TILLAGE RADISH

Interest in the use of tillage radish (Raphanus sativus L.) as a cover crop has greatly
increased in the Midwest in both the organic and conventional sectors. A Minnesota seed
company experienced a 1000% increase in tillage radish seed sales between 2009 and 2012
(Gieske, 2013). Tillage radish is a fast growing soil cover that is extremely sensitive to winter
temperatures and decomposes quickly in the spring (Weil et al., 2006). It can offer a good non-
living ground cover over the winter, while eliminating the challenge of managing large amounts
of living biomass in the spring (Gruver et al., 2012). The rapid decomposition of the taproot in
early spring leaves large channels or holes that aid in warming and drying of the soil (Image 1).
(Weil et al., 2006) reported that soil conditions following a tillage radish crop produced a

warmer and dryer seedbed in the spring, when compared to areas planted with rye or no cover

Image 1. Tillage radish hole prior to corn planting 30 May 2017 (Evans, 2019).
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crop. This trait is especially attractive to growers in the upper Midwest whose spring operations

are often hindered by the slow rate of warming and drying.

Studies have shown that when planted early enough, tillage radish can produce nearly
100% soil cover within 3-4 weeks and up to 3900 kg/ha of total dry matter (Weil et al., 2006;
Gruver et al., 2012). This will leave a soil-protecting mat to prevent loss of topsoil through the
fall, winter and early spring months, as well as inhibit spring weed growth. Studies in Michigan
determined land following tillage radish had 4800 kg/ha less weed biomass compared to fallow
land (Snapp and Mutch, 2003). Inhibiting spring weed growth could potentially reduce
mechanical weed control and therefore limit a tillage pass that compromises soil structure. This
benefit, coupled with erosion protection and massive additions of organic matter, gives tillage
radish the potential to maintain and even improve soil physical properties in an organic system,

further improving general productivity.

The aspect of tillage radish that has become especially attractive to organic farmers is
the characteristics associated with nitrogen management. Dabney et al. (2001) cited tillage
radish as a “super scavenger” along with winter rye and canola due to its rapid root growth.
Tillage radish has fantastic potential as a scavenging crop, because of its large, deep taproot,
allowing the plant to access N deep in the soil profile (Clark, 2012). Studies have revealed that a
tillage radish crop has the potential to absorb over 100 kg /ha of nitrogen prior to winterkill
(Gruver et al., 2012). Others have reported different absorption potentials: studies in Vermont
have shown the total nitrogen yield to be more like 40-55 kg/ha (Darby et al., 2015), Wisconsin

researchers have seen up to 200 kg N/ha (Ruark et al., 2018), and Canadian researchers have
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reported up to 240 kg N/ha (O’Reilly et al., 2011). Although results vary due to factors such a
preexisting nutrient conditions and other environmental factors affecting tillage radish growth,
researchers agree that the crop can effectively absorb soil nitrogen that could otherwise be lost

from the system.

Unlike nitrogen absorption, the availability of the stored nitrogen has proven to be
extremely unpredictable; to date, researchers have failed to consistently prove benefits to the
following crop in terms of nitrogen availability. Gruver et al. (2012) reported significant yield
increases in both corn and soybean crops following a tillage radish cover crop based on several
replicated trials in Maryland, Ohio, Pennsylvania and lllinois. Researchers attributed the yield
advantage to increased available N comparable to that following a legume cover crop or N
fertilizer application). Vyn et al. (1999) in Indiana, however, found no increase of soil available
nitrogen after a tillage radish planting. In two studies at the University of Minnesota, Gieske
(2013) observed tillage radish having no impact on N-availability to the subsequent corn crop in
a wet year, and actually observed a reduction in N-availability in a dry year. A later study at the
University of Minnesota also found no corn yield increase after following a tillage radish crop,
as well as, no increased N concentration in the corn plant tissue at V8 (Gieske et al., 2016).
Recent studies in Wisconsin also found that available soil N following tillage radish was
extremely inconsistent with both positive and negative effects across nine site-years (Ruark et
al., 2018). These results indicate that while effective nitrogen uptake by the tillage radish plant
is well-documented, the realized benefit of that stored N to the subsequent crop is inconsistent

at best. Further investigation to determine the fate of the scavenged nitrogen is needed.
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Innovative management tactics could potentially mitigate unpredictable nutrient
availability for the following crop. The taproot and aboveground biomass quickly decomposes
in the spring, thus releasing nutrients from plant tissues. If the quick release occurs before the
subsequent cash crop can use it, nitrogen may be lost from the agroecosystem via leachate of
snowmelt and/or rainwater in the form of NOs’, or to the atmosphere via volatilization in the
form of N,O (Basche et al., 2014). Cover crop mixes may offer a solution by 1) producing a
blend of residues with different decomposition rates, and therefore staggering the release of
nutrients and/or 2) continuing to capture nitrogen with winter hardy crops that will be
terminated closer to the planting of the cash crop, e.g. after the tillage radish biomass has

decomposed.

A common current practice is planting tillage radish with non-winter hardy annual
grasses and legumes (personal communication). Selection of annual crops for this polyculture
limits the need for spring operations for cover crop termination and reduces the possible corn
yield loss associated with inefficient timing of corn planting. However, the nitrogen captured by
the tillage radish crop could still be lost to the soil and atmosphere upon decomposition if the
corn crop does not mature in time to take up released nutrients. Planting tillage radish in a
polyculture with perennial or winter hardy grasses may allow the scavenged N from the spring
decomposition of tillage radish to be recycled once more and become available to the following

crop later in the season (Carlson, 2013).

