004).

It is hypothesized that V5 to V12 rainfall is a predictor of corn response to N fertilizer in a
database containing N response curves generated at two Ontario locations with varying crop
rotations. If the amount of rainfall from V5 to V12 increases crop N demand as demonstrated in
Chapter 2 and yield is becoming increasingly limited by rainfall, it is hypothesized that the effect of
rainfall on crop N demand will be greater in response curves generated in more recent years than
those in earlier years. Based on our understanding of rainfall effects on MERN, our objective is to
develop a proof of concept rainfall correction to the existing OCNC which will be calibrated using
data from a long-term N response study. The calibration will then be validated with a larger N

response dataset. In locations and eras where V5 to V12 rainfall predicts MERN, this rainfall
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corrected model would be predicted to retain the OCNC’s ability to account for field to field
differences in net soil N supply while accounting for the significant changes in crop N demand

between years observed in Chapter 2.

3.3 Materials and Methods
3.3.1 Data source and selection

An N response database was compiled containing N yield response data generated at the Elora
Research Station, Elora, ON and at the Ridgetown Campus, University of Guelph, Ridgetown, ON
from 1971 to 2018. One hundred and nine N responses from the Elora Research Station and 27 N
responses from the long-term crop rotation-tillage-N experiment at Ridgetown Campus were
identified and selected. These N responses are summarized in Table A.5. N responses where the
previous crop of winter wheat was underseeded to red clover were excluded from the analysis
because of variability in red clover establishment. N responses at Ridgetown consisted of an equal
number of conventionally tilled and no till treatments. Only the conventionally tilled treatments
were used in this analysis to avoid duplication of similar site-years and to ensure a valid comparison
with the Elora data where conventional or conservation tillage was used. Supporting data (year,
weather, soil type, cropping history, planting dates, and tillage) from each experiment were also
added to the database for further analysis. N responses from the Elora research station were divided
into two eras: pre-2000 and post-2000. The year 2000 was chosen in part due to the fact that the
database contains no N response curves from 1998-2003, providing a natural break in the data.
Moreover, other syntheses-analyses of corn across breeding eras have used the 1990-2000 decade
as a breakpoint between ‘old” and ‘new’ hybrids (e.g. both Ciampitti and Vyn, 2013 and Mueller
and Vyn, 2016 use the year 1991). Corn hybrids grown before 1998 were also likely non transgenic
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while corn hybrids grown after 2004 were likely transgenic. Transgenic improvements to hybrids
may have contributed to a faster rate of Ontario corn yield increase over time after the year 2000
(Arntz-Gray, 2017). This provides further justification for the delineation of the two eras since non-
transgenic hybrids may have been subject to yield loss from insect and weed pressure which

transgenic hybrids would not have experienced to the same degree (Haegele and Below, 2013).

3.3.2 Statistical methods

All statistical analyses were performed using SAS statistical software (Statistical Analysis
System, version 9.4, SAS institute, NC, USA). To calculate MERN for each site-year, quadratic-
plateau response models were fit to grain yield data using PROC NLIN as in Chapter 2; MERN was
calculated at a price ratio of 6.2. If the calculated MERN exceeded the highest N rate applied in the
trial, MERN was extrapolated up to 5% higher than the highest N rate applied. Of the 136 N
response curves in this database, 27 of them are capped at 105% of the highest applied N rate,

indicating some degree of uncertainty in the estimation of high MERNS in this database.

As in Chapter 2, the periods of total rainfall amounts chosen for analysis were planting to V4,
V5 to V12, VT to R1 and R2 to R6. Crop growth stages were calculated as in Chapter 2 with the
exception of the end of R1 (silking) for the Ridgetown N responses. OCHU required to reach the
end of silking was estimated to be 1900 OCHU, which is 75 OCHU, or approximately 1 leaf stage
greater than at Elora due to the fact that hybrids grown at Ridgetown have a greater OCHU rating
than those adapted for Elora. Type | tests of fixed effects for MEY and MERN were conducted with
PROC GLIMMIX where the fixed effects were V5 to V12 rain, era and the rain by era interaction.

