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Abstract: Soil drainage is not considered in the N fertilizer guidelines for corn (Zea mays L.) in the US
Midwest. This study investigated the influence of soil drainage on corn grain yield, N requirement,
and residual soil N, and evaluated the utility of in-season soil N measurements to guide N application.
This 6-year study in Minnesota, US on a corn–soybean (Glycine max [L.] Merr.) rotation had drained
and undrained conditions and six at planting (PL) (0–225 in 45 kg N ha−1 increments) and four
split (SP) N fertilizer rates (at planting/V6-V8—45/45, 45/90, 45/135, 45/179 kg N ha−1). The
drained compared to undrained soil produced 8% more grain yield (12.8 vs. 11.9 Mg ha−1), 12%
more N uptake (169 vs. 151 kg N ha−1), 16% lower optimal N rate (ONR) (160 vs. 193 kg N ha−1),
3.1% greater grain yield at ONR (13.5 vs. 13.1 Mg ha−1), and similar in season and residual soil N.
Compared to SP, PL lowered ONR (151 vs. 168 kg N ha−1) in drained soils, and the opposite occurred
for undrained soils (206 vs. 189 kg N ha−1). These results substantiate the agronomic benefits of
artificial drainage and the need to incorporate drainage conditions into N management guidelines.
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1. Introduction

Much of the US Midwest agricultural land is artificially drained because the soils are
poorly drained and would remain waterlogged during large portions of the crop season [1].
Due to various complicating factors, such as topographic locations, many fields or portions
of fields that could benefit from artificial drainage remain in cultivation with inadequate
drainage [2]. A survey with Minnesota growers, for instance, estimated that 19% of the
cropland in the state could still benefit from artificial drainage [2].

The negative effects of poor soil drainage for corn production have long been docu-
mented and include reduced root development and water uptake, decreased photosyn-
thetic rates, generalized nutrient deficiency, and yield losses [3–6]. The soil N cycle is also
largely affected by waterlogging. With insufficient O2 availability, denitrifying bacteria
utilize NO3

− as an electron acceptor and release NO, N2O, and N2 gas [7]. In poorly
drained agricultural soils in the US Midwest, substantial N losses through denitrification
have been documented [8]. Further, drainage conditions interact with N fertilizer, crop
residue, and weather conditions to make N mineralization highly variable and difficult
to predict [9]. The combination of these issues creates variability in the crop’s N demand
and the soil’s N supply, adding complexity to N fertilizer management in poorly drained
fields [10,11].

Despite the substantial evidence that soil drainage affects the soil–crop N dynamics,
little has been done to quantify the direct effect of drainage conditions on optimal N fertil-
izer rates (ONR) for corn production. In fact, state guidelines for N fertilizer management
in the US Midwest follow the maximum return to N (MRTN) approach, which does not
account for differences in drainage conditions when prescribing N rates [12]. Similarly,
while it is plausible to think that undrained soils would benefit from split N applications to
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reduce the likelihood of denitrification losses early in the season, no field studies have been
conducted to evaluate this hypothesis. The pre-sidedress NO3

− test (PSNT) is another tool
commonly utilized by corn growers to manage N. This tool indicates the probability of
obtaining a yield increase with sidedress N application based on soil NO3

−-N value [13].
Similar to the MRTN, the PSNT does not take drainage intensity into consideration.

Without a foundation to guide their N management in undrained fields, growers
need to arbitrarily define their fertilizer rates, therefore increasing the risks of fertilizer
misapplication and environmental degradation. Nitrogen fertilizer not taken up by crops
during the growing season is prone to environmental losses, which raises concerns about
public health and environmental degradation [14]. Because the frequency of extreme
precipitation events in the US Midwest is expected to increase in the future in response
to global warming [15], waterlogging conditions in agricultural fields may also become
increasingly more common. Therefore, it is crucial to understand how soil drainage
influences the corn response to N fertilizer application, so improved N management
guidelines can be developed to increase N use efficiency and crop production.

The objectives of this study were (1) to investigate the influence of soil drainage condi-
tions on corn grain yield, N requirement, and residual soil N, and (2) to evaluate the utility
of in-season soil N measurements to guide N applications. We hypothesize that artificial
drainage will improve overall corn production and that in-season soil N measurements
will be useful to guide N application.

2. Materials and Methods

The study was conducted from 2014 to 2019 on a 5 ha field near Wells, MN, (43◦51′15.76” N;
93◦43′47.28” W) with two major soils: a poorly drained Marna clay loam (fine, smectitic,
mesic Vertic Endoaquolls, 0 to 2 percent slopes), present in approximately 60% of the
field; and a somewhat poorly drained Nicollet clay loam (fine-loamy, mixed, superactive,
mesic Aquic Hapludolls, 1 to 3 percent slopes), present in approximately 40% of the field.
Tile drainage (1.2 m depth and 9 m tile spacing) with control drainage structures was
installed in the field in 2011 to create eight blocks of drained and undrained conditions
(four replications). The undrained blocks had closed control drainage structures, while the
drained blocks had fully open control drainage structures. A corn–soybean rotation was
established starting in 2012 by dividing the drainage blocks in half and randomly assigning
either corn or soybean to each half.

Management of nutrients other than N and agronomic practices for weed, pest, and
disease control followed University guidelines to maximize productivity. Selected soil
properties for the top 15 cm of the soil are presented in Table 1. Every year the field
was chisel plowed to 15 cm depth and field cultivated during the spring. Additional
agronomic information is presented in Table 2. Target corn plant population ranged from
84,000 to 86,600 plants ha−1. While optimal planting dates may change based on drainage
conditions, planting was done on the same day to mimic farmer practices where an entire
field is planted regardless of within-field differences in soil moisture conditions.

Table 1. Selected mean soil chemical and physical properties 1 in the top 15 cm. Soil test values for individual years and
drainage conditions are similar to the overall mean.