The purpose of this research is to examine (a) practical utilization of tillage radish as a

means to conserve nitrogen and supply it to the following corn crop, and (b) the overall yield
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response of a corn crop following tillage radish planted alone and tillage radish planted within
polycultures. In particular, this study quantifies the cover crop biomass production and corn
yield response in three organic management systems that represent different management

choices common in the Midwest region.
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RESEARCH OBJECTIVES
Evaluate the biomass production of three cover crop treatments within three
organic management systems

Assess the impact of tillage radish cover crop mixtures on corn yield within three

organic management systems

Assess the impact of tillage radish cover crop mixtures on the availability of soil

N to subsequent corn crop within three different management systems
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1. Materials and Methods

Site description and History. The University of Minnesota‘s Southwest Research and
Outreach Center is home to Elwell Agroecology Farm, a 50 hectare farm that has been utilized
to explore organic and transitional farming practices since 1998 (Image 2). Elwell Agroecology
farm is located 2.5 kilometers west of Lamberton on Highway 14 in the southwest corner of the
state. The main soil type found on the farm is Clarion loam (fine-loamy, mixed, superactive,
mesic, Typic Hapludolls), Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic
Hapludolls), and Webster silty clay loam (fine-loamy, mixed, superactive, mesic, Typic
Endoaquolls) and the same soil type as 60% of the cropland in the southwest region of
Minnesota. The research plots were on land that has been certified organic since acquisition in
1998, and farmed without any use of synthetic chemicals prior to 1998. Organic rotations on

this land reflect typical best management organic practices of the region for the last 20 years.

Image 2. Elwell
Agroecology Farm,
University of
Minnesota,
Southwest Research
and Outreach Center,
Lamberton, MN
(Evans, 2019).
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Experimental Design. The experiment used a randomized complete block design (RCBD)
because of the size of the study and variability of the sites. Plot size was 3 m by 15 m, and each
treatment was replicated 4 times. The treatments (combination of rotations and management)
were chosen to represent common Midwest organic systems suggested by local growers. Each
experiment was conducted over a two-year period with two cropping phases: wheat (Triticum
aestivum L.) in year 1, and corn (Zea mays L.) in year 2. The experiment was repeated over a
period of 4 years (2014-2017) with a staggered start. All experiments were terminated fall of
2017 regardless of which cropping phase. Thus, data were collected from 4 years of testing in
the wheat phase (2014, 2015, 2016, and 2017) and 3 years of testing in the corn phase (2015,

2016, and 2017).
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TREATMENTS

Three cover crop treatments (R) were studied within three organic management systems (S)

for a total of 9 treatments (Table 1).

Table 1. Each of three cover crop treatments (R1, R2, R3) was tested in each of the three
organic systems (S1, S2, S3).
Organic management systems
No Manure Manure Manure
No Tillage No Tillage Tillage
Cover crop treatments S1 S2 S3
Tillage radish R1 R1*S1 R1%*S2 R1*S3
Tillage radish/berseem R2 R2*S1 R2%62 R2%S3
clover/annual oats
Tillage radls.h/berseem R3 R3*S1 R3%S2 R3*S3
clover/winter rye

Cover crop treatments. The cover crop species included tillage radish (Raphanus sativus L.),
berseem clover (Trifolium alexandrinum L.), oats (Avena sativa L.), and winter rye (Secale
cereale L.). Tillage radish planted alone, R1, was compared with two multi-species treatments:
R2 (tillage radish, berseem clover, and annual oats) and R3 (tillage radish, berseem clover, and
winter rye). Treatments R2 and R3 were included to test how the inclusion of winter sensitive
and winter hardy species, respectively, effect the continuing availability of soil nutrients, as

opposed to the availability of nutrients following a monoculture tillage radish cover crop.

Tillage radish and berseem clover were seeded at 11.2 kg/ha. Oats were seeded at 35.9
kg/ha and winter rye was seeded at 62.8 kg/ha. Planting rates of the tillage radish remained
the same whether planted alone or with other species. All cover crops were planted after

spring wheat harvest with a target planting date of 10 August. Area producers aim to plant
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tillage radish as close to 10 August as possible for optimal growth and to reap maximum

benefits of the tillage radish crop. Actual planting dates varied each year based on weather and

operations, following best management practices (Table 2).

Cover crops were planted in multiple passes. The tillage radish was planted in the first pass

using a Great Plains drill with 15-cm spacing. Oats, wheat, and berseem clover were planted in

the second pass using the Great Plains drill. Berseem clover was planted through a grass seeder

box; oats and winter rye were planted through the main seed box. The drill was calibrated to

plant all species to a depth of 1.3 cm. Species were planted separately to ensure an equal

distribution of seed within the plots. Equal distribution may not have occurred if seeds were

mixed together due to the differences in seed size and the potential for granular convection.

Table 2. Timeline of treatment impositions in the wheat phase.

WHEAT Wheat Wheat Manure application Cover crop
PHASE planting harvest (S2 and S3 only) planting
(all (all (all
treatments) treatments) Tillage (S3 only) treatments)
2014 May 6 Aug 13 Aug 27 Sept 8
2015 April 16 Aug 3 Aug 3 Aug 24
2016 April 4 July 26 Aug 8 Aug 15
2017 April 17 Aug 2 Aug 24 Aug 25

Table 3. Timeline of treatment imposi

tions in the corn phase.

CORN Mowing rye Tillage Corn planting Corn harvest
PHASE (R3 only) (all treatments) (all treatments) (all
treatments)
2015 May 20 May 20 June 2 Oct 26
2016 May 18 May 20 Jun 10 Nov 1
2017 May 31 May 31 Jun 16 Nov 2
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System treatments. Each cover crop treatment was tested in three organic management
systems designated as S1, S2, and S3 (Table 1). The only management difference between the
three systems is the treatment of the plots immediately prior to cover crop planting. The first
system, S1, received no manure and the cover crop was directly planted into the wheat stubble.
Unlike S1, both S2 and S3 received a manure application that was hand-applied to achieve the
equivalent of 8967 kg/ha over the entire plot after wheat harvest and prior to cover crop
planting. The cover crops in the S2 plots crops were no-till drilled after the manure application.
For the S3 treatments, however, manure was incorporated into the top 10-15 cm of the soil
using a Kuhn power harrow immediately after application. The seedbed was then prepared

with a second pass using the same harrow prior to cover crop planting.

The beef cattle manure rate of 8967 kg/ha was chosen to be consistent with typical organic
management. Three subsamples of manure were analyzed at a Minnesota Valley Testing Lab in
New Ulm, MN (Table 4). The total N applied was fairly conservative, but the available P from
the manure was within a reasonable range for healthy crop production without environmental

concern.

Table 4. Manure nutrient analysis for each year. Manure was hand-applied prior to cover
crop planting in August of each year at 8967 kg ha. Three subsamples were sent to a local
testing lab immediately after application for analysis.

