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SOIL FERTILITY AND CROP NUTRITION

Does Cover Crop Radish Supply Nitrogen to Corn?

Matthew D. Ruark,* Megan M. Chawner,
Michael J. Ballweg, Richard T. Proost, Francisco . Arriaga, and James K. Stute

ABSTRACT

Radish (Raphanus sativus L.) grown as a cover crop can accu-
mulate a significant amount of N when planted by late summer.
However, it remains unclear if the N in the radish biomass can
supply N to a subsequent corn (Zea mays L.) crop. The objectives
of this project were to: (i) measure radish growth and N uptake,
(ii) determine the effect of radish growth on plant available N
content in soil throughout the subsequent growing season, and
(iii) determine the effects of radish on corn yields and response
to N fertilizer. This study was conducted across nine site-years
in northeastern and southern Wisconsin, with radish planted
mid-August following winter wheat (Tviticum aestivum L.)
harvest. The experimental design was a randomized complete
block, split plot design, with cover crop as the whole plot factor
and N rate as the split plot factor. Radish N uptake was ranged
from 19.7 to 202 kg ha™! across all site-years. The effect of rad-
ish on in-season plant available N (PAN) content differed across
growing seasons, with radish both increasing and decreasing
PAN. The ANOVA and regression analysis showed mostly neu-
tral effects of radish on corn yield, although corn yield increases
and decreases following radish occurred. This research supports
the use of radish as a trap crop for fall N, as environmentally
meaningful yields of N were contained in plant biomass, but
also demonstrates that radish has no N fertilizer replacement
value to the subsequent crop.

Core ldeas

* Radish as a cover crop does not supply nitrogen to the subsequent
corn crop.

* Radish can result in neutral, negative, and positive effects on corn
yield.

* Radish can have substantial nitrogen uptake in the fall, but effects
on spring soil nitrogen are variable.
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OVER CROPS provide multiple ecosystem benefits
‘ when used in agricultural fields through the reduction

of erosion and compaction, general improvement of the
soil physical condition and microbial community, and building
of soil organic carbon (Blanco-Canqui et al., 2015). Radish in
particular has been identified as a cover crop that can provide
many of those benefits (e.g., Mutegi et al., 2013; Chen and Weil,
2010), although positive (Williams and Weil, 2004; Chen and
Weil, 2011; O’Reilly et al., 2012; Dagel et al., 2014; Gieske
etal., 2016), neutral (O’Reilly et al., 2012; Dagel et al., 2014;
Acufia and Villamil, 2014; Li et al., 2015; Thilakarathna et al.,
2015; Lacey and Armstrong, 2015; Hill et al., 2016; Gieske et
al., 2016), and negative effects (Cicek et al., 2015) on subsequent
crop yield have been reported. The potential yield benefit could
come through changes to the physical structure of the soil.
For example, Williams and Weil (2004) suggest that the root
channels left behind by radish provided the subsequent soybean
[Glycine max (L.) Merr.] crop roots with low resistance paths to
water contained in the subsoil. Other research has shown that
radish was deeper rooting compared to winter rye (>2.42 and
1.15 m, respectively), creating root channels deeper in the soil
profile, indicating radish was more effective at capturing N from
deep soil layers (Kristensen and Thorup-Kristensen, 2004).

Radish as a cover crop has shown clear benefits to water qual-

ity through reduction in fall soil nitrate. In the upper Midwest
of the United States, N uptake by radish planted in mid-summer
have reported N uptake ranges from 31 and 227 kg-N ha!
(Lacey and Armstrong, 2015; Gieske et al,, 2016), suggesting
large amounts of N uptake can occur during optimal growing
seasons. Reduction in fall soil inorganic N content compared to
ano cover crop control has been reported widely throughout the
literature (e.g., Vyn et al,, 2000; Dean and Weil, 2009; O’Reilly
etal., 2012; Cicek et al., 2015; Thilakarathna et al., 2015; Gieske
etal., 2016; Hill et al., 2016). However, Li et al. (2015) reported
no difference in fall soil nitrate content between radish and no
cover crop and Thomsen and Hansen (2014) reported no reduc-
tion in nitrate leaching on a sandy soil with a radish cover crop.
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Another potential yield benefit of radish could come from
N supplied from the decomposition of radish biomass. An N
replacement credit appears possible for radish based on the
amount of N in the whole plant biomass and a favorable C to
N ratio for net mineralization. Unfortunately, while radish can
reduce fall soil nitrate content, most studies report little effect on
nitrate content in the subsequent growing season (pre-plant or
in-season) (Vyn et al., 2000; O’Reilly et al., 2012; Li et al., 2015;
Lacey and Armstrong, 2015; Cicek et al., 2015; Thilakarathna
etal,, 2015; Gieske et al., 2016; Hill et al., 2016). Radish has
also been reported to have lower soil inorganic N content in the
spring compared to no cover crop (Gieske et al., 2016; Cicek
etal., 2015). In contrast, on soils in Maryland, Dean and Weil
(2009) showed an increase in spring soil nitrate content on both
aloamy sand and a silt loam following radish compared to the
control. Hill et al. (2016) also found some in-season increases in
soil nitrate with corn at V2 in two of three years at one location,
and Vyn et al. (2000) found the same effect at sidedress timing
at one location. So, it is clear that while not the norm, radish
can release N during the subsequent growing season that it took
up in the previous fall and this N may have value as a fertilizer
replacement. However, differences in climate and soil type may
influence the availability of the N released from decomposing
radish biomass. Furthermore, most of the previous studies that
concluded there was not an N credit of radish based this from
discrete soil sampling. While this is a reasonable approach,
evaluating crop yield response across a range of N rates provides
greater insight into N availability in the presence of fertilizer
N. Three previous studies have specifically evaluated a potential
N credit for radish based on N response. Thilakarathna et al.
(2015) showed no difference in corn grain yield or corn stover
biomass following fall applications of manure between radish
and no cover at N rates of 0 and 200 kg ha™!, which suggests no
difference in N response assuming a linear response. Averaged
across three site-years (across two locations in Minnesota),
Gieske et al. (2016) reported no difference in corn yield response
to N between radish and no cover treatments. Fontes et al.
(2017) reported a negative N fertilizer replacement value of rad-
ish when averaged across three site-years.

