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A B S T R A C T

Zone tillage is a reduced-tillage approach that attempts to capture both the environmental advantages of year-
round ground cover and the agronomic benefits of in-row tillage. This study was conducted to determine the
effect of differing levels of zone tillage intensity on soil carbon and nitrogen cycling in a corn-kura clover
cropping system (Zea maize-Trifolium ambiguum). Research took place in Rosemount, MN in 2015 and 2016 in an
established kura clover stand. Soils and kura clover biomass were each sampled three times in crop rows per year
in four treatments that varied by intensity: NT (spray-down no-till), ST (shank-till, traditional strip till unit), RZT
(zone-till, PTO-driven rotary zone tiller), and DT (double-till, ST+RZT). Samples were analyzed for microbial
biomass (MB), soil inorganic nitrogen, and permanganate oxidizable carbon (POXC). Additionally, potentially
mineralizable nitrogen (PMN) was measured for 2016 post-spring tillage soils. Greater spring kura clover bio-
mass in 2016 (2449 kg ha−1) relative to 2015 (187 kg ha−1) influenced overall differences in soil quality be-
tween years. The double-till (DT) treatment had greater post-till soil inorganic N than the no-till (NT) treatment
in 2016, and by corn harvest, both zone-till (RZT) and double-till (DT) had higher soil inorganic N than NT,
indicating that the addition of kura clover biomass contributed to in-row, plant-available nitrogen. Double-till
was also more effective in reducing kura clover encroachment into crop rows than NT. No effect of tillage
intensity on PMN, MB, or POXC was observed at any sampling time, although trends of decreasing POXC paired
with increasing MB over the 2016 growing season suggest that the quantity of incorporated kura clover biomass
may have governed belowground nutrient cycling and soil fertility.

1. Introduction

Zone tillage, a reduced tillage approach where only crop rows are
tilled, has been proposed as a way to maintain ground cover while
disturbing soil only where necessary to prepare seedbeds and in-
corporate nutrients (Brainard et al., 2013). Tillage has detrimental ef-
fects on soil structure (Kabiri et al., 2015), soil biological activity
(Sapkota et al., 2012), and soil water capture and holding capacity
(Haramoto and Brainard, 2012; Alliaume et al., 2014). However, zone
tillage approaches can warm soil seedbeds in areas with cold and wet
spring seasons (Licht and Al-Kaisi, 2005), clear crop rows of competing
vegetation, and localize nutrient incorporation (Liebman and Davis,

2000).
Living mulches are maintained year-round or perennially, with the

purposes of protection against erosion, soil-improvement, or nutrient
enhancement. Their use necessitates either a band application of her-
bicide or some form of zone tillage for crop production, as the living
vegetation must be removed from crop rows prior to sowing. Living
mulches are generally biennial or perennial legumes such as clovers and
alfalfa that can withstand frequent mowing as well as winter condi-
tions. They have been examined for their potential to reduce between-
row weeds (Enache and Ilnicki, 1990; Hiltbrunner et al., 2007; Gibson
et al., 2011), reduce excess soil nitrogen (N; Brandsæter et al., 1998;
Ochsner et al., 2010), and provide localized N to crop rows (Berkevich,
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2008; Sawyer et al., 2010; Deguchi et al., 2007).
Kura clover (Trifolium ambiguum), a long-lived and rhizomatous

perennial, has been studied for its use as an effective living mulch in the
Upper Midwest. It is more winter hardy than many other perennials
owing to its origin in the Caucasus region (Sheaffer and Marten, 1991;
Zemenchik et al., 2000), and has been found to accumulate up to 276 kg
N ha−1 via biological nitrogen fixation (BNF; Seguin et al., 2000). Kura
clover can reduce soil and nutrient runoff by increasing water in-
filtration and protecting the soil surface (Siller et al., 2016), as well as
reduce nitrate loading in water bodies through its extensive root system
(Qi et al., 2011b).