Year | Total moisture Total N P as P20s K as K20

% kg/ha applied kg/ha applied kg/ha applied
2014 45.5 103.6 136.7 124.2
2015 38.4 71.3 89.2 58.7
2016 59.0 65.9 126.0 51.1
2017 33.7 72.6 118.4 61.9

23



For all treatments, no fall tillage after cover crop planting was performed. All biomass

residue was left on the surface over winter.

Operations for corn phase. Annual cover crop residue from tillage radish, berseem clover
and annual oats remained on the soil surface after winterkill and were not disturbed until
preparation for corn planting the following spring (Table 3). Approximately two weeks prior to
corn planting, winter rye was mowed using a Loftness flail chopper, cutting the plant
approximately 10 cm above the soil surface. The rye biomass and the residue of all other cover
crops were then incorporated into the top 10-15 cm of the soil using a Kuhn power harrow
implement shortly after cutting the rye (Table 3). Corn was planted approximately 2 weeks after
cover crop incorporation in 76.2 cm rows with a population of 84,000 plants ha™. Corn was
cultivated for weed control as needed in all plots and harvested when the plant reached full

maturity.
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SAMPLING

Soil Sampling. Soil samples were taken at two times during the wheat phase: 1) prior to
planting of wheat (described as “baseline sampling”, Table 5) and 2) prior to first fall frost (with
the exception of 2014: samples were not taken prior to fall frost). Samples were taken two
times during the corn phase: 1) 4 weeks after corn planting and 2) after corn harvest. Soil
samples were taken from 0-15 cm depths for all of the samplings. A 15-60 cm depth sample was
taken prior to wheat planting in the spring and at the fall sampling in the corn phase. All soil

samples were air-dried and ground prior to analysis.

Table 5. Soil test results taken in the spring prior to planting wheat in Year 1 of the
experiment (baseline sampling) for the 0-15 cm samples.

Year pH P K Organic Ca Mg CEC NO3" NHa*
(Bray) | mg/kg matter mg/kg | mg/kg | meq/100g | mg/kg | mg/kg
mg/kg %

2014 | 7.14 | 6.35 129.2 4.23 3519.7 | 885.4 25.3 2.7 5.4

2015 | 7.83 | 9.11 123.2 4.21 5018.5 | 637.9 30.6 10.8 4.4

2016 5.6 | 13.38 | 125.8 4.04 1990.0 | 420.4 219 * 11.1

2017 | 6.44 | 9.14 | 151.9 4.19 3174.2 | 648.8 23.5 21.0 5.5

*missing data
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Cover crop sampling. Both Vos et al. (1998) and Greenwood et al. (1982) found that the
depth of the root system was closely related to the aboveground biomass of many cover crops,
and can therefore be estimated by studying aboveground production. Only the aboveground
biomass was measured to assess cover crop growth. Biomass of all cover crop treatments was
taken prior to a killing frost. Height measurements and biomass of the rye was taken again prior
to termination in spring in the corn phase. Aboveground biomass was taken in two, 0.25 m?
guadrats from each plot and sorted by cover crop species, broadleaf weeds, and grass weeds.

Biomass was dried in an oven at 40 °C and dry weight was recorded for each category.

Percent cover was measured using photography and a program created by staff and faculty
at lowa State University (Martinez-Feria et al., 2016). Two images were taken in each
treatment using a 0.5 m? quadrat. Images were then manipulated to fit an overlaying 4-sided
grid to allow for evaluation of 100 points within the quadrat. Each point was categorized as
either living cover, dead plant residue or bare soil, and percentages were determined based on

those evaluations.

Yield. Corn yield was measured in the second year of the experiment, which occurred in
2015, 2016 and 2017. Corn was harvested with an Almaco SPC40 plot combine, harvest length

was measured, and yields were calculated to represent 15% moisture.
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SOIL ANALYSES

Nitrogen. Air-dried soil samples were analyzed for both available and mineralizable
nitrogen. Soil samples taken at the 0-15 cm depth and 15-60 cm depth were analyzed for
available nitrate using extraction by 2M KCl and the Vanadium Chloride methods as presented
in Doane and Horwath (2003). Soil samples taken at the 0-15 cm depth were analyzed for
available ammonium using extraction by 2M KCl and the sodium salicylate method as described

by Nelson (1983).

Mineralizable nitrogen was assessed using anaerobic methods based on the
waterlogged incubation procedure of Waring and Bremner (1964), and modified by Keeney and
Bremner (1966). The modified method involves of the addition of 10 mL of diH,O to a 5 g air-
dried soil sample, followed by a 7-day incubation at 40 °C. After the incubation, ammonium was
then extracted by adding 30 mL of 2.67 M KCl to each vial to yield a final solution of 2 M KCI.
Samples were shaken using a mechanical shaker for 20 min on high speed, then centrifuged at
3500 rpm for 5 min. The supernatant was then analyzed using the sodium salicylate methods

identical to those described earlier for available ammonium (Nelson, 1983).

Soil biological activity. Determination of the microbial activity was performed to
provide insight about what is happening beneath the soil surface, as well as information
regarding the breakdown of the cover crop residues. The soil biological activity in the top 15 cm
of the soil profile was evaluated via selected enzyme analysis of phosphatase, glycosidase, and
sulfatase, and hydrolysis of fluorescein diacetate (FDA), as well as measurement of particulate

organic carbon (POC). Arylsulfatase, B-glucosidase, and phosphatase are hydrolytic enzymes
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that are often considered biological indicators of soil health, because they are a byproduct of
the pool of organisms that are the primary decomposers of organic residues, and thus the
primary contributors of soil enzymes (Alkorta et al., 2003). Particulate organic carbon has been
repeatedly proven to be positively correlated with microbial activity, when measured using the
permanganate oxidizable carbon method (Culman et al., 2012). These analyses were performed

on baseline soil samples and those taken in mid-July of the corn phase of the study.