Radish can be grown easily following winter wheat or early
harvested vegetable crops. In Wisconsin, wheat straw is often
harvested for use in dairy production and thus little soil cover-
age exists after harvest or in low residue vegetable productions
systems. Legumes have been well studied as a beneficial cover
crop following or interseeded into winter wheat. Red clover
(Trifolium pretense L.) as a cover crop has been shown to have
a fertilizer replacement value up to 115 kg ha™! of N (Stute
and Posner, 1995) and multiple studies have shown corn grain
yields to be greater following leguminous cover crops com-
pared to no cover crops (Miguez and Bollero, 2005). Radish is
of interest as a cover crop in this rotation as it will winterkill,
in contrast to red clover which will need to be chemically or
mechanically terminated. Radish can provide more N scaveng-
ing benefits, but more evidence is needed to suggest a consistent
fertilizer N replacement value can be obtained.

Since cover crop N uptake and availability to subsequent
crops can be affected by cover crop species, precipitation, tem-
perature, length of growing season and soil fertility (Stute and
Posner, 1993; Decker et al., 1994), it is crucial for research to be

conducted on a regional basis to provide site-specific cover crop
recommendations to growers. The objectives of this study were
to (i) quantify the amount of N taken up by radish, (ii) deter-
mine the effect of radish on plant available N concentrations in
soil, and (iii) determine the effect of radish on crop yield and
response to N. This study specifically addresses these effects on
soils in south central Wisconsin, representative of soils in the
Midwestern corn belt and soils in eastern Wisconsin within
the Lake Michigan watershed.

MATERIALS AND METHODS

Site Description and Experimental Design

The experiment was conducted at three locations
in Wisconsin (Rock County, Sheboygan County, and
Washington County) during three cover and corn crop grow-
ing seasons (which began in the summer with planting of the
cover and ended following corn harvest; 2011 to 2012, 2012 to
2013, and 2013 to 2014), for a total of nine site-years. Specific
treatments and tillage practices varied by site-year.

Rock County

The three fields at the Rock County Farm in Janesville, W1
(42°43'37" N, 89°1'26" W) were located within 1 km of each
other. Each field at the Rock County Farm had a long history
of no-till, 5 yr or more, depending on the field. The crop rota-
tion was soybean-winter wheat-corn, with the radish treatments
planted following winter wheat harvest. The predominant soil
series was Plano silt loam (fine-silty, mixed, superactive, mesic
Typic Argiudolls). This soil is characterized as very deep, well-
drained soil on 0 to 2% slopes. In the first 15 cm of the soil
profile, the pH in water of the soil was 6.5, the organic matter
content was 53 gkg™! (by loss on ignition), and soil test P and K
values (Bray 1) were 340 mgkg™! and 460 mg kg™, respectively.
No P or K fertilizer was applied. Treatments at this location
were arranged in a randomized, complete block, split plot design
with four replications. Each block contained three whole plot
treatments: (i) no cover crop (NR), (ii) radish with no N added
(RAD), and (iii) radish with 67 kg N ha~! added at the time of
radish planting (RAD+67). The whole plot dimensions were 3 m
by 46 m. Each whole plot contained six subplots (3 m by 7.7 m),
which were N rates of 0, 45, 90, 134, 179, and 224 kg ha™.

Sheboygan County

The three fields in Sheboygan County were located near
Sheboygan Falls, W1 (43°47¢57* N, 87°54¢55* W) within 1
km of each other. The crop rotation was soybean-winter wheat-
corn, with the radish treatments planted following winter
wheat harvest. The predominant soil series was Kewaunee silt
loam (fine, mixed, active, mesic Typic Hapludalfs). This soil is
characterized as very deep, well drained soil on 2 to 6% slopes.
Across all sites and based on soil samples (0~15 cm) collected
December 2014, soil pH ranged from 7.3 to 7.4, soil organic
matter was 32 g kg™ at all sites (loss on ignition), and soil test P
and K values (Bray 1) ranged from 31 to 47 mgkg™! and 156 to
193 mg kg™!, respectively. No P or K was applied at these sites.
Treatments were arranged in a randomized, complete block,
split plot design with four replications. Each block contained
two whole plot treatments: no cover crop (NR) and radish
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(RAD). The whole plot dimensions were 9 m by 36 m in 2012
and 9 m by 48 m in 2013 and 2014. In 2012, each whole plot
contained six subplots (4.5 x 12 m), which were N rates of 0,
112, 140, 168, 196, and 224 kg ha™!. In 2013 and 2014, each
whole plot contained eight subplots, which were N rates of 0,
34, 67,101, 134, 168, 202, and 235 kg ha~!. Whole plot treat-
ments not receiving radish were chisel-plowed in the fall and
field cultivated in the spring. The radish plots did not receive
tillage between winter wheat harvest and corn harvest.

Washington County

The three fields in Washington County near West Bend, W1
(43°21'18" N, 88°16'24" W) within 2 km of each other. The
fields used in this experiment were under no-tillage manage-
ment. The crop rotation was soybean-winter wheat-corn, with
the radish treatments planted following winter wheat harvest.
The predominant soil series was Hochheim loam (fine-loamy,
mixed, active, mesic Typic Argiudolls). This soil is character-
ized as well drained soil on 12 to 20% slopes. Across all sites and
based on soil samples (0-15 cm) collected December 2014, soil
pH ranged from 6.8 to 7.2, soil organic matter ranged from 24
to 25 gkg™! (vialoss on ignition), and soil test P and K values
(Bray 1) ranged from 26 to 37 mgkg™! and 84 to 123 mgkg™!,
respectively. No P or K was applied. Treatments were arranged in
arandomized, complete block, split plot design with four replica-
tions. Each block contained two whole plot treatments: no cover
crop (NR) and radish (RAD). The whole plot dimensions were
9 m by 27 m. Each whole plot contained six subplots (4.5 m by
9 m), which were N rates of 0, 45, 90, 134, 179, and 224 kg ha™L.

