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Introduction
This study investigates the nitrogen benefits of interseeding red clover into corn. As of
2019 in Wisconsin, there are around 4,000,000 acres of corn planted (USDA NRCS,
2019). This presents a challenge for farmers who are interested in incorporating more
cover crops into their fields; there are too few growing degree days after harvesting corn
to establish a cover crop. To successfully incorporate more cover crops into fields in
Wisconsin, farmers need more options to integrate cover cropping into current rotational
systems. Interseeding red clover presents a solution to this problem.

Red clover builds biomass better than many over cover crops, over-winters from fall into
the following year’s spring, and grows well in low radiation environments (J. Stute &
Shelley, 2009). As a legume cover crop, red clover has added value in the potential to
reduce synthetic nitrogen fertilizer inputs through biological nitrogen fixation (Peoples et
al., 2009; Sarrantonio & Gallandt, 2003; J. Stute & Shelley, 2009). Clover has a low C/N
ratio (between 13.6. to 16.7) so the nitrogen in its biomass can become quickly available
to a succeeding corn crop, where a study in Wisconsin showed 50% mineralization two
weeks after clover termination (Bruulsema & Christie, 1987; J. K. Stute & Posner,
1995a). Other studies report yield increases following red clover cover cropping,
potentially increasing the value of red clover beyond input reduction (A. Gaudin et al.,
2013; White et al., 2017).
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The first chapter of this study will present a statistical method for comparison of the
optimum nitrogen fertilizer rates. While a common objective of agronomic research is to
determine differences in management practices in relation to optimum nitrogen fertilizer
rates, the comparison is not statistically standardized. Most studies compare outputs from
agronomic studies with coarse nitrogen fertilizer rate trials, or compare fertilizer response
curve models, but do not have a statistical method to compare the optimum fertilizer rate.
This chapter presents a simple bootstrapping approach with a quadratic plateau curve
model as a way to standardize this statistical comparison. To this end, I worked with a
statistical consultant to create an R package (FertBoot) to process data using this method.

The second chapter addresses the viability of interseeding red clover in a continuous
corn, no-till system in Wisconsin. Field studies were conducted at Arlington Agricultural
Field Station in Arlington, Wisconsin from 2017-2020 on two nearby fields. The field
study was a randomized complete-block, split-plot design with clover and no clover
whole plot treatments, and nitrogen fertilizer rates as split plot treatments. The
bootstrapping approach was employed to process the fertilizer response curve data for
corn grain yield. The first site year found a statistically significant reduction in nitrogen
fertilizer needed when corn followed corn interseeded with red clover, however the
second site year did not find any meaningful nitrogen input from the clover. The lack of
nitrogen input from clover is explained through biomass establishment, which is reflected
in the soil plant available nitrogen.

3
Future field studies that explore interseeding cover crops, and interseeding red clover are
encouraged to process data for statistical significance with the bootstrapping approach.
While this current study did not recommend interseeding red clover as a way to
incorporate more cover crops into the Wisconsin landscape, agronomic research should
explore interseeding red clover with considerations of corn row spacing, planting density,
relative maturity, and look to rely on qualitative data gathering from farmers using red
clover already.
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Chapter 1. Toward a standardized statistical methodology
comparing optimum N rates among management practices: a
bootstrapping approach
Abstract
Agronomic research lacks statistical standardization to compare optimum nitrogen
fertilizer rates. There are a range of approaches to compare differences between or among
optimum nitrogen fertilizer rates resulting from different management practices, but
traditional statistical approaches often fail or are inappropriate when directly comparing
optimum nitrogen fertilizer rates determined from fertilizer response curve models.
Statistical comparisons fail when sample sizes are too small and fertilizer rates are too
coarse for a response curve. In addition, traditional methods require assumptions about
the underlying population distribution that may not necessarily apply to agronomic data.
Previous studies use a variety of statistical methods to evaluate experimental designs with
small sample sizes (3-4 replicates) and a range of nitrogen fertilizer rates (5-8 discrete
rates). While this approach allows some statistical comparison of the resulting N response
curves, the resulting optimum N rates produced from non-linear regression most often
remain statistically incomparable. We know of no single approach used in the agronomic
literature that allows for the direct comparison of optimum N rates produced with
quadratic-plateau response curves. To provide the statistical rigor needed for clear
recommendations for greater or less N need based on specific management practices (e.g.
tillage, N source, or cover cropping), here we propose a bootstrapping approach that
resamples residuals with replacement. The importance of sharing and shaping
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methodology motivated the creation of an R package called “FertBoot” to be used with
open-source software RStudio. While bootstrapping is not new to data processing in
agronomic fields, here, we provide examples of how to conduct residual-resampled
bootstrapping with non-linear regression to identify differences in response curves,
optimum N rates, and maximum yields using the FertBoot package in RStudio. Two
example data sets assessing differences between red clover cover crop and no cover crop
were used for this analysis. After the bootstrapping approach was completed, response
models were compared using the log likelihood ratio (LLR) test and response variables of
interest were tested using a two-sample bootstrap test. Our example data sets provide
clear evidence of the value of the bootstrapping approach, as it can aid in determining
significant differences between even relatively small differences in optimum N rate (e.g.
20 kg ha-1). We encourage adoption of this approach as a way to accurately evaluate
differences in optimum fertilizer between or among treatments to better inform future
agronomic decision making.
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Introduction
A common objective of fertilizer research is to determine how management practices
affect the optimum nitrogen fertilizer rate. Examples of such practices include tillage,
manure application, residue management, and cover cropping, with the difference in
optimum N rates between the treatment and the control being considered the N fertilizer
replacement value of an input or practice. A common experimental design to address this
objective is a randomized complete block, split plot design with the agronomic treatment
as the main plot factor and nitrogen rate as the split-plot factor. There are a range of
approaches that are used to analyze the data and report treatment differences. First,
studies may use ANOVA to identify treatment and interaction effects and then conduct
linear or nonlinear regression when ANOVA effects were significant (e.g. Caldwell et al.,
2014; Ruark et al., 2018). Then studies will use either R2 or root mean square error
(RMSE) to determine if linear, quadratic, linear-plateau, or quadratic plateau (or often
other models) are the model of best fit, with the model of best fit being reported (e.g.
Pantoja et al., 2015; Woli et al., 2016) or multiple models being reported (e.g. Finney et
al., 2016). Along with model coefficients, the resulting optimum N rate (the N rate at
which the yield plateaus) and maximum (the plateau) yield are reported. However, most
studies report the calculated optimum fertilizer rates without statistical comparison
(Chatterjee et al., 2018; Ruark et al., 2018; Rubin et al., 2016; Sawyer et al., 2010;
Schmidt et al., 2002; Steinke et al., 2015; Woli et al., 2016), highlighting a severe
limitation of our traditional statistical approach. Without the statistical ability to
determine if there are significant difference between or among optimum N rates or
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maximum yield as determined from the nonlinear models, we cannot properly assess the
validity of the calculated fertilizer replacement value associated with a new input or
management practice. This highlights a need for a standardized statistical approach that
allows a meaningful comparison between or among optimum N rates from different
treatments.

The difference in optimal N rate is an important variable of interest, but traditional
statistical approaches do not allow researchers to identify if this difference is statistically
true. An approach using bootstrapping residuals with non-linear regression offers that
ability. Bootstrapping is a statistical method used to address the problem of finding a
sampling distribution of a variable when the probability distribution is unknown (Efron,
1979). To estimate the sampling distribution of a variable, the bootstrap approach uses
independent resampling with replacement from an existing data set (resampling usually
upwards of 1000 or more times) to produce new data sets. Each replicate of the
bootstrapping approach develops a new response curves by estimating a new Y value for
each X value by adding the original predictive value to a randomly selected residual
value. In our example with nonlinear regression modeling, the new data set contains
model coefficients, plus the optimum N rate and maximum yield (the plateau yield)
calculated from each model. Statistics can then be applied to this data set to determine if
there were differences between or among models, optimum N rates, and maximum yield.
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However, bootstrapping is not new to agronomic research. There are many fields of
research where they have been utilized. For example, in agronomic-focused journals we
see it used with meta-analyses (Wortman, 2016; Wortman et al., 2017; Zhang et al.,
2020), field-crops research (King & Blesh, 2018; Wang et al., 2013; Zheng et al., 2009),
ecological modeling (e.g. Heikkinen & Mäkipää, 2010), in conjunction with artificial
neural networks (Zeng et al., 2016), as cross-validation of variables (Corstanje et al.,
2009), in spectroscopy (Yang et al., 2020) and hyperspectral methods (Kawamura et al.,
2013; Li et al., 2014) which all employ bootstrapping to determine confidence intervals
or compare regressions. While bootstrapping has also been utilized to determined
confidence intervals for optimum fertilizer rates, the approaches other studies did not
focus on replicability or statistical comparison of the optimum fertilizer rates (Hernandez
and Mulla, 2008; Qin et al., 2019). In contrast to studies that have used bootstrapping in
the past, this bootstrapping technique uses commonly used and relatively simple models
that focus on the optimum nitrogen fertilizer rate as a function of model parameters. Our
approach is novel because we use bootstrapping both for predictive distributions of our
variable of interest and for statistical testing between treatment differences. The
bootstrapping technique proposed here can be utilized in any study where researchers
want to identify how differences in management (e.g. tillage, cover cropping, nitrogen
fertilizer source) affect optimum N rates. This approach is specifically valuable to
determine differences in management practices designed to reduce the overall need for
commercial N fertilizer, such as green manure cover crop use, following a stand of
perennial legumes, and manure applications, ensuring that the fertilizer replacement value
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of these inputs is real. Here, we provide examples of how to conduct residual-resampled
bootstrapping with non-linear regression to identify differences in response curves,
optimum N rates, and maximum yields from two green manure cover crop studies using
the FertBoot package in R (Ma & Francis, 2020b).