CEC pH P K Ca Mg SO4-S OM Sand Silt Clay FC 2

(meq 100 g−1) (mg kg−1) (g kg−1)

21 6.1 24 215 3571 623 9.3 49.5 360 290 350 302
1 For details on methodology, see [9]. 2 FC = soil moisture (v/v) at field capacity (0.33 bar).
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Table 2. Corn hybrid, and dates for planting, harvest, fertilizer application and soil sampling from 2014 to 2019.

Year Hybrid Planting Harvest
Fert. Application 1 Soil Sampling

PL SP In Season Postharvest Next Spring 2

2014 DK 53-78 RIB 24-May 21-October 22-May 20-June 20-June 30-October 30-April
2015 DK 48-12 RIB 4-May 12-October 30-April 2-June 9-June 6-November 4-May
2016 DK 48-12 RIB 16-May 17-October 6-May 20-June 20-June 20-October 8-May
2017 P9929 AMXT 12-May 25-October 26-May 20-June 20-June 3-November 21-May
2018 P9929 AMXT 17-May 24-October 21-May 2-July 25-June 31-October 31-May
2019 P9929 AMXT 16-May 29-October 31-May 12-July 1-July 20-November 13-May

1 Date of fertilizer application for at-planting (PL) and split (SP) N fertilizer treatments. 2 Soil samples to measure residual N collected in
the spring of the following year.

The study followed a randomized complete block design with a split-plot treatment
structure replicated four times. The main plot was drainage condition (drained and
undrained), and the subplot was a combination of N fertilizer rates and application timings.
The subplots were 9 m long and 3.5 m wide, with four corn rows (0.76 m row spacing). There
were six at planting (PL) N fertilizer rates (0, 45, 90, 135, 179, and 224 kg N ha−1) and four
split (SP) N fertilizer rates (45 kg N ha–1 applied at planting and the remaining N during
the V6 to V8 development stage to match the total N in PL treatments). In 2014, only
one SP treatment was applied (total application of 135 kg N ha–1), and in 2015 and 2016
only two SP treatments were applied (total application of 135 and 179 kg N ha−1). All
treatments were broadcast applications of urea-N (46-0-0) plus Agrotain (urea with N-(n-
butyl) thiophosphoric triamide (NBPT)), (Koch Fertilizer LLC, Wichita, KS, USA), except
for the at-planting applications from 2014 to 2016 where urea without Agrotain was
incorporated to a depth of 8 cm with a field cultivator within 24 h of fertilizer application.
All at-planting applications were done within 15 days of planting (Table 2).

Daily and 30 yr normal (1984–2013) air temperature and precipitation were retrieved
from a weather station within 10 km of the site [16]. Growing degree days (GDD) (◦C) were
calculated as the average daily temperature minus 10 ◦C.

Soil bulk density was determined for all soil sampling depths (i.e., 0 to 30 cm, 30 to
60 cm, and 60 to 90 cm) using the intact core method [17]. Soil porosity was calculated as one
minus the ratio of soil bulk density (1320 kg m−3) and the density of silica (2650 kg m−3).
Soil volumetric water content (VWC) and temperature at 0 to 15 cm soil depth was moni-
tored continuously for each drainage condition in the PL-135 kg N ha−1 plots with 5TM
soil moisture and temperature sensors and Em50 digital data loggers (Decagon Devices
Inc., Pullman, WA, USA). Soil water-filled pore-space (WFPS) was calculated by dividing
the VWC by the soil porosity.

Plant population was determined by counting the number of emerged plants at the V4
development stage from 12.2 m of the middle two rows of each subplot. Whole-plant above-
ground N uptake minus the ear (grain and cob) was measured at R6 development stage
(NUPStover), grain N removal was measured at harvest (NUPGrain) and the two combined
represented total N uptake (NUPGrain+Stover). Tissue N concentration was determined by
combustion analysis [18]. Grain harvest was done by harvesting 6 m of the middle two
rows of each subplot. Corn grain yield was determined as the summation of the harvest
grain and the R6 grain previously collected from the harvest rows, adjusted to 155 g kg−1

moisture. A severe windstorm with wind speeds as high as 80 km h−1 snapped up to
70% of the corn stalks just above the ear leaf (greensnap) on 20 July 2019. Damaged and
undamaged plants were harvest separately in 2019, and corn grain yield was determined
by extrapolating the yield of undamaged plants to the entire plot area (90% of the subplots
had greensnap damage in less than 43% of the plants). Grain N recovery (GNR) was
calculated as the difference between NUPGrain for a given treatment and NUPGrain in the
PL-0 kg N ha−1 treatment, divided by the N fertilizer rate applied to the given treatment.

Soil samples were collected in season at the V6 stage, in the fall after grain harvest,
and next spring before soybean planting (Table 2). For in season, all the PL treatments were
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sampled except from 2014 to 2016 when only the PL-0 and PL-135 kg N ha−1 treatments
were sampled. For next spring, only the PL-0, PL-135, PL-225, SP-135, and SP-225 kg N ha−1

treatments were sampled. A two-core composite soil sample was collected per subplot with
a hydraulic probe (5 cm diameter) at 0 to 30 cm, 30 to 60 cm, and 60 to 90 cm depths, except
for the V6 sampling, where four-core composite soil samples were collected with a manual
soil probe (1.8 cm) at 0 to 30 cm and 30 to 60 cm depths. Soil NH4

+-N was extracted with a
2M KCl extraction [19] and analyzed with a TL-2800 Ammonium N analyzer (Timberline
Instruments, Boulder, CO), and NO3

−-N was extracted with a 0.01 M KCl extraction and
analyzed by the cadmium reduction method [20]. Total inorganic N (TIN) was determined
as the summation of soil NH4

+-N and NO3
−-N measured in season at V6 corn development

state (TINV6), in the fall (TINFall), and next spring (TINNextSpring). The difference between
TINFall and TINNextSpring was also calculated (TINDiff). Soil bulk density was used to
transform soil N measurements assessed in mg kg−1 into kg ha−1.

