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Subsurface drainage is widely used to improve field trafficability and crop growth on poorly drained soils.
Although drainage causes or exacerbates some environmental challenges, drained croplands are among the most
productive in the world and there may be opportunities to better manage drainage for positive environmental
outcomes including improved nitrogen use efficiency. The objective of this study was to determine the effects of
drainage on cropping system N use. We hypothesized that drainage reduces the agronomic optimum N fertilizer
rate (AONR) while increasing grain yield thereby increasing agronomic efficiency (kg grain kg™ N at the AONR;
AE) and reducing N surplus (i.e., N inputs minus outputs). Using a site in southeast lowa, USA that included four
drainage treatments in both continuous maize and maize-soybean crop rotations with eight N rates (0-392 kg N
hal), maize grain yield was measured from 2016 to 2020. The four drainage systems included conventional
(1.2 m depth x 18 m spacing), shallow (0.76 m x 12.2 m), controlled (1.2 m x 18 m, with a water table control
structure), and a no drainage control. In addition, maize N uptake in the no drain and conventional depth systems
was measured from 2016 to 2018. No drainage produced the highest grain yields at the AONR (13.3 + 1.8 Mg ha
1), but also the highest AONR (243 + 155 kg N ha'l) and lowest AE at the AONR (73 + 37 kg grain kg‘l N);
moreover, no drainage was the most variable system from year-to-year over all metrics (mean CV 44% =+ 20%).
In contrast, controlled drainage had the greatest average AE at the AONR (85 + 28 kg grain kg! N) and the least
variability over nearly all metrics from year-to-year (mean CV 25% =+ 14%). Conventional drainage had
consistently higher maize grain N concentrations than no drainage across N rates, particularly in the continuous
maize rotation (6.9 + 2.8%) and a lower AONR in four of five years compared to no drainage. Within each
rotation at the economic optimum rate, no drainage had higher N surplus than conventional (45 and 19 kg N ha™!
and 137% and 72% higher for the continuous maize and the maize phase of maize-soybean rotations, respec-
tively). This study demonstrates that drainage reduces the amount and interannual variability of N fertilizer
requirements while also reducing interannual variability in yields. Better recognition, understanding, and
management of these effects can benefit both productivity and the environment.

Abbreviations: AONR, agronomic optimum nitrogen rate; AE, agronomic efficiency; EONR, economic optimum nitrogen rate; GNU, grain nitrogen uptake; MRTN,
maximum return to nitrogen; NRTN, net return to nitrogen; RE, recovery efficiency; TNU, total nitrogen uptake.
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1. Introduction

Agricultural drainage benefits crop growth and field trafficability on
approximately 22.7 Mha of United States cropland and > 150 Mha
globally (Valipour et al., 2020; Zulauf and Brown, 2019), and it could
benefit as much as 450 Mha additional undrained croplands globally
(FAO, 2001). Many studies have demonstrated higher grain yields in
drained over undrained fields (Cox et al., 1990; Sigunga et al., 2002;
Nelson et al., 2009; Helmers et al., 2012; Singh and Nelson, 2021).
Removal of excess water early in the growing season improves root
growth and increases leaf nitrogen, net photosynthesis, and yield
(Ebrahimi-Mollabashi et al., 2019; Herrera, 2013; Ordénez et al., 2018;
Schott et al., 2017a; Kaur et al., 2017). Improved field trafficability al-
lows for earlier planting dates, resulting in an extended growing season
and greater flexibility in crop varieties and field management (Kucharik,
2008; Seymour et al., 1992; Baum et al., 2019). However, drainage also
increases NO3 leaching below the root zone, resulting in nutrient
pollution of local and regional waters (David et al., 2010; Gilliam et al.,
1979; Skaggs and Gilliam, 1981). Indeed, drainage is a leading cause of
nutrient loading to the Gulf of Mexico (Goolsby et al., 1999; David et al.,
2010).

Yet not all changes to N dynamics in drained soils are undesirable
(Castellano et al., 2019). Drainage can reduce denitrification including
N0 emissions (Kumar et al., 2014; Butterbach-Bahl et al., 2013) and
reduce N fertilizer requirements through increased mineralization of soil
organic matter (Gill et al., 1995; Davis et al., 2000; Paiao et al., 2021,
Fernandez et al., 2017). The potential increase in NO3 loss due to
drainage may be small compared to the sum of decreased denitrification
losses and increased N mineralization inputs. Outputs of nitrate through
denitrification and leaching each range from 10 to 100 kg N ha! yr! (e.
g., Davis et al., 2000; Kladivko et al., 2004; Sela et al., 2016). However,
soil N mineralization inputs inorganic N can be > 200 kg N ha yr'! (and
gross N mineralization of much higher; Osterholz et al., 2017), which is
not a surprise because drained soils can contain > 10,000 kg N halin
soil organic matter (SOM, e.g., Russell et al., 2005; Poffenbarger et al.,
2020). In fact, N mineralization from SOM - rather than fertilizer — is the
largest direct source of crop N uptake regardless of fertilizer N input
(Stevens et al., 2005; Gardner and Drinkwater, 2009; Poffenbarger et al.,
2018; Yan et al., 2020). An increase in soil N mineralization could cause
a simultaneous increase in NOj3 leaching and decrease in N fertilizer
requirements. A portion of the increased soil N mineralization might be
lost as NO3, but another portion might be accessed by the crop thereby
reducing crop reliance on N fertilizer.

By increasing grain yield while decreasing N fertilizer requirements,
drainage has been hypothesized to increase N fertilizer use efficiency
(Castellano et al., 2019). Indeed, Paiao et al. (2021) demonstrated lower
optimum N fertilizer rates and higher grain yield in drained vs. un-
drained maize (Zea mays L.) systems in Minnesota, USA. Similarly,
across four long-term N fertilizer rate trials (Poffenbarger et al., 2017),
this study observed that in the long-term, average agronomic optimum N
rate (AONR) was negatively associated with depth to the water table
from estimates in USDA SSURGO. Another study with > 15 locations
confirmed the negative relationship between water table depth and
economic optimum N rate (EONR; Qin et al., 2018). These patterns
suggest poorly drained soils require more N fertilizer to optimize prof-
itability. Hence, drainage may also have the potential to reduce the
system’s N surplus (defined here as the difference between N fertilizer
input and harvested grain N content as output), which is desirable
because nitrogen applied beyond the rate required for optimum pro-
ductivity results in exponential increases in NO3 leaching and N»O
emissions (Lawlor et al., 2008; Shcherbak et al., 2014).