Materials and Methods
Description and Experimental Design of Experimental datasets

Two unpublished nitrogen response data sets are used for this study, both comparing the
nitrogen replacement value of red clover (Trifolium incarnaturm L.) as a green manure
cover crop. The first study evaluates red clover in a wheat (Triticum aestivum)-corn (Zea
Mays) (WC) rotation and the second study evaluates red clover in a corn-corn (CC)
rotation. In the WC study, red clover was seeded into wheat on 23 March 2018, wheat
was harvested on 24 July 2018, red clover was mowed down on 30 Aug. 2018 to prevent
competition with corn growth, and then chemically terminated on 18 Oct. 2018 with 2,4d or dicamba with glyphosate. Corn was planted in 2019 with six different rates of
surface applied urea coated with a urease inhibitor (Agrotain®, Koch Agronomic
Services, LLC) (0, 56, 112, 168, 224, 280 kg-N ha-1). In the CC study, corn was planted
on 25 May 2017 and red clover was interseeded on 26 June in 2017. In 2018, corn was
planted on 24 May and red clover was terminated on 1 June with 2,4-d or dicamba with
glyphosate. In 2018, corn was planted again and urea coated with a urease inhibitor
(Agrotain®) was surface applied at eight different rates (0, 45, 90, 135, 180, 225, 270,
and 315 kg-N ha-1). Red clover was not interseeded again in 2018. In both studies, the
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experimental design was a randomized, complete block, split plot design, with two whole
plot treatments (with and without red clover) and N rates as the split plot factor. Both
studies were conducted at the University of Wisconsin Arlington Agricultural Research
Station on Plano silt loam (fine-silty, mixed, superactive, mesic Typic Argiuodoll) soil.
Both studies were conducted without tillage during the two crop phases. Raw yield data
from each study are reported in Table 1 (WC) and Table 2 (CC).

Table 1. Nitrogen fertilizer rates and corn grain yield for each replicate (R) following no
cover crop (None) or red clover (RC) in 2019 the wheat-corn (WC) rotation study. Red
clover was frost-seeded into wheat in 2018 and terminated in the late fall of 2018.
Treatment

N rate
kg ha-1

None

RC

0
56
112
168
224
280
0
56
112
168
224
280

Grain yield
R1
R2
R3
R4
-1
-------------------------Mg ha -----------------------3.89
9.22
10.1
12.0
12.7
13.5
9.34
12.4
12.3
12.5
11.9
12.3

9.05
10.2
11.9
14.1
14.1
13.2
11.8
14.0
13.5
13.1
13.1
12.7

9.16
8.88
11.4
12.6
13.3
14.4
12.4
13.8
14.5
14.0
15.0
14.8

6.54
7.57
10.9
13.2
12.9
12.5
10.3
10.0
11.8
12.0
13.4
14.0

Table 2. Nitrogen fertilizer rates and corn grain yield for each replicate (R) following no
cover crop (None) or red clover (RC) in 2019 the corn-corn (CC) rotation study. Red
clover was interseeded in 2018 and terminated before corn planting in 2019.
Grain yield
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Treatment
None

RC

N rate
kg ha-1
0
45
90
135
180
225
270
315
0
45
90
135
180
225
270
315

R1
R2
R3
R4
-1
-------------------------Mg ha -----------------------5.58

4.99

7.17

3.69

8.53

8.50

9.50

9.62

10.3

11.9

9.03

9.97

11.0

11.3

6.78

11.6

11.2

11.2

8.27

9.61

10.6

11.3

10.6

11.4

11.3

11.1

9.62

11.7

11.5

10.4

8.70

11.3

4.86

4.56

6.61

4.66

7.76

9.26

10.4

9.12

9.11

11.1

9.62

9.89

8.34

10.6

7.81

8.60

6.66

11.2

9.72

10.5

10.8

10.2

10.4

10.5

10.8

10.2

10.7

10.2

10.3

10.6

10.3

10.9

Bootstrapping Statistics

In our analysis, we compared optimum nitrogen fertilizer rates from quadratic-plateau
models. Preliminary analysis comparing quadratic, linear-plateau, and quadratic-plateau
curves (NLIN in SAS, and confirmed with easynls package in R) was used to identify
that quadratic-plateau response curves (Eq. 1) had the lowest RMSE among models for
these datasets. This was expected as quadratic-plateau models have been previously
shown to be the model of best fit for corn nitrogen response analysis (Cerrato and
Blackmer, 1990). All data for each cover crop treatment (6 or 8 N rates and 4 replicates)
were used in the analysis. Quadratic-plateau parameter estimates and standard error and
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95% confidence intervals of the quadratic-plateau model are produced with the easynls
package. Results of this analysis are also used to determine the optimum N rate and the
maximum yield.

Quadratic Plateau:

where 𝑥𝑥𝑚𝑚,𝑖𝑖 =

−𝑏𝑏𝑖𝑖
2𝑐𝑐𝑖𝑖

2
𝑎𝑎𝑖𝑖 + 𝑏𝑏𝑖𝑖 𝑥𝑥𝑖𝑖𝑖𝑖 + 𝑐𝑐𝑖𝑖 𝑥𝑥𝑖𝑖𝑖𝑖
𝑦𝑦𝑖𝑖𝑖𝑖 = �
𝑦𝑦𝑚𝑚,𝑖𝑖

, if 𝑥𝑥𝑖𝑖𝑖𝑖 < 𝑥𝑥𝑚𝑚,𝑖𝑖
, otherwise

[1]

2
is the optimal N rate and 𝑦𝑦𝑚𝑚,𝑖𝑖 ≔ 𝑎𝑎𝑖𝑖 + 𝑏𝑏𝑖𝑖 𝑥𝑥𝑚𝑚,𝑖𝑖 + 𝑐𝑐𝑖𝑖 𝑥𝑥𝑚𝑚,𝑖𝑖
is the maximum

yield response to N rate for the 𝑖𝑖-th treatment.

The FertBoot package in R (Ma and Francis, 2019) was used to determine significant
differences in model coefficients, optimum N, and max yield between cover crop
treatments. Within FertBoot, quadratic plateau models were fit and residuals of the model
were resampled (with replacement) 1000 times to produce a population estimate data set
of a, b, and c coefficients, and of optimum N rates and maximum y values. Once the
bootstrap was complete, the bootstrapped results that included X values outside of the
range of N rates in the study were dropped. In addition, if optimum N values greater than
the largest N rate used in the study was determined, that value was replaced with the
largest N rate used in the study which was then used to recalculate the maximum yield.
The bootstrapping approach will produce different coefficients for the plateau curves
compared to the original model, but ultimately produces a more robust measurement of
the variability. The ggplot2 package in R can be used to plot the bootstrapped models and
their 95% confidence intervals with the original data points. An example of the code to
create a graph like this can be found on the author’s personal website (Ting Fung Ma
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2020). Density curves were produced using the bootstrapped output of optimum nitrogen
fertilizer values with ggplot (geom_density) in R to visualize differences in optimal N
rates.
Confidence intervals of the mean of each response variable were determined as
bootstrapped, bias-corrected and accelerated 95% confidence intervals (Davidson &
Hinkley, 1997). The log-likelihood ratio (LLR) test was used to determine if bootstrapped
determined response models were different between the two cover crop treatments.
Models are considered different if at least one coefficient estimate was significantly
different (P<0.05) between models. Differences between optimum N rates and maximum
yields were determined using a two-sample bootstrap test (using 1000 replicates) at
P<0.05. Bootstrapping becomes more powerful with increased replication, at the cost of
computational capacity. A minimum of 1000 replicates is often suggested, while
increasing replication can extend an already time-intensive computation time.

Results and Discussion
Red clover in a wheat-corn rotation
Both the original and bootstrapped quadratic-plateau models produced similar
coefficients, with the exception that the optimum N value was 133 kg ha-1 for the original
and 158 kg ha-1 for bootstrapped (Table 3). The 95% confidence intervals on model
coefficients remain large even with bootstrapping (Table 3), although the two models
(None and RC) were determined to be different using LLR test (p-value = 6.12*10-5). The
red clover treatment did not affect maximum yield (Table 3). Bootstrapped quadratic-
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plateau curves appear visually different with respect to optimum N rate (Figure 1) and
confirmed different by the two-sample bootstrap test. The two-sample bootstrapped t-test
was able to determine optimum N rates were significantly different even with large 95%
confidence intervals because the newly produced bootstrapped data set is sufficient in
size (n) (as visually observed in Figure 2). We would not have been able to make
assertions relative to if the difference of 135 kg ha-1 (determined as the difference
between two quadratic-plateau models) was a true effect using traditional methods.
Although, with a difference of 135 kg ha-1 between optimum N rates we would likely
assume this result is real.
Red clover in a corn-corn rotation
The data set for determining the N replacement value of red clover in a corn-corn rotation
differed from the previous dataset by having a greater number of N rates (eight vs six). In
addition, this dataset produced a much smaller difference in optimum N rates between
response curves. However, the results of this analysis produced similar quadratic-plateau
curves and large 95% confidence intervals of the coefficients between the none and RC
treatments. The similarities between the two treatment models are reflected in the results
from the LLR test; the two models were significantly different (p=0.0048). The optimum
N rates differed between the two treatments by 20.2 kg ha-1 using the original curves, and
by 16.9 kg ha-1 using the bootstrapped model (Figure 3, Table 4). The two-sample
bootstrap test determined that the difference of 16.9 kg ha-1 was significantly different
than zero and the density plots revealed a small but statistically meaningful shift in
distribution (Figure 4). Knowing that this difference was statistically meaningful can help
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with both research and outreach objectives. First, by determining statistical significance,
we can discuss the results as being real, as opposed to simply speculating based on the
95% intervals of the model coefficients and relative size of the difference. We can then
appropriately assess agronomic and economic relevance of this significant difference.
From an outreach perspective, as we build datasets comparing the yield or nitrogen effect
of red clover cover crops we can decide to include a difference (e.g. 16 kgha-1) into the
average response, or if we do not determine a difference in optimum N rate, include a
difference of zero. Interestingly, this approach determined a significant difference
between the maximum yields of 10.5 Mg ha-1 (None) and 10.0 Mg ha-1 (RC), providing
the ability to assess the impact of the cover crop on crop production (in this case a yield
reduction).
Table 3. Parameter estimates from quadratic plateau response curves determined from the
original analysis and bootstrapped analysis for no cover crop (None) and red clover cover
cropped (RC) treatments in 2019 in the WC study. Optimum N or maximum yield values
for bootstrapped results with different letters indicate differences at the alpha =0.5
significance level.
Treatment
None

Model
Original

Bootstrap

RC

Original

Bootstrap

Parameter

a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c

Estimate
7.75
0.0541
-0.000101
268
15.9
7.55
0.0627
-0.000137
266 a
13.3 a
12.3
0.0388
-0.000146
133
14.9
12.2
0.0435
-0.000200

Std. Error
0.619
0.0107
0.0000381
0.578
0.0334
0.000370

95% Confidence Interval
Lower
Upper
6.47
9.04
0.0318
0.0765
-0.000179
-0.0000224

0.692
0.0265
0.000189

6.22
0.0500
-0.0005063
176
12.6
10.8
-0.0165
-0.000538

8.62
0.0992
-9.86E-05
308
14.0
13.7
0.0939
0.000243

0.522
0.0383
0.000532

10.9
0.0189
-0.000847

13.4
0.102
-5.78E-05

16
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)

158 b
13.3 a

80.5
12.7

Figure 1. Fertilizer response curve of no red clover (None) and red clover as green
manure (RC) in the no-till treatment. The colored bands are the bias corrected (BCa) 95%
confidence intervals determined by bootstrapping residuals. Results from field
experiments were fit to quadratic plateau models, which were then taken through the
bootstrapping residuals procedure.