All statistical analyses were done with R software [21] and considered significant at
p < 0.1. Mixed effects models were fitted using restricted maximum likelihood with the
nlme package [22] for each year. Drainage and N rate/timing were fixed effects, while block
and block by drainage were random effects. Model assumptions of homogeneous variance
and normal distribution of the residuals were checked by examining the residual plots.
Drainage often produced heterogenous variance (undrained plots were more variable),
which was accounted for by allowing the estimation of different variances for each level of
drainage with the varIdent function [22] of the nlme package. Pairwise mean comparisons
for the response variables grain yield, NUPGrain+Stover, GNR, and residual TINFall and
TINDiff were performed by calculating the Tukey honest significant difference (HSD) test
with the emmeans package [23].

Crop response to N fertilizer, and critical in-season soil N values were also determined
for each year, with drainage and N rate as fixed effects and block and block by drainage
as random terms. Grain yield response to N rate was determined according to the type
of regression model that presented the best goodness of fit for each drainage condition.
Linear and quadratic-plateau (QP) models were fitted and model selection was performed
by refitting the models with maximum likelihood and comparing the Akaike information
criterion (AIC), where lower numbers indicate better fit [24]. For linear responses, the
optimal N rate (ONR) was the highest N rate applied. For QP responses, the ONR was the
last increment of N that returned a yield increase large enough to pay for the additional
cost of N, assuming corn prices of USD 157 Mg−1 grain (USD 4 bushel−1) and fertilizer
prices of USD 0.88 kg−1 N fertilizer (USD 0.4 pound−1). The N rate differential from ONR
(dONR) was calculated as the difference between the applied N rate and the ONR.

The relationship between residual soil N and dONR was determined for each combina-
tion of drainage conditions and fertilizer application timings. Box-Cox transformations [25]
indicated the use of log-transformed soil N values as has also been done by others [26].
Critical in-season soil N was determined as the estimated soil N value to achieve grain yield
at ONR. Standard errors for the estimates were determined with the deltaMethod procedure
from the car package [27]. Critical in-season soil N value for different soil N measurements
(NO3

−-N or TIN) and sampling depths (0–30 or 0–60 cm) were calculated, and their utility
to predict grain yield was determined by comparing the AIC values. The soil N measure-
ment and sampling depth that provided the best trade-off between predictive power and
practicality for implementation in commercial fields was considered the best method.

The amount of grain yield loss caused by N deficiency in undrained soils was esti-
mated by comparing the grain yield at ONR in drained and undrained soils with the grain
yield that would be obtained in undrained soils if the ONR for drained soils was applied.
Profit margins were calculated as the difference between the income generated with corn
production and the cost of fertilizer application. For the SP fertilizer application timing,
USD 25 ha−1 was deducted from the margins to account for the cost of an additional field
operation to apply N fertilizer in season, using market costs during the study. Average
results for comparisons between drainage conditions considered all the 6 years of data, but
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average results between the fertilizer application timings considered only the 2015–2019
growing seasons that had both PL and SP response curves.

3. Results
3.1. Weather and Soil Conditions

The 2014 growing season was characterized by a dry summer with only 59 mm
of precipitation recorded between 21 June and 20 August, and irregularly distributed
precipitation with excessive precipitation at times, such as 153 mm between the 15 and 20
of June (Figure 1). Air temperature in 2014 was near normal during the entire growing
season, except for July when it was 2.1 ◦C below normal (Figure 2). The entire 2015 growing
season was characterized by near normal air temperatures and precipitation, except for
September when it was 3.5 ◦C above normal (Figure 2). Precipitation was well distributed
in 2015 and resulted in undrained soils with considerably greater soil WFPS than drained
soils during most of the season (Figure 1).
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The 2016 growing season had an average air temperature 0.1 to 2.2 ◦C above normal
and precipitation was 44 mm below normal in June (Figure 2). Soil WFPS in 2016 was
similar in drained and undrained soils and remained near FC during most of the summer,
indicating overall uniform distribution without excessive precipitation (Figure 1). In 2017,
soil WFPS was similar for drained and undrained soils at the start and end of the growing
season but was greater in undrained soils from the middle of June (around the time of SP
application) through August (Figure 1). Excessive precipitation events occurred in July,
with 120 mm recorded on 10 July and another 65 mm the following week, making soil
WFPS in undrained soils reach 92.4%, the highest of any year in the study (Figure 1). The
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monthly average air temperatures in 2017 ranged from 1.5 ◦C below normal in August to
2.5 ◦C above normal in September (Figure 2).
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The 2018 growing season had the warmest and wettest spring of the study. In May and
June, the monthly average air temperature was 3.9 and 2.3 ◦C above normal and precipi-
tation was 69 and 117 mm above normal, respectively (Figure 2). Excessive precipitation
in the spring was associated with soil WFPS above FC from 13 June (when WFPS data
started being collected) to 5 July in undrained soils (Figure 1). The WFPS in drained and
undrained soils was above FC in September, due to 114 mm above-normal precipitation
(Figure 1). The most important weather event in 2019 was a windstorm that caused severe
greensnap damage. Generally, corn with high N fertilizer rates in drained soil were affected
the most (average plant breakage of 33% for drained PL 224 kg N ha−1), while corn with
zero N fertilizer in undrained soil had the least damage (average plant breakage of 1.7%).
The 2019 season was wetter than normal in most months and temperatures ranged from
1.9 ◦C below normal to 2.8 ◦C above normal (Figure 2).

Soil temperature followed air temperature closely, but drained soils were 0.26 ◦C
cooler on average than undrained, with most of the difference occurring in July of 2014
and 2018 (Figure 2).