Cover Crop and Corn Management

Rock County

Radish (Tillage Radish, Cover Crop Solutions LLC) was
planted on 15 Aug. 2011, 30 Aug. 2012, and 28 Aug. 2013
following the harvest of winter wheat using a no-till drill with
17.8 cm row spacing, with a seeding rate of 11 kg ha™!. On the
planting date, 67 kg N ha~! as ammonium nitrate was broad-
cast surface applied to RAD+67. Volunteer winter wheat and
summer annual weeds were controlled before planting with a
broadcast application of glyphosate (210 g a.i. ha™!). Four rows
(76 cm spacing) of corn (O’Brien hybrid 1155) were planted per
plot with a no-till planter at a seeding rate of 79,000 seeds ha™!
on 15 May 2012, 16 May 2013, and 30 May 2014. Fertilizer
was surface applied at planting as ammonium nitrate hand
applied in row in bands for the subplot N rates. Post emergence
herbicides were applied as needed for weed control.

Sheboygan County

Radish (Tillage Radish, Cover Crop Solutions LLC) was
planted on 15 Aug. 2011, 15 Aug. 2012, and 12 Aug. 2013,
following the harvest of winter wheat using a no-till drill with
17.8 cm row spacing, with a seeding rate of 11 kg ha~!. Before
radish planting, 45 kg of urea (21 kg N ha™!) was applied
across the whole field, including all radish and no radish plots.
Six rows (76 cm spacing) of corn were planted per plot with a
no-till planter at a seeding rate of 79,000 seeds ha=!on 20 May
2012, 12 June 2013, and 28 May 2014. Fertilizer was broadcast
applied at planting as urea with a urease inhibitor (Agrotain,
Koch Agronomic Services LLC, Wichita, KS). Post emergence

herbicides were applied by the farmer as needed for weed con-
trol to terminate any winter wheat regrowth.

Washington County

Radish (Tillage Radish, Cover Crop Solutions LLC) was
planted on 13 Aug. 2012, and 8 Aug. 2013, following the harvest
of winter wheat using a no-till drill with 17.8 cm row spacing, with
ascedingrate of 11 kg haL. Before radish planting, 45 kgN ha!
was applied to the whole field, including all no radish and radish
plots. Six rows (76 cm spacing) of corn (Nu Tech SN0OI, Great
Lakes hybrid 4875) were planted per plot with a no-till planter at
aseeding rate of 79,000 seeds ha™! on 20 May 2013, and 24 May
2014. Starter fertilizer was applied each year with planting (22 kg
ha™! of N). Fertilizer was broadcast applied by hand one to 4 d
after corn planting as urea with a urease inhibitor (Agrotain). Post
emergence herbicides were applied by the farmer as needed for
weed control to terminate any winter wheat regrowth.

SAMPLING AND ANALYSIS

All weather data (daily high and low temperatures and
daily rainfall) were obtained from National Weather Service
Reporting Stations and obtained through the Wisconsin State
Climatology Office website (http://www.aos.wisc.edu/~sco/
climhistory/acis_stn_meta_wi_ index.htm, Verified 19 Mar.
2018). Seasonal growing degree days (GDD) for cach cover
crop growing season was determined as the difference sum of
daily maximum and minimum temperatures (with 30°C and
4.5°C thresholds, respectively) divided by two and subtract-
ing the base temperature of 4.5°C. All reporting stations were
within 13 km of field locations. Rainfall and GDD for each
site-year are reported in Table 1.

Radish biomass was sampled in the fall when growth had been
suppressed or stopped, but before winterkill conditions and from
one 0.5 m? area per whole plot. The radish was frost-killed in the
winter when air temperature dropped below —4°C for several
nights in a row. Radish biomass was sampled as whole plants
(stems, leaves, and roots) in 2011 and separated into aboveground
biomass (AGB) (leaves and stems) and belowground biomass
(BGB) (main tap root) in 2012 and 2013, although it should be
noted that although the tap root often protruded above ground,
we are considering the entire tap root belowground biomass.
Roots were carefully dug out with a shovel with the goal of sam-
pling as much of the thick portion of the tap root as possible; all
identifiable root biomass was collected. All samples were dried
in a forced air oven at 60°C; radish BGB was rinsed with water
to remove soil prior to drying. Biomass samples were collected
at Rock County on 1 Nov. 2011, 16 Nov. 2012, and 19 Now.
2013; at Sheboygan County on 29 Nov. 2011, 16 Nov. 2012,
and 15 Nov. 2013; and at Washington County on 28 Nov. 2011,
16 Nov. 2012, and 20 Nov.2013. Unfortunately, radish samples
in 2011 from Sheboygan County and Washington County
were disposed prior to analysis. There was regrowth of winter
wheat at each site-year, but the growth was patchy and was not
sampled; thus the no cover plots are not bare ground, but instead
represent conditions that allowed regrowth of winter wheat
before termination in the spring prior to corn planting. Radish
biomass samples were ground and analyzed for total N and total
carbon by dry combustion usinga Flash EA 1112 CN Automatic
Elemental Analyzer (Thermo Finnigan, Milan, Italy).
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Table I. Cover crop season growing degree days (GDD); rainfall; and radish biomass, N uptake and C to N ratio on a whole plant,
aboveground biomass (AGB), and belowground biomass (BGB) basis. Statistical comparisons between treatments of radish (RAD) and
radish with 67 kg ha™' of N (RAD+67) were conducted on a site-year basis (Rock County only).