Enzyme analysis. Phosphatase was analyzed using methods described by Tabatabai and
Bremner (1969) and Eivazi and Tabatabai (1977). This method involves incubation of a 1 g air-
dried soil sample with a buffered sodium p-nitrophenol phosphate solution at 37 °C for 1 h.
Released p-nitrophenol was extracted with CaCl; and a tris(hydroxymethyl)aminomethane
buffer (pH=12). The solution was hand-shaken to thoroughly mix, then centrifuged for 5 min at

3500 rpm. The supernatant was analyzed using a spectrophotometer adjusted to 400 nm.

Soil glucosidase activity was analyzed using methods as described by Eivazi and
Tabatababi (1988). Air-dried soil (1 g) was incubated with the p-nitrophenyl substrate and a
modified universal buffer (pH=6.0) at 37 °C for 1 h. The released p-nitrophenol was extracted
using CaCl; and a tris(hydroxymethyl)aminomethane buffer (pH=12). The soil-reagent solution
was then centrifuged at 3500 rpm for 5 min, and supernatant was analyzed on a

spectrophotometer adjusted to 405 nm.

Soil arylsulfatase activity was analyzed based on a protocol from Klose et al. (2003). Air-
dried soil (1 g) was incubated with the p-nitrophenyl sulfate substrate and a 0.5 M acetate

buffer solution (pH=5.8) at 37 °C for 1 h. The released p-nitrophenol was extracted using CaCl,
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and a tris(hydroxymethyl)aminomethane buffer (pH=12) and the solution is centrifuged at 3500
rpm for 5 min. Finally, the released p-nitrophenol is determined at 420 nmon a

spectrophotometer.

Fluorescein diacetate (FDA) was analyzed using a modified protocol adapted from Adam
and Duncan (2001). Air-dried soil (1 g) was incubated with a potassium phosphate buffer
(pH=7.6) and fluorescein diacetate solution for 1 h at 37 °C. A chloroform-methanol solution
was added after incubation to stop the reaction. The solution was centrifuged for 5 min at 3500

rpm, and supernatant was analyzed using a spectrophotometer at 490 nm.

For all enzymes, the reactions were measured against a control from the same soil
sample to account for p-nitrophenol released from activity not related to enzymes. Both
absorbance values were plotted on a calibration curve of known standards, and the difference

was used to represent the amount of enzyme activity (ug*kg**hr?).

Microbial biomass. Permanganate oxidizable carbon (POX-C) method as described by
Weil et al. (2003) was used to measure the labile organic carbon pool. Culman et al. (2012)
showed that the evaluation of POX-C was highly correlated with microbial biomass carbon;
these findings are also supported by studies conducted by Melero et al. (2009) and Culman et
al. (2010). Quantification of POX-C begins with shaking a 2.5 g soil sample with diluted KMnO4
(0.2 M) for 2 min at 240 rpm. The samples are allowed to settle in a dark environment for 10
min. The supernatant is then diluted and analyzed on a spectrophotometer that is adjusted to
550 nm. Values were plotted against a calibration curve of known standards stock solutions of

0.00005, 0.0001, 0.00015, and 0.0002 mol L' KMnOs.
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STATISTICAL ANALYSIS

Data were analyzed using SAS software (SAS Institute, Cary, NC). Analysis of variance
was performed using a general linear model (GLM). Significance of main effects of cover crop
and system treatment, as well as their interactions were evaluated at p<0.05, p<0.01, p<0.001,

and p<0.0001.
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V. Results and Discussion

WEATHER OBSERVATIONS

The average cumulative rainfall in years 2015, 2016 and 2017 was greater in all three
years (Figure 1) compared to the 30-year historical average. Specifically, these three years
were atypically wetter during the months of August and September, when the cover crop
treatments rapidly accumulate biomass. For each experimental year, weekly cumulative
calculations of the growing degree days (GDD) from the date of cover crop planting until 30
September are compared to the historical GGDs in Table 6. Similar to the rainfall data, the cover
crop growing seasons in all four years were as warm as or warmer than historical averages. In
2014, the region experienced less than average rainfall in August prior to cover crop planting

(Figure 1), and a much shorter growing season compared to the other 3 years (Table 6).
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Figure 1. Cumulative rainfall (cm) from May-September, compiled by staff at the University of
Minnesota Southwest Research and Outreach Center, Lamberton, MN.
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Table 6. Cumulative 7-day growing degree days (GDD) recorded at SWROC from date of cover crop
planting through end of September, compared to the historic 30-day average (Hist). GDD calculation
were based on min=10 °C, max =30 °C

S

2014  Hist 2015 Hist 2016 Hist 2017 Hist

week GDD GDD GDD GDD GDD GDD GDD GDD
1 8-Sep 57 97 24-Aug 82 133 | 15-Aug 137 127 | 25-Aug 114 128
2 15-Sep 90 84 31-Aug 179 120 | 22-Aug 116 134 | 1-Sep 95 124
3 22-Sep 102 68 7-Sep 99 101 | 29-Aug 131 122 | 8Sep 129 99
4 29-Sep 29 19 14-Sep 122 85 5-Sep 119 107 | 15-Sep 101 75
5 21-Sep 119 70 | 12-Sep 86 91 | 22-Sep 98 75
6 28-Sep 42 31 | 19-Sep 129 75 | 29-Sep 21 21
7 26-Sep 43 55

GDD

(cumulative) 278 268 643 540 761 711 558 522
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Table 10. Total (TOT) biomass (kg/ha) by system.

Management
system 2014 2015%*** 2016%*** 2017*
S1 474.3 a 1026.0 b 659.6 b 2491.6 ab
S2 557.5 a 1369.3 b 947.8 b 2850.5 a
S3 758.7 a 2111.4 a 2452.3 a 2358.9 b

Levels of significance are designated after the year with the following: **** p <0.0001 *p<0.05 NsSno significance
Means in the same column that are followed by the same letter are not statistically significant from one another within a
particular year.

Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage

In most years, there was no difference in TR biomass between the S1 and S2 system.
Tillage radish responded to manure treatments in only two instances throughout the entire
study: (1) the monoculture planting (R1) in 2014, and (2) tillage radish planted with oats and
berseem clover (R2) in 2015 (Table 8); thus there was no consistent evidence that a manure
application stimulates higher TR biomass production (Tables 8 and 9). It is possible that the
beef cattle manure used was a considerably more “stable” source of plant nutrition, however
other comparable research that has included more available and quick release synthetic
fertilizer show identical results (Ruark et al., 2018). A recent study at the University of
Wisconsin that used synthetic fertilizer at N rates ranging from 0-224 kg ha* showed, additional
nitrogen is not necessary for good TR growth and development, if growing conditions were

ideal (Ruark et al., 2018).