However, few studies have directly measured the agronomic or
economic optimum N fertilizer rate and indicators of N fertilizer use
efficiency under drainage (Paiao et al., 2021). As far as we know, no
study has done so across multiple drainage system designs. While there
have been improvements in N fertilizer use efficiency in the US and
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globally in recent decades, there are still substantial knowledge gaps to
fill and technological improvements to be made (Cassman and Dober-
mann, 2021). Drainage may offer a new pathway to enhance the ni-
trogen use efficiency (NUE), but there are many uncertainties. For
example, in a continuous maize cropping system, drainage increased
yield, aboveground biomass, harvest index, leaf N content, N uptake,
and agronomic and recovery efficiencies of N (Sigunga et al., 2002).
However, in a maize-soybean (Glycine max L.) rotation, Nelson et al.
(2009) found that drainage improved yield but had no effect on N up-
take. Weather is also known to be a confounding factor introducing
substantial year-to-year variability (Balkcom et al., 2003; van Es et al.,
2005).

Our objectives were to analyze the effects and implications of
drainage and crop rotation in three contexts: cropping system efficiency,
maize N use, and sustainability, which is considered here to include both
environmental and financial impacts. To address these objectives,
experimental data were used from southeast Iowa, USA with four
drainage treatments containing continuous maize and maize-soybean
rotations with eight different N fertilizer rates to maize. The maize
grain yield response to N was measured over five years, and, aiming to
better understand causes for variable AONR, this study also measured
plant traits over three years. This experimental design allowed a better
understanding of the effects of drainage on crop productivity and N use
efficiency. Based on a conceptual understanding of the effects of
drainage on soil N dynamics and plant growth, together with evidence in
the literature, we hypothesized that drainage reduces the agronomic
optimum N fertilizer rate while increasing grain yield thereby increasing
N recovery efficiency, economic return and reducing N surplus.

2. Materials and methods
2.1. Study site

The study site is located at the Iowa State University Southeast
Research Farm (SERF) in Crawfordsville, ITowa, USA (41.193251°,
—91.482956°). The field slope is less than 1% and contains two poorly
drained soil series: Taintor (silty clay loam, fine smectitic, mesic Vertic
Argiaquolls) and Kalona (silty clay loam, fine, smectitic, mesic Vertic
Endoaquolls). The climate is temperate continental with 30-year
average annual precipitation, minimum temperature, and maximum
temperature of 936 mm, 5 °C, and 16 °C, respectively (IEM 2021).

Weather data (precipitation and reference evapotranspiration) were
downloaded from the Iowa Environmental Mesonet with ISU Soil
Moisture Network daily data (IEM 2021) from a weather station within
0.5 miles from the site (41.1933°, —91.4838°). During the study years,
2016 had below-average precipitation at the beginning of the growing
season and above-average precipitation later in the summer; 2017 had
below-average rainfall for most of the year; 2018 had slightly
above-average total rainfall, though most of it fell in the second half of
the year; 2019 had substantial rainfall until the growing season but was
dry for most of the summer; and 2020 was fairly wet overall, only
lacking substantial moisture in August (Supplementary Fig. S1, IEM
2021). Over this five-year period, most rainfall at the site fell in spring
and summer, but was exceeded by evapotranspiration, resulting in a
water deficit during the summer (Fig. 1). Henceforth, a “dry year” is
defined as having a water deficit greater than 30 cm over the summer
(June 1 to August 31).

A map of the 17-ha site is provided in Supplementary Fig. S4. It in-
cludes eight plots ranging in size from 1.2 to 2.4 ha, divided into two
blocks of four randomly-ordered-drainage treatments, installed in 2006,
including: 1) Conventional drainage with 1.2 m drain depth and 18 m
drain spacing; 2) Controlled drainage with 1.2 m drain depth,18 m drain
spacing and a controlled-outlet structure opened fully before planting,
then closed to 0.76 m depth after planting; 3) Shallow drainage with
0.76 m drain depth and 12.2 m drain spacing; and 4) No Drainage.

Each plot contains two crop systems, including continuous maize and
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Fig. 1. Spring (March-May), summer (June — August), primary growing season (May-July), and fall (Sept-Nov) water balance, defined as the difference between

precipitation and potential evapotranspiration (see Supplementary Fig. S1).

a 2-year maize-soybean rotation, in a split-plot design with both phases
of the rotation present every year. Historically, N fertilizer was applied
annually the same on all plots at the recommended rate for southeast
lIowa for maize crops (NH3 applied in spring at 169 kg N ha! and
224 kg N ha'! for maize-soy and continuous maize, respectively; Schott
et al., 2017a). In 2016, for this experiment, plots were further divided
into a split-split plot design with eight urea-ammonium nitrate fertilizer
application rates of 0, 56, 112, 168, 224, 280, 336, and 392 kg N ha'!
(No, Nsg, Ni12, Nigg, Naog, Nago, Nags, and Naoy, respectively) applied
only to maize with the N treatments in fixed positions each year within
the field. While the highest N rates in this study would not realistically
be used by farmers, they are used here for research purposes to increase
the precision of the AONR calculation.

All maize plots were chisel plowed in fall and all plots were field
cultivated in spring. All drainage treatments were planted on the same
day each year due to logistical constraints; this is important because a
major benefit of artificial sub surface drainage is increased field traf-
ficability that allows earlier planting — a practice well known to increase
yield (Kucharik et al., 2008). See Supplementary Table S1 for planting
and cultivar data. Maize was harvested with a John Deere 9410 combine
with a Harvest Master yield measurement system. Grain harvest mois-
ture was adjusted to 15.5%.

Water table depth, nitrate-nitrogen (NO3-N loss, and drainage flow
rate were also measured for the whole plot for each drainage treatment.
Only 2016 and 2018 were available for water table depth, and all five
years (2016 through 2020) were available for most replicates for flow
rate and NO3-N measurements. It is important to note that each drainage
plot had a single measurement for each of these elements, and each plot
contains multiple crop rotations and N rates.

Soil fertility and pH were managed according to land grant univer-
sity recommendations (Mallarino et al., 2013). For additional details of
the study site, see Helmers et al. (2012) and Craft et al. (2018).

The study described herein included five years (2016-2020) of yield
data and three years (2016-2018) of maize plant trait data. As Poffen-
barger et al. (2017) demonstrated, therefore N rate for maize had no
impact on subsequent soybean grain yield, maize was the sole focus in
this study.