Biomass N uptake CtoN
Year Site GDD+} Rainfall ~ Plant part Treatment Mean SDit Mean SD Mean SD
mm Mg ha™! kg ha™!
2011 Rock 884 182 Whole RAD 6.02 1.77 202 56.8 1.5 352
Whole RAD+67 6.27 1.61 201 46.9 1.9 0.74
2012 Rock 622 181 AGB RAD 0.91 0.27 25.1 7.52 13.8 0.42
RAD+67 1.31 0.26 42.0 12.6 12.1 1.50
BGB RAD 0.8l 0.49 18.4 1.2 17.6 a§ 0.97
RAD+67 1.28 0.21 36.6 9.28 139b 1.75
Whole RAD 1.72 b 0.74 434b 18.2 157 a 0.64
RAD+67 2.60a 0.44 786a 21.5 13.0b 1.58
Sheboygan 797 221 AGB RAD 322 0.37 77.5 13.9 14.0 2.13
BGB 3.63 0.57 577 10.7 24.7 2.98
Whole 6.90 0.50 135 15.6 19.3 6.21
Washington 857 184 AGB RAD 1.17 0.23 30.7 6.42 13.4 0.63
BGB 1.49 0.13 23.1 1.56 25.1 I.16
Whole 2.66 0.24 53.8 5.92 19.3 6.34
2013 Rock 737 183 AGB RAD 0.275b .11 13.1b 2.94 9.03 I.15
RAD+67 0.71a 0.18 278a 6.72 10.1 1.32
BGB RAD 0.20 0.02 6.28 0.94 1.7 0.84
RAD+67 0.33 0.06 10.8 2.26 12.0 1.68
Whole RAD 047b 0.07 19.7b 3.8l 10.1 1.36
RAD+67 1.04a 0.24 386a 8.99 1.0 2.97
Sheboygan 946 223 AGB RAD 2.89 0.65 714 26.9 16.0 3.87
BGB 2.55 0.36 51.2 19.7 21.5 5.22
Whole 5.43 0.52 123 25.9 18.8 5.27
Washington 869 262 AGB RAD 329 0.59 80.8 21.5 14.7 1.65
BGB 295 0.30 57.9 6.33 20.1 1.55
Whole 6.24 0.47 139 19.3 17.4 3.18

1 GDD, growing degree days.
} SD, standard deviation
§ Means followed by different letters are statistically different (a = 0.10).

Soil samples (2.2 cm in diameter) were collected at two depths
(0-30 and 30—60 cm) at the same time as fall biomass collection
and immediately prior to corn planting as a composite sample of
five to eight cores per plot, collected across whole plot treatments.
Additional soil samples (0~30 cm) were collected from within
the zero-N subplot (composite of four cores per plot) three to
five times during the corn growing season in five site-years. Soil
sample collection locations were random, but was never sampled
near (within 8 cm) or in a hole left by the decomposing radish.
Fall and at corn planting soil samples (0-30 and 30-60 cm) were
analyzed for nitrate N (NO;-N) and all corn season soil samples
(0-30 cm) were analyzed for both NO;-N and ammonium N
(NH,-N) content by the University of Wisconsin-Madison Soil
and Plant Analysis Laboratory following extraction with 2 mol
L~! KCl with colorimetric analysis using flow injection (Lachat
Qujkchem 8000; Lachat Instruments, Milwaukee, WT). The
sum of NO;~N and NH,~N is considered plant available N
(PAN). Corn grain was harvested by a two-row combine at Rock
County (center two rows, 1.5 m by 6 m) on 3 Nov. 2012, 25 Oct.
2013, and 3 Nov. 2014; at Sheboygan County (center four rows,
3 m by 10.7 m) on 13 Nov. 2012, 11 Dec. 2013, and 2 Dec. 2014;
and at Washington County (center four rows, 3 m by 10.7 m) on
13 Nov. 2012, 20 Nov. 2013, and 2 Dec. 2014. Corn yield was
reported at 15.5% moisture.

Statistical Analysis

Analysis of variance was conducted to determine the effect of
N application to radish (Rock County site only) on AGB, BGB,
total plant biomass, total N content, and biomass C to N ratio,
using Proc MIXED in SAS (SAS Institute Inc., Cary, NC) with
block as a random effect, and analyzed separately for each site
for each year. Analysis of variance was conducted to determine
the effect of cover crop treatment and soil depth on soil NO;-N
content at fall and planting sampling times on a site-year basis,
using Proc MIXED with block and block by cover crop treat-
ment as random effects and using SLICE in the LSMEANS
statement to determine if there was a significant effect of cover
crop treatment at each depth. The effect of cover crop treatment
across corn scason sampling times (planting through harvest) on
soil NO3—N,NH,-N, and PAN (0-30 cm depth) was analyzed
using Proc MIXED with block and block by cover crop treat-
ment as random effects and sampling time as a repeated mea-
sure. The SLICE statement was used following LSMEANS to
determine if there was a significant effect of cover crop treatment
within each sampling time. Analysis of variance was conducted
to determine the effect of cover crop, N rate, and their interaction
on corn grain yield using Proc MIXED with block and block by
cover crop treatment as a random effect, and analyzed separately
for each site-year. If a significant cover crop or cover crop by N
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Table 2. Soil nitrate (NO;—N) content at two depths at the time of radish biomass collection (fall sampling) and at time of corn planting
in the following spring from different cover crop treatments (NR, no radish; RAD, radish; RAD+67, radish with 67 kg ha™! of N) at three
site locations.

Soil NO;-N
Fall sampling At corn planting
Year Site Treatment 0-30 cm 30-60 cm 0-30 cm 30-60 cm
mg kg™!
2011712 Rock NR 4.73 2.98 17.2 bt 5.46 c
RAD 8.15 3.48 294a 157b
RAD+67 6.23 2.46 381a 21.2a
Sheboygan NR 16.7 a nct 9.51 5.50a
RAD 375b nc 13.0 3.05b
Washington NR 24| a nc 21.2 6.85
RAD 1.38b nc 228 7.17
2012/13 Rock NR 1.50 0.89 2.03 1.45
RAD 3.8l 3.08 2.86 1.75
RAD+67 1.86 1.78 4.08 2.74
Sheboygan NR 935a 733a 6.11a 4.96 a
RAD 1.63b 091 b 441 b 1.14b
Washington NR 11.7 a 552a nc nc
RAD 1.0l b 0.60 b nc nc
2013/14 Rock NR 3.29 2.02 3.66 2.57
RAD 227 1.49 3.83 2.44
RAD+67 2.36 1.77 422 3.14
Sheboygan NR 875a 573a 339a 353a
RAD 1.96 b 097 b 223b 1.22b
Washington NR 129 a 9.85a 11.2a 7.00 a
RAD 1.58 b 1.06 b 471 b 327b

T nc, not collected.