Comparing the S2 and S3 systems, the system that included a tillage component (S3)
had a positive effect on tillage radish growth and development in years 2015, 2016 and 2017

(Tables 8 and 9). These results indicate that tillage was a key contributor to increasing tillage
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radish biomass production. To explore this relationship and management effects on manure
nutrient availability further, calculations using coefficients provided by U of MN extension
(2018) were performed to determine first-year available N. Based on these calculations, the S3
plots had more than twice the available nitrogen than the S2 plots due to management alone
(Table 11). Furthermore, incorporation of manure in the S3 system physically placed the
manure in the top 10 cm of the soil, thus increasing the presence of available nutrients in the
soil rhizosphere. Addition of animal manure also greatly increases biodiversity and microbial
populations by supplying a new food source (Brady and Weil, 2008). As these populations
rapidly multiply, they feed on organic matter and release nutrients that can be used by crops.
Therefore, it is very possible that the increase in tillage radish biomass may be due to an

indirect consequence of manure management rather than a main tillage treatment affect.

Table 11. Available N (kg/ha) for the first year after application. Calculations are
based on University of Minnesota Extension (2018) coefficients for available N as
affected by management.

Organic management system
Year S2t S3t
2014 25.9 62.1
2015 17.8 42.8
2016 16.5 39.6
2017 18.2 43.6

Management system: S2=manure and no tillage, S3= manure and tillage
tS2 coefficient (broad cast and incorporation >96 hours)= 0.25
tt*53 coefficient (broadcast and incorporation <12 hours) = 0.60
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Percent soil cover. In terms of percent living soil cover, there was no significant

interaction between the cover crop and system treatments in years 2014 and 2016, but there
was in 2015 and 2017. In 2014 and 2016, the system effects on living cover were highly
significant (p<0.0001 in 2014, and p<0.001 in 2016) (Table 12). Biomass cover in S3 was much
greater than other two systems, measuring 20.2% and 27.4% greater in 2014 and 35.5% and
43.3% greater in 2016 when compared to S2 and S1, respectively. In both years, S1 and S2 were

not statistically different from one another.
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Table 12. Percent living soil cover (%)

Management
system 2014 %*** 2016%**
S1 48.8 b 45.5 b
S2 56.0 b 533 b
S3 76.0 a 88.8

Levels of significance are designated after the year with the following: **** p <0.0001 *** p<0.001

Means in the same column that are followed by the same letter are not statistically significant from one another within a
particular year.

Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage

Table 13. Percent living soil cover when separated for interactions, sliced by system treatment to test
for cover crop effects.

Management 2015 2017
system S2* S2**
R1 410 b 753 b
R2 61.75 a 89.6 a
R3 60.75 a 89.9 a

Levels of significance of years regardless of the treatment are designated after the year with the following:

**p<0.01 *p<0.05

Means in the same column that are followed by the same letter are not statistically significant from one another within a
particular year.

Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage

Tillage radish treatments: R1= tillage radish monocrop, R2= Tillage radish, berseem clover, annual oats, R3= tillage radish
berseem clover, winter rye

Table 14. Percent living soil cover when separated for interactions, sliced by cover crop treatment to
test for system effects.

Management 2015 2017
system R **** R2** R3** R1**
S1 41.1 b 53,6 b 511 b 83.0 b
S2 410 b 61.8 b 60.8 b 753 ¢
S3 89.6 a 87.5 a 833 a 91.0 a

Levels of significance of years regardless of the treatment are designated after the year with the following: **** p <0.0001
**p<0.01 Means in the same column that are followed by the same letter are not statistically significant from one another
within a particular year.

Means in the same column that are followed by the same letter are not statistically significant from one another within a
particular year.

Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage

Tillage radish treatments: R1= tillage radish monocrop, R2= Tillage radish, berseem clover, annual oats, R3= tillage radish
berseem clover, winter rye
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For the 2015 and 2017 data sets, in which there were interactions between the two
main effects, data were separated by management system and tested for cover crop effects
(Table 13). There was not significant effect of cover crop in S1 or S3. In the S2 treatment,
however, both polyculture cover crops (S2 and S3) provided significantly more biomass cover
than the R1 (p<0.05 in 2015 and p<0.01 in 2017) in both years (Table 13). When data was
separated by cover crop treatment and tested for management effects, all significant
observations followed the same trends observed in 2014 and 2016; the greatest amount of

living cover was in the S3 system (Table 14).

In terms of total soil exposure, however, there were no significant differences among any of
the system or cover crop treatments in years 2015, 2016, and 2017 (Table 15). All treatments
had an average total soil cover (living cover + dead residue) between 85.6-88.9% in these years.
The soil in all three systems was equally covered despite tillage choice before planting the cover
crop (S3) because the residue in S1 and S2 compensated for the lack of soil coverage (Figure 2).
The only treatment for which the total percent cover was significantly reduced with tillage was
in 2014 when tillage radish was planted alone (Table 15). The S3 system had 18.5% soil
exposure (p<0.05) compared to the 13.0% and 12.6% in S2 and S1, respectively. In 2014, the
cover crop was planted much later and the cover did not produce enough aboveground
biomass to make up for the area left uncovered. This was not the case, however, for the

polyculture crops which easily produced enough biomass cover the soil in 2014.
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Table 15. Percent soil exposure (%) by system. Measurements were taken prior to cover crop
winterkill.

Management 2014*
system (R1 only) 2015M 2016M 2017
S1 126 b 12.5 10.0 8.6
S2 13.0 b 133 104 8.5
S3 18.5 a 11.2 9.8 8.0

Levels of significance are designated after the year with the following: * (p<0.05), and " (no difference)

Means in the same column that are followed by the same letter are not statistically significant from one another within a
particular year.