298
13.9
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Figure 2. Density curves showing the bootstrapped outputs for optimal nitrogen fertilizer
rates in the no clover (None) and clover treatment (RC).
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Table 4. Parameter estimates from quadratic plateau response curves determined from the
original analysis and bootstrapped analysis for no cover crop (None, R2=0.68 from
original analysis) and red clover cover cropped (RC, R2=0.72 from original analysis)
treatments in 2018 in the CC study. Optimum N or maximum yield values for
bootstrapped results with different letters indicate differences at the alpha =0.05
significance level.
Treatment
None

Model
Original

Bootstrap

RC

Original

Bootstrap

Parameter

a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)

Estimate
5.37
0.1048
-0.000540
97.0
10.45
5.34
0.123
-0.000773
89.1 a
10.5 b
5.17
0.124
-0.000810
76.8
9.95
5.17
0.142
-0.00111
72.2 b
9.98 a

Std. Error
0.613
0.0314
0.000292
0.578
0.0334
0.000370
0.5464
0.0353
0.000422
0.522
0.0383
0.000532

95% Confidence Interval
Lower
Upper
4.12
6.62
0.0405
0.169
-0.00113
0.000062
4.02
0.0714
-0.00179
61.9
9.95
4.05
0.0523
-0.00167

6.29
0.198
-0.000305
174
10.9
6.29
0.1965
0.0000530

3.87
0.0743
-0.00253
50.4
9.57

5.96
0.226
-0.000368
144
10.4
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Figure 3. Fertilizer response curves with banded 95% confidence intervals from
bootstrapped residuals for treatments without red clover (None) and with inter-seeded red
clover (RC).
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Figure 4. Density plot of the 2018 Interseed study optimum nitrogen fertilizer rate values
with treatments of no red clover (None) and with inter-seeded red clover (RC).

Conclusion
The large variation in fertilizer response data in field studies can make some methods for
comparisons between treatments of interest statistically inappropriate or cumbersome
using traditional methods of evaluation. We propose bootstrapping residuals of fertilizer
response curves as an approach to facilitate statistical comparisons between treatments
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given the constraints of the amount of data collected in field research. The original nonlinear models (here, quadratic-plateau models) yield similar coefficients to the
bootstrapped quadratic-plateau model coefficients, though both methods maintain large
95% confidence intervals. While alternative methods rely on the 95% confidence interval
or standard error terms to determine if differences between optimum nitrogen fertilizer
rates are significantly different, the two-sample bootstrap test following bootstrapping
residuals of the fertilizer response curve models directly compares optimum N rates
between treatments. Determination of statistically significant differences in optimum
nitrogen fertilizer rates can inform changes in fertilizer application rates as agronomic
research continues to explore management practices that reduce inputs in a movement
toward sustainable intensification. We provided examples of how to conduct residualresampled bootstrapping with non-linear regression to identify differences in response
curves, optimum N rates, and maximum yields from two green manure cover crop studies
using the FertBoot package in R (T. F. Ma & Francis, 2020), and encourage this method
for future studies evaluating input differences between agronomic treatments.
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Chapter 2: Field studies with interseeded red clover in a continuous
corn, no-till system
Abstract
Interseeding red clover provides an alternative method to incorporate cover crops into
continuous corn rotations. Red clover is a leguminous cover crop that can grow in low
radiation environments and is winter hardy for much of the northern USA. In addition to
the well-known benefits of cover crops to soil health and fertility, systems with red clover
have previously demonstrated improved corn yield and a nitrogen credit. However, the
potential nitrogen credit and the effect of interseeding red clover on subsequent corn
yields has yet to be rigorously evaluated. The objectives of this project were to determine
the effect of interseeding red clover on (1) corn yield in the interseeded year and
subsequent year, (2) response to N fertilizer in the interseeded year and the subsequent
year and, (3) residual (post-harvest) and early season soil N content in a continuous corn,
no-till management system. The plot design was a randomized, complete block-split with
four replications, treated with or without red clover, at eight rates of N-fertilizer (0 to 315
kg-N ha-1 in 45 kg-N ha-1 intervals). Corn yields were evaluated when red clover was
continuously interseeded, or not interseeded following the first interseeding year. Red
clover accumulated up to 300 kg ha-1 biomass pre-termination (10 kg N ha-1) when
interseeded with corn at the V4-V5 growth stage without detriment to yield. In 2018, corn
following the interseeded year out-yielded corn on plots with no history of interseeded
red clover with a small, but significant nitrogen credit. In 2019, there was not a
significant difference in corn yield data between treatments. A statistical approach with
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bootstrapping was used to determine statistically significant nitrogen credits. Overall, we
observed that interseeding red clover into continuous corn did not provide an
agronomically meaningful nitrogen benefit to the cropping system.
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Introduction
Cover crop use in Wisconsin has increased in recent years and is projected to continue
increasing (CTIC & SARE, 2020). The benefits of cover crops in agroecosystems are
well established, however, each cover crop species and system come with its challenges.
This study focuses on red clover (Trifolum pratense L.), a cover crop whose use has
resulted in no detriment to, or even increased, corn yields (Coombs et al., 2017a;
Hesterman et al., 1992; Miguez & Bollero, 2005; White et al., 2016). Red clover has been
in use since the European agricultural revolution to add nitrogen to agronomic systems
(Taylor, 1985), yet despite historic relevance, the advent of synthetic nitrogen fertilizer
correlated with a decline in cover crop use. Now, interest in cover crop use is increasing,
and farmers cite reasons for adopting cover crops ranging from input reduction to
increased yields and improved soil structure (CTIC & SARE, 2020). As a legume cover
crop, yield benefits from red clover are thought to come from improvements to soil
structure and from a nitrogen credit that red clover, when used as green manure, provides
nitrogen to a subsequent crop (Raimbault & Vyn, 1991; Vyn et al., 1999). Despite
estimates of the nitrogen credit red clover delivers to continuous corn or rotational corn
systems based on height or coarse fertilizer rate studies, statistical significance between
nitrogen credits has yet to be established.

Cover crops have been widely studied and regarded for their synergistic effects in
promoting and sustaining soil health. Cover crops reduce soil erosion (Snapp et al.,
2005), reduce nitrate leaching by reducing residual soil nitrate concentrations (De Notaris
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et al., 2018; Gabriel et al., 2012; Randall et al., 2008; Thapa et al., 2018; Vyn et al.,
2000), suppress weeds (den Hollander et al., 2007; Donovan et al., 2001; Sarrantonio &
Gallandt, 2003), build soil organic matter (Snapp et al., 2005), improve soil structure
(Vyn 1991), and stabilize or improve yields (Baributsa et al., 2008; Curran et al., 2018;
Grabber et al., 2014; Jones et al., 1998; Ketterings et al., 2015).

The value of legume cover crops encompass the ecological benefits of cover crops
detailed above, with the additional benefit of working with nitrogen fixing bacteria to
symbiotically derive plant available nitrogen from atmospheric nitrogen, then providing
this nitrogen to a subsequent crop upon termination. Historically, symbiotic biological
nitrogen fixation by leguminous crops provided the bulk of the plant available nitrogen
for other crops (Smil, 2001). With increased nitrogen availability, legume crop residues
have been shown to increase N uptake, C accumulation, and yields of a subsequent crop
(Lupwayi & Soon, 2016). The residues of legumes are often called “green manures” and
contribute to the quantity of soil N, reducing the need for reliance on synthetic nitrogen
fertilizers. The availability of plant-available N is dependent on microbial activity, which
is mediated by a variety of soil abiotic factors such as moisture, temperature, pH, soil
type and texture, as well as soil management practices, including tillage (Sarrantonio &
Gallandt, 2003).

Red clover is a legume cover crop that provides the ecological benefits of other cover
crops while also providing nitrogen to a subsequent crop when used as a green manure.
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Red clover is of particular interest because it fills a niche in its capability of surviving in
a lower radiation environment, and can therefore be included in cropping systems like
continuous corn that with a higher plant density and leave only a short growing period
following harvest (Baributsa et al., 2008; Gaudin et al., 2013; Kendall and Stringer,
1985). Compared to other cover crops, and even other clover species, red clover has a
greater establishment rate and produces more biomass (Wyngaarden et al., 2015). Red
clover has the positive attribute of decaying rapidly; it releases approximately 50% of
biomass nitrogen in the four weeks following termination, and this release slows
considerably at the corn silking stage, approximately 10 weeks after termination (J. K.
Stute & Posner, 1995b). Inter-seeding leguminous cover crops into corn has been shown
to provide a nitrogen credit to a subsequent corn crop (Gentry et al., 2013; Henry et al.,
2010). Corn has been the most widely fertilized crop in the U.S. since the 1950s and
therefore has the largest share of the total nitrogen consumption (Smil, 2001). Crop
harvest and removal necessitates nitrogen input since the nitrogen supply is not recycled
back into the system. Leguminous cover crops provide a management buffer where there
is a guaranteed nitrogen input to the soil while simultaneously preventing nitrogen
fertilizer loss.