Since the interaction term was significant, N response curves were split by era for further analysis.
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PROC REG was used to conduct regressions between different periods of accumulated rainfall and

MERN, MEY and delta yield by site and era.

3.3.3 Rainfall adjusted N recommendation calibration and validation

A corn N rate DSS which accounts for the rainfall effects on crop N demand was developed
using the long-term N response trial discussed in Chapter 2 and the existing OCNC (Janovicek and
Stewart, 2004). Differences between actual MERNSs and the predicted optimal N rates from the
OCNC were calculated. A linear regression between these differences and total amount of V5 to
V12 rainfall was conducted in PROC REG. The resulting line of best fit was used to predict the
error in the OCNC with V5 to V12 rainfall. The rainfall predicted error was then added to the
OCNC rate and this rainfall adjusted model was evaluated on data from both Elora and Ridgetown.
The long-term N response trial, described in Chapter 2, was chosen as the calibration dataset since
the highest N rate applied in that trial was 260 kg N ha*, which allowed for reliable estimates of
high MERNSs without extrapolation. Excluding high MERN values in the calibration would have led

to selection bias where high MERN and high rainfall years were not captured in the calibration.

The improved model was evaluated in two ways. First, a linear regression between the OCNC
and observed MERNSs at both Elora and Ridgetown in the recent era was conducted. This was
compared to a regression between the rainfall adjusted model and the same observed MERNS.
Profit with respect to N fertilizer application at the OCNC and the rainfall adjusted model
recommended N rates were calculated as another evaluation of the rainfall adjusted model. Profit

was calculated as:

Profit = (Yield at N recommendation x grain price) — (N rate x N price)
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Fertilizer N price was assumed to be $1.10 kg* and grain price was $0.177 kg™ for a fertilizer
N:grain price ratio of 6.2 since these values represented realistic price estimates. Yield at the N
recommendation was calculated by solving the quadratic plateau yield response equation at the
recommended N rate for each N response in the database. Profits at both the OCNC rate and at the
rainfall adjusted rate were analyzed with PROC GLIMMIX where model, era and their interaction

were fixed effects and N response was the random effect.

3.4 Results

3.4.1 V5to V12 rainfall is correlated with MERN in recent N responses

The effect of era at the Elora Research Station was significant on both MERN and MEY . For
both parameters, the effect of V5 to V12 rain was not significant; however, the interaction between
era and rain was significant (Table 3.1). Since this analysis demonstrated the effect of rain is

dependent on era, N responses at Elora were separated by era in further analysis.

Table 3.1. Type 1 tests of fixed effects for MEY and MERN

Effect Numerator DF  Denominator DF Fvalue P value
MEY
Eral 1 105 89.32 <0.0001
Rain? 1 105 0.61 0.4365
Era*Rain 1 105 7.44 0.0075
MERN
Era 1 105 20.21 <0.0001
Rain 1 105 0.77 0.3808
Era*Rain 1 105 21.98 <0.0001
Pre 2000 or post 2000 N response curves
2Rain from V5 to V12
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The variability of MERN, MEY and DY were correlated (0.40<r<0.73; p<0.05) to the total
rainfall amounts between V5 and V12 in experiments at both Elora and Ridgetown, but only in the
recent era from the year 2000 at Elora (Table 3.2). In general, total rainfall was not correlated
(p>0.05) to MERN, MEY or DY during other crop growth phases or the era before 2000. Other
periods of rainfall were generally not statistically significant at p<0.05 or explained a low amount
of variation in N response. The MERN, MEY and DY were correlated negatively (p<0.05) to
rainfall from V5 to V12 during the pre-2000 era, but only 4% of the variability in N responses was

explained by rainfall (Table 3.2).