Management system: S2=manure and no tillage, S3= manure and tillage

R1= tillage radish monocrop

Figure 2. Average fall soil cover (2015-2017) in each management system.
Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage
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Organic producers rely on short-term cover crop benefits for nutrient and weed
management, and establishment and adequate growth is key for these cover crops to fulfill
their intended role. Organic production is often criticized for its reliance on mechanical tillage,
which can potentially break down soil structure making soil particles more vulnerable to

movement via wind and water. It is generally accepted that in order to reduce topsoil loss, soil
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should remained covered by either crop residue or living organic matter. In fact, University of
Nebraska estimates that no-till systems can reduce total soil loss by up to 95%, when compared
to a field with no residue cover at all (Dickey et al., 1981). The significance of these results lies
in the use of tillage to produce an equally effective total ground cover, while stimulating
healthy cover crop growth in order to provide the organic system with the cover crop’s
intended services (weed control, nutrient additions, organic matter additions, etc.). Moreover,
a healthy and lush cover crop will return large amounts of organic matter to the soil through
both its roots and shoots, which ultimately improves soil structure. These results support the
idea that “smart” tillage choices can benefit the system in both the short and long term without

the detrimental effects of significant soil exposure.
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SOIL ANALYSES

Biological activity.

Enzyme activity. There were no cover crop or system effects on glucosidase, phosphatase,

or FDA activity in any of the years. Sulfatase activity was not significantly different in 2015 or
2017; however, the sulfatase activity was significantly greater in the S3 system (663.7 ug*kg*h-
1) compared to S1 (596.6 ug*kg'*h?) in 2016 at the p<0.05 level. Sulfatase activity in the S2

system (610.9 ug*kg**h?) did not differ from activity in the other two systems.

Soil enzyme activity has proven to be equally sensitive to agricultural management
practices, and respond rapidly to large addition of organic matter as well, especially when
compared to other known soil health indicators (Mendes et al., 1999). One would expect to see
differences in enzyme activity because of the inclusion of a tillage component and distinct
biomass variability in several years. The only treatment difference observed was just one instance
of elevated arylsulfatase activity in 2016. Arylsulfatase catalyzes ester sulfates (the most labile
form of sulfur in the soil), are produced primarily by soil microbes, and have been correlated to
soil organic matter content in several studies (Dick, 2011). Compared to all other years, there was
a much wider range of total biomass production among the system treatments in 2016, possibly

explaining the higher arylsulfatase levels in S3.

Oxidizable carbon. Determination of permanganate oxidizable carbon (POX-C) levels was

performed on the 0-15 cm samples that were taken after corn harvest. There was no cover crop
or system effects on POX-C, indicating no differences in biological activity as a function of either
treatment. This is surprising considering microbial biomass carbon, and thus oxidizable carbon,
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are known to be sensitive to changes in both tillage practices and cover crop sequences (Wardle,
1992). Again, differences may be more evident in the longer term; however when soil was tested
for POX-C after soybean harvest in an additional third year added to the experiment, there were

no significant differences in POX-C in these samples as well.

Additions of organic matter typically increase biological activity in the soil and promote
plant matter decomposition and release of nutrients, as long as adequate nitrogen is present to
feed the living components. The absence of differential biological activity among the
treatments is difficult to interpret. A C:N ratio of 24:1 is generally considered the ideal condition
to feed the soil community. Additions of residue with higher C:N ratio may deplete the soil N in
order to support the community, while additions of residues with lower C:N ratios will release
excess N . Tillage radish has a low C:N ratio and has been reported to be as low as 13:1 but as
high as 19:1 (Clark, 1994). An addition of a large amount of cover crop biomass with a low C:N
ratio in the spring should add to the soil N, stimulating bacterial and fungal populations and
thus increases microbial biomass carbon (MBC) (Mendes et al., 1999). Spikes in MBC from
organic matter have the potential to be even greater than the increase after mineral nitrogen
fertilizer additions (Wardle, 1992). All plots in this study had significant amounts of spring
biomass additions. Although the total biomass varied from year to year, all enzyme activity in
each treatment was relatively high compared to conventionally managed land that was tested
at the same time and very close physical proximity that received only corn residue additions
from continuous corn management. For both enzyme activity and POX-C, we may be able to
see more treatment difference in this study with continued long-term differential management

assuming that these trends continue and the ranges widen.
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Soil nitrogen

Soil samples taken at 0-15 cm depth in the fall prior to winterkill of the cover crop were
analyzed for extractable ammonium and nitrate (Table 16). All samples had very little extractable
nitrate in all years. Most samples had little or no detectable nitrate, and thus no cover crop or
system effects were measureable in any of the years. There was more extractable ammonium
than nitrate in all years. Treatment means for extractable ammonium ranged from 0.33-1.08 mg
NHs* L%, 2.40-3.36 mg NH4* L%, 2.90-4.14 mg NH4* L't in years 2015, 2016, and 2017, respectively.
Like nitrate, we found no cover crop or system effects on extractable ammonium in any of the

years.

Table 16. Mean soil nitrogen values for samples taken at the 0-15 cm depth taken fall after
cover crop planting.
Extractable nitrate Extractable ammonium
Year mg NOs~N L* mg NHs* L
2015 0.128 0.622
2016 0.017 2.655
2017 0.235 3.490

Samples taken at 0-15 cm depth, 4 weeks after corn planting (July), were analyzed for
extractable nitrate and extractable and mineralizable ammonium (Table 17). There were no
cover crop or system effects on mineralizable and extractable ammonium in the top 15 cm of the
soil in any of the years. Similarly, there were no significant differences in extractable nitrate in
any of the years, except the final year of corn (2017). In 2017, the R2 treatment produced a

significantly higher amount of nitrate (8.214 mg NOs™ L) as compared to the R3 treatment (5.065
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mg NOs L) (p<0.05). Treatment R1 (5.065 mg NOs L) did not differ from either cover crop

treatment.

Soil samples taken after corn harvest (Fall) at the 0-15 cm depth were analyzed for
extractable nitrate and extractable and mineralizable ammonium (Table 17). There were no
significant differences among any cover crop or system treatments for extractable or
mineralizable ammonium, as well as extractable nitrate. In fact, very little extractable nitrate
was present in any of the samples tested; with all 0-15 cm samples, annual averages were below

1.4 mg NO3™-NL?, 3.6 mg NOs-NL'and 5.3 mg NOs-NL'in 2015, 2016 and 2017 respectively.