F Means (in columns, within site-years) followed by different letters were statistically different (a = 0.10).

rate interaction occurred, regression analysis was performed to
characterize corn grain yield response to N. Four models were
run separately for each treatment for each site-year: linear and
quadratic models (Proc REG) and linear plateau and quadratic
plateau models (Proc NLIN). The model with the lowest root
mean square error was considered the best fit with two caveats:
(i) for the quadratic plateau model to be considered, it must have
a RMSE lower than quadratic by at least 1% (i.c., a greater than
1% relative difference), and (iii) for the quadratic model to be
considered over a linear model, it must have a greater adjusted R?
compared to the linear model by 0.01. The goal of having prede-
termined caveats are to report the simplest model possible. Across
the nine instances where regression was conducted the quadratic
plateau model did not converge in five cases, had a RMSE within
1% of the quadratic in three cases, and had a greater RMSE
compared to linear plateau in one case. Thus, quadratic plateau
curves were not considered. Across all analyses, significance was
determined at the a = 0.10 significance level.

RESULTS AND DISCUSSION

Radish Biomass

Whole plant radish biomass ranged from 0.47 to 6.27 Mg
ha™! across site-years, with both the greatest and least growth
occurringat Rock County. The radish AGB typically ranged
between 44 and 53% of the total biomass, with one occurrence
of 68%. Whole plant radish biomass had a weak, but positive
relationship with GDD and rainfall (R? = 0.32 and 0.40, respec-
tively) across all fertilized site-years, indicating that weather

was not the major driver of radish growth. Radish whole plant
biomass and radish N uptake was not significantly different
between the N treatments at Rock County in 2011 (Table 1).
However, in 2012 and 2013, both whole plant biomass and N
uptake was greater in RAD+67. This effect was also seen in
AGB in 2013, but not in 2012 and never detected with BGB.
The lack of significant differences in biomass and N uptake
between radish cover crop treatments at Rock County in 2011
indicated that in ideal growing conditions extra N may not be
necessary for good establishment and radish growth. However,
in both 2012 and 2013, the growing conditions were less than
ideal, having the lowest GDD and rainfall amongall site-years
(Table 1). In both 2012 and 2013, the whole plant RAD+67
treatment did have significantly more biomass and N uptake than
the whole plant RAD treatment, suggesting that extra N may be
beneficial for establishment and growth in dry, stressed environ-
mental conditions. In addition, the AGB part of the RAD+67
treatment had a significantly higher biomass and N uptake than
the ABG part of the RAD treatment (Table 1), which may have
indicated that the extra N affects plant growth aboveground
more than belowground. Thorup-Kristensen (1993) found that
N uptake by cover crops increased with increasing amounts of
soil mineral N which supports N uptake results from 2012 and
2013. In multiple studies, the N uptake of radish was found to be
significantly larger than other cover crops and contain up to 119
kgN ha™! (Dean and Weil, 2009), 158 kg N ha~! (Kristensen and
Thorup-Kristensen, 2004), and 240 kg N ha™! (O'Reilly et al,,
2012). Nitrogen yield in radish biomass at Rock County in 2011
appeared to be near the high end reported in the literature.
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Fig. I. Soil nitrate and ammonium content (0—30 c¢cm) at Rock County in plots or subplots not receiving N fertilizer (the first two sampling
times in 2013 and the first sampling time in 2014 were sampled across whole plots; all remaining were sampled in subplots at the 0 kg ha™!
N rate). Asterisks (*) indicate significant differences among treatments (NR, no radish; RAD, radish; RAD+67, radish with 67 kg ha™' of N).

Across all site-years, the C to N ratio of radish whole plant
biomass ranged from 10.1 to 19.3, with AGB ranging from 9.02
to 16.0 and BGB ranging from 11.7 to 25.1 (2012 and 2013 only)
(Table 1). A similar trend was summarized by Clark (2007), who
reported a C to N ratio of 10 to 20 for AGB and 20 to 30 for BGB.
At Rock County in 2012, the addition of N fertilizer resulted
in lower C to N ratios of whole plant and BGB, but this was the
only year where this effect was determined (Table 1). These C to
N ratios would indicate that net mineralization rather than net
immobilization would occur during radish decomposition.

Soil Nitrogen Content

At the end of the radish growing season, radish significantly
reduced the nitrate content in 0 to 30 cm in six of nine site-years
and in 30 to 60 cm in four of seven site-years (Table 2). These
results coincide with the results of several other studies (Vyn et al.,

2000; Kristensen and Thorup-Kristensen, 2004; Dean and Weil,
2009; O’Reilly et al., 2012) which showed that radish significantly
reduced soil NO;~N concentrations in the fall when compared

to other cover crops or the no cover crop control. Interestingly,

all of the significant differences occurred at Sheboygan and
Washington Counties and never at Rock County, even though
Rock County had treatments with and without application of N
to radish. However, at the time of corn planting in 2012, radish
increased soil nitrate content at both soil depths at Rock County
(Table 2). In contrast, across the remaining site-years, soil nitrate
content at corn planting with radish was reduced in three of eight
site-years for 0 to 30 cm and four of eight site-years for 30 to 60
cm. This indicates that the N the radish had accumulated resulted
in a drawdown of soil nitrate at the time of planting and thus
decomposition of plant material had not yet released N back to the
soil. However, we cannot rule out other possibilities such as quick
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Fig. 2. Soil nitrate and ammonium content (0—30 cm) at Sheboygan County in 2013 and 2014 and Washington County in 2014 in plots or
subplots not receiving N fertilizer (the first two sampling times in 2013 and the first sampling time in 2014 at both locations were sampled
across whole plots; all remaining were sampled in subplots at the 0 kg ha~! N rate). Asterisks (¥) indicate significant differences among

treatments (NR, no radish; RAD, radish).

decomposition leading to nitrate export out of the sampling area
or that nitrate may be concentrated near the radish hole. The soil
sampling was not conducted near or in the radish holes, so these
results do not reflect N dynamics in that area of the soil.