Typical kura clover living mulch management includes suppression
(spraying or tilling, or both), followed by crop planting, then kura
clover recovery in the fall, post-harvest. A hardy stand will encroach
into rows by the following spring. As a legume, kura clover can re-
peatedly supply fixed N to subsequent crops, provided enough biomass
accumulates in the tillage zone between growing seasons (Zemenchik
et al., 2000), and nitrogen fixation is effective. Perennial roots like
those of kura clover have been found to enhance soil structure and
contribute to soil microbial activity (Bissett et al., 2011; DuPont et al.,
2010; Anderson and Coleman, 1985) via continuous root growth,
sloughing, rhizodeposition, and turnover (Abdollahi et al., 2014). These
N and soil organic matter (SOM) additions provide easily accessible,
labile nutrient pools that may enhance soil nutrient cycling. Soil in-
dicators of interest to measure contribution to such labile pools include
soil microbial biomass (MB) and inorganic N, potentially mineralizable
N (PMN), and permanganate oxidizable C (POXC), a methodologically
defined SOM pool that determines the amount of soil C that is easily
available to microbes for respiration (Weil et al., 2003), due to their
sensitivity to soil disturbance and management (Culman et al., 2013,
2012; Larsen et al., 2014; Idowu et al., 2009). To date, most studies
investigating living mulches in agronomic systems have examined the
system capacity to increase yields or environmental services, rather
than impact on soil nutrient cycling (Ochsner et al., 2010; Qi et al.,
2011b; Sawyer et al., 2010).

One challenge to kura clover living mulch management in row crop
systems includes reduced yields observed with conventional strip tillage
equipment that utilizes a coulter-driven shank of relatively narrow
width. Living mulch encroachment can cause subsequent competition
with cash crops for water, sunlight, and nutrients (Grabber et al., 2014;
Qi et al., 2011b; Sawyer et al., 2010). To this end, a novel zone tillage
implement consisting of a PTO-driven rotary tiller to create a wider
planting zone has been developed as an approach to reduce competition
between the living mulch and the cash crop.

Our goal in this study was to compare the effect of tillage ap-
proaches that vary in intensity on soil carbon and nitrogen cycling in a
corn (Zea maize)-kura clover cropping system. Specifically, our objec-
tives were to examine the effect of tillage intensity on 1) soil N con-
tributions, and 2) belowground nutrient cycling as mediated by mi-
crobial activity and easily accessible SOM pools.

2. Materials and methods

2.1. Study site

This experiment was conducted in Rosemount, MN (44°71′N,
93°7′W) at the University of Minnesota’s Rosemount Research and
Outreach Center in 2015 and 2016. Soil at the site is a Waukegan silt
loam (fine-silty over skeletal mixed, super active, mesic Typic
Hapludoll). Kura clover was planted in the field in 2006, and a corn/soy
rotation had been planted into it since 2008, with the year immediately
prior to the experiment in 2015 cropped to soybean. Due to kura clover
slug damage after the 2015 corn harvest, the 2016 field plot was moved
to an adjacent area, such that the year prior to the 2016 experiment was
a rest year for the kura clover, during which the clover was managed as
a hay crop with two cuttings and no clearing of crop rows via zone

tillage. Thus, in 2015 the experiment followed eight years of row crop
production, while in 2016, the experiment was planted into clover
which did not have clover removed for rows in the previous year. Plot
management history is provided in Table 1.