Table 3.2. Correlation coefficients generated by linear regression between various periods of accumulated
rainfall and MERNS in different sites and eras

Location and eraof N Planting /e, \119 T1oR1 R2to R6

response trials to V4

Elora Pre-2000
MERN -0.16 -0.20* -0.02 0.16
MEY -0.13 -0.22** 0.11 -0.08
DY -0.27**  -0.22*%* -0.10 0.15

Elora Post-2000
MERN 0.16 0.73*** 0.27 0.32
MEY 0.13 0.47** 0.15 0.25
DY 0.16 0.56*** 0.03 0.42*

Ridgetown 2009-2017
MERN 0.14 0.40** -0.1 0.32*
MEY 0.41** 0.53*** 0.24 0.27
DY 0.26 0.52*** 0.03 0.20

*=Significant at p<0.1
**=Significant at p<0.05
***=Significant at p<0.01
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3.4.2 Arainfall adjusted OCNC improves MERN prediction and profitability

The calibration of a rainfall correction to the OCNC demonstrated a strong relationship
between the error in the OCNC rate and rainfall from V5 to V12 (R?=0.74) (Figure 3.1. Calibration
of a rainfall correction to the Ontario Provincial N Recommendation). The current OCNC without a
rainfall adjustment predicted 19% of the variation in MERN across 49 site-years at both Elora and
Ridgetown (Figure 3.2a). The variation in MERN explained by the OCNC in this dataset is due to
differences in MERN across sites rather than predicting MERN within sites. This is because
regressions between predicted and observed MERNSs within sites have low coefficients of
determination and are not significant, however when both sites are included in a combined
regression, 19% of this variation is explained (Figure 3.2a). Ridgetown MERN values tend to be

slightly higher than those at Elora and this difference is predicted by the OCNC (Figure 3.2a).

The rainfall adjusted model explained 49% of the variation in MERN in the site combined
dataset (Figure 3.2b), a large improvement over the existing OCNC which explained only 19% of
variation in MERN. When the data is separated by site, 57% of the variation in observed MERN is
explained by the rainfall adjusted model at Elora and 28% at Ridgetown. The slope of the line of
best fit for the regression between predicted and observed MERN was nearly equal for both sites

and the combined regression (Figure 3.2b).

The era and model by era interaction effects on profit were significant while the model
effect by itself was not significant (Table 3.3). The average profit at the OCNC N rate was
$1799.31 ha while average profit at the rainfall corrected model was $1854.18 hal, resulting in an
average improvement of $54.86 ha* with a standard error of $25.37 hat. Of the 49 N responses in

the validation data set, profitability of 47% were improved by greater than $25 ha, 35% were
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within $25 ha, and 18% were reduced by greater than $25 ha* (Figure 3.3. Profitability

improvements of a rainfall correction to the Ontario N Recommendations over the existing model.
N response curves were generated at Elora and Ridgetown, Ontario from 2000 to 2018.). All crop
rotations and locations showed improvement in profitability and were evenly distributed in Figure

3.3.

Table 3.3. Type 1 tests of fixed effects for profitability

Effect Numerator DF  Denominator DF F value P value
Eral 1 160 75.90 <0.0001
Model? 1 160 0.03 0.8526
Era* Model 1 160 6.58 0.0113

Pre 2000 or post 2000 N response curve
2Existing Ontario Corn N Calculator (OCNC) or rainfall-adjusted OCNC
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Figure 3.1. Calibration of a rainfall correction to the Ontario Provincial N Recommendations using data from a
long-term (2009-2018) N response study from Elora, Ontario. The required adjustment to N recommendation (y
axis) is the difference between the observed MERN and Ontario Corn N Calculator (OCNC) predicted MERN.
The required adjustment predicted with rainfall was then added to the OCNC recommendations in the
validation dataset.
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Figure 3.3. Profitability improvements of a rainfall correction to the Ontario N Recommendations over the existing model. N response
curves were generated at Elora and Ridgetown, Ontario from 2000 to 2018. Response numbers are ranked from lowest to greatest
improvement in profitability.