3.2. Grain Yield and Grain Nitrogen Recovery

The drainage conditions interacted with N application timing to affect grain yield in
four of the six years (2015, 2017, 2018, and 2019) (Figure 3). The largest grain yield response
to drainage was observed in 2018, which also had the warmest and wettest spring, with the
drained treatment producing 1.21 times more grain than the undrained for the PL timing
(13.4 vs. 11.1 Mg grain ha−1) (Figure 3). Within drainage conditions, fertilizer application
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timing affected grain yield only for drained soils in 2019, that had greensnap damage
during the summer and produced more grain with the SP treatments than with the PL
(12.4 vs. 11.1 Mg grain ha−1) (Figure 3). While not significant, the SP timing in undrained
soils tended to produce more grain yield than the PL (Figure 3). Averaged across years
and fertilizer application timings, the drained treatment produced 1.08 times more grain
than the undrained (12.8 vs. 11.9 Mg grain ha−1) (Figure 3). Grain yield variability in the
undrained treatment was 1.44 times greater than in the drained (coefficient of variation of
27 vs. 19%). Averaged across years, the PL-0 kg N ha−1 treatment (check plot) in drained
soils produced 1.18 times more grain than in undrained (8.5 vs. 7.2 Mg grain ha−1), but on
a yearly basis the difference was significant only in 2015 (Supplemental Figure S1).
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The results for NUPGrain+Stover were similar to grain yield, as the two variables were
highly correlated (r = 0.76, p < 0.01 for drained, and r = 0.89, p < 0.01 for undrained).
Drained soils had greater NUPGrain+Stover than undrained in four of the six years (2015,
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2017, 2018, and 2019) and there was no NUPGrain+Stover response to fertilizer application
timing, regardless of drainage condition (Figure 3). Averaged across years and fertilizer
application timings, drained soils had NUPGrain+Stover 1.12 times greater than undrained
(169 vs. 151 kg N ha−1). There were no significant differences in GNR related to drainage
conditions or fertilizer application timings, except for 2018 in undrained soils, where the SP
timing had greater GNR than the PL (0.40 vs. 0.27 kg kg−1) (Figure 3). While only a trend,
drained soils tended to have greater GNR than undrained, and the SP fertilizer application
timing in undrained soils tended to have greater GNR than the PL, especially in 2018 and
2019 (Figure 3).

3.3. Nitrogen Requirement

The optimal N rate in drained soils was equal to or lower than in undrained every
year except in 2014 for PL and in 2018 for SP (Table 3). Averaged across years and fertilizer
application timings, ONR in undrained soils was 1.20 times greater than in drained (193 vs.
160 kg N ha−1).

Table 3. Estimated optimal nitrogen rate (ONR), grain yield at ONR and at maximum return to N (MRTN) (University
guideline for N application), and profit margins as related to year, fertilizer application timing, and drainage conditions.

Year Timing 1

ONR Grain Yield at
ONR

Grain Yield at
MRTN Margin at ONR 2 Margin at MRTN

kg N ha−1 Mg grain ha−1 USD ha−1

D U D U D U D U D U

2014 PL 167 143 11.8 11.7 11.6 11.8 1706 1711 1694 1725

2015 PL 121 224 13.4 13.3 13.4 11.6 1997 1891 1976 1694

2016 PL 103 136 13.6 14.0 13.3 14.0 2045 2078 1961 2070

2017 PL 174 224 13.6 13.4 13.3 11.1 1982 1907 1961 1615

2018 PL 224 224 14.9 12.8 13.0 10.8 2142 1812 1913 1568

2019 PL 134 224 11.1 12.3 11.1 9.7 1625 1734 1615 1395

2014 SP - - - - - - - - - -

2015 SP 157 179 3 13.6 13.1 13.5 11.3 1972 1874 1967 1622

2016 SP 87 179 3 13.5 14.2 12.3 13.8 2018 2047 1779 2014

2017 SP 224 224 14.1 12.9 12.8 11.2 1992 1803 1857 1606

2018 SP 194 187 14.3 13.2 13.6 12.7 2049 1883 1983 1841

2019 SP 176 176 12.8 11.7 12.4 11.3 1830 1657 1794 1622
1 At-planting (PL) fertilization was done within 14 days of planting and split (SP) fertilization was 45 kg N ha−1 at planting and the
remainder at V6 to V8 development stage. 2 Profit margin at ONR is the income generated with the estimated yield (USD 157 Mg−1 grain)
at ONR minus the cost of nitrogen (USD 0.88 kg−1 N) at ONR. Similar calculations were used for the MRTN rate (145 kg N ha−1). Profit
margins for SP was reduced by USD 25 ha−1 to account for the additional cost to apply nitrogen in season. 3 Highest nitrogen rate applied
for SP in 2015 and 2016.

For the PL timing, grain yield in undrained soils was not optimized (i.e., the estimated
ONR was 224 kg N ha−1, the highest N rate applied) in four of the six years (2015, 2017,
2018, and 2019), while grain yield in drained soils was not optimized only in 2018, which
had the wettest and warmest spring (Table 3; Figures 1 and 2). For the SP timing, grain yield
in undrained soils was not optimized in three of the five years (2015, 2016, and 2017), and
in drained soils only in 2017 (Table 3). Averaged across years (2015–2019), compared to PL,
the SP timing required 17 kg N ha−1 more in drained (PL vs. SP was 151 vs. 168 kg N ha−1)
and 17 kg N ha−1 less in undrained (PL vs. SP was 206 vs. 189 kg N ha−1) (Table 3).