2.2. Experimental design

This study was designed as a randomized complete block, with four
replications of four tillage treatments. Tillage treatments included NT
(spray-down no-till), ST (shank-till, traditional strip till unit), RZT
(zone-till, PTO-driven rotary zone tiller), and DT (double-till, ST+DT).
No-till used 4 kg ae ha−1 glyphosate (N-(phosphonomethyl)glycine)
applied in 30 cm wide bands to kill kura clover within the row before
planting. A conventional strip tillage unit (1tRIPr, Orthman Mfg.,
Lexington NE) was implemented for ST, consisting of a shank with
ground-driven coulters. The RZT implement was a PTO-driven 6-row
rotary tiller (Northwest Tillers, Yakima WA), in which each set of rotary
tines tilled a zone 30 cm wide and approximately 10 cm deep. Plot
management details and dates are in Table 1. Plots had six rows, each
76 cm wide and 37m long. All samples were collected from the two
central rows. Plots were fertilized with 224 kg ha−1 of 18-46-0,
224 kg ha−1of 0-0-60, and 84 kg ha−1 of 21-0-0-24 (N-P-K-S), resulting
in 58 kg N ha−1, 103 kg P2O5 ha−1, 135 kg K2O ha−1, and 20 kg S ha−1

at planting in both years. Additionally, plots were side dressed with
41 kg N ha−1 in 2015 and 34 kg N ha−1 in 2016.

2.3. Kura clover and soil sampling

Kura clover biomass was collected immediately prior to spring til-
lage (pre-till) and in the middle of the growing season (mid-season) in
both years, and at corn harvest in only 2016 (harvest; Table 1). In 2015,
not enough biomass was present within rows at harvest to sample. It
should be noted that kura clover biomass collections differed by 10 d
between years, due to different timing of spring tillage events. Above-
ground biomass was collected from in-row areas where crops were to be
planted using a 0.1 m2 quadrat. Biomass was then transferred to a 60 °C
oven for at least 48 h before being ground to 1mm and analyzed for C
and N content on a combustion analyzer (Elementar VarioMAX CN
analyzer, Elementar Americas).

Soils were also collected from within crop rows at three time points
per year: pre-till, post-till, and at harvest (Table 1). A composite of ten
samples from the top 15 cm were collected in a bucket, homogenized,
and divided into two subsamples. One subsample was dried at 35 °C for
at least 48 h before removing them, grinding and sieving to 2mm, and
setting aside for inorganic N extractions, POXC analysis, and C/N
analysis (Elementar VarioMAX CN analyzer, Elementar Americas). The

Table 1
. Schedule of field operations and sampling in 2015 and 2016, in Rosemount,
MN. KC – kura clover.

Management and
sampling details 2015 2016

Previous crop soybean KC forage
Spring field preparation – flail mowed
Pre-till KC sampling 30 Apr to 1 May 9 May
Pre-till soil sampling 30 Apr 11 May
NT spray 1 May 18 May
Tillage date 4 May 18 May
Fertilizer application 5 May 18 May
Corn planting 5 May 18 May
Sidedress fertilization mid-June mid-June
Post-till soil sampling 18 May 29 May
Mid-season KC sampling 21 Aug 26 July
Harvest KC sampling – 4 Oct
Harvest soil sampling 9 Oct 4 Oct
Corn harvest 9 Oct 24 Oct
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other subsample was sieved to 2mm and kept field-moist at 4 °C for
PMN and MB determination.

2.4. Permanganate oxidizable C

Permanganate oxidizable carbon was measured according to Weil
et al. (2003). Briefly, 2.5 g of dry soil were reacted with KMnO4, a
strong oxidizing agent. Diluted supernatants were transferred to 96-
well plates and measured on a spectrophotometer at 540 nm. Absor-
bance was fitted to a standard curve, and calculated to determine C
oxidation by KMnO4 reaction.

2.5. Soil inorganic N and potentially mineralizable N

Inorganic N (NH4
+ plus NO3

−) was extracted from in-row soils
using 1M KCl and filtered through #42 Whatman papers (Robertson
et al., 1999). Extractions were frozen in scintillation vials until N ana-
lysis on a Shimadzu TOC and TN analyzer (Kyoto, Japan).