3.5 Discussion
3.5.1 Water limitations to yield are increasing, influencing N response

The results of this study provide further evidence to support the hypothesis that the total
rainfall amount from V5 to V12 is important in the determination of corn yield and MERN;
however, this is true only in the new era (Table 3.1). Others have found a similarly increasing
relationship between rain and yields over time. Jiang (2017) found Ontario corn yield volatility has
increased from 1950 to 2013 due in part to higher yield losses as a proportion of average yield
during years with summer precipitation shortfalls. Arntz-Gray (2017) found that yield optimizing

levels of rainfall during late vegetative stages of corn growth are increasing in both Ontario and
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lowa. Grassini et al. (2009) calculated a boundary function for water use efficiency for corn in the
US Corn Belt which estimates maximum water use efficiency. As yield increases in commercial
production due to reduction in other limiting factors (i.e genetics, nutrients, pests), water use
efficiency increases. As water use efficiency increases and approaches maximum water use
efficiency, maximum potential yield as limited by water may be reached. Since water becomes most
limiting under these conditions, sensitivity to water deficits is increased (Sinclair and Rufty, 2012).
Climate change and simplification of crop rotations may also play a role in exacerbating yield
sensitivity to drought by increasing vapour pressure deficit and reducing soil water storage,
respectively (Gaudin et al., 2015a; Li et al., 2009; Lobell et al., 2014). This greater yield sensitivity
to water suggests MERN has become more sensitive to rainfall since higher V5 to V12 rainfall
drives higher yields and crop N demand, explaining the significant rain by era interaction effect on

MERN (Table 3.1).

3.5.2 Net soil N supply explains less MERN variation than crop N demand

As in Chapter 2, early season rainfall accumulation was not correlated to N response. Both
these sites have soils which do not suffer from either excessive or insufficient drainage, indicating
low N loss potential (Fernandez et al., 2019; Kyveryga et al., 2010; Lagzdins and Helmers, 2015;
Rutan and Steinke, 2018; Sogbediji et al., 2010). Chapter 2 found that the soils at Elora had low
variation in net soil N supply and early season rainfall does not increase crop N demand. This likely
explains why early season rainfall before V5 did not predict MERN, as has been observed in other
studies (Melkonian et al., 2008; Puntel et al., 2016; Tremblay et al., 2012). As discussed in Chapter
2, rainfall leading into the period bracketing silking increased crop growth rate during the critical
yield determining period, increased yield, N demand and MERN. While rainfall from V5 to V12 is
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correlated with N response in this dataset, less variation is explained by rainfall than in Chapter 2.
This is expected since this dataset contains N response curves from different locations and crop
rotations that introduce variation in net soil N supply, while the long-term N response study
minimized variation in static factors. Although still present and important in prediction of MERN,

variable static factors diluted the effect of rainfall on crop N demand with variation in net soil N

supply.

3.5.3 Rainfall adjusted N recommendations outperform existing N recommendations

The OCNC predicts only 19% of variation in MERN in the database of N response curves
from Elora and Ridgetown since 2000 (Figure 3.2a), which is lower than the original validation of
this recommendation system that found 33% of variation was explained by this model (Janovicek
and Stewart, 2004). This difference was likely due to data selection. The N responses selected for
this study were generated at only two sites while the OCNC was calibrated and validated on a wide
range of soils across the province. The OCNC accounts for variation in soil type and location in the
province and both these factors had low variation in the validation dataset studied, which resulted in
less variation explained by the OCNC in this study. Very low amounts (R?<0.02) of variation in
MERN were explained by the OCNC within sites; however, the model was able to account for
higher N requirements at Ridgetown which resulted in the 19% of variation in MERN explained by

the OCNC in the complete dataset (Figure 3.2a).

The validation of the rainfall adjusted OCNC (Figure 3.2b) demonstrated that a rainfall
correction has significant potential to improve prediction of MERN at both Elora and Ridgetown.
The proportion of variation in MERN explained by the rainfall adjusted model at Ridgetown was

lower than at Elora; however, this may have been caused by poor estimation of high MERN values,
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capped at 105% of the highest applied N rate, rather than poor performance of the model at
Ridgetown. Examining profitability at the two model’s recommended N rates is a better evaluation
of model performance for two reasons. The first is that growers are looking to increase profit and
evaluating profit can inform grower decisions. The second is that concerns over poor estimation of
high MERN values due to response curves which do not plateau in the range of N rates applied in
the experiments, and instead must be capped at 105% of the highest N rate, can be addressed. N
recommendations provided by both models fall within the range of applied N rates in all N response
trials included in the validation database (Table A.5). Since the model predicted optimal N rates are
within the range of experimentally applied N rates, estimation of yields at recommended N rates
using the generated N response curves without extrapolation is possible. Estimated yields can then
be used to estimate grower income at a given N rate. Profit is significantly improved by a rainfall
correction to the OCNC and the improvement exists for all crop rotations at both locations studied
(Figure 3.3). When profit was increased, the increase was often very large and as great as $284.39
hal. The increase in profit suggests that the rainfall adjusted model can predict, after V5 to V12
rainfall is known, high yielding years that require unusually high amounts of N to reach optimal

profitability.