Maize grain yield was measured from 2016-2020 as the whole-plot
harvest from combine data from all drainage systems. Additionally, a
variety of maize plant physiological traits only in Conventional and No
Drainage plots were measured from 2016-2018 to better understand the
main determinants of NUE and AONR, and how drainage systems
affected yields and plant N use. Plants were sampled destructively in

1 m? plots and measured for dry biomass and C and N concentration
(Table 1; Archontoulis et al., 2020).

2.2. Calculations

Except where noted, all calculations and graphs were made using R
software (version 3.6.1, R Core Team, 2019).

This study used the eight N fertilizer rate treatments in continuous
maize and the maize phase of the maize-soybean rotation to calculate
the AONR, the agronomic efficiency (equation 1) and net return to N (2)
at the AONR, the N recovery efficiency (3), and N surplus (4).

The AONR was calculated by fitting quadratic plateau curves to grain
yield data at each N rate by year, rotation, and drainage treatment
(Supplementary Figs. S5 and S6) with the nls() function of the R easynls
package (Arnhold, 2017), together with the purrr package (Henry and
Wickham, 2020) of the tidyverse suite (Wickham et al., 2019). The purrr
package provided efficient iterative data handling with the map()
function to obtain start values for the quadratic plateau equations using
the base Im() function, and then with the nls() function for up to 1000
attempts towards convergence of the full model.

Agronomic efficiency (AE) scales the grain yield to the N rate and
was calculated as the quotient of grain yield at AONR (Yaonr) and the
AONR:

Table 1
List of maize plant traits measured or calculated in this study.

Maize plant physiological Abbrev.  Units Determination

measurementsMaize plant

trait

Grain Yield Y Mg ha' Dry grain weight at 15.5%
moisture, measured whole-
plot by harvest combine
data

Biomass BIO g m? Weight of dried stem
+ dried ear

Grain N Concentration GNC g100g?  Weight of N per weight of
grain

Grain N Uptake GNU kg N ha! Dry grain weight * GNC

Total N Uptake TNU kgNha! N content of stover + GNU

Yield per N Uptake Y2NU kg grain Y/TNU

kg' N
Biomass per N Uptake B2NU kg plant BIO/TNU
kg' N
Harvest Index HI unitless Y/BIO
N Harvest Index NHI unitless GNU/TNU
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AE (kg grain kg”' N) = Y,ong / AONR

Because AE is linearly correlated with a common NUE calculation
((Yaonr-Yno)/AONR, where Yy is grain yield at N, Supplementary Fig.
S7), only AE was included in this study.

Net return to N (NRTN) estimates the additional income from a crop
fertilized at a given N rate versus no N applied at all, taking the cost of
fertilizer into account. It was calculated as the price of the grain yield
increase at Yaongr over Yyo minus an estimated cost of N fertilizer based
on a fertilizer:grain price ratio of 0.1 (e.g., $4 per 0.0254 Mg maize
which is equal to $4 per bushel of maize).

NRTN ($ ha™) = (Yaong — Yao) * $4-00/0-0254 Mg maize) — (AONR/1000 kg/
Mg * $0-40/0-00045 Mg N)

To include an additional economic perspective, the maximum return
to N (MRTN) and EONR were also considered in this study. MRTN is the
point where NRTN is greatest across the spectrum of N rates. It typically
represents NRTN at approximately 97-99% of maximum grain yield
(Sawyer et al., 2006). To determine the MRTN, NRTN was calculated in
1 kg N ha! increments over the grain yield-to-N response curve for each
year and drainage treatment, then the max() function was applied. The
EONR is the N rate at the MRTN.

Recovery efficiency (RE, or N fertilizer efficiency) is the proportion
of fertilizer N taken up by the whole plant at a given N application rate
(Ny). It was calculated as the difference between the total N uptake
(TNU) at each Nx and the Ny treatment, divided by the N applied at Nx:

REyx = (TNU at Ny — TNU at Ny) / Nx

RE was also estimated at the AONR for each system by fitting
quadratic plateau models to the response curves of RE to N fertilizer rate
and extracting the predicted value at the AONR.

Nitrogen surplus (N input — N output) was calculated as an indicator
of the environmental sustainability of each N rate. In this study, it was
calculated on a grain-only basis as the N application rate (input) minus
maize grain N uptake (GNU; output) at each N rate:

N surplus (kg ha™') = Ny — GNU

Because grain N concentration (used to calculate GNU) varied by
only 0.05% within each drainage x rotation combination, measured
values for 2016-2018 were averaged and substituted in 2019 and 2020
for measurements to provide a full five-year N surplus dataset.

To incorporate an additional indicator of the financial sustainability
of each system, the N surplus was also calculated at the EONR by fitting
polynomial models to the N surplus at each N rate and extracting the
predicted value at the EONR.

To estimate the interannual variability for each metric above, the
coefficient of variation (CV) was computed as the standard deviation
divided by the mean value.

2.3. Maize plant physiological measurements

Maize plant trait details and calculations are in Table 1. Values of
each trait at the AONR ([plant trait]aonr) were determined by first
fitting curves for each trait at every N rate for each year, then extracting
its value at the AONR for that year and system from the model’s fitted
values.

2.4. Statistical analysis

Statistical analysis of AONR (the log of) and Yaonr Was performed in
R and considered significant at p < 0.1. Linear mixed effects models
were fitted with the nlme package (Bates et al., 2022). Drainage, rota-
tion, year, annual mean water table depth, and annual cumulative
NOs-N were fixed effects, while block and block by drainage were
random effects. As there were only two years available of usable water
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table depth data, the full model was limited to 2016 and 2018 years
only.

Differences between Conventional and No Drainage treatments for
all plant traits were calculated in R as the percent change from the No
Drainage value with this generic function:

((Drained value — Undrained value) | Undrained value) * 100

Paired t-tests using the t.test() function in R were performed for crop
traits between Conventional and No Drainage for each crop rotation
separately as well as combined.

Plant traits were also compared between Conventional and No
Drainage treatments using MATLAB R2020a (MATLAB 2020) for the
purpose of analyzing trend slope differences. Data for each trait from
each drainage treatment were plotted in 1:1 correlation graphs. A
regression line was fitted to the plotted data using the fitlm() function
and then the 95% confidence interval was determined with coefCI(). If
the confidence interval included 1, then that slope was not significantly
different from the 1:1 line. The same data were plotted again identically
but separate regressions were run for each crop rotation to determine if
there was a significant difference in trend between Conventional and No
Drainage treatments by rotation. In this case, after fitlm() was run for
each rotation, the difference between each rotation’s slope was calcu-
lated and the slope of the difference values was determined with fitlm().
If the slope of the difference values was not significantly different from
0, then the slopes of the separate crop rotations were not significantly
different from each other.