Table 17. Mean soil nitrogen values for samples taken at the 0-15 cm depth during the corn
phase.
Extractable nitrate | Extractable ammonium | Mineralizable ammonium
Year mg NOs;~N L mg NH4* Lt mg NH4* Lt
2015 July 3.07 4.37 38.76
Fall 0.05 7.47 35.57
2016 July 0.69 3.54 29.94
Fall 1.30 3.29 22.68
2017 July 7.66 2.31 14.61
Fall 2.88 3.84 8.40

Samples from the 15-60 cm depth were collected in July and fall of 2016 and in fall of
2017 in the corn phase, but were not collected in other years. These samples were analyzed for
extractable nitrate and ammonium. In both samplings, there were no system or treatment

effects on extractable ammonium or nitrate (Table 18).
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Table 18. Mean soil nitrogen values for samples taken at the 15-60 cm depth during the corn
phase.
Extractable nitrate Extractable ammonium
Year mg NOs™-N L* mg NHs* L?
2016 July 1.17 0.80
Fall 0 2.61
2017 Fall 0.13 2.99

Similar to past studies, there was no evidence of spring nitrogen release from the tillage radish
cover crop in any of the cover crop treatments. Thus, the results of this study do not support
planting tillage radish with other cover crops as a means to extend the availability of soil

nitrogen into the following crop season.
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CORN YIELD

Corn yield was measured the second year of the two-phase experiment in years 2015,
2016 and 2017 (Table 19). Average corn yield across all plots was 3476.2 kg/ha, 5270.8 kg/ha,
and 3040.6 kg/ha in 2015, 2016 and 2017 respectively. This is much lower than 12114.6 kg/ha,
the average organic corn grain yield reported in findings from the Organic Corn Performance
Trial at the Southwest Research and Outreach Center (Reese and Heins, 2016). In all three
years of the corn phase of the experiment, there were significant interactions of the two main

effects.

Table 19. ANOVA analysis of variance for corn yield 2015-2017.
Effect/Interaction Year F value Pr (>F)
Cover crop 2015 5.07 0.0135 *
df.=2
2016 34.72 <0.0001 **x*
2017 0.45 0.6442
System 2015 7.11 0.0033  **
df.=2
2016 28.95 <0.0001 ****
2017 19.03 <0.0001 **x*
CC*SYS 2015 0.60 0.6691
df.=4
2016 2.42 0.0729
2017 0.04 0.9972

Significance: ****p<0.0001  **p<0.01 *p<0.05
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In years 2015 and 2016, cover crop treatments significantly affected corn yield. In both
years, corn yield was lower after a fall planting of tillage radish with winter rye and berseem
clover (R3) (Figure 3). In 2017, there was no difference in corn yield between any of the cover
crop treatments. In all years, spring termination of the winter rye crop was determined based
on soil conditions and weather forecast. Corn was not planted until a minimum of
recommended 10-14 days had passed to avoid effects of allelopathy and nitrogen
immobilization. Komatsuzaki and Wagger (2015) showed that management of winter annual
grasses such as rye greatly influenced both the nitrogen accumulation and release of inorganic
N to the soil after termination. Not surprisingly, they found that date of termination greatly
affected the release of captured N and was dependent on each individual species. The
University of Vermont recommends that winter rye be terminated between 30-45 cm when it is
typically still in the vegetative stage to avoid nutrient immobilization and effectively decompose
to released nutrients (Grubinger, 2010).The average rye height at termination in this study was
54.1, 73.3, and 36.8 cm in years 2015, 2016 and 2017, respectively. Rye heights in 2015 and
2016 indicate the winter rye crop was more mature than what is considered “ideal” at
termination and likely caused immobilization of nitrogen. The maturity of the plant tissues
likely decreased or at least significantly delayed the availability of N to the corn crop. Timely
management of spring operations is a common problem for both conventional and organic
farmers in this region, and planting winter hardy crops certainly increases risk of yield impacts
from delayed planting and nutrient tie-up. In all years of this study, soil moisture conditions
dictated the timing of winter rye termination rather than the maturity of the winter rye crop.

These types of management restriction reinforces the need for continued research to
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determine viable alternatives to winter hardy cover crops, as well as more effective way to

include winter hardy or perennial cover crops into organic rotations. Additionally, it should be

noted that the low corn grain yields in all plots, all years is likely a reflection of late corn

planting due to the delayed termination of winter rye. Rather than plant corn based on

individual systems management, we chose to plant all treatments at the same time based on

termination of rye in the S3 system. This was an effort to reduce the confounding effect of a

variable planting date.

Figure 3. Corn yield averages (kg/ha) 2015-2017 as a function of the cover crop treatment,

averaged across the management system treatments.

6000

5000

4000

3000

kg/ha

2000

1000

2015*

b

year

‘-.-' R3

R1

R2

2017%

Yield bars with the same letter are not significantly different within the same year. Levels of significance are designated after the year
by the following: * (p<0.05), ****(p<0.0001), and ™ (no difference)

Tillage radish treatments: R1= tillage radish monoculture, R2= Tillage radish, berseem clover, annual oats, R3= tillage radish berseem

clover, winter rye
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Figure 4. Corn yield averages (kg/ha) 2015-2017 as a function of the management system,
averaged across the rotation treatments.
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Yield bars with the same letter are not significantly different within the same year. Levels of significance are designated after the year
by the following: *** (p<0.001) and ****(p<0.0001)

Management system: S1=no manure, no tillage, S2=manure, no tillage, S3= manure and tillage

In terms of system effects, corn in the S3 system produced significantly greater yields
when compared to either of the other two management systems in all three years on three
separate but similar sites (Figure 4). This corn yield increase was most pronounced in 2017,
when the yield was more than twice that of the other two systems (Figure 4). The plots that did
not have tillage and comparing no manure (S1) vs manure (S2) treatments had no differences in
tillage radish biomass, total cover crop biomass, and corn yield. However, when comparing
manure with no tillage (S2) vs manure with tillage (S3), tillage after a manure application (S3)
consistently produced more tillage radish biomass, total biomass, and corn yield. There was no
additional fertility added to any of the systems aside from the manure application in S2 and S3

prior to cover crops planting. In addition, there is no evidence that the corn yield was related
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to differences in available soil nitrogen, thus it is possible that the yield effect is either (1) a
direct effect of the tillage component or (2) a consequence of a more developed root system or
greater biomass additions. Possible explanations may be related to changes in soil physical

properties and/or localized nutrient pools.