3.5.4 Limitations

While a promising concept, the rainfall-adjusted model is not suitable for immediate adoption
by corn growers due to limitations in available calibration and validation data. The rainfall-adjusted
model was calibrated using data from only one medium textured soil type and in continuous corn.
Further calibration and more validation would be needed to be conducted with data from a wide
variety of soils with potentially differing relationships between the periods of rainfall studied and
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MERN. A second limitation is that if the OCNC was centred on the mean MERN for the calibration
dataset (which is the objective of the OCNC), an average rainfall amount would result in no
adjustment while lesser or greater than average rainfall would result in a lower or higher N
recommendation. However, the OCNC tended to underpredict MERN at the long-term trial used for
calibration, perhaps because the OCNC was developed using pre 2000 data and N response patterns
have changed since the development of the OCNC, although this is not tested in the study. The
underprediction of MERN by the OCNC at the Elora long term N response study used as a
calibration resulted in a rainfall adjustment that always required a positive adjustment to the N rate.
For this reason, applying the calibration to a larger multi-site dataset may not be appropriate, even
though the validation in this study showed improvements in profitability. The long-term N response
trial was chosen as the calibration dataset for two reasons. The first was to validate the observations
made in Chapter 2 with a larger N response database. The second reason for selecting this trial as
the calibration dataset was that this long-term trial had good estimates of high MERN values
whereas several sites in the larger database had N responses which did not plateau and MERN
could not be accurately estimated. Due to the above limitations, this rainfall adjusted model should
be viewed as a proof of concept which demonstrates the opportunity to improve N
recommendations using late vegetative stage rainfall which current N recommendation systems do

not account for.

3.6 Conclusions

This analysis of an independent multi-site N response dataset found similar relationships

between rainfall and response to N fertilizer application as Chapter 2. Increased rainfall amounts
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from V5 to V12 increased crop yields and N demand, resulting in a higher MERN. Early season
rainfall amounts had no impact on crop N demand since rainfall during that period is not limiting to
crop growth in Ontario. While early season rainfall could have impacted net soil N supply by
causing increased N losses though leaching or denitrification on excessively or poorly drained soils,
early season rainfall amounts were not correlated to MERN on these medium-textured soils,
suggesting low in season N losses which caused low variation in net soil N supply as was observed
in Chapter 2. Rainfall from V5 to V12 did not predict MERN in pre 2000 N response curves,
presumably since rainfall was less of a limiting factor to crop yield and by extension, crop N

demand.

Grower profitability was improved by a rainfall correction to the existing OCNC.
However, this was only observed in N response curves generated since the year 2000 due to the
significant era by rainfall interaction effect on MERN. In the post 2000 validation dataset, the
rainfall-adjusted OCNC model performed well at both Elora and Ridgetown and also performed
equally well across several different crop rotations. This observation demonstrates significant
potential to improve N recommendations with in-season rainfall. Further research into developing a
rainfall correction to N recommendations is needed to ensure this approach to recommendation
system is valid across a wide range of soil types and locations. Modifying existing N
recommendation systems has significant potential to improve N management in corn, benefiting

both growers and the environment.

59



4 Summary
4.1 Overview of findings

The literature review conducted in Chapter One suggests that MERN is related to MEY in
long-term N response trials, but only weakly when analyzing data collected from several different
sites. This conclusion put the controversy around including estimates of N demand in N rate DSS
into context. If researchers study N response datasets without long-term N response trials, the
relationship between crop N demand and MERN may not be observed. The reviewed literature
suggests that both net soil N supply and crop N demand are important variables in determination of

MERN.