3. Results
3.1. Drainage system performance

Annual average water table depths were lowest for Conventional
drainge, followed by Controlled, Shallow, and No Drainage (Supple-
mentary Fig. S2), which reflected the overall average flow rates of each
drainage treatment of 0.6, 0.25, and 0.18 mm-day for Conventional,
Controlled, and Shallow, respectively (see also Supplementary fig. S11)
over the five-year study period. This resulted in total cumulative NO3-N
losses of 98.91, 30.54, and 31.51 kg N ha’! for Conventional, Controlled,
and Shallow, respectively (Supplementary Fig. S3).

Given that each drainage plot had a single measurement for each of
these elements, and each plot contains multiple crop rotations and N
rates, the interaction of N rates, crop rotaions, and drainage could result
in differing crop transpiration levels, potentially affection these data.

3.2. Cropping system NUE indicators

On average over all years and crop rotations, Controlled Drainage
had the highest AEponr, Which was 18% higher than the lowest, No
Drainage (86 vs. 73 kg grain kg N). Controlled Drainage also had the
lowest AONR, which was 39% lower than the highest, which again was
No Drainage (151 vs. 243 kg N ha'!). No Drainage had the highest Yaoxr
but it was only 7.3% higher than the system with the lowest Yaonr
(Controlled Drainage) despite applying 39% more N fertilizer to achieve
that yield (13.2 Mg ha! vs. 12.3 Mg ha'). Mean annual NRTN was
greatest in No Drainage systems and lowest in Conventional drainage
($917 ha! vs. $782) but was only $12 ha'l greater than Controlled
Drainage. The year-to-year variability in NRTN was also greatest in the
No Drainage systems. In fact, across both rotations, No Drainage had the
highest interannual variability in every metric but one (NRTN; Table 2,
Fig. 2), while, on average across all metrics, Controlled Drainage had the
lowest.

Specifically comparing Conventional and No Drainage, the AONR in
No Drainage was 33% greater than in Conventional Drainage (mean 243
vs 183 kg N ha'! for No Drainage and Conventional, respectively, over
all years and rotations), but the greater N input produced only 5% higher
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Table 2
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The agronomic optimum nitrogen rate (AONR), yield at the AONR (Yaonr) and zero N (Yyo), agronomic efficiency (AE), and net return to nitrogen (NRTN) for each
year, drainage system and crop rotation. Bold values indicate the best performing system within each year and crop rotation. “Best” value is relative to each indicator
(lowest AONR, highest yield, etc.) and not indicative of any significant difference. Cont = Controlled, Conv = Conventional, Shal = Shallow, No Dr = No Drainage.

Continuous Maize

Maize-Soybean

Year No Dr Cont Conv Shal Mean No Dr Cont Conv Shal Mean
AONR 2016 79 79 75 135 92 103 120 125 108 114
(kg ha™) 2017 235 129 210 128 176 472 136 341 106 194
2018 154 191 188 382 229 199 182 178 189 187
2019 556 179 217 199 241 186 162 167 223 192
2020 266 163 165 225 218 177 166 157 200 175
Mean 258 148 171 214 207 227 153 194 165 186
Ccv 0.70 0.30 0.34 0.48 0.50 0.62 0.16 0.44 0.33 0.40
YaoNR 2016 10.9 10.5 10.6 10.7 10.7 13.1 12.9 13.1 12.8 13.0
(Mg hal) 2017 15.1 13.5 13.9 14.1 14.2 16.1 14.2 14.4 14.6 14.8
2018 11.2 10.0 10.1 10.7 10.5 15 14.1 14.6 14.8 14.6
2019 12.3 10.9 11.2 11.4 11.9 12 12.4 12.3 12.4 12.3
2020 12.6 11.5 12.1 10.9 11.8 14.2 13.5 13.9 13.9 13.9
Mean 12.4 11.3 11.6 11.6 11.8 14.1 13.4 13.7 13.7 13.8
Ccv 0.13 0.12 0.13 0.13 0.13 0.11 0.06 0.07 0.08 0.08
Yno 2016 4.1 5.0 4.7 4.9 4.7 6.7 6.4 7.7 6.4 6.8
(Mg ha™) 2017 6.9 6.5 6.1 8.8 7.1 11.4 9.3 10.9 9.3 10.2
2018 2.9 4.8 4.1 5.2 4.3 5.8 6.1 6.9 6.6 6.4
2019 8.2 5.4 7.2 6 6.7 6.9 6.8 7.9 7.9 7.6
2020 3.4 2.5 3.1 3.3 3.5 4.2 5.4 6.5 5.2 5.3
Mean 5.1 4.8 5.0 5.6 5.2 7.0 6.8 8.0 7.1 7.3
cv 0.46 0.30 0.32 0.36 0.34 0.38 0.22 0.22 0.22 0.26
AE 2016 139 127 147 81 123 126 108 104 120 115
at AONR 2017 64 101 67 109 86 34 103 41 142 80
(kg grain kg N) 2018 71 52 53 29 52 75 77 84 79 78
2019 22 61 51 55 43 65 74 72 54 66
2020 49 74 73 49 58 79 84 89 70 80
Mean 69 83 78 65 72 76 89 78 93 84
Ccv 0.63 0.37 0.51 0.48 0.53 0.44 0.17 0.30 0.39 0.33
NRTN 2016 1030 716 877 824 862 852 994 676 1005 870
at AONR 2017 1050 829 1072 673 957 369 666 171 849 490
($hal) 2018 1121 617 777 606 781 1239 1097 1100 1091 1136
2019 138 785 437 610 535 622 643 481 432 573
2020 1337 1428 1269 1059 1116 1415 1268 962 1238 1189
Mean 935 875 886 754 850 899 934 678 923 852
cv 0.49 0.36 0.35 0.25 0.31 0.48 0.29 0.55 0.33 0.39
* Calculated AONR value is higher than the maximum N rate.
Drainage AONR in four of five years by 469 kg N hal (mean of 117 kg N
Continuous Maize Maize-Soybean 1.1 . . s
AONR S e o o ! ha™ yr), whereas No Drainage was less than Conventional in one year
YAONR - ' ® ~; (2018) by 34kgN ha'l, for a net difference of 435 kg N ha?l (mean
C YNO .Q: .:. . = 109 kg N ha! yr'!) over five years (Table 2). Likewise in maize-soybean,
° . R 1 -
% AE ~4 o o E the No Drainage treatment’s AONR was 191 kg N ha 148 kg Nha 1 yr B)
£ NRTN o oi ° E‘ more over four years and was less in 2016 by 22 kg N hal, for a net
é S X . difference of 169 kg N ha! (mean 42 kg N ha* yr'!).
( ops . il
k3] Yig:i | % S . O. E There were additional notable differences within and between crop
[ ) . . .
(% YNO s ? .. ! o systems (Fig. 2, Table 2). Overall, the maize-soybean rotation had lower
[ J ' ' . . . . e} .
AE A . ! . < AONR and higher yields, and AE with lower variability than continuous
[ [ ] . . .
NRTN L _ E — E . maize across drainage systems. Among drainage treatments, Controlled
075 050 025 000 035075 050 025 060 025 Drainage performed similarly to Conventional Drainage in continuous
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Fig. 2. System performance indicator values as a fraction of the No Drainage
value (Eq. 5), averaged over the five years. Vertical dashed lines denote the No
Drainage value baseline. Points to the left of the dashed lines indicate smaller
values for those drainage systems than No Drainage. Points are "jittered"
vertically to improve visibility of overlapped dots. AE=Agronomic Efficiency;
AONR=Agronomic Optimum Nitrogen Rate; NRTN=Net Return to N;
YAONR=Grain yield at AONR; YNO =Grain yield at O N; CV=coefficient
of variation.