Grain yield at ONR in drained soils was greater than in undrained in four of the six
years for PL (2014, 2015, 2017, and 2018), and in four of the five years for SP (2015, 2017,
2018, and 2019) (Table 3). Averaged across years, grain yield at ONR in drained soils was



Agronomy 2021, 11, 2491 9 of 17

only 1.01 and 1.05 times greater than in undrained for PL and SP, respectively (13.1 vs. 12.9
and 13.7 vs. 13.0 Mg grain ha−1). Comparing the yield that would be obtained in undrained
soils if the ONR for drained soils was applied, it was estimated that N deficiency accounted
for 91 and 60% of the grain yield losses in undrained soils for the PL and SP timings,
respectively. The profit margin at ONR was most frequently greater for the PL application
timing than for the SP both in drained (2015, 2016, and 2018) and undrained soils (2015,
2016, 2017, and 2019) (Table 3). Grain yield and profit margin at MRTN [28] followed
a similar trend. Averaged across years and fertilizer application timings, compared to
undrained, drained soils produced USD 97 ha−1 greater profit margins at the ONR and
USD 176 ha−1 at the MRTN (Table 3).

In drained soils, for PL there was a positive linear relationship between ONR and the
amount of precipitation accumulated within 30 days of PL fertilizer application (Figure 4a),
and for SP there was a negative linear relationship between ONR and the amount of GDD
accumulated within 60 days of SP fertilizer application (Figure 4b). The ONR in undrained
soils, however, was not closely related to either weather parameter, regardless of fertilizer
application timing (Figure 4). There was also no relationship between grain yield at ONR
and precipitation or GDD, regardless of drainage conditions and fertilizer application
timing (data not shown).
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Figure 4. (a) Optimal nitrogen rate (ONR) for fertilizer applied entirely at planting (PL) (ONRPL) as related to cumulative
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for fertilizer split applied (SP) 45 kg N ha−1 at planting and the remainder of the rate at V6 to V8 (ONRSP) as related to
cumulative growing degree days (GDD) from the date of SP fertilizer application plus 60 days (GDDSP+60 days) from 2014
to 2019.

3.4. Residual Soil Nitrogen

Averaged across the years and drainage conditions, 65% of the residual TINFall was
NH4

+-N and 35% was NO3
−-N (Supplemental Figure S3). Similarly, 59% of the residual

TINNextSpring was NH4
+-N and 41% was NO3

−-N. About 50% of the residual TINFall and
TINNextSpring was in the top 0 to 30 cm, and the 30 to 60 and 60 to 90 cm depths contained
approximately 25% each. These proportions were consistent across most years and drainage
conditions (Supplemental Figure S3).

There was no drainage effect on residual TINFall in four of the six years (2014, 2017,
2018, and 2019) (Table 4). Averaged across the years and fertilizer application timings,
there was a trend for greater residual TINFall in drained than in undrained soils (90 vs.
84 kg N ha−1). There was no significant effect of fertilizer application timing on residual
TINFall except in 2016 in undrained soils, where the SP timing had residual TINFall 1.33
times greater than the PL (116 vs. 87 kg N ha−1) (Table 4). Averaged across the years
and drainage conditions, residual TINFall for SP was 1.07 times greater than for PL (90 vs.
84 kg N ha−1). Most of the N rate treatments (including the PL-0 kg N ha−1) did not produce
a significant difference in residual TINFall related to drainage condition (Supplemental
Figure S2). Treatment differences for residual TINDiff (i.e., TINFall minus TINNextSpring)
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were similar to those observed for TINFall (Table 4). While only trends, drained soils had
TINDiff 1.11 times greater than undrained (24.6 vs. 22.2 kg N ha−1), and the SP timing had
TINDiff 1.17 times greater than the PL (25.2 vs. 21.5 kg N ha−1) (Table 4).

Table 4. Residual total inorganic nitrogen (TIN (NO3
−-N plus NH4

+-N)) measured from 0 to 90 cm soil depth in the fall
(residual TINFall) and difference between residual TIN between fall and next spring (residual TINDiff) as related to year,
drainage condition, and fertilizer application timing. Means followed by the same letter are not different (p < 0.1) within
year and sampling time.

Year

Residual TINFall (kg N ha−1) Residual TINDiff (kg N ha−1)

Drained Undrained Drained Undrained

PL 1 SP 2 PL SP PL SP PL SP

2014 63a 58a 63a 52a 4a 3a 10a −10a

2015 105ab 110a 74c 79bc 35a 35a 39a 19a

2016 85b 101ab 87b 116a 23a 18a 13a 40a

2017 89a 98a 86a 95a 13a 19a 2a 21a

2018 88a 81a 82a 93a 28a 37a 32a 44a

2019 99a 98a 90a 93a 23a 27a 36a 49a

Mean 88a 91a 80a 88a 21a 23a 22a 27a
1 At-planting (PL) fertilizer application was done within 14 days of planting. 2 Split (SP) fertilizer applications were done by applying
45 kg N ha−1 at planting and the remainder of the rate at V6 to V8 development stage.

There was a positive exponential relationship between residual TINFall and dONR,
with similar intercepts and slopes for the different combinations of drainage conditions
and fertilizer application timings (Figure 5). Only the main effect for dONR was significant
(y = e(4.48 + 0.0015x); p < 0.01). Residual TINNextSpring had a weak positive relationship with
dONR, also only with a significant main effect for dONR (y = e(4.09 + 0.0007x); p < 0.01)
(Figure 5).
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3.5. In-Season Soil Nitrogen

Averaged across years and drainage conditions, 53% of the TINV6 was NH4
+-N and

47% was NO3
−-N. The 0 to 30 cm depth had 65% of the TINV6 and the 30 to 60 cm depth

had 35% (Supplemental Figure S4).
The in-season TINV6 measured at 0 to 60 cm soil depth resulted in negligible improve-

ments for the predictions of grain yield compared with NO3
−-N measured at 0 to 30 cm

(AIC, 103 vs. 104; RMSE, 1.7 vs. 1.7 Mg grain ha−1; and R2, 0.63 vs. 0.63) (data not shown).
Because of that, further analyses were done only for NO3

−-N measured at 0 to 30 cm,
hereafter referred to as soil N30V6. The drainage conditions affected the soil N30V6 only in
2018, with drained soils measuring 1.38 times more than undrained (11 vs. 8 kg NO3

−-N
ha−1; averaged across the PL-0 and PL-135 kg N ha−1 treatments, the only treatments
measured every growing season from 2014 to 2019) (Table 5).