The long-term N response trial studied in Chapter Two allowed for in-depth analysis of causes
of annual variation in MERN. Since this study was conducted on a medium-textured soil and
continuous corn cropping system, annual variation in net soil N supply was low, presumably since
N losses were economically insignificant. Since net soil N supply did not appear to explain
variation in MERN observed, crop N demand was responsible for variation in MERN. Precipitation
from V5 to V12 was strongly correlated with crop N demand and as a result, MERN. This period
immediately precedes the critical period bracketing silking where sink size is determined in corn. It
is likely rainfall during late vegetative stages increases crop growth rate during the period
bracketing silking, which increases yield, crop N demand and MERN since net soil N supply
variation is minimal. MERN was correlated with planting to V4 rainfall. If the trial was conducted
on a heavy clay or light sand, early season rainfall may increase losses through leaching or

denitrification, causing variation in net soil N supply.
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In Chapter Three, a larger N response database was generated with historical N responses from
the Elora and Ridgetown Research stations. Since these N response curves were also generated on
medium-textured soils with low variation in net soil N supply and early season rainfall does not
increase crop N demand, early season rainfall was not predictive of MERN. However, in N
response curves generated after 2000 at both Elora and Ridgetown, the same period of late
vegetative (V5 to VV12) rainfall was predictive of crop N demand and MERN, suggesting that the
observations from the long-term trial in the Chapter 2 may hold true in a larger range of
environments since the same trend was observed at different sites. V5 to V12 rainfall was not
correlated with yield, crop N demand or MERN in response curves generated before the year 2000.
This research suggests that rainfall is becoming increasingly important in yield and crop N demand

determination.

The increased sensitivity of N response to late vegetative rainfall may present an opportunity to
use in season precipitation data to predict MERN and adjust N rates accordingly. A proof of
concept rainfall correction to the Ontario Corn N Recommendations was developed which
explained significantly more variation in MERN than the original N recommendation model. This
rainfall adjusted model improved grower profitability, demonstrating potential for inclusion of V5
to V12 rainfall in N rate decision support systems which increase grower profitability while

reducing the environmental impacts of N fertilization.

4.2 Limitations

As is common with agronomic research, the largest limitation to this study was that relatively
few sites were studied, which raises concerns about generalizing across diverse environments and

cropping systems. We speculate that if this research was conducted on heavy clay or light sandy
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soils, the period of rainfall which predicts MERN would likely be earlier in the season due to
increased N losses driven by excess soil moisture. As a result, any changes to recommendation
systems which result from this study would only be applicable to medium-textured soils with low

variation in net soil N supply.

This research aims to improve the prediction accuracy of N application rates by accounting for
temporal variation in MERN in existing N rate DSS. Optimal N rates also vary across space within
a field. While within field spatial variability is beyond the scope of this research, spatial analysis
would be important in improving the accuracy of N rate DSS with rainfall. This is because varying
soil type across the field likely changes the period of rainfall which determines MERN as

mentioned above.

Another limitation of Chapter 3 is that some high MERN values could not be estimated since
the fitted N response equations did not plateau in the range of N rates applied in the experiment.
This was common at Ridgetown where the highest N rate was 192 kg ha™* from 2009 to 2015.
While estimating profitability at the various recommended N rates helped to address this limitation,

calculating model fit was less reliable due to the poor estimates of these MERN values.

Due to the poor estimation of higher MERN values in the larger N response dataset, the long-
term N response trial from Chapter 2 was used as the calibration dataset in Chapter 3. This is
another limitation to this research since the calibration dataset contained only continuous corn
responses from Elora while the validation dataset was from two locations with several other

previous crops.
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It is important to note that even given these limitations, this crude adjustment to the Ontario
Corn N Recommendations significantly improved profitability in the validation dataset. This
provides the rationale for further model calibrations and validations to improve the prediction of

MERN for determining N rates during the growing season.

4.3 Future Research

More research is needed before an improved N rate DSS can be used as an official
recommendation system. This research found that rainfall from V5 to V12 predicted MERN in
trials where N was applied at typical sidedress timing (\V6) and proposes a portion of N fertilizer be
delayed until precipitation can be measured. Whether or not MERN values from fertilizer
application at V6 are equal to MERN values when a portion of N fertilizer is delayed to V12 is not
tested and is beyond the scope of this thesis. Future research which tests if this strategy is valid

would be useful.