When red clover is interseeded into corn, the cover crop is treated like an annual to
release the nitrogen stored in its biomass to the next corn corn. When interseeded, red
clover is terminated when it is at 50% bloom stage, which is near peak N-accumulation,
and therefore a high protein content (>14-15% protein). Interseeding red clover into corn
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not only provides nitrogen credit to the subsequent crop without sacrificing yield, but also
works to improve soil fertility (Baributsa et al., 2008).The timing is a balance for red
clover—while the cover crop should be allowed to grow as long as possible to fix
nitrogen and suppress weeds, it can be detrimental in dry conditions as it will compete for
soil moisture with the cash crop. A robust stand of red clover requires approximately 6.7
kg clover seed ha-1, where there are an estimated 125,000 seeds per kilogram. Average
yields of red clover biomass are between 390-560 kg ha-1, with low yields a typical
reflection of a lack of pollinating insects, which for clovers are typically bees (John &
Ogle, 2008). The genetic diversity that accompanies planting red clover (a dicotelydon)
with corn (a monocotelydon) interrupts pest and disease cycles (Wyngaarden et al.,
2015).

There are several perceived and agronomic, field-level limitations to legume cover crop
use in commodity-crop systems. Despite the well-known measurable influences on soil
and environmental health, there are still barriers to cover crop adoption (Blanco-Canqui
et al., 2015). Prior to the development of synthetically produced nitrogen fertilizer at an
industrial scale, cover crops were a widely used strategy to maintain soil quality (Smil,
2001). This changed in the post-Green Revolution tendency toward “industrial,
commodity-oriented monoculture systems” was a historic factor that would influence
cover crop adoption (Roesch-Mcnally et al., 2018). Cover crops never left the agronomic
stage entirely, and farmers began using cover crops in these commodity-crop systems.
One of the biggest barriers to adoption is the timing of cover crop establishment, where in
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northern climates it is challenging to establish a cover crop in the fall and terminate it in
the spring (Roesch-Mcnally et al., 2018). Additionally, economic returns on cover crop
use may be low with high production costs, despite a study that showed cover crop use
was correlated with yield increase in corn and soybeans for 43% of farmers surveyed, and
a quarter of all yield increase occurred with red clover as a cover crop (Singer, 2008).
Red clover in this survey occupied the largest portion of cover crops that were associated
with yield increases. A survey evaluated by Singer (2008) found that 64% of farmers who
use cover crops prefer cover crops that fix nitrogen. As a leguminous cover crop, red
clover also fulfills the preference for a nitrogen-fixing cover crop, where other legume
cover crops have a limitation of synchroneity of nitrogen release (J. K. Stute & Posner,
1995a). The limitations of cover crop use existed as perceptions in commodity-crop
systems, and agronomic studies are attempting to address those gaps in cover crop
knowledge in current agroecosystems. A survey conducted by the Sustainable
Agriculture Research and Education (SARE) program and the Conservation Technology
Information Center (CTIC) from 2019-2020 reported that of the people that started the
survey, 94% of farmers surveyed across the U.S. had some experience with cover crops,
with no detriment to corn yields. However, the net economic benefit of using red clover
as an interseeded, leguminous cover crop remains to be verified, and is an additional
obstacle to overcome grower reluctance to incorporate cover crops (Sarrantonio &
Gallandt, 2003). More farmers are increasingly likely to remain with cover crop use once
adopted even through economic volatility (CTIC & SARE, 2020), reiterating the
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understanding of the long-term benefits to soil health. The majority of non-users, while
not currently using cover crops, still demonstrate a desire for more knowledge.

To address many of the limitations that planting legume cover crops in northern climates
presents, interseeding has become an increasingly common practice to maintain healthier
soils and ensure better establishment. Still, the majority of farmers who are already using
cover crops have not tried interseeding as a practice (CTIC & SARE, 2020). This practice
still presents a challenge of stand establishment, and the perception of poor establishment
has been reported by farmers as a main reason to refrain from growing cover crops
(Youngerman et al., 2018). In a survey conducted in 2016, clover represented 14% of
inter-seeded cover crop species (Conservation Technology Information Center (CTIC),
2017), suggesting room for increased adoption. The agronomic trials in this study seek to
assess the biomass establishment of red clover in the context of nitrogen fertilizer
replacement values.

The goal of this research is to evaluate the potential fertilizer replacement value of red
clover and the cover crop viability in a continuous corn, no-till system in Wisconsin. The
objectives of the study were to determine differences in (1) the response of plant
available nitrogen in residual (post-harvest) and early season soil N to nitrogen fertilizer
in clover and no clover treatments, (2) red clover biological nitrogen fixation in an
interseeded system with varying nitrogen fertilizer rates, and (3) corn yields with
interseeded red clover in the interseeded year and the subsequent year,. The hypotheses
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are: (1) to see an increase of in-season nitrogen in the upper 30 cm of soil that would
suggest the terminated clover is supplying nitrogen to the system, (2) the biological
nitrogen fixation will decrease as nitrogen fertilizer rates increase in the clover plots,
since supplying nitrogen to a nodulating legume can shut down biological nitrogen
fixation, and (3) red clover will supply nitrogen to corn, where maximum corn yields
occur at a lower nitrogen fertilizer rate in the interseeded treatment with clover than the
treatment without clover.. Ultimately, this information will help growers better utilize
cover-crop systems.
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Materials and Methods
Field description and sampling
The study was conducted at the University of Wisconsin Arlington Agricultural Research
Station from 2017-2020. The research station is in south central Wisconsin, 30 kilometers
north of Madison (43°18’9.47″N, 89°20’43.32″W), on a Plano silt loam (fine-silty,
mixed, superactive, Mesic Typic Argiuodoll). The study site has a mean annual
temperature of 6.9°C and a mean annual precipitation of 898 mm (National Climate Data
Center). Two fields were used in the study only a kilometer apart; the first field (field 1)
was sampled from 2017-2019 and the second field (field 2) was used from 2019-2020.
Routine soil analyses at 0-15 cm depth were collected from each sampling location (field
1 and field 2) prior to corn planting each year, and averaged across site-years. Soil pH
(1:1 water) was 6.3 and 6.5, soil P (mg kg-1) was 37 and 34 (Bray 1), soil K (mg kg-1) was
100 and 64 (Bray 1), and soil OM (%) was 3.0 and 4.0 (LOI) in fields 1 and 2,
respectively.
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Figure 5. Accumulated growing degree days (GDDs) for one site-year showing the
termination of the cover crop in May and corn planting at the end of May. GDDs were
calculated with temperature data from the NOAA NOWData using Growing Degree
Days (°C) = [(T(°C)max+ T(°C)min)/2]- Tbase where for corn Tbase(°C)=10°C and clover
was calculated with a Tbase°C=0.62°C (Baxter et al., 2019).
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Figure 6. Weekly accumulated precipitation for the corn growing season at Arlington, WI
from 2017-2019. Corn was planted at the end of May each year and harvested late
October or early November. Cover crop planting occurred in June of each year and
termination was in May.
The experimental design was a randomized, complete-block split-plot design with four
replicates. The whole plot factor was red clover cover crop and the split plot factor was N
rate. There were three whole plot treatments, one without red clover (No Clover) and two
that had interseeded red clover. The split-plot treatments were eight N-fertilizer rates (0313.6 kg ha-1 in 44.8 kg ha-1 intervals) or one uniform nitrogen fertilizer application rate
during the first interseeding site-year (210 kg ha-1 with a 0 kg ha-1 reference). The effect
of interseeded red clover on corn yield N response was evaluated when clover was
interseeded the previous year or interseeded both the previous year and the year of the N
rate study. Field 1 was established in 2017 and corn was planted and clover was
interseeded. The next year in 2018, the whole plot treatments were no red clover (No
Clover), red clover planted in 2017 to be terminated in spring of 2018 (Clover 2017), and
clover planted in 2017, terminated in 2018, and interseeded again in 2018 (Clover
Always). The difference between Clover 2017 and Clover Always is to determine
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differences in N response following clover termination if clover is interseeded again or
not. In 2018, red clover was interseeded into corn for the N response year in 2019 (Clover
2018). In 2019, the N response was evaluated in field 1 with N rates in repeated on the
same plots in No Clover and Clover Always, while Clover 2018 had the eight N rates on
plots that had previously received just one N application of 210 kg ha-1. A second field,
field 2, was established in 2019 to have one more year of a N response following clover.
Site-years were analyzed separately to account for differences in cover crop
establishment between years.

In the establishment year of the second field there was one treatment without clover
interseeded with N rates, one treatment where clover was interseeded with N rates, and
one treatment where clover was interseeded without N rates (one application of 210 kg
ha-1). In 2020, the final year of the study for the second field, all three treatments were
repeated, and this time both clover treatments received N rates. An error in herbicide
application meant that the Clover Always treatment was not interseeded in 2020,
effectively rendering both clover treatments to Clover 2019 where one received N rates
and one had just one N rate applied the previous year. Reference rye plots adjacent to the
experimental clover plot were planted at a seeding rate 134.4 kg ha-1 and had no nitrogen
fertilizer or 210 N kg ha-1 fertilizer applications. Individual plot sizes were 4.5 m wide (6
corn rows) x 9 m long with 1.5 m alleys. The effect of interseeding red corn yield was
evaluated in the interseeding year in 2017, 2018, and 2019 (Table 5). The following
figures (Figures 7-11) are all examples of one replicate of each treatment system.
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Figure 7. Field 1 2017 plot plan. N rates are in kg-N ha-1. Plot width measurements are in
feet.
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Figure 8. Field 1 2018 plot plan. N rates are in kg-N ha-1. Plot width measurements are in
feet.
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Figure 9. Field 1 2019 plot plan. N rates are in kg-N ha-1. Plot width measurements are in
feet.
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Figure 10. Establishment year of Field 2, 2019 plot plan. N rates are in kg-N ha-1. Plot
width measurements are in feet.
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Figure 11. Field 2 2020 plot plan. N rates are in kg-N ha-1. Plot width measurements are
in feet.
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Table 5. Cover crop treatments for site years
Treatment

2017

2018

2019

2020

Clover Always

Clover + N*

Clover + N rates

Clover + N rates

Clover + N rates

Clover 2017

Clover + N

No Clover + N rates

No Clover + N

No Clover + N

Clover 2018

No Clover + N

Clover + N

No Clover + N rates

No Clover + N

No Clover

No Clover + N

No Clover + N rates

No Clover + N rates

No Clover + N rates

*N represents one nitrogen fertilizer application rate of 210 N kg

ha-1 with

a 0 N kg
N rates are the eight split plot rates of 0-313.6 kg ha-1 in 44.8 kg ha-1 intervals

ha-1

plot in the same row

Red clover was drill seeded (13.45 kg ha-1) into corn at 1 cm depth at the V4-V5 growth
stage with a modified grain drill. Prior to drill seeding, whole blocks were treated with
the herbicide Round-Up PowerMax (1.54 kg ha-1 in AMS). Nitrogen fertilizer was
applied at sidedress near the time of interseeding as urea coated with Agrotain®. Nonreplicated plots of rye and rye interseeded into corn were established as reference plants
for 15N analysis. Rye was chosen as the reference cover crop because it is a nonnodulating (non-nitrogen fixing) cover crop and is similarly winter-hardy. Red clover was
chemically terminated each spring with 2, 4-d or dicamba with glyphosate.