Table 5. In-season soil NO3
−-N intensity measured at 0 to 30 cm soil depth at the V6 corn develop-

ment stage (soil N30V6) averaged across the PL-0 and PL-135 kg N ha−1 treatments (only treatments
that were measured for N30V6 every growing season), and soil N concentrations at the ONR (optimal
soil N30V6).

Year

Soil N30V6 Intensity Optimal Soil N30V6

kg N ha−1 mg kg−1

Drained Undrained Drained Undrained

2014 28a 1 34a - -
2015 56a 59a - -
2016 41a 49a - -
2017 37a 30a 23 (13.6) 2 25 (13.4)
2018 11a 8b 15 (14.9) 6 (12.8)
2019 20a 25a 17 (11.1) 18 (12.3)

Mean 28a 29a 18 (13.2) 16 (12.8)
1 Letters denote statistically different means within years. 2 Numbers in parenthesis indicate grain yield at ONR
(Mg grain ha−1) for the PL timing.

The optimal soil N30V6 to reach grain yield at ONR ranged from 15 to 23 mg kg−1

in drained soils (average of 18 mg kg−1), and from 6 to 25 mg kg−1 in undrained soils
(average of 16 mg kg−1) (Table 5). It is worth noting, however, that the estimates for the
optimal soil N30V6 to reach grain yield at ONR in undrained soils are conservative, as grain
yield was not maximized with the applied N rates during the 2017–2019 growing seasons.

4. Discussion

The lack of difference in grain yield due to drainage conditions in 2014 and 2016
(Figure 3) may be reflective of growing season conditions. The dry conditions during the
summer in 2014 were likely more yield limiting than the drainage conditions (Figure 1).
Others have also observed a lack of a grain yield response to artificial drainage with dry
weather conditions [29]. In 2016, the even distribution of precipitation resulted in soil
that was consistently moist (similar soil WFPS regardless of drainage) throughout the
growing season (Figure 1). The combination of a warm and wet spring in 2018 likely
compromised root development and increased the potential for denitrification losses in
undrained soils, leading to the greatest grain yield response to artificial drainage of the six
years (Figures 1–3). These results agree with [30] who associated a grain yield response to
artificial drainage with wet spring conditions.

While the results for individual years were weather-dependent, across the years the
overall trend of 8% (0.9 Mg grain ha−1) grain yield improvement in drained soils highlights
the value of artificial drainage in naturally poorly drained soils in the US Midwest. A
similar long-term trend for greater grain yield in drained soils was observed by [31], who
reported an average 7% grain yield improvement in drained soils (0.6 Mg grain ha−1)
relative to undrained over a 10-year period. These values contrast the 1.9 Mg grain ha−1
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grain yield improvements commonly reported by growers in south Minnesota due to
artificial drainage (Carlson, 2020 personal communication).

Undrained soils produced more variability in grain yield than drained soils (Figure 3).
Large within-field variation in grain yield and N requirement has long been documented
in undrained soils [32] and is not only challenging in financial planning for farmers but
also increases the risks of fertilizer misapplication and environmental degradation [33].
Compelling evidence that grain yield variability is related to soil moisture conditions was
noted for 2016, when the WFPS was similar in drained and undrained soils and remained
near or below FC during most of the growing season. The variability in grain yield was
low and similar in both drainage conditions in this year (Figures 1 and 3).

Grain yield at zero N is generally a robust indicator of mineralized soil N [34]. Com-
pared to undrained soil, drainage enhanced the crop N uptake as was evident by greater
grain yield and NUPGrain+Stover for the PL-0 kg N ha−1 treatment (Supplemental Figures S1
and S2). Related studies in this site showed more net N mineralization in the top 15 cm soil
depth [9] but greater loss through denitrification in undrained than drained soils for the PL-
0 kg N ha−1 treatment [8]. In addition, it is likely that compared to drained, the undrained
soils had less N mineralization below the 15 cm depth and restricted root development,
which reduced N uptake. This highlights the challenge to accurately estimate the season-
long soil N supply and the related implications for crop model-based N recommendations
that rely on these estimates to determine N fertilizer rates.

With the dry summer conditions of 2014, greater soil WFPS in undrained soils likely
contributed to reduce the ONR relative to drained soils by promoting more mineralization
of SOM and root development (Table 3; Figure 1). In fact, the N mineralization study con-
ducted by [9] in this study site found that undrained soils mineralized 13 to 125 kg N ha−1

more than drained in 2014. These results indicate that artificial drainage may be disadvan-
tageous for corn production in dry years like 2014. While this was beyond the objectives of
this study, a potential solution would be to use controlled drainage systems to retain water
in the soil profile during dry periods [35].

Nitrogen loss via denitrification increases with soil moisture, especially when soil
WFPS is greater than FC [36]. The 2015, 2017, 2018, and 2019 growing seasons had peri-
ods between May and July that resulted in soil WFPS greater than FC in undrained soils
(Figure 1). These wet soil conditions likely promoted denitrification losses that contributed
to the linear grain yield response to N rate for the PL timing in undrained soils (Table 3).
In fact, season-long N2O emissions measured at the study site in a related study showed
episodic increases in N2O flux that were closely associated with increases in soil mois-
ture, especially in undrained soils [8]. Denitrification losses were probably the largest
in undrained soils in the June of 2018 when soil WFPS was continuously above FC and
peaked at 82% (Figure 1). This could have resulted in substantial denitrification as shown
by an incubation study where at 80% WFPS denitrification was 10 times larger than when
WFPS was near FC [37]. Further evidence that soil N availability in undrained soils was
reduced because of excess soil moisture is that drained soils, with a lower soil WFPS in
those years (rarely exceeding FC), tended to produce lower ONR and greater grain yield
than undrained soils (Table 3; Figure 1).