mean annual grain yield at the AONR (13.3 vs. 12.7 Mg grain hal). Asa
result of these differences, Conventional Drainage systems had 8%
higher AEsonr than No Drainage (78 vs. 73 kg grain kg ! N fertilizer).
Additionally, in continuous maize, No Drainage exceeded Conventional

maize but with 6-27% lower interannual variability in all metrics except
NRTN, and 20% higher AE;ong than No Drainage. In the maize-soybean
rotation, Controlled Drainage had the lowest interannual variability of
any drainage system in the study in all metrics (40-61% less than No
Drainage), but its performance was more comparable to Shallow
Drainage, both with greater AExong (17% and 22% for Controlled and
Shallow Drainage, respectively) and similar Yaong compared to No
Drainage (—5% and —3% for Controlled and Shallow Drainage,
respectively). While Shallow Drainage had mostly poor overall perfor-
mance compared to Conventional in continuous maize, Shallow
Drainage performed better than Conventional in several metrics in the
maize-soybean rotation including AONR, AEsonr, and NRTN (—15%,
19%, and 36%, respectively).

The full-model ANOVA test on the log of AONR showed significant
effects of year, NO3-N loss, and the interactions of drainage x rotation
and rotation x year. Although drainage alone was not significant, it is
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notable that there is strong evidence (p < 0.001) of an effect of drainage
type on NO3-N loss. The full model ANOVA test on Yaonr found only
rotation as significant (p < 0.05). It is important to note that with only
two replicates, the chances of a Type II error in either ANOVA test are
high. The ANOVA results confirm the complexity of the system and the
limitations that low replication and high variability have on statistical
confirmation of effects.

3.3. Maize plant traits

Plants were only sampled in Conventional and No Drainage systems
for three of the five study years (2016-2018). Paired t-tests comparing
crop traits across N rates produced a range of evidence of differences
between drainage treatments and crop rotations (Table 3). Due to the
discussed lack of statistical power in this study and the well-known
controversial nature of the p-value (Wasserstein and Lazar, 2016), the
results here are instead presented as a gradient of evidence, rather than a
binary (significant/not significant) result (Muff et al., 2022). The
strongest evidence of an effect of drainage over all N rates is seen in
yield, biomass, and grain N concentration. There is moderate evidence
also seen in yield to N uptake and biomass to N uptake. There appears to
be weak to no effect of drainage on the remaining crop traits. Notably,
there was almost no evidence that drainage affected crop traits in the
maize-soy rotation in general beyond yield and biomass.

Additionally, correlation (1:1) graphs were constructed to compare
values of plant traits in Conventional and No Drainage at corresponding
N rates, and the paired points were modeled with linear regression to
evaluate any significant trend away from the 1:1 line or difference be-
tween rotations (Fig. 3). Yield had a significant difference in slope be-
tween rotations, with continuous maize trending higher yield in No
Drainage than Conventional at most N rates, (see also Supplementary
Fig. S9), whereas maize-soybean yield was stronger than continuous
maize in Conventional at low N rates. Biomass and grain N uptake also
had significant but insubstantial differences between rotations. Four
traits had trend lines with significantly different slopes from the 1:1 line:
total N uptake, grain N concentration, yield:N uptake and biomass:N
uptake. In all cases, the slopes were less than 1, indicating lower values
of each trait trended higher in No Drainage, with higher values of the
traits trending higher in Conventional. No significant trends were
detected in the harvest index or nitrogen harvest index, indicating that
drainage and crop rotation had no effect across N rates.

Seven of nine crop traits had higher values in the No Drainage system
at the AONR (all but grain N concentration and total N uptake in
continuous maize; Fig. 3). Grain N concentration in continuous maize is
also the only plant trait with the highest values in Conventional
Drainage at nearly all N rates.

Differences in trait values between Conventional and No Drainage

Table 3
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were more pronounced in the continuous maize rotation (Supplemen-
tary Fig. S8 A-C) than maize-soybean (Supplementary Fig. S8 D-F).
Differences across N rates ranged from — 22% to 30% in continuous
maize and — 18% to 18 % in maize-soybean, with negative differences
indicating higher values in No Drainage. However, the differences be-
tween Conventional and No Drainage were small at the AONR of each
system, indicating similar performance at the AONR in both drainage
treatments (see also Fig. 3).

Plant N RE showed an inverse relationship with N rate, with higher N
uptake efficiency at lower N rates and efficiency decreasing with
increasing N applied (Fig. 4). In two of the three years, RE at the AONR
was higher in continuous maize than the maize-soybean rotation.
Although higher RE was demonstrated in Conventional than No
Drainage in five of the six rotation x year scenarios, the improvement
was small (2-12 % and 3-16 % in continuous maize and maize-soy,
respectively).