More N response data from several environments and cropping systems would also be needed
to validate the results from the two locations studied. Long-term N response studies on heavy clay
or light sand soils would be valuable to study how precipitation influences MERN on these soil
types. This research would also be complimented by analysis of in-field spatial variability since
rainfall by soil type by nitrogen response interactions are probable and soil type often varies across

a field.

The interaction between era of N response and precipitation suggests a changing nature of N
response. This could mean that older N response curves may be less relevant to current patterns of

N response. Further research should be conducted to examine if this is the case since the Ontario
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Corn N Recommendations were developed in 2004 using older response curves. If the nature of N

response has changed in Ontario, this N rate DSS should be updated.

To accomplish these future research objectives, significant N response data from across
Ontario is required. This data requirement would pose a significant financial cost if data are
collected from small plot experiments across the province. A more feasible approach may be to use
farmer collaboration and precision agriculture technologies such as variable rate N fertilizer and
yield mapping to generate large amounts of on farm N response data. This data would be valuable

in helping to address the future research needs and limitations of this thesis.

4.4 Final remarks

Improving N management is an important goal to both growers and environmentalists.
Existing N rate DSS do not provide adequate prediction of optimal N rates. Using in season
precipitation data to predict optimal N rates is a promising concept which should be explored
further. With precision agriculture technologies, large N response databases can be generated to
further test and validate the findings of this thesis. The results of this effort will help to increase

grower profitability while minimizing N pollution.
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APPENDIX

Table A.1. Surface 15 cm soil nutrient test history and yearly P and K fertilizer application rates for the long-
term nitrogen response trial at Elora (2008-2018). P and K application rates were the total for the year,
applied as 30kg ha as starter fertilizer plus a broadcast application of 0-46-0 and 0-0-60.

P20s . K20
N rate pH Phosphorous Application Potassium Application
kg N ha! 1
Sample date - ppm-P20s - kg P20s ha -ppm-K0 - kg- K20 /ha
9 May 2008 -1 7.6 14 110 88 110
19 May 2009 - 7.7 19 30 82 30
15 Apr 2010 - 7.6 14 70 82 90
2011 - - - 80 - 95
5 Apr 2012 - 7.4 11 81
30 115
9 Oct 2012 - 7.7 14 94
5 Nov 2013 - 7.8 12 145 85 185
30 Oct 2014 30 - 16 119
145 330
260 - 13 110
2015 - - - 230 - 280
9 Nov 2016 - - 33 185 138 150
10 Nov 2017 - - 20 30 126 30
24 Oct 2018 - - 20 150 115 190

Trial average
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Table A.2. Tillage type, hybrid and dates of trial management activities over the 10 years of the long-term
trial. Previous crop in 2008 and 2007 was grain corn.

Year Primary Hybrid Planting SidedressN  Harvest PSNT?
Tillage date app date Date Date

2009 Fall Chisel ~ 38B142 May 13 June 24 Nov.10  June 24
2010 Fall Chisel ~ 38B14 May 4 June 18 Oct. 20 June 14
2011 Moldboard  38B14 May 12 June 15 Nov. 1 June 14
2012 Moldboard  38B14 April 27 June 13 Oct 12 June 8

2013 Moldboard  38B14 May 8 June 26 Oct. 29 June 24
2014 Moldboard ~ DKC39-97° May 9 June 27 Oct. 30 June 24
2015 Moldboard DKC39-97 May6 June 18 Nov. 3 June 17
2016 Moldboard DKC39-97 May6 June 28 Oct. 25 June 20
2017 Moldboard DKC39-97 May 11 June 27 Nov. 7 June 26
2018 Moldboard  DKC39-97 May9 June 26 Oct. 18 June 18

Pre-Sidedress Nitrate Test (PSNT)
2Pioneer brand hybrid
3Dekalb brand hybrid
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Table A.3. Ontario Corn Heat Units (OCHU) required to reach the various growth stages from 2009 to 2018
at the Elora Research Station as compared to the assumption of 330 OCHU to reach V1 plus 80 OCHU to
fully develop a leaf with a collar.