In 2016, soil WFPS was similar in drained and undrained soils and remained near FC
during most of the growing season, which is optimal for mineralization of SOM [36]. This
resulted in the lowest ONR of this study for the PL timing on both drainage conditions and
similar profit margins in drained and undrained soils regardless of fertilizer application
timing (Table 3). This indicates that corn production in undrained soils can be as profitable
as in drained soils under favorable weather conditions.

Various US Midwest studies have indicated that excessive precipitation after PL
fertilizer application enhances early season N loss, while lack of precipitation after SP
makes N fertilizer positionally unavailable for crop uptake [38–40]. Similarly, weather
conditions in this study affected crop response to N fertilizer application timing. Near
normal precipitation during the spring in 2015, 2016, and 2017 tended to produce greater
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profit margins and lower ONR with the PL timing compared to the SP in drained soils
(Table 3; Figure 2). The 2018 growing season had wet conditions after PL fertilizer applica-
tion (207 mm of precipitation within 30 days) and dry conditions after SP (no considerable
amount of precipitation for 11 days) (Figure 1). Greater grain yield and profit margins
in drained soils with PL relative to SP in 2018, indicate that insufficient N supply during
rapid crop N uptake was more influential than the N losses that potentially occurred early
in the season with excessive precipitation. Only in 2019 was there greater grain yield and
profit margin with the SP than the PL timing in drained soils. This is likely a result of
the windstorm that caused disproportionately greater greensnap damage in PL subplots,
where plants were taller in the PL than SP. Weather conditions in undrained soils had less
effect on corn response to N application timing. Grain yield in undrained soils was not
maximized in four of the six years for the PL treatments, regardless of the varying yearly
weather conditions. For instance, grain yield was not maximized with the PL timing in
2018 under a warm and wet spring or in 2015 under season-long near normal precipitation.
These findings suggest that undrained soils are inherently more prone to early-season
denitrification losses, and SP timing may be more beneficial (Table 3; Figures 1 and 2).

Though analysis of the individual year’s weather and crop performance may be useful
to optimize management practices in retrospect, the accuracy of season-long weather
forecasts is low, rarely exceeding 50% for three-month precipitation outlooks [41]. This
uncertainty limits the ability of growers to preemptively adjust their management decisions
to consistently maximize input efficiency in response to weather conditions. It follows that
a more general probabilistic approach may be more practical. For drained soils, making
an SP application with most of the N applied around V6 to V8 increased the ONR on
average by 10.9% with a mere 0.7% improvement in profit margins relative to PL (Table 3).
These results agree with [42], who reported that there is usually no benefit for SP fertilizer
applications relative to a single PL in fine-textured soils in the US Midwest. In fact, the only
year that the SP timing produced substantially greater profit margins than PL in drained
soils was in 2019, when greensnap damage disproportionately affected the PL subplots.
Conversely, for undrained soils, the SP timing decreased the ONR by 8.4% with a slight
1.6% reduction in profit margins relative to PL (Table 3; Figure 1). It is worth noting that
the largest improvement in profit margins with PL relative to SP in undrained soils was in
2017, when there were excessive precipitation events soon after SP fertilizer application
and WFPS was substantially above FC in undrained soils (Table 3; Figure 1). Nonetheless,
SP fertilizer applications are overall better for undrained soils that are more likely to have
early-season denitrification N loss. In fact, a related study conducted at the study area in
2014 and 2015 showed a 34% reduction in denitrification losses with the SP timing relative
to the PL [8]. This difference in optimal timing for N fertilizer application represents an
opportunity for precision agriculture technologies to target N applications within a field,
based on soil drainage attributes.

Relative to undrained conditions, the overall lower ONR for drained soils (160 vs.
193 kg N ha−1) but similar grain yield at ONR (13.3 vs. 13.1 Mg grain ha−1) suggests that
the grain yield loss in undrained soils was related to N deficiency (Table 3). While it is
possible to maintain yield levels in undrained soils, regardless of the time of N application,
undrained compared to drained soils reduced N use efficiency since the N rates were 24%
greater for PL and 37% greater for SP. Using the Agricultural Production Systems Simulator
(APSIM) model, similar findings were reported where drained soils lowered ONR and had
a slight positive effect on grain yield relative to undrained soils [11].

The increase in fall residual TIN with N rate, especially above the ONR, is problem-
atic as this N is lost by the following spring, which had no differences in residual TIN
due to N rate (Figure 5). Other studies across the US Midwest have reported similar
results [43,44]. These findings highlight that the overapplication of N fertilizer is a lose-lose
situation as N above the ONR does not increase grain yield and promotes greater N losses.

While an absolute assessment of the effect of drainage conditions on environmental
losses of N is complex, measurements like NUPGrain+Stover, GNR, ONR, and residual TIN
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allow relative comparisons to be made. A trend for lower ONR and greater NUPGrain+Stover
and GNR in drained soils but similar residual TIN, regardless of drainage conditions, sug-
gests lower environmental losses of N in drained than in undrained soils (Table 4; Figure 3).
These results are unique because, to date, no long-term field study has been conducted to
compare the potential environmental impacts of corn production in drained and undrained
soils. While artificial drainage enhances NO3

−-N leaching [45,46], those losses are likely
smaller than the denitrification losses that occur in undrained soils. It is also possible that
greater soil N mineralization in drained soils decreases the N fertilizer requirement relative
to undrained soils [11], since soil N mineralization, rather than N fertilizer or N rate, is
the main source of N for crop uptake [47]. These findings highlight the potential benefits
of artificial drainage to decrease the total amount of N losses compared with undrained
systems. It is beyond the scope of this study to determine the sustainability of crop pro-
duction under different drainage conditions, but while artificial drainage may increase
downstream NO3

−-N losses, it also creates unique opportunities to reduce downstream
losses via riparian buffers, bioreactors, etc. [11]. In contrast, N losses in undrained soils are
less manageable as they are diffused across the entire field.