3.4. Cropping systems sustainability

To include both environmental and financial aspects of sustainabil-
ity, the N surplus was plotted for Conventional and No Drainage in each
rotation and the point of EONR calculated. There were substantial dif-
ferences in N surplus at the EONR values in each drainage x rotation
system (Fig. 5). Within each rotation at the EONR, No Drainage had
higher N surplus than Conventional: for the continuous maize and
maize-soybean rotations, (45 and 19kgN hal, respectively). In
continuous maize, the N surplus in No Drainage was over double that in
the Conventional (79 and 34 kg N ha™l, respectively, while the Con-
ventional and No Drainage mean five-year EONR values (Supplementary
Table S2) were less than (—70 and —22 kg N ha'l, respectively) the
southeast Iowa land grant university-calculated EONR (SEIA_EONR;
225kg N ha'l; ISU 2021) and resulted in less N surplus (—62 and
—-18kgN ha’l, respectively) than if N had been applied at the
SEIA_EONR. In maize-soybean, Conventional and No Drainage N sur-
pluses were 25 and 44 kg N ha™', respectively, while the Conventional
Drainage five-year mean EONR was 7 kg N ha™! less than the SEIA_EONR
(171 kg N ha'l; ISU 2021) and resulted in 6 kg N ha'! less N surplus.
However, No Drainage mean EONR was 20 kg N hal more than the
SEIA_EONR and would have resulted in 17 kg N ha more N surplus.

At each specific N rate, there was very little effect of drainage on the
N surplus within each rotation but there were differences between ro-
tations. Nitrogen surplus in the continuous maize rotation was 23 kg N
hal greater than maize-soybean on average over all N rates. In contin-
uous maize, Ny and N5 resulted in a negative N surplus (—52 to —4 kg N
ha) in both drainage systems, while N2 through N3gz resulted in near-
linear increasing surplus (6-285 kg N hal). In the maize-soybean rota-
tions, Ny, Nse, and Ny resulted in near-zero or negative N surplus (—98

Strength of evidence (Muff et al., 2022), based on p-values from paired t-tests, that there are significant differences between Conventional and No Drainage treatments

among tested crop traits.

Continuous
Crop Trait Maize Maize-Soy Combined
Yield <0.001 <0.01 <0.00001 Evidence
Biomass <0.01 (0] < 0.001 None
Total N Uptake 0.6 0.6 0.9 Little
Grain N Uptake 0.8 0.7 0.9 Weak
Grain N Concentration 0.3 Moderate
Yield to N Uptake 0.01 0.4 0.02 Strong
Biomass to N Uptake 0.03 0.7 0.07 Very Strong
Harvest Index 0.5 0.3 0.2

N Harvest Index 0.4 0.9 0.5
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Fig. 3. Three-year (2016-2018) plant trait comparisons between drainage treatments by crop rotation. Calculated values at AONR are added as yellow and green
dots. Asterisk after title indicates a significant difference in the mean regression line (solid black) from the 1:1 line (dotted grey). Significant differences found
between crop rotations are displayed as separate regression lines. Superscript “s” in Y graph title indicates the maize-soybean regression (only) is also significantly
different from the 1:1 line. Though rotations in BIO and GNU are significantly different from each other, neither is significantly different from the 1:1 line. BIO-
=Biomass; TNU=Total N Uptake; GNU=Grain N Uptake; GNC=Grain N Concentration; Y2NU=Grain yield To N Uptake ratio; B2NU=Biomass To N Uptake ratio; PT-

AONR=Plant Trait value at grain yield-based AONR.

tolkgN ha™!) between both drainage systems, while Njgg through N3gs
resulted in near-linear surpluses (26-256 kg N hal).

With N fertilizer at a price of $0.88 kgl N, a difference of 49 and
19 kg N ha! between Conventional and No Drainage treatments at op-
timum N fertilization rates in continuous maize and maize-soybean ro-
tations equates to $43 and $17 ha!, respectively. The maximum N
surplus observed in this study from applying at N3gs in continuous maize
and maize-soybean (285 and 256 kg N hal) equates to $251 and
$225 ha'l, respectively, unused by the crop.

4. Discussion

Our results agree with others who found that weather year was one
of the greatest influences on yield and N-related processes (Balkcom
et al., 2003; van Es et al., 2005; Puntel et al., 2019; Paiao et al., 2021).
High soil moisture is known to increase N losses. van Es et al. (2005)
found that seasonal differences affected maize N response more than soil
texture and drainage system, requiring higher N rates on finer-textured
soils after a wetter-than-normal spring. While this could explain high
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Fig. 5. Five-year mean grain-based N surplus. “X” denotes the mean N surplus
at the five-year mean EONR. The vertical lines denote the regional EONR for
southeast ITowa for comparison: 171 and 225kgN ha' for maize-soybean
(dashed line) and continuous maize (dotted line) rotations, respectively (ISU
2021). Conv=Conventional Drainage, NoDr=No Drainage, CM=Continuous
Maize, MS=Maize-Soybean.

AONR in continuous maize in 2019 and 2020 (Table 2, see also Sup-
plementary Figs. S5 and S6), AONR in maize-soybean was not particu-
larly high in those years. Paiao et al. (2021) found a positive linear
relationship between EONR in drained soils and cumulative precipita-
tion 30 days before fertilization, though undrained soils were insensitive
to this factor.

In this study, dry conditions had a substantial impact on N use. It
increased not only N surplus and the AONR, for example, but also the
variability of multiple metrics. Excluding the 2017 and 2019 dry years
from the calculations reduced N surplus by 67% and 64% in Conven-
tional and No Drainage, respectively. Additionally, the total AONR
range in Table 2 drops from 481 to 307 and from 369 to 97 kg N ha™! in
continuous maize and maize-soybean, respectively, when the two dry
years are excluded.

The highest annual mean AONR values over all drainage systems in

the maize-soybean rotation were in the two driest summers (2017 and
2019), although the highest mean AONR values in the continuous maize
rotation were in 2018 and 2019. Drainage is known to increase soil N
mineralization (Davis et al., 2000) and to allow roots to expand deeper
into the soil profile and use a greater volume of the soil resource (Davis,
2000; Ordonez et al., 2018, Nichols et al., 2019). Both factors reduce the
need for added N, which may explain Conventional Drainage’s lower
AONR in most cases. Additionally, low soil moisture limits the move-
ment of N and other nutrients in general throughout the soil matrix due
to decreased hydraulic conductivity and highly tortuous or broken flow
paths, as well as lower velocity gradients due to water being constrained
to smaller pore sizes (Lal and Shukla, 2004). With these constraints on N
transport to roots, dry soils can require more N fertilizer for optimum
plant growth.