When soil nitrate was analyzed across the Rock County
growing season in 2013, the radish also increased soil nitrate
content in May, June, and July sampling times (Fig. 1). No
effect of ammonium was determined, but there were significant
effects of radish on PAN at two of the first three sampling
times. Radish had no effect on any PAN components at Rock
County in 2014 (Fig. 1) or at Sheboygan County in 2013
(Fig. 2). In contrast, radish decreased nitrate and PAN content
in 2014 at both Sheboygan County (first sampling only) and
Washington County (first and second sampling) (Fig. 2).

Conflicting results in this study as to the radish’s effect on
PAN in the subsequent spring reflect the contrasting results in
the literature, with there being more evidence that decomposing
radish will not likely provide N to the subsequent crop. At Rock
County in 2013, soil nitrate concentrations increased more in
the radish treatments than in the NR treatment in May, June,
and July most likely due to increasingly available decomposing
radish material. This result was confirmed by Dean and Weil
(2009) who found that N was released into the surface soil in the
spring as radish decomposed, as well as O’Reilly et al. (2012) who
detected higher plant available N following radish compared to

no cover crop. The RAD+67 had higher soil NO;-N concentra-
tions than RAD at the second depth (30-60 cm) in spring of
2012 at Rock County even though the radish treatments took up
the same amount of N in the previous fall (Table 2), indicating
that N fertilizer applied at radish planting was not completely
taken up. In 2013 at Rock County, the RAD treatment still

had significantly larger vales than the NR treatment, indicating
that the radish could be supplying N to the soil, but again, this
only occurred in one of five site-years where in-season PAN was
monitored. In contrast, at Washington County in 2014, radish
treatments decreased both nitrate and PAN early in the season.
This is of particular interest because the soils are similar in classi-
fication, both classified as a typic Argiudoll. Again, these results
reflect plant available N dynamics in the bulk soil, and not what
may be occurring in or very near the radish holes.

Subsequent Corn Crop Yields

There was no effect of cover crop or N rate on corn yield at
Rock County in 2012 or 2014 (Table 3). The low seasonal rain-
fall in 2012 and the fact that corn smut (Ustilago maydis L.) was
observed in the field in 2014 (likely causing low yields) may have
caused the lack of significant N response. There was a significant
effect of both cover crop and N rate on yield in 2013, but their
interaction effect was not significant (Table 3). Averaged across
all N rates, the RAD+67 treatment had a significantly greater
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Table 3. Average corn yield and ANOVA results for 2012, 2013,
and 2014 for cover crop treatments (NR, no radish; RAD, radish;
RAD+67, radish with 67 kg ha=! of N), N rate, and interaction
effects for Rock County.

Yield
Effect Treatment 2012 2013 2014
Mg ha™!
Cover Crop NR 9.65 10.1 ab 6.83
RAD 10.0 9.96 b 6.74
RAD+67  10.1 10.8 a 6.52
N Rate (kg ha™!) 0 10.1 6.90 e 7.52
45 10.4 845d 6.47
90 10.1 9.97 c 5.89
134 9.95 11.3bc 721
179 9.74 123ab  5.30
224 9.15 129 a 7.81
Variation P>F
Cover Crop 0.441 0.047 0.904
N Rate 0208 <0.001 0.107
Cover Crop x N Rate 0.163 0.445 0418

T Means (in columns, within effects) followed by different letters were
statistically different (a = 0.10)

yield than the RAD treatment, but not the NR treatment. Corn
yield following RAD and RAD+67 had linear responses, with
RAD+67 havinga 1.2 Mg ha! yield advantage over RAD

(Fig. 3), thus indicating that the addition of N at the time of
radish planting resulted in a consistent yield increase regardless
of N applied. The corn yield response to N following no cover
crop in 2013 was quadratic with a peak yield of 12.4 Mg ha™!

at 200 kg ha™! of N. It should be noted that the response was
very flat around the vertex of the quadratic function (Fig. 3);
predicted corn yields at 134 and 179 kg ha™! of N were only

5.6 and 0.6% less than peak yield, respectively. Also at Rock
County in 2013, corn following either radish treatment contin-
ued in increase in yield up to the highest N rate (224 kg ha_l), in
contrast to corn not following radish havinglittle yield gain past
179 kg ha 1. At the 224 kg ha™! N rate the mean yields were
12.1,12.8,and 13.7 Mg ha! for NR, RAD, and RAD+67,
respectively. The result here implies similar corn yields can be
achieved between NR and RAD+67 at 179 kg N ha™!, but corn
following radish achieved more yield but required more N (com-
pared to the NR) for this to occur. This was also the growing
season where radish appeared to increase PAN during the early
growing scason (Fig. 1), but this effect did not translate into a
fertilizer N replacement value determined from the difference
in optimum N rates among cover crop treatments.

16
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Fig. 3. Corn yield nitrogen response curves as linear, quadratic, or linear-plateau models for each cover crop treatment for Rock County
in 2013 and Sheboygan County in 2012, 2013, and 2014 (NR, no radish; RAD, radish; RAD+67, radish with 67 kg ha~! of N). The response
curve represents the best fit across the model types based on RMSE and R? values.
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Table 4. Average corn yield and ANOVA results for 2012, 2013, and 2014 for cover crop treatments (NR, no radish; RAD, radish), N rate,

and interaction effects for Sheboygan County.

2012 2013 2014
Effect Treatment Yield Treatment Yield Treatment Yield
Mg ha™! Mg ha™! Mg ha™!
Cover Crop NR 12.3 at NR 1282 NR 5.61
RAD 11.9b RAD 11.8b RAD 5.59
N Rate (kg ha™!) 0 10.9 ¢ 0 9.05b 0 3.10d
112 12.0 abc 34 102 b 34 343d
140 12.3 ab 67 125a 67 423 cd
168 11.8 bc 101 129 a 101 5.69 bc
196 12.7 ab 134 134a 134 6.10b
224 13.1a 168 125a 168 7.02 ab
202 138a 202 7.14 ab
235 137 a 235 8l11a
Variation P>F
Cover Crop 0.094 0.004 0.961
N Rate 0.001 <0.001 <0.001
Cover Crop x N Rate 0.786 0.464 0.021

T Means (in columns, within effects) followed by different letters were statistically different (a = 0.10).