The effects of fertilizer application timing on the potential environmental losses
of N were less evident. While the PL and SP timings did not produce different GNR,
NUPGrain+Stover, or residual TIN within the drainage condition, the ONRs were largely
affected (Table 3; Figures 3 and 4). The ONR and environmental losses of N were lower with
the PL timing compared to the SP in drained soils while the opposite occurred in undrained
soils. These results, however, were weather dependent, especially for drained soils.

The negligible grain yield prediction improvement obtained with TINV6 measured at
0 to 60 cm soil depth compared with soil N30V6 was likely because NH4

+-N was present
in the soil at similar intensities at the different drainage conditions and N rate treatments
(Supplemental Figure S4). The low utility of NH4

+-N to improve grain yield predictions
may also be because of competition with soil microbes that can assimilate NH4

+-N more
efficiently than plants [48]. Other studies conducted across the US Midwest have also
reported no improvements in grain yield predictive power by including in-season NH4

+-
N [49,50]. In addition, including the 30 to 60 cm depth did not improve the predictive
power for grain yield because soil N was consistently uniform across treatment variables.

Although undrained soils required more N fertilizer to obtain the ONR, similar soil
N30V6 intensity and optimal soil N30V6 to reach grain yield at ONR, regardless of the
drainage conditions (Table 5), highlight that regardless of total soil N, the NO3

−-N pool is
small during active uptake by soil microbes and plants [48]. The fact that soil N30V6 is not a
reliable predictor for season-long N availability or grain yield and subsequently N fertilizer
requirement was further illustrated in 2018 where grain yield at ONR for drained soils was
greatest but had the lowest critical soil N30V6 (Table 5).

5. Conclusions

Although artificial drainage has been linked to greater risk for nitrate leaching and
surface water contamination, this study showed indirectly that drained soils may pro-
duce less total N loss to the environment than undrained soils. Overall, soil drainage
improved N use efficiency, reduced the amount of N fertilizer needed, and increased grain
yield relative to undrained soils, especially in wet and warm springs. Further, artificial
drainage stabilized productivity by reducing the grain yield variation both within and
across years, which is important for farmers’ risk management.

Soil N measurements are often used to determine N needs during the season or to
assess the effectiveness of N management after the growing season. Neither approach
showed value in this study as the drainage conditions and fertilizer application timing
did not affect residual TINFall in most years and in-season soil N information had little
utility to guide N fertilizer recommendations, regardless of drainage condition. However,
weather and soil drainage conditions influenced the crop response to N fertilizer rate
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and application timing, indicating that drainage conditions need to be considered when
making N management decisions.

Specific weather events after fertilizer application also influence outcomes but there is
little that can be done to accurately forecast weather. Therefore, farmers should explore
their options considering what the prevailing weather conditions are for their region. In
the region of this study, overall, the PL timing produces lower ONR and greater profit
margins than the SP in drained soils, but the SP timing is a better option in undrained
soils since it produces lower ONR and maintains similar profit margins. This is because
under the typical wet springs in the region, PL applications in undrained soils are more
susceptible to waterlogged conditions and denitrification. Precision agriculture tools that
allow for variable rate fertilizer application may be especially useful to guide SP fertilizer
application in fields with poorly drained conditions, as variability in crop N requirement
may increase considerably in those conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11122491/s1, Figure S1: Distribution of grain yield as related to nitrogen treatment
for drained and undrained conditions for different years. The nitrogen treatments consist of nitrogen
rate (from 0 to 224 kg N ha−1) and application timing (at planting (PL) or split (SP) 45 kg N ha−1 at
planting and the remainder of the rate at V6 to V8 stage). Numbers inside the boxplots indicate the
means. Black letters on top denote significant differences in grain yield (p < 0.1) between nitrogen
treatments within drainage conditions. Colored letters in the bottom denote significant differences in
grain yield (p < 0.1) between drainage conditions within nitrogen treatment. Figure S2: Grain and
stover (all above ground vegetative tissues) nitrogen uptake, and residual total inorganic nitrogen
(TIN [NO3

−-N plus NH4
+-N]) measured from 0 to 90 cm soil depth during the fall as related to

nitrogen fertilizer treatment and drained (D) and undrained (U) condition for the different years. The
nitrogen treatments consist of nitrogen rates (from 0 to 224 kg N ha−1) and application timings (at
planting (PL) or split (SP) 45 kg N ha−1 at planting and the remainder of the rate at V6 to V8 stage).
Different letters indicate difference (p < 0.1) within groups and measurement. Figure S3: Postharvest
soil nitrogen measured as nitrate or ammonium at the different soils depths in 30 cm increments as
related to nitrogen fertilizer treatment and drained (D) and undrained (U) conditions for the different
years. The nitrogen treatments consist of nitrogen rates (from 0 to 224 kg N ha−1) and application
timing (at planting (PL) or split (SP) 45 kg N ha−1 at planting and the remainder of the rate at V6 to
V8 stage). Different letters indicate difference (p < 0.1) within groups and measurement. Figure S4:
In-season soil nitrogen measured as nitrate or ammonium at 0 to 60 cm soil depth as related to
nitrogen fertilizer treatment and drained (D) and undrained (U) conditions in the different years. The
nitrogen treatments consist of nitrogen rates (from 0 to 224 kg N ha−1) and applied at planting (PL).
Different letters indicate difference (p < 0.1) within groups and measurement.
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