Puntel et al. (2019) found that the number of days with more than
20 mm of rain between planting and silking explained nearly 50% of the
variability of EONR. Their lowest EONR rates were in years with a high
frequency of low rain events and low frequency of high rain events (>
20 mm) during plant growth. In 2016, the lowest AONR year in this
study, there was only one day of rain > 20 mm and 27 days of lower
rainfall from planting to silking (Supplementary Fig. S10) for 243 mm
total rainfall. In 2019, the highest AONR year overall, there were only
two days > 20 mm and 26 days of lower amounts — very similar to 2016
— though with 146 mm total rainfall. These two years highlight the
additional importance of the timing of rain events. In 2016, there were
three days of rain > 20 mm and 38 days of lower rainfall March through
June (271 mm total), supporting a lower N application rate. In July and
August, there were 5 rain events > 20 mm and 22 with lower (332 mm
total), substantially reducing the moisture deficit during the critical
reproductive stage and supporting higher yield. A regularly moist — but
not wet — spring and ample rainfall mid-summer resulted in very low
AONR. In 2019, there were 7 days of rain > 20 mm and 52 days of lower
rainfall March through June (503 mm total), but only one day with
> 20 mm rain and 20 days of lower rainfall (95 mm total) over July and
August. A very wet spring facilitated N leaching (Supplementary Figs. S3
and S10). Then all plots were replanted mid-June and fertilizer applied
late June, just at the start of a dry summer when yields are potentially
reduced by 1.2% for each day of water stress during the grain filling
stage (Eck, 1984), resulting in very high AONR.

Poffenbarger et al. (2017) calculated the long-term (2000-2015)
mean AONR for another drained field at the same site as this study to be
209kg N hal for maize-soybean with a substantially higher rate
(>269 kg N ha'l) for continuous maize. Puntel et al. (2019) found EONR
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to be higher for continuous maize than maize-soybean due to higher net
mineralization of soil organic matter in maize-soybean. The higher
mineralization therefore explains the lower recovery efficiency in
maize-soybean systems compared to continuous maize (Fig. 4). This
study’s five-year AONR means for Conventional drainage were sub-
stantially lower in both rotations but were higher in maize-soybean than
continuous maize (194 vs. 171 kg N hal). However, the inversion of
values between rotations as compared to Poffenbarger et al. (2017) is
due to one very dry year (2017), when the AONR was 62% higher in
maize-soybean than continuous maize, as the maize-soybean mean
would be 157 kg N ha! without it. The 2017 crop year had the greatest
water deficit, and the mulching effect of corn residue may have miti-
gated the negative effect of this on soil organic matter mineralization
(Power et al., 1986).

Drainage caused large reductions in the AONR and year-to-year
variability in the AONR and grain yield. Although No Drainage ach-
ieved the highest yields at the AONR, it also required substantially more
N fertilizer to achieve those yields. Because of this, No Drainage was the
least efficient system (lowest AEsongr) in the study except for Shallow
Drainage in continuous corn. Moreover, the No Drainage system was
consistently the most variable system across all metrics.

Fig. 3 and Supplementary Fig. S9 illustrate the surprising finding that
yield at most N rates was greater in No Drainage than Conventional
given equal amounts of fertilizer and same-day planting. Only when no
fertilizer was applied was yield higher in Conventional. Although 2017
and 2019 were considered dry years, they were the two most productive
in terms of yield. With demonstrated higher water tables in Shallow and
No Drainage (Supplementary Fig. S2, Schott et al., 2017b), the crops
were likely more N-limited than water-limited, resulting in nearly the
highest yield at AONR in both 2017 and 2019 in both crop rotations as
well as the highest AONR.

Higher AEsong in the drained systems indicated a greater effect of
each kg of N applied on kg of grain harvested. Nevertheless, the greater
efficiency did not translate into higher profits (i.e., NRTN). In almost all
years and treatments, No Drainage had the greatest NRTN. However, the
extreme cost of N fertilizer inputs required to achieve that NRTN and the
extreme year-to-year variability in No Drainage almost certainly makes
the application of such high N fertilizer inputs too risky. Indeed, farmer
surveys rarely identify such high N fertilizer inputs (INRS 2022).
Although this study’s results were consistent with past findings that
undrained fields have higher interannual variability than drained fields
(Schwab et al., 1975, 1985), the higher NRTN in No Drainage was a
surprise and it is important to note that the ability of drainage to allow
for an earlier planting date, which is one of the greatest effects on crop
yield (Kucharik, 2008), was not accounted for in this experimental
design. Hence, if planting date was accounted for, the difference in
NRTN between the drainage systems may have differed.

There was higher total crop N uptake at high yields (and therefore
high N rates) in Conventional Drainage with more N uptake in No
Drainage at lower N rates (Fig. 3 and Supplementary Figs. S8A,D and
S9). This effect on total N uptake does not come from overall biomass
production, which responded similarly to yield, but rather the N con-
centration in the plant tissue. Grain N was 62% of the total N in the
plants in this study. Despite a somewhat inverse relationship between
grain yield and drainage (Fig. 3 and Supplementary Fig. S8A,D), the N
concentration increased with drainage, possibly due to better aeration in
drained soil, allowing roots to take up more N. It is also possible N
concentration could be lower in No Drainage due to the “dilution” of N
when the yield is higher (Uribelarrea et al., 2004; Ciampitti et al., 2021,
but see Tenorio et al., 2019). Furthermore, these patterns of drainage
effect on N use by maize plants are the same in both crop rotations,
except that grain N uptake was higher in No Drainage in maize-soybean
at very low yield and N rates. Feed protein content is of interest to the
beef cattle and dairy industries (Lardy, 2002; Olmos Colmenero and
Broderick, 2006). Additionally, in many regions of the world, maize is a
primary protein source for humans, and much research is devoted to the
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improvement of the protein content and nutritional value (Ai and Jane,
2016).

In most cases, plant traits at the AONR were similar between
drainage treatments or higher in No Drainage (Fig. 3). Exceptions to this
are total N uptake and grain N concentration in continuous maize, where
almost all values at the AONR are near or well below the 1:1 line,
indicating better performance in Conventional Drainage at optimum N
application. Nevertheless, the small differences between drainage
treatments in plant traits at the AONR indicate that the effect of drainage
on field trafficability may be the most important effect of drainage for
crop production.