Table 5. Average corn yield and ANOVA results for 2012, 2013, and 2014 for cover crop treatments (NR, no radish; RAD, radish), N rate,

and interaction effects for Washington County.

2012 2013 2014

Effect Treatment Yield Treatment Yield Treatment Yield
Mg ha™! Mg ha™! Mg ha™!
Cover Crop NR 6.67 NR 7.17 NR 10.9 at
RAD 6.50 RAD 7.05 RAD 10.2 b

N Rate (kg ha™!) 0 7.06 0 344 ¢ 0 771d
112 6.53 45 5.23d 45 9.06 c

140 6.68 90 6.68 c 90 108 b
168 6.45 134 8.12b 134 1.6 ab

196 6.52 179 951 a 179 11.8a

224 6.29 224 9.69a 224 1232

Variation P>F

Cover Crop 0.474 0.628 0.003

N Rate 0.550 <0.001 <0.001
Cover Crop % N Rate 0.141 0.348 <0.001

T Means (in columns, within effects) followed by different letters were statistically different (a = 0.10).

There was a significant effect of cover crop and N rate on
corn yield at Sheboygan County in 2012 and 2013, but their
interaction effect was not significant (Table 4). In both years, the
NR treatment had a significantly greater yield than the RAD
treatment when averaged across all N rates. In 2012, response
curves were best fit with quadratic functions for both NR and
RAD, with NR being concave and RAD being convex (Fig. 3).
However, peak yields were similar for both NR and RAD and
occurred at the highest N rates used. In 2013, the N response
of NR was best fit with a linear plateau, plateauing with a yield
of 13.7 Mgha™! at 96 kgha™! of N (the RMSE was 1.64 for the
linear plateau and 1.95 for the quadratic); the response of RAD
was best fit with a quadratic with a peak yield of 13.3 Mgha™!
at204 kg halof N. A linear-plateau will typically result in a
lower optimum N rate compared to quadratic; however, the
quadratic response of NR resulted in a lower optimum N rate as
well (173 kg ha™!). Soil nitrate at planting and in-season differed
only slightly between RAD and NR; the differences in response
curves in RAD and NR appear to have little to do with N avail-
ability, but reflect the inability of radish to function the same as a
fall chisel plow on this soil (the NR plots were chisel plowed). In

2014 at Sheboygan County, both N rate and its interaction with
cover crop had a significant effect on yield. The yield response

to N for NR was a linear plateau which maximized yield

(6.83 Mg ha_l) at 157 kg ha=1 of N, while the yield response of
RAD was quadratic and convex with a peak yield at the highest
N rate used in the study (Fig. 3). This is a similar effect as in Rock
County in 2013, where corn yields following RAD were only
greater than NR when provided high rates of N. For comparison,
yield at 235 kg ha™! of N at Sheboygan 2014 was 6.67 Mg ha™!
for NR and 9.55 Mg ha™! for RAD. It’s possible that this effect is
caused by something the radish is doing below ground to allow
corn to achieve greater yields, but similar to the Rock County
results in 2013, does not provide evidence the yield gain is caused
by N supply from the radish. Regardless of year and response
function used, there is no evidence that radish supplied N to the
subsequent corn crop in Sheboygan County.

At Washington County in 2012, none of the effects on corn
yield were significant and in 2013, only the N rate effect was
significant (Table 5). In 2014, all of the effects were significant
with the NR treatment having a significantly higher yield than
the RAD treatment. Yields in 2014 at the zero-N rate were
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much greater for NR compared to RAD (3.68 Mg ha™! greater),
while yield differences at all other N rates were only different

by 0.07 Mg ha™!. Reanalysis with ANOVA after removal of the
zero-N data resulted in no significant effect of cover crop or its
interaction with N rate. Radish had much lower PAN at planting
(Table 2) and in the carly growing season in the early season in
the zero-N plots (Fig. 2). Considering all site-year response data
here, along with the no difference between radish and no rad-
ish reported by Gieske et al. (2016), all evidence points to there
not beinga fertilizer N replacement value of radish in the upper
Midwest.

CONCLUSIONS

In Wisconsin, radish did not supply N to the subsequent
corn crop. No nitrogen fertilizer replacement value of radish
was determined through differences in N response curves, and
only once did radish appear to increase PAN during the corn
growing season. There were two instances of potentially posi-
tive effects from radish on corn yield, but additional N was
required to achieve it, further negating any potential reduction
in optimal N rate to a subsequent corn crop. In two of nine
site-years, radish appeared to have a negative effect on yield, but
only when radish was used with no-till and compared with no
cover crop, chisel plowed treatments. In five of nine site-years,
radish had no effect on corn yield. In a way, these results agree
perfectly with the broader literature which has shown posi-
tive, neutral, and negative effects of radish as a cover crop on
subsequent crop yields, as all of these responses occurred in this
study. In our study, the cause of the variation in yield effects
is not clear. This research supports the use of radish as a cover
crop as a trap crop for fall N, as environmentally meaningful
amounts of N were contained in plant biomass, but the ulti-
mate fate of the N that is taken up remains unknown.

ACKNOWLEDGMENTS

The authors would like to thank the cooperating farmers, who
supported this project with their time and personal investment. The
authors would also like to thank Peter Wakeman, Bonner Karger,
Nick Bero, Jaimie West, Julie Arriaga, Ryan Curtin, Jacob Kruse,
John Frame, Rita Argus, and Cara Argus for their help in collecting
data. This research was funded by the Wisconsin Fertilizer Research
Council (Project: 265-13) with support from the Leo M. Walsh
Distinguished Graduate Fellowship.