It is generally accepted that tillage radish is a viable tool to alleviate subsoil compaction.
Williams and Weil (2004) observed increased soybean yields following a tillage radish crop, and
surmised that the roots of the main cash crop were able to explore areas beyond a compaction
zone due to following a less resistant path where the tillage radish roots once were. Chen and
Weil (2010) found similar results with corn yields following a tillage radish crop. Furthermore,
they observed TR root biomass rarely decreased
in layers of both medium and high compaction,
and were able to penetrate these zones much

better than rapeseed and winter rye.

The healthy and highly developed tillage
radish crop in the S3 treatment could have
changed the soil environment in a way to allow
for unrestricted root growth. We saw specific
evidence that this could be the case in the last

year of the experiment. In July 2017, storms with

high winds caused corn lodging in the

Image 4. Corn lodging after a severe

weather event (Evans, 2019). experimental area (Image 4). Noticing distinct
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differences among the plots, each plot was rated on a quantitative scale from0to 5 (0 =no
evidence of lodging, 5= completely flat) prior to harvest to quantify the severity of the lodging.
Plots in the S3 system received an average score of 0.83 (relatively upright), while plots in S2
and S1 systems received an average score of 3.08 and 3.33, respectively, indicative of possible
deficient corn root systems. There were, however, no treatment differences with penetrometer
readings. Although weather events with strong winds occurred in other years, 2017 is the only

year with severe lodging.

Other potential explanations for the positive corn yield response relate to a change in
soil water and temperature. As the tillage radish root decomposes, the root channel opens up.
Gruver et al. (2012) found that these areas warm up and infiltrate pooling water faster than
similar areas that have a winter rye cover crop or no cover crop at all. In terms of general
production, these conditions are advantageous for earlier planting to eliminate any yield loss.
Moreover, this change in the soil environment around these channels could potentially lead to
a higher localized mineralization of nitrogen. Brady and Weil (2008) state that soil conditions,
which support rapid decomposition and mineralization are neutral pH, field-moist water
content, good aeration, and warm temperatures. Knowing that corn roots take the path of least
resistance, they would likely follow former tillage radish channels that potentially contain

higher proximal N concentrations.
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V. Conclusion

The information this study pertaining to tillage radish soil cover is extremely valuable in
a region in which producers have major concerns about topsoil loss from winter exposure and
problems with cover crop management because of cold, wet springs. Recognizing the
damaging repercussions of exposed soil, both conventional and organic producers in the
southwest region of Minnesota have begun to abandon fall tillage to “turn their soils black” in
an effort to preserve structure, yet are once again struggling with timely spring management.
In this instance, fall tillage to stimulate cover crop growth provides soil coverage equivalent to
that of no-till management. Additionally, planting a cover crop like tillage radish should
alleviate management restrictions in the spring and ultimately provide a warmer and dryer
spring seedbed from deep root channels. This practice has great potential to eliminate (1)
untimely forced spring field operations that could further impair soil structure or (2) delayed
planting which often negatively affects yield. It is reasonable for producers to adopt the
mindset of “smart” tillage and recognize the value at certain points in the rotation, and is a

management tool that could benefit both organic and conventional systems.

Additional investigation is needed to understand the manure/tillage relationship on
tillage radish growth. Inclusion of a tillage plot that does not receive manure may further
explain the reasoning behind the positive influence of the S3 treatment on cover crop growth
and corn yield. Tillage radish growth in the tilled alleyways that did not receive manure
resembled those in the S3 treatment, but alleys were not regularly maintained and no regular
measurements were taken. Adding a tillage only treatment would further clarify if the tillage

had a direct effect on cover crop growth, or rather altered the environment to retain more
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nitrogen for cover crop biomass accumulation. Knowing the mechanisms behind the results is

the key to understanding best management practices.

Additional sampling should be included to better understand the movement and

ultimate fate of nitrogen:

Increase soil sampling intervals. Testing the soil nitrogen in early spring, before
corn planting, and several more times during the growing season would possibly
clarify timing of nitrogen release as the different types of cover crops
decompose.

Plant tissue testing. Whole plant analysis of the cover crop in the fall would
indicate the approximate amount of scavenged fall nitrogen and potential spring
return in each plot. Corn leaf sampling before tasseling, and/or basal stalk nitrate
testing of the corn plants after black layer could be used to estimate nitrogen
uptake of the corn crop and thus provide information about plant available N.
Testing soil leachate. The deep root channels left during/after tillage radish
decomposition act like large drains for snow melt and spring rain waters to move
through, potentially carrying mobile nutrients such as nitrate through the soil
profile. Testing spring and early summer leachate could disclose information
about the timing of nitrogen release from tillage radish residue decomposition
and explain potential losses from the agroecosystem.

Testing soil volatile emissions. Monitoring of volatile NO or N20 emissions from
the soil may help fill in missing information to understand the ultimate fate of
nitrogen as the tillage radish decomposes. The large empty deep channels left
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during/after decomposition increase the soil:atmosphere interface. Conditions
within these channels are typically moist and warming in the spring, making it an
ideal environment for both organic matter decomposition and nitrogen
volatilization. While growing cover crops are touted to have to fantastic
capability for reducing nitrate loss via water movement through the soil profile,
the impact of decomposing biomass in terms of atmospheric nitrogen loss is not
completely understood. Basche et al. (2014) performed a meta-analysis
including 26 peer-reviewed articles that evaluated nitrous oxide emissions from
the soil surface during cover crop growth and decomposition. Studies that took
measurements over a full year typically showed a net effect of zero N,O
emissions; however, these results also repeatedly show that emissions during
the decomposition periods were greater than those during the growth period.
Measuring gas emissions along with spring leachate during tillage radish
decomposition might tell us more about potential loss of scavenged nitrogen

from the agroecosystem.
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