OCHU needed to reach growth stage

Year V6 V7 V8 V10 V12 V14 R1

2009 - -- -- -- -- -- 1568
2010 - -- -- - -- - 1581
2011 - -- -- - -- - 1567
2012 - -- -- -- -- -- 1542
2013 - -- -- -- -- -- 1567
2014 - -- -- -- -- -- 1451
2015 - -- -- -- -- -- 1529
2016 819 -- 1023 1201 -- 1410 1544
2017 - 800 976 1116 1212 - 1529
2018 - 859 - 1092 1278 1433 1632
Average. Observed 819 830 1000 1136 1245 1422 1551
Predicted 810 890 970 1130 1290 1450 1480
Average Difference 9 -60 30 6 -45 -28 71

Table A.4. Quadratic plateau (QP) yield response equations fit for each year studied (2009-2018).

QP Yield Response F statistic?
Year Equation®

y=a+bn+cn? QP LOF
2009 y =-0.0000960n2+ 0.3936n + 5539 142.41* 111
2010 y=-0.0001452n%+0.6292n +4.131  305.59*  0.15
2011 y =-0.0001142n + 0.5174n + 5.070 263.73* 0.56
2012 y =-0.0000488n2+ 0.2251n + 4.917 2560  0.15
2013 y=-0.0001114n%+ 0.6297n + 4878  627.50*  0.17
2014 y =-0.0001691n2+ 0.7900n +3.143  827.56* 0.26
2015 y =-0.0000409n2 + 0.4661n + 4.288  876.67* 1.33
2016 y=-0.0002247n%+0.7681n +3974  305.79*  0.89
2017 y =-0.0002312n2+ 0.9345n +2.826  791.29* 1.16
2018 y=-0.0001204n%+ 0.5743n +3.391  421.82*  0.88

'Quadratic Plateau (QP) yield response equations where n = N application rate (kg N ha't), y = corn grain yield (Mg
hal), a is the intercept, b is the linear coefficient, c is the quadratic coefficient.

2F test statistic of Quadratic Plateau (QP) and Lack of Fit (LOF). F values with * are statistically significant
(p<0.05).
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Figure A.1. Grain corn yield response to rate of sidedress fertilizer N at the Elora Research station (2009-2018).
MERN at a price ratio of 6.2 is indicated by “X”. The red dashed line represents the relationship between
MERN and MEY. (MERN=36.7+14.99*MEY, R?=0.65 p=0.0048).
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Table A.5. Response curves used in the validation of the rainfall adjustment to the Ontario Corn N Calculator (OCNC)

Ontario Corn N database ID ~ Year Location Previous crop Quadradic Plateau Coefficients MERN MEY OCNC Rate
Quadratic Linear Intercept -- kg hal--
1198 1981 Elora Corn-Grain -0.091158 13.3885 5681 39 6070 97
1199 1985 Elora Corn-Grain 0 19.0969 3426 168 6630 117
1200 1985 Elora Corn-Grain -0.591398 82.2709 3453 64 6300 105
1201 1978 Elora Corn-Grain -0.170422 44,1519 3869 111 6670 74
1204 1979 Elora Corn-Grain -0.110163 32.795 3968 121 6320 106
1207 1980 Elora Corn-Grain -0.125388 30.6178 4396 97 6190 96
1211 1981 Elora Corn-Grain -0.062896 28.8826 3440 180 6600 97
1213 1982 Elora Corn-Grain -0.202461 42.5654 5676 90 7870 99
1214 1983 Elora Corn-Grain 0 0 7298 0 7300 113
1218 1975 Elora Corn-Grain -0.375521 55.145 5210 65 7210 99
1219 1977 Elora Corn-Grain -0.156669 36.9954 3755 98 5880 90
1224 1975 Elora Corn-Grain -0.361253 48.408 6026 58 7620 87
181 1996 Elora Barley -0.16 53.6 3830 148 8260 112
182 1994 Elora Barley -0.311023 68.515 5817 100 9560 109
188 1995 Elora Barley -0.170077 33.5039 8850 80 10440 110
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