Corn was planted May each site-year and red clover was interseeded a few weeks later in
June. Red clover was terminated at or just after corn planting with 2,4-d or dicamba with
glyphosate. Urea coated with a urease inhibitor (Agrotain®) was surface applied at eight
different rates (0, 45, 90, 135, 180, 225, 270, and 315 kg-N ha-1) in late June each siteyear. This study was conducted without tillage during the two crop phases (Table 6).
Table 6. Field activities for all site-years
Year
Field activity

2017

2018

2019

2020
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Pre-termination clover sample

24-May

22-May

22-May

Early spring and routine soil sampling

25-May

24-May

22-May

22-May

Corn planting

25-May

24-May

23-May

22-May

1-Jun

22-May

22-May

Clover termination
Sidedress fertilizer

26-Jun

28-Jun

25-Jun

18-Jun

Late spring soil sampling

26-Jun

28-Jun

25-Jun

18-Jun

Clover drill-seeded into corn

26-Jun

28-Jun

25-Jun

18-Jun

Reference rye planted

26-Jun

28-Jun

Corn harvested

3-Nov

3-Nov

5-Nov

Clover fall biomass sample

16-Nov

1-Nov

30-Oct

Fall soil sampling

16-Nov

1-Nov

30-Oct

Soil and biomass analysis
Red clover and rye were sampled post-harvest in the fall, and in the spring pretermination for total N and 15N analysis by the UC Davis Stable Isotope Laboratory. The
results were used with the natural abundance method to calculate the nitrogen content in
the cover crop biomass derived from the atmosphere (Unkovich et al., 2008). Interseeded
rye with corn was used as the reference plant, and a B-value of -0.94 was used as an
average of four studies that independently evaluated the B-value of red clover (Appendix
4, Unkovich et al., 2008). Red clover biomass was harvested from a representative 0.6 x
0.6-m (0.36-m2) quadrat per plot. Living red clover was clipped at ground level, bagged
and dried at 65°C for at least 5 days and weighed. The width between corn rows where
clover is interseeded is 0.9 m, so the dry biomass weight was scaled to a kg ha-1 using a
0.9 x 0.6 m sample area (0.54 m2) to account for the area between corn rows without red
clover. Dried clover samples were ground and milled to a fine powder, and tin-rolled. UC
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Davis Stable Isotope Laboratory uses a continuous flow isotope ratio mass spectrometer
to analyze 15N.

Soil was sampled at three times; before corn planting, after corn was planted prefertilizer, and at harvest. Soil samples were collected as composites of 5 sub-samples per
plot. Prior to corn planting soil was sampled (0-15 cm) for routine analysis (organic
matter, phosphorus, potassium, and pH). Soil samples were collected at the time of red
clover sampling (0-30 cm, and 30-60 cm) and analyzed for nitrate and ammonium- N
with a potassium chloride extraction at the Soil and Forage Analysis Laboratory in
Marshfield, WI. Soil was additionally sampled in-season, prior to corn harvest (0-30cm)
for preplant soil nitrogen content analyzed by potassium chloride extraction and after
planting for an in-season analysis of soil nitrogen also with potassium chloride extraction
content on a per block basis for treatments within zero N and optimum N rates
(determined by 2017 and 2018 yields).
Statistical analysis
To compare the overall significance of clover crop treatment and nitrogen fertilizer rate,
analyses of variance and statistical data analysis were performed using SAS software
(SAS Institute, Cary, NC) and RStudio (R Core Team, 2020). Analysis of variance
(ANOVA) was conducted with the lme4 and agricolae package in R (Bates et al., 2015;
Mendiburu, 2020) was used to determine (1) the effect of cover crop on fall and spring
nitrate and (2) the effect of cover crop, block, nitrogen fertilizer rate, and their interaction
on in-season nitrate levels. In the mixed model, block, block*cover crop treatment,
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block*cover crop treatment*nitrogen fertilizer rate were all random effects in a split
block design. Assumptions for normality were tested for NO3-N and PAN using QQ-plots
and plotting residuals from un-transformed data. The NO3-N and PAN data did not meet
assumptions for normality, and a Box-Cox transformation procedure was conducted to
determine the optimal transformation for both data sets with the car package in RStudio,
resulting in log-transforming all NO3-N and PAN data for ANOVA (Fox & Weisberg,
2019). Data from in-season sampling were analyzed by sampling date. Soil sampling for
nitrate and ammonium (summed for plant available N) before planting and at harvest
were analyzed by year.

A bootstrapping technique with the FertBoot package (Ma & Francis, 2020a) was used to
determine statistical differences in treatment fertilizer response curve models, maximum
yield, and optimum nitrogen fertilizer rates using non-linear models. A detailed
explanation of the bootstrapping approach can be found in Chapter 1.

Results
Nitrogen biomass and total N uptake
Red clover biomass varied within each treatment and between site-years (Tables 7, 8 and
9). See Appendix I. for photos of clover biomass establishment between treatments and
site-years. The most clover biomass in any sampling period occurred in fall of the
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establishment year (2017) in the first field (Table 7). Following the establishment year,
where stand establishment was not as robust, the clover biomass (kg ha-1) was as low as
50 kg ha-1 and at most 397.4 kg ha-1 (Table 9).
Table 7. Interseeded red clover and reference rye biomass in Fall 2017- Spring 2018.
Standard errors reported. Clover with N treatments are averaged between different N
rates (180 kg ha-1 and 210 kg ha-1)
Sampling Time

Treatment

Biomass

Total N

Biomass SE

Total N SE

-----kg ha-1-----

Fall 2017

Clover No N
Clover With N
Rye/Corn With N
Rye/Corn No N

699.1
699.1
609.5
627.4

7.54
9.43
11.64
9.63

62.5
144.3
-

0.60
0.17
-

Spring 2018

Clover No N

158.6

5.6

69.6

2.38

Clover With N
Rye/Corn With N
Rye/Corn No N

197.6
166.7
611.3

6.09
4.13
15.12

68.0
-

2.85
-

Table 8. Interseeded red clover and reference rye biomass in Fall 2018- Spring 2019.
Standard errors reported. Clover with N treatments are averaged between different N
rates (180 kg ha-1 and 210 kg ha-1)
Sampling Time

Treatment

Biomass

Total N

Biomass SE

Total N SE

-----kg ha-1-----

Fall 2018

Spring 2019

Clover No N

247.5

7.26

67.8

2.11

Clover With N
Rye/Corn With N
Rye/Corn No N

263.9
259.9
188.2

8.81
8.08
6.45

77.6
-

77.60
-

Clover No N

397.4

11.76

199.0

6.78

Clover With N
Rye/Corn With N

99
663.3

3.38
15.61

131.9
-

2.88
-

Rye/Corn No N

1857

48.67

-

-

48
Table 9. Interseeded red clover and reference rye biomass in Fall 2019- Spring 2020.
Clover with N treatments are averaged between different N rates (180 kg ha-1 and 210 kg
ha-1)
Sampling Time

Treatment

Biomass

Total N

Biomass SE

Total N SE

-----kg ha -----1

Fall 2019

Clover No N
Clover With N
Rye/Corn With N
Rye/Corn No N

68.8
54.7
30.5
37.6

1.35
0.97
1.16
1.14

19.0
10.8
-

0.51
0.21
-

Spring 2020

Clover No N

176.1

5.36

29.0

1.06

Clover With N

162.7

4.98

32.8

2.46

Soil Nitrogen
Soil nitrogen was sampled by site-year in fall (at corn harvest) and early spring (just prior
to corn planting) for soil nitrate and ammonium at two sampling depths (Table 10). Soil
nitrate was high (>29 mg kg-1 in the upper 30 cm or >8 mg kg-1 in the 30-60 cm sampling
depth) in the clover plots with a nitrogen application rate (210 kg ha-1) in the fall of 2017,
then decreased in successive years to much lower nitrate values (2-6 mg kg-1 in the upper
30 cm or 0-7 mg kg-1 in the 30-60 cm sampling depth). Each year, the early spring
sampling period is during clover establishment when corn is not yet planted. Plant
available N (PAN) followed a similar trend to the nitrate, where PAN was higher (>35
mg kg-1) at both depths in the plots with nitrogen. The second interseeded field was
established at Arlington Agricultural Research Station in 2019 with the same treatment
structure and nitrogen fertilizer rates. The 2019-2020 soil fall nitrate levels were between
1-3 mg kg-1 in the upper 30 cm and between 1-4 mg kg-1 in the lower 30-60 cm depth.
Fall soil PAN values were between 6-8 mg kg-1 at both depths and higher in the
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treatments with nitrogen fertilizer applied. Means were reported for the four replicates for
each nitrate and PAN value (Tables 10 and 11).
The early spring soil NO3-N and PAN values were highest in the first year of the study in
2018, with maximum values in the upper 30 cm in the no clover treatment with nitrogen
in 2018 at 5.9 mg kg-1 NO3-N and 12.6 mg kg-1 PAN. The NO3-N values are higher at the
30-60 cm depth in 2018 and 2019 than the upper 0-30cm measurements, while PAN
values are higher in the upper 0-30 cm in 2018, then are higher in the 30-60 cm depth in
2019 and 2020. The late spring sampling time served as a snapshot of in season nitrate in
the upper 30 cm after corn planting once clover had been terminated (Table 10). The
2018 and 2019 in-season soil nitrate levels were between 2-9 mg kg-1 and 10-16 mg kg-1
PAN. The plots with nitrogen fertilizer generally had higher values than the plots without
nitrogen fertilizer added. Soil nitrogen measurements were variable between years and
there was not a consistent trend between clover or no clover treatments (Table 10).
Table 10. Soil nitrate and plant available N (PAN as NO3-N+NH4-N) in fall, early spring,
and in-season late spring sampling periods in the first field. The first field encompasses
the 2017-2019 years.
Clover Treatment