REFERENCES

Acufia, ].C.M., and M.B. Villamil. 2014. Short-term effects of cover crops
and compaction on soil properties and soybean production in Illi-
nois. Agron. J. 106:860-870. doi:10.2134/agronj13.0370

Blanco-Canqui, H., T.M. Shaver, J.L. Lindquist, C.A. Shapiro, RW.
Elmore, C.A. Francis, and G.W. Hergert. 2015. Cover crops and
ecosystem services: Insights from studies in temperate soils. Agron.
J.107:2449-2474. doi:10.2134/agronj15.0086

Chen, G.H., and R.R. Weil. 2010. Penctration of cover crop roots
through compacted soils. Plant Soil 331:31-43. doi:10.1007/
s11104-009-0223-7

Chen, G.H., and R.R. Weil. 2011. Root growth and yicld of maize as
affected by soil compaction and cover crops. Soil Tillage Res. 117:17-
27. doi:10.1016/j.still.2011.08.001

Cicek, H., J.R. Thiseen Martens, K.C. Bambord, and M.H. Entz. 2015.
Late-scason catch crops reduce nitrate risk after grazed green

manures but release N slower than wheat demand. Agric. Ecosyst.
Environ. 202:31-41. doi:10.1016/j.agee.2014.12.007

Clark, A.2007. Managing cover crops profitably. 3rd ed. Handbook Series
Book 9. Sustainable Agriculture Network, Beltsville, MD.

Dagel, KJ., S.L. Osborne, and T.E. Schumacher. 2014. Improving soy-
bean performance in the Northern Great Plains through use of cover
crops. Commun. Soil Sci. Plant Anal. 45:1369-1384. doi:10.1080/0
0103624.2014.884108

Dean, J.E., and R.R. Weil. 2009. Brassica cover crops for nitrogen reten-
tion in the Mid-Atlantic coastal plain. J. Environ. Qual. 38:520-
528. d0i:10.2134/jeq2008.0066

Decker, A.M., AJ. Clark, J.J. Meisinger, E.R. Mulford, and M.S. McIn-
tosh. 1994. Legume cover crop contributions to no-tillage corn pro-
duction. Agron. J. 86:126-135. doi:10.2134/agronj1994.00021962
008600010024x

Fontes, G.P., PJ. Tomlinson, K.L. Roozeboom, and D.A. Ruiz Diaz. 2017.
Grain sorghum response to nitrogen fertilizer following cover crops.
Agron. J. 109:2723-2737. doi:10.2134/agronj2017.03.0180

Gieske, M.F., V. Ackroyd, D.G. Baas, D.R. Mutch, D.L. Wyse, and
B.R. Durgan. 2016. Brassica cover crop effects on nitrogen avail-
ability and oat and corn yield. Agron. J. 108:151-161. doi:10.2134/
agronj2015.0119

Hill, E.C., K.A. Renner, and C.L. Sprauge. 2016. Cover crop impact on
nitrogen availability and dry bean in an organic system. Agron. J.
108:329-341. doi:10.2134/agronj2015.0164

Kristensen, H.L., and K. Thorup-Kristensen. 2004. Root growth and
nitrate uptake of three different catch crops in deep soil layers. Soil
Sci. Soc. Am. J. 68:529-537. doi:10.2136/ss52j2004.5290

Lacey, C., and S. Armstrong. 2015. The efficacy of winter cover crops to
stabilize soil inorganic nitrogen after fall-applied anhydrous ammo-

nia. J. Environ. Qual. 44:442-448. doi:10.2134/jeq2013.12.0529
Li, X,, P. Sorensen, F. Li, S. Petersen, and J.E. Olesen. 2015. Quyantifying

biological nitrogen fixation of different catch crops, and residual
effects of roots and tops on nitrogen uptake in barley using in-situ

I5N labelling. Plant Soil 395:273-287.

Miguez, F.E.,and G.A. Bollero. 2005. Review of corn yield response under
winter cover cropping systems using meta-analytic methods. Crop
Sci. 45:2318-2329. doi:10.2135/cropsci2005.0014

Mutegi, ].K., B.M. Petersen, and L.J. Munkholm. 2013. Carbon turnover
and sequestration potential of fodder radish cover crop. Soil Use
Manage. 29:191-198. doi:10.1111/sum.12038

O'Reilly, K.A.,J.D. Lauzon, R J. Vyn, and L.L. Van Eerd. 2012. Nitrogen
cycling, profit margins and sweet corn yield under cover crop sys-
tems. Can. J. Soil Sci. 92:353-365. doi:10.4141/cjss2011-065

Stute, J.K., and J.L. Posner. 1993. Legume cover crop options for grain
rotations in Wisconsin. Agron. J. 85:1128-1132. doi:10.2134/agro
nj1993.00021962008500060006x

Stute, J.K., and J.L. Posner. 1995. Legume cover crops as a nitrogen
source for corn in an oat-corn rotation. J. Prod. Agric. 8:385-390.
doi:10.2134/jpal995.0385

Thilakarathna, M.S., S. Serran, J. Lauzon, K. Janovicek, and B. Deen.
2015. Management of manure nitrogen using cover crops. Agron. J.

107:1595-1607. doi:10.2134/agronj14.0634

Thomsen, LK., and E.M. Hansen. 2014. Cover crop growth and impact
on N leaching as affected by pre- and postharvest sowing and time of
incorporation. Soil Use Manage. 30:48-57. doi:10.1111/sum.12083

Thorup-Kristensen, K. 1993. The effect of nitrogen catch crops on the
nitrogen nutrition of a succeeding crop: L. Effects through mineral-
ization and pre-emptive competition. Acta Agric. Scand. Sect. B—

Soil. Plant Sci. 43:74-81.

Vyn, TJ., J.G. Faber, and KJJ. Janovicek. 2000. Cover crop effects on
nitrogen availability to corn following wheat. Agron. J. 92:915-924.
doi:10.2134/agronj2000.925915x

Williams, S., and R. Weil. 2004. Crop cover root channels may allevi-

ate soil compaction effects on soybean crop. Soil Sci. Soc. Am. J.
68:1403-1409. doi:10.2136/ss52j2004.1403

1522 Agronomy Journal ¢ Volume 110, Issue 4 <« 2018