Yield:N uptake and biomass:N uptake both had highest values at the
lowest N rates and lowest values at the highest N rates, which echoes the
trend of Recovery Efficiency (Fig. 4). This study’s data (Fig. 5) agree
with Halvorson and Bartolo (2014) who found N surpluses starting at
N2 or Njeg rates in irrigated maize fields, with the amount of surplus
dependent on N fertilizer type. These trends indicate that cropping
systems are more efficient at lower N rates, and rates lower than the
current AONR for southeast lowa (269 kg N ha'l; ISU 2021) benefit the
environment with substantially less surplus. Drainage extends these
benefits even further with demonstrated reductions in AONR, resulting
in less N surplus and potentially very high cost-savings.

Two potential management-based influences on this study’s results
include a N fertilizer legacy effect and same-day planting for all drained
and undrained plots. Although all N rates were applied to the same split-
split plot location each year, prior to the experiment all plots were
fertilized with the same (optimum) N rate. Wyngaard et al. (2016)
showed that changes in N rates can affect soil C and N dynamics for up to
eight years. Poffenbarger et al. (2018) linked differences in crop N re-
covery efficiencies to differences in organic matter pools when changing
from an historic N-gradient study to a constant N rate. However, since
this study followed the opposite progression (from a constant N rate to a
N-gradient), it was expected that the only differences in SOC pools at the
beginning of this study were due to natural variability with insignificant
differences between plots. The most likely legacy effect might be re-
flected in elevated yields at lower N rates. Indeed, there is a modest
reduction trend of yield at Ny over time (—0.28 Mg ha™! yr'! average over
all treatments; data not shown), but this is also expected where there is
no N fertilizer addition to replenish what is removed each year. It was
expected overall that the direction of a legacy effect is likely variable
from year-to-year depending on weather conditions.

Because it was required to wait until the No Drainage treatments
were suitable for planting to plant the drained treatments also, this
experiment does not account for the effect of field trafficability and
hence necessarily underestimates the benefits of drainage on crop pro-
duction. No Drainage plots at this site were previously determined to
have a 2-week delayed optimum planting date relative to the drained
treatments, due to shallow water tables (Schott et al., 2017). Planting
date has been shown to explain 70% of the variability in lowa maize
grain yield, with a 0.75% grain yield loss each day silking is delayed
beyond July 23 (Baum et al., 2019). By removing the field operation
factor, the differences in drainage systems must be wholly attributed to
soil and N processes. However, while it is known that earlier planting
dates increase yield (Kucharik, 2008), we are not aware of any published
studies on a relationship between planting date and AE or AONR. Here
we speculate on the likely effect of planting the Conventional Drainage
systems earlier than No Drainage. It is well-known that maize planting
can begin when soil temperatures reach a minimum of 10 °C (early- to
mid-April in Iowa) and when fields are workable. Nitrogen mineraliza-
tion occurs as soon as soil thaws, though, and mostly at temperatures
over 10 °C (MacDonald et al., 1995), so the sooner plant roots can
capture the available soil nitrate, the less N fertilizer will be required,
particularly in rainy springs when N leaching is high. Crops in 2019
required re-planting late after a rainy spring with high leaching (Sup-
plementary Figs. S3, S10), yields were reduced, and it resulted in the
lowest mean AE across drainage systems and nearly the highest AONR.
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Soil type affects the timing of planting in drained soils; in southeast
lowa, drained fields can be planted about 5 days earlier than undrained
fields (Reeve and Fausey, 1974; Chipanshi et al., 2018). The yield
benefit of earlier planting is relative to the planting date. Baum et al.
(2019) demonstrated that when the planting date is within the optimum
range (about a 10-day window) for the hybrid, there is no or little
advantage to planting early, but if planting in No Drainage were to be
delayed due to moist field conditions, yields could be reduced as much
as 7%. This would improve the AE and AONR in drainage systems
relative to No Drainage. Furthermore, climate change is forecast to bring
earlier optimum planting dates and wetter springtime weather, further
supporting the utility of drainage in this region (Baum et al., 2020).

Although results demonstrate that extra N fertilizer inputs can
overcome the negative effects of No Drainage on crop yield, the amount
of N fertilizer required to do so was very large. Moreover, considering
the high interannual variability in the No Drainage system, it is unlikely
that farmers would accept the risk of such costly N fertilizer inputs
because in years when the N fertilizer input was not required, economic
losses would be extremely high and, in all years, the environmental costs
of such applications are extremely high. Our ex-post analysis has the
benefit of hindsight: it would be very difficult to accurately forecast the
optimum N rate in No Drainage systems, especially given the interan-
nual variability in AONR which ranged from < 100 to > 392 kg N ha™!
and was much more variable than the AONR in drained systems (Fig. 2).
In this region, the AONR is notoriously difficult to predict because the
amounts of soil nitrogen mineralization and environmental N losses are
highly variable from year-to-year (Puntel et al., 2016, 2018).

Work must continue to determine the drivers of uncertainty and
variability in agricultural systems. The comprehensive tools needed to
provide estimates to producers for a coming growing season must
incorporate reliable weather forecasts and historical land management,
as well as local field and soil parameters and knowledge of crop vari-
eties. As an alternative, regional long-term AONR means could be
developed based on fertilizer type, yield, and drainage status from sur-
veys or census data, although the connection between these data in the
USDA Census of Agriculture is currently lacking. Yet even in the absence
of a forecast model, tile installation in poorly drained soils has been
demonstrated to reduce the annual unpredictability of crop production
as well as the necessary N rate to achieve acceptable yields, resulting in
increased confidence in management decisions while benefitting the
environment with substantially less N surplus through less N applied.

5. Conclusion

Drainage consistently increased agronomic efficiency, reduced
interannual variability in grain yield, and reduced interannual vari-
ability in agronomic optimum N fertilizer rate. The high relative effi-
ciency and low interannual variability of Controlled Drainage indicate
that this system — operated properly — can provide a solution to attenuate
both the effects of insufficient and excessive soil moisture, both being
causes of high AONR and low efficiency. Shallow drainage, which pro-
vides a similar, static solution to optimizing soil moisture, performed
relatively poorly to the other systems in this study and location partic-
ularly in continuous maize, but its strengths were best seen in dry con-
ditions, and it was more efficient and profitable in the maize-soybean
rotation than continuous maize. Indeed, the maize-soybean rotation was
clearly shown overall to be a more stable, efficient cropping system with
lower AONR, higher yields, greater system resilience to varying water
table depths, and less N waste.

If drainage improves the economics on real farms (and it clearly
does), then perhaps the primary justifications for drainage are less in soil
processes during crop growth and more in improved field trafficability
to plant earlier in spring (and thereby attain higher yield versus No
Drainage) and higher grain quality (protein content).
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