Nitrogen

NO3-N
2017

Fall
0-30 cm

2018

2017
-1

No Clover
Clover

30-60 cm

PAN (NO3-N+NH4-N)

No Clover
Clover

Early Spring

With
None
With
None
With
None
With
None

--------------------------mg kg
29.4
4.93
3.63
4.08
36.3
5.35
3.70
3.95
11.8
4.55
1.68
3.58
8.98
5.13
1.50
3.40
2018

2019

2018

------------------------35.1
12.6
8.48
11.9
41.0
13.5
8.43
11.2
16.2
12.2
5.95
12.4
13.2
12.1
5.53
10.2
2018

2019

50
0-30 cm

No Clover
Clover

30-60 cm

No Clover
Clover

With
None
With
None
With
None
With
None

Late Spring
0-30 cm
No Clover

5.90
4.00
4.75
3.55
7.75
4.20
6.30
3.48

4.53
4.48
4.13
3.30
6.08
5.30
5.95
3.85

12.6
8.40
9.88
8.23
12.2
8.15
10.4
7.43

9.18
9.08
9.15
8.88
10.4
9.55
10.7
9.38

2018

2019

2018

2019

With
5.30
8.78
11.32
None
4.70
9.25
10.83
Clover
With
5.93
6.00
11.28
None
5.53
5.45
10.90
Table 11. Soil nitrate and plant available N (PAN as NO3-N+NH4-N) in Fall, early
spring, and in-season late spring sampling periods in the second field, which was
established in 2019 through 2020
Clover Treatment

Nitrogen

NO3-N

PAN

2019

Fall
0-30 cm No Clover
Clover
30-60
cm

No Clover

With

Clover

None
With
None

Early Spring
0-30 cm No Clover
Clover
30-60
cm

With
None
With
None

With
None
With
None

No Clover

With

Clover

None
With

-----mg kg-1---2.68
8.28
2.00
7.03
2.93
7.68
2.15
7.00
2.75
1.48
3.84
1.56

8.83
6.50
9.09
6.99
2020

2.90
2.80
2.20
1.98

7.88
7.53
7.23
6.93

2.25
1.28
1.71

8.90
6.43
8.33

15.43
16.14
13.30
11.48
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None
Late Spring
0-30 cm No Clover
Clover

With
None
With
None

1.54

8.68
2020

4.45
3.18
3.61
2.94

13.80
12.33
13.06
12.01

Soil nitrate and PAN were compared across experimental cover crop treatments, nitrogen
fertilizer rate, and sampling depth using a mixed model ANOVA with the split-plot
function in the lmer and agricolae package in R (Bates et al., 2015; Mendiburu, 2020). In
the mixed model, cover crop, nitrogen rate (without or with N; 0 or 210 kg ha-1), and
depth were variables analyzed and block*cover crop*nitrogen rate were random effects.

Fall
In the fall sampling periods for each site-year, soil nitrate and PAN (as a sum of NO3N+NH4-N) were not significantly different between cover crop treatment, however, they
were significantly different between treatments with or without applied N fertilizer
(Table 12). The treatments with nitrogen fertilizer applied had significantly more nitrate
and PAN in the soil than treatments without nitrogen applied in the fall sampling period.
There was significantly more nitrate in the upper 30cm in Fall of 2017 and 2018, and
higher PAN in the upper 30cm in 2017 only (Table 12). There was one interaction effect
of applied nitrogen fertilizer and depth in 2017, where samples with nitrogen fertilizer in
the upper 30cm had more PAN (24.9mg kg-1) than samples without nitrogen fertilizer at
sampling depths of 30-60cm (8.65mg kg-1 PAN).
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Early Spring
There was one significant difference in cover crop treatments in the first field study site
with in early spring 2018 where the no clover treatments had more soil nitrate (5.5mg kg1) and PAN (10.3) than the clover treatment nitrate (4.5mg kg-1) and PAN (8.99) (Table
12). The nitrate levels were not significantly different between different nitrogen fertilizer
rates in the early spring sampling period except in 2018 where treatments with nitrogen
fertilizer applied had more soil nitrate than those without. In 2018 and 2020, PAN was
also higher in the treatments with nitrogen fertilizer applied (Table 13). There were
significant differences between sampling depth in most sampling periods. In early spring
of 2018 and 2019, there a was greater concentration of nitrate in the 30-60c m depth than
the 0-30 cm depth, while in 2020 that changed to more nitrate in the upper 30 cm (Table
13). The PAN was significantly different between depths in 2020, where there was
significantly higher PAN at 30-60 cm (8.09) than at 0-30 cm (7.39 mg kg-1). There was
one instance of statistically significant interaction with nitrogen rates and depth where
treatments with nitrogen at the 30-60 cm sampling depth had significantly more nitrate
(5.80 mg kg-1) than any other interaction in 2018, though the lowest nitrate level of the
interactions was not even 2mg kg-1 lower in the treatment with no nitrogen fertilizer
applied at the 0-30 cm depth (4.18 mg kg-1) (Table 13).
In-season sampling late spring
The in-season sampling periods in late spring of 2018 and 2020 show no significant
effects on soil nitrate concentration with cover crop treatment (clover or no clover),
nitrogen fertilizer application, and the interaction between the two (Table 14). In 2019,
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there is a statistically significant difference in cover crop treatment, where the no clover
treatment had more PAN (15.8 mg kg-1) than the clover treatment (12.4 mg kg-1).
Table 12. Fall average nitrate (NO3-N) and plant available nitrogen (PAN) values with
ANOVA results as affected by cover crop treatment (clover or no clover), nitrogen
fertilizer application (with or none), and at different sampling depths (0-30 cm and 30-60
cm). Within each column for significant treatment factors, means followed by the same
letter are not significantly different (𝛼𝛼 = 0.05).
Treatment

Cover crop (CC)
Clover
No Clover
Nitrogen (N)
With
None
Depth (D)
0-30 cm
30-60 cm
Source of variation
CC
N
D
CC × N
CC × D
N × Depth
CC × N × D

NO3-N
PAN (NO3-N+NH4-N)
2017
2018
2019
2017
2018
2019
-------------------------------------mg kg-1-----------------------------------12.6a
11.6a

4.46a
4.29a

2.62a
2.23a

17.0a
16.4a

11.8a
12.3a

7.69a
7.66a

21.6a
2.63b

4.99a
3.75b

3.05a
1.80b

26.4a
7.10b

12.6a
11.4b

8.47a
6.88b

18.3a
5.99b

4.58a
4.17b

2.44a
2.41a

23.3a
10.2b

12.3a
11.7a

7.50a
7.85a

0.571
<0.001
<0.001
0.866
0.216
0.183
0.432

0.268
<0.001
0.038
0.060
0.669
0.086
0.792

0.226
<0.001
0.881
0.279
0.193
0.880
0.746

0.927
<0.001
0.613
0.563
0.433
0.230
0.886

P-Value
0.964
0.601
<0.001
<0.001
0.731
<0.001
0.839
0.910
0.561
0.285
0.161
<0.001
0.582
0.468

Table 13. Early spring average nitrate (NO3-N) and plant available nitrogen (PAN) values
with ANOVA results as affected by cover crop treatment (clover or no clover), nitrogen
fertilizer application (with or none), and at different sampling depths (0-30 cm and 30-60
cm). Within each column for significant treatment factors, means followed by the same
letter are not significantly different (𝛼𝛼 = 0.05).
Treatment

Cover crop (CC)
Clover
No Clover

NO3-N
PAN (NO3-N+NH4-N)
2018
2019
2020
2018
2019
2020
--------------------------------------mg kg-1------------------------------------4.5b
5.5a

4.31a
5.10a

1.86a
2.31a

8.99b
10.3a

9.53a
9.55a

7.79a
7.69a
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Nitrogen (N)
With
None
Depth (D)
0-30 cm
30-60 cm
Source of variation
CC
N
D
CC × N
CC × D
N × Depth
CC × N × D

6.18a
3.81b

5.17a
4.23a

2.27a
1.90a

11.3a
8.05b

9.86a
9.22a

8.09a
7.39b

4.55b
5.43a

4.11b
5.30a

2.47a
1.70b

9.78a
9.55a

9.07a
10.0a

7.39b
8.09a

0.00188
<0.001
0.00288
0.727
0.552
0.00466
0.942

0.156
0.0877
0.00153
0.78
0.476
0.539
0.466

0.619
0.0607
0.433
0.953
0.332
0.671
0.728

0.649
0.0161
0.0154
0.0216
0.00469
0.16
0.00951

P-Value
0.171
0.00675
0.209
<0.001
0.00113
0.766
0.316
0.129
0.216
0.792
0.268
0.16
0.179
0.518

Table 14. Late spring in-season average nitrate (NO3-N) and plant available nitrogen
(PAN) values with ANOVA results as affected by cover crop treatment (clover or no
clover), nitrogen fertilizer application (with or none), and at different sampling depths (030 cm and 30-60 cm). Within each column for significant treatment factors, means
followed by the same letter are not significantly different (𝛼𝛼 = 0.05).
Treatment

Cover crop (CC)
Clover
No Clover
Nitrogen (N)
With
None
Source of variation
CC
N
D
15

NO3-N
PAN (NO3-N+NH-4)
2018
2019
2020
2018
2019
2020
-1
-------------------------------------mg kg -----------------------------------5.73a
5.00a

5.73a
9.02a

3.28a
3.82a

11.1a
11.1a

12.4b
15.8a

12.5a
13.1a

5.62a
5.12a

7.39a
7.35a

14.4a
13.8b

13.4a
12.2a

0.234
0.0839
0.557

0.0567
0.0709
0.866

4.03a
11.3a
3.06a
10.9a
P-Value
0.353
0.708
0.202
0.245
0.632
0.748

0.0178
0.0123
0.615

0.513
0.151
0.632

N analysis

The nitrogen derived from the atmosphere (Ndfa (%)) values varied within clover
treatments between replicates. Clover treatments with nitrogen had more instances of
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zero biological nitrogen fixation than clover without nitrogen fertilizer application (Table
15).

Table 15. Nitrogen derived from the atmosphere in clover and no clover treatments within site-years in fields 1 and 2
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An accompanying reference rye to the red clover was used each sampling period with the
natural abundance method. While rye is commonly used as a reference plant for other
cover crops, the δ15N varied widely between sampling periods (Table 16). The δ15N is
higher for rye and clover samples with a nitrogen fertilizer application (210 kg ha-1) in
every year except Fall of 2017 for the rye cover crop reference (Table 16).
Table 16. Reference plant δ15N variability
Sampling Date
11/16/17
11/16/17
5/24/18
5/24/18
11/1/18

Plot

δ15N (permil)
Rye in Corn no N
1.97
Rye in Corn with N
1.22
Rye/Corn with N
4.23
Rye/Corn no N
2.04
Rye/Corn no N
1.13

11/1/18 Rye/Corn with N

3.29

5/22/19 Rye/Corn no N
5/22/19 Rye/Corn with N
10/30/19 Rye/Corn no N
10/30/19 Rye/Corn with N

1.78
2.52
1.75
3.62

Table 17. Red clover biomass δ15N variability
Sampling Date

Plot

11/16/17 Clover no N
11/16/17 Clover with N
5/24/18 Clover no N
5/24/18 Clover with N
11/1/18 Clover no N
11/1/18
5/22/19
5/22/19
10/30/19
10/30/19
6/18/20
6/18/20

Clover with N
Clover no N
Clover with N
Clover no N
Clover with N
Clover no N
Clover with N

δ15N (permil)
0.60
1.58
-0.21
0.42
0.11
3.53
-0.27
0.68
-0.26
1.60
1.17
3.13
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Yield and Optimum Nitrogen Fertilizer Rates
Bootstrapped residuals were used to calculate 95% confidence intervals of the optimum
nitrogen fertilizer rates and maximum yields for each cover crop treatment (Figure 12).
While Chapter 1 discussed this and the following results more thoroughly, they are
presented again here. The log likelihood ratio test for differences in models (prior to
bootstrapping the data) suggest models are significantly different (p=0.006). In 2018,
there was a small (15-17 kg ha-1), but statistically significant fertilizer replacement value
in the clover treatments (Table 17). The corn that was not interseeded with red clover
required significantly more nitrogen to reach a maximum yield than the treatments that
had red clover interseeded (Figures 12 & 13, Table 17). Maximum yields are
significantly different between treatments, where Clover 2017 treatment had a slightly
higher yield (10.7 Mg ha-1) than the No Clover treatment (10.5 Mg ha-1), which were both
higher than the Clover Always treatment (10.5 Mg ha-1). While the bootstrapping
technique allowed for determination of statistically significant differences between
yields, the differences here may not be agronomically significant in this agricultural
system.
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Figure 12. Fertilizer response curve quadratic plateau models determined by
bootstrapping residuals for clover treatments No Clover (NoRC), Clover 2017 (RC17),
and Clover Always (RC Always). Data points are the actual sample. Banding represents
the bootstrapped 95% confidence intervals.
Table 18. Optimum N rate and yield for the 2017-2018 site-year determined by
bootstrapping residuals. Different letters suggest significant differences (p<0.05).
Treatment
None

Clover Always

Clover 2017

Parameter

a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)

Estimate
5.34
0.123
-0.000773
89.1 a
10.5 b
5.17
0.142
-0.00111
72.2 b
9.98 a
8.29
0.0719
-0.000574
73.6b
10.7c

Std. Error
0.578
0.0334
0.000370
23.1
0.245
0.522
0.0383
0.000532
0.207
19.1
0.359
0.0232
0.000308
26.0
0.148

95% Confidence Interval
Lower
Upper
4.02
6.29
0.0714
0.198
-0.00179
-0.000305
61.9
174
9.95
10.9
3.87
5.96
0.0743
0.226
-0.00253
-0.000368
50.4
144
9.57
10.4
7.63
8.96
0.0310
0.119
-0.00136
-0.000133
49.7
209.2
10.4
11.0
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Figure 13. Density plot of the bootstrapped results (where the data was resampled 1000
times) for the optimum nitrogen fertilizer rate for each treatment. The density plots are
constructed with the results from bootstrapping residuals.
In 2019, there was not a significant fertilizer replacement value in the clover treatments
(Table 18). Models in 2019 were not significantly different determined by the log
likelihood ratio test (p=0.580). The corn that was not interseeded with red clover required
as much nitrogen to reach a maximum yield as the treatment where clover was only
inteseeded in 2018 (Figure 14 &15, Table 18). The treatment with clover inter-seeded
every year had an optimum nitrogen fertilizer rate that was significantly higher than the
treatments without clover or with clover interseeded only in 2018 (Table 18 and Figure
15).
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Figure 14. Fertilizer response quadratic plateau models determined by bootstrapping
residuals for clover treatments No Clover, Clover 2018, and Clover Always. Data points
are the actual sample. Banding represents the bootstrapped 95% confidence intervals.
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Figure 15. Density plot of the bootstrapped results for 2019 interseed yield data (where
the data was resampled 1000 times) for the optimum nitrogen fertilizer rate for each
treatment. The density plots are constructed with the results from bootstrapping residuals.
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Table 19. Optimum N rate and yield for the 2018-2019 site-year determined by
bootstrapping residuals. Different letters suggest significant differences (p<0.05).
Model
No Clover

Clover Always

Clover 2018

Model Parameter

a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)
a
b
c
Optimum N (kg ha-1)
Maximum yield (Mg ha-1)

Estimate
5.00
0.0807
-0.000221
196.3b
12.6
4.43
0.142
-0.0011
267.9b
12.8a
4.31
0.0849
-0.000227
196.5b
12.4c

Std. Error
0.736
0.0180
9.20e-05
36.9
0.434
0.672
0.00937
3.31e-05
30.1
0.527
0.648
0.0156
7.633e-05
31.3
0.41

95% Confidence Interval
Lower
Upper
3.40
6.27
0.0526
0.126
-0.000506
-0.000106
141.8
293.9
11.87
13.59
3.22
5.80
0.0485
0.0865
-2.45e-04
-8.78e-05
184.8
309.0
11.71
13.70
2.94
5.45
0.0596
0.123
-0.000452
-0.000125
146.3
278.5
11.7
13.4
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DISCUSSION
Biomass
Red clover above-ground biomass establishment and production were inconsistent when
interseeded into corn. Previous studies have reported more red clover biomass when red
clover was interseeded into winter wheat in a corn-soybean-wheat system. In one study,
biomass accumulated to just over 2000 kg ha-1 prior to termination in plots without
nitrogen and a minimum of 1090.2 kg ha-1 with nitrogen (A. C. M. Gaudin et al., 2014).
Red clover biomass increased by a substantial amount (912.5 kg ha-1 with roots, 222 kg
ha-1 shoots) after wheat was harvested, suggesting that interseeding created competition
for red clover biomass accumulation. As nitrogen fertilizer rates increase, canopy cover
also increased, decreasing solar radiation accessible by the clover, and yielding a
decrease in clover biomass. Another study reported a range of 688-1184 kg ha-1 clover
biomass accumulation in a relatively dry year, and in a wetter year, yielded upwards of
2300 kg ha-1 clover biomass (Queen et al., 2009).

Clover biomass accumulation declined after the establishment year due environmental
controls in a continuous corn system. The most productive year for biomass occurred in
the establishment year of the first field in November 2017 (699 kg ha-1), at the lower end,
or much further below biomass values observed in other studies. Beyond the
establishment year, clover biomass production values decreased and the establishment of
the clover stand between replicates and within plots was variable. To inform future
agronomic practices, it is important to note that stand establishment was a primary
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concern for farmers that were interested in cover crop adoption (Conservation
Technology Information Center (CTIC), 2017; CTIC & SARE, 2020; Roesch-Mcnally et
al., 2018). The variable stand establishment in this study suggests that this no-till,
interseed system might not be the best option for a hearty red clover stand. The small
amount of biomass accumulation prior to termination justifies the very small nitrogen
fertilizer replacement value in 2018, and the lack of any nitrogen fertilizer replacement
value in 2019. As a no-till system, corn stover remains on top of the soil after harvest. In
addition to light interception by corn, the cover is thick enough that it might inhibit clover
emergence after successive years of stover surface build-up. While the amount of corn
stover may explain much of the variation in clover biomass growth, red clover is known
to have problems with stand evenness due to soil moisture and topography (Wyngaarden
et al., 2015). The understory environment when clover is interseeded into corn simply did
not allow for clover to build enough biomass to be useful to the next season of corn.
Yield effect
Interseeded red clover may not provide enough nitrogen to corn to be a promoted as a
productive system for farmers in Wisconsin. The treatments with interseeded red clover
required significantly less nitrogen (15-17 kg ha-1) at the optimum nitrogen rate than the
treatment without clover interseeded. This was a small difference, and while statistically
significant, might not be agronomically significant to a farmer. There was a small yield
increase from the clover treatment “clover always”, which was consistent with other
cover crop studies and meta-analyses that showed increased plant available nitrogen and
increased or maintained corn yield compared to a control without a cover crop (Coombs
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et al., 2017b; Marcillo & Miguez, 2017). However, the other clover treatment called
“clover 2017” did not show a yield increase, and in fact, showed a decrease even though
it also required less nitrogen than the treatment without clover interseeded.

The 2017-2018 site-year was the establishment year and did not have years of continuous
corn cultivation on a no-till field to build up corn stover. Since the establishment year in
2017 did not have abundant corn stover, the clover was able to grow a more robust stand
without impediment. In the subsequent years, corn residue accumulated, leading to
substantial corn stover accumulation, limiting clover emergence. The treatments with
clover interseeded in 2018-2019 required more nitrogen than the treatments without
clover. Once again, the treatments with clover interseeded in 2018 had a slight yield drag
compared to the no clover treatments, while the treatment where clover was interseeded
in both 2017 and 2018 had a slight yield increase compared to the plot without clover.
Since other research correlates clover with a slight increase in corn yield, and clover
competition with corn is minimal, it is unlikely that clover is causing the yield
depression. Instead, the yield decrease might be a result of a system where corn is grown
after corn instead of rotated with other crops (Brooker et al., 2020).
N response effect
The soil nitrogen data does not suggest a reliable release of nitrogen from red clover
biomass in the upper 30 cm following red clover cover crop termination. The cover crop
treatments with a nitrogen fertilizer application (210 kg ha-1 for treatments without the
split N rates, and otherwise 190 kg ha-1 for the “with” nitrogen sampling in split plots)
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have a statistically significantly higher soil nitrate and PAN. Part of the lack of a nitrogen
flush is explained by the variability in the amount of cover crop biomass. The higher
level of soil nitrate and PAN in fertilized plots at corn harvest in the fall suggests more
nitrogen from synthetic fertilizer input rather than from biological nitrogen fixation in the
clover biomass. In early spring when the clover was planted, there was either
significantly less or not a significant difference in NO3-N and PAN in the plots with
clover compared to the no clover plots. This sampling period was at the time of clover
termination prior to planting corn. We expected a slight amount of nitrogen drawdown by
the cover crop during this period if it does not receive enough nitrogen from biological
nitrogen fixation. Since there was less nitrogen available in the clover cover crops
without nitrogen fertilizer application, growing clover appeared to be taking up slightly
more nitrogen from the soil than the clover that has access to nitrogen fertilizer. The inseason PAN was not significantly different across treatments except for the 2019 late
spring test in the second study field before the trial was established. This suggests that
there was not a release of nitrogen from the clover as it decomposed post-termination
after corn planting, a time when farmers might sample to adjust for N fertilizer
applications.
Biological nitrogen fixation
In addition to the variability in biomass accumulation, there was also a variable range of
biological nitrogen fixation in the clover between years, treatments, and replicates. The
variability in biological nitrogen fixation makes it unclear how much new nitrogen
(derived from the atmosphere, available when clover biomass decomposes) enters the
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system. Other studies have observed that environmental factors rather than specific
legume species are significant controls (site-year, special variation) on biological
nitrogen fixation in legumes (Parr et al., 2011). Unlike other studies that conduct
greenhouse experiments to determine their own baseline δ15N values for nodulating
legumes (Parr et al., 2011), we used a B-value of -0.94 as an average of values (-0.78 to 1.30) reported by four separate studies for red clover in the appendix of a review by
Unkovich et al., (2008) that explored different means of measuring plant-associated
nitrogen fixation. This estimation of a B-value can be a source of potential error; the
reference plant variation is large between years and treatments. Rye interseeded into corn
was chosen as the non-legume reference plant for this study in line with other studies that
use rye as a reference plant to compare with legume cover crops (Parr et al., 2011). There
is a clear pattern of lower δ15N values for rye interseeded into corn without nitrogen
fertilizer applied and higher δ15N values when nitrogen fertilizer was applied. While we
wouldn’t expect a variation in δ15N values in reference rye if the fertilizer applied was
made using the Haber-Bosch process, our data suggest that fertilizer application led rye to
be enriched in 15N. The variation in nitrogen derived from the atmosphere in clover
between years and between the plots that received synthetic nitrogen fertilizer is
dependent on the reference rye plant, which varied with fertilizer application. The range
in values of nitrogen derived from the atmosphere in red clover between replicates that
we report suggests the reduction in biological fixation is spatially variable. Since average
Ndfa(%) values were only above 50% in Fall and Spring 2017-2018 in both clover
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treatments and Spring 2019 in clover treatments without N, there is little evidence that we
were consistently adding new nitrogen to the system.

CONCLUSION
Interseeded red clover into corn did not lead to differences in plant available nitrogen,
slightly decreased or did not change the optimum nitrogen fertilizer rate to achieve
maximum yield, and did not grow new nitrogen to the system through biological nitrogen
fixation to point to a significant nitrogen contribution. Given the limitations of clover
biomass establishment in this system, we do not recommend successively interseeding
red clover into a continuous corn system in Wisconsin until additional studies can
confirm reliable red clover biomass establishment. More multi-year research trials that
interseed red clover are necessary to inform the economic and agroecologic benefits of
interseeding red clover. We suggest future studies with red clover in no-till corn systems
consider corn row spacing, corn planting density, and relative maturity with different
corn species to increase light penetration to the clover in the understory and management
of corn stover on the soil surface. We also suggest comparing interseeded red clover into
corn at experimental plots further south in the corn belt to assess clover biomass
establishment with increased growing degree days and gathering qualitative data on
farmers’ experiences with red clover under different growing conditions. As agriculture
moves toward sustainable intensification, and demand for information on incorporating
cover crops into existing systems increases, red clover is certainly worth further
exploration.
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Conclusions and Future Work
The results of these studies do not show large nitrogen fertilizer replacement values that
would support wide adoption of interseeding red clover in continuous corn, no-till
systems in Wisconsin. However, the field studies were responsive, and the fertilizer
response curves generated from the studies suggest the limitations to the system lie in
clover biomass establishment. We suggest future studies investigate corn row spacing and
corn planting density, both of which could allow for more light penetration beneath the
corn canopy, benefitting the clover. A later corn relative maturation date could give
clover an advantage in establishment before the canopy closes in. An exploration of this
system at latitudes further South could make more growing degree days available to the
clover. Corn stover management under no-till could be explored in corn silage systems
that remove the majority of the corn plant, rather than the corn grain system explored in
this study that left behind crop residue.

Another output of this work was the FertBoot R package that I built with a statistical
consultant, Ting Fung Ma. This package is intended to be used, critically assessed, and
adapted by researchers evaluating differences between optimum nitrogen fertilizer rates.
We intended this to be a user-friendly code with limited modifications needed by
researchers. We hope this encourages future decision making and prompts discussion
about agronomic meaning in statistical analyses.
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Appendix I. Red clover biomass photos

Figure 16. May 2018 biomass samples. Plot on the left received 135 kg N ha-1.
The clover on the right received 224 kg N ha-1. Corn stover covers the soil
between red clover emergence.

Figure 17. May 2019 biomass establishment. The healthy green stand is in-between plots
in the alleys. Note the lack of clover between the harvested corn rows.
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Figure 18. Clover biomass in October 2019. Early frost and a lot of fall precipitation
did not create ideal growing conditions.

Figure 19. May 2020 biomass establishment. Lots of corn stover remained from last
harvest, with uneven clover stands
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Appendix II. A brief guide to FertBoot
1. Download the open-source program RStudio at rstudio.com
2. Install the package FertBoot to the RStudio library. Load FertBoot
library(FertBoot)
3. Set a working directory (where the data is saved)
setwd("~/folder_with_data")
4. Read data file
a. Format data with treatment, fertilizer rate, and yield in separate columns
b. Create data frames of fertilizer rate and yield for each treatment
df_1 = subset(data.frame, treatment = 1)
df_1 = df_1(x=df_1$nrate,y=df_1$yield)
5. Start the bootstrapping procedure by creating the model that will later be used to
bootstrap the residuals. Fit each treatment data frame to a model (quadratic
plateau, linear plateau, or quadratic) using multiple initial values
m.df_1 = f.quad.plateau(df_1,
start=list(a = 1, b = 1, c = 1), plus_minus=1e2, n.start=10000,
msg=FALSE)
6. Delineate the range of fertilizer application rates with (here, maximum nitrogen
fertilizer rates applied were 314 kg ha-1)
x.range = df_1(x=1:314)
7. Bootstrap the residuals of the quadratic plateau. This can take several hours.
results.df_1 = boot.resid.quad.plateau(m.df_1, df_1, x.range=x.range,
B=1e3-1, plus_minus = 1e2, n.start=10000, print.progress=TRUE)
8. Save results to the working directory
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saveRDS(results.df_1, file = "results.df_1.RDS")

9. Trim any outliers if bootstrapped x-values exceed maximum fertilizer rate applied
results.df_1 = results.df_1[results.df_1$max_x <= 314,]

10. Compare optimum fertilizer rates (bootstrapped estimate for optimum fertilizer
rate and 95% confidence interval) for reaching yield plateau, and yield plateaus
c(mean(results.df_1$max_x), FertBoot::boot.CI(results.df_1$max_x,
alpha=0.05)$CI.percent)
a. change max_x to max_y to compare maximum yield
11. Test for statistical significance between optimum fertilizer rates of different
treatments
compare.two.sample(results.df_1$max_y, result. results.df_2$max_y,
R=1e4)$p.value
a. change max_x to max_y to compare maximum yield
12. Use the log-likelihood ratio test to determine general differences between
treatments.
a. First, fit the models to quadratic plateau curves
df_1_log = f.quad.plateau(d=df_1)
df_2_log = f.quad.plateau(d=df_2)
The null model is the two data sets are the same
null_log = f.quad.plateau(d=rbind(df_1, df_2))
b. Calculate the test statistic
ts = as.numeric(logLik df_1_log $nls.model) + logLik(df_2_log $nls.model) logLik(null_log$nls.model))
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1 - pchisq(ts, df = 6) # degrees of freedom (df) = 3 for comparing 2 groups as
there are 3 more parameters in the alternate model (3*2 - 3)
13. Reference the FertBoot code in the CRAN repository at
https://github.com/cran/FertBoot
a. The authors (Francis and Ma) provided example code for figures here:
https://github.com/rtfma/FertBoot/blob/main/ExampleGraphs_Interseed2018.pdf