In 2016, post-till soils were analyzed for PMN using a 28d aerobic
incubation method (adapted from Scott et al., 1998; Prescott et al.,
2005) with the goal of elucidating kura clover N contribution and
subsequent mineralization. Briefly, 10mL water was added to dry soil
samples until water holding capacity was reached. Tubes were loosely
capped and incubated in a bin at 37 °C for 28 days. Tubes were weighed
three times per week to ensure consistent soil moisture. At the end of
the incubation, PMN was extracted with 40mL 1.3M KCl, and extracts
were analyzed on a Shimadzu TOC and TN analyzer (Kyoto, Japan).
Final values were calculated by subtracting soil inorganic N from the 28
d incubation values.

2.6. Microbial biomass C and N

A simulated chloroform slurry extraction (simCSE) method was used
to determine MB (Fierer et al., 2003). Field-moist soil samples were
divided into two test tubes; 40 mL 0.5M K2SO4 was added to each, and
one also received 0.5mL CHCl3 to lyse microbial cells. After shaking for
4 h and settling, samples were filtered through #42 Whatman papers
and frozen until analysis on a Shimadzu TOC and TN analyzer (Kyoto,
Japan). Final MB C and N values were calculated by subtracting base-
line values from values for fumigated samples.

2.7. Statistical analysis

All statistical analyses were performed in SAS (Cary, NC). All data
met assumptions of normality and equal variances. An ANOVA was
used to detect the effect of tillage treatments, sampling times, and in-
teractions of tillage treatment by sampling time within year using PROC
MIXED, with only block as a random effect (Table 2). Years were

analyzed separately due to spatial and environmental differences be-
tween 2015 and 2016 plots. Where ANOVA data showed significance,
data were then analyzed using Tukey’s Honest Significant Difference.

3. Results and discussion

3.1. Kura clover biomass

In 2015, there was an interaction effect of tillage by sampling time
for kura clover biomass (p=0.0672; Table 2, Fig. 1). While at the pre-
till sampling no trends for tillage treatments were apparent, by mid-
season shank till (ST) treatments had greater kura clover biomass pre-
sent in crop rows than did DT (490 and 115 kg ha−1, respectively),
indicating that the greater soil disturbance of the DT treatment reduced
kura clover encroachment into rows when compared to ST (Dobbratz,
2017; Fig. 1). By harvest, little to no kura clover biomass remained in
rows, thus biomass data was not collected. These trends were supported
by kura clover N content data, where by 2015 mid-season and 2016
harvest samplings both trended toward having more kura clover bio-
mass N in ST compared to DT (data not shown). Biomass N was rela-
tively constant across all treatments in 2015, ranging from 6 to 22 kg
N ha−1 with a mean C:N of 8.4 ± 1.05). Since % N of kura clover
stands across the experiment was not expected to vary, quantity of kura
clover biomass present following application of tillage treatments at
this mid-season sampling point drove the final overall biomass N con-
tributions. Kura clover biomass in rows at the 2015 harvest time point
was negligible, likely due to corn canopy closure that shaded kura
clover and suppressed growth. Biomass production differed by nearly
an order of magnitude between 2015 and 2016 growing seasons, where
mean spring biomass in 2015 was 261 kg ha−1, versus 2361 kg ha−1 in
2016 (Fig. 1). Seguin et al. (2001) reported a similar kura clover
aboveground biomass yield (2678 kg ha−1) in a seeding year when
100 kg N ha−1 N fertilizer was applied incrementally, similar to our
experiment’s split N application. This lower biomass in 2015 may be
attributed to several factors. First, a 2014 soybean cropping likely
suppressed kura clover regrowth into rows. Also importantly, 2015
sampling occurred 10 d earlier than in 2016 because of spring tillage
timing. Because kura clover grows rapidly in spring, this probably
drove differences in spring biomass between years. Still, tillage effects
on biomass were similar in both years in that more intensive tillage
served to reduce kura clover. Reductions in kura clover biomass over
the course of the growing season occurred in 2016 for all tillage ap-
proaches, where spring biomass decreased after tillage or no-till her-
bicide application, and further diminished by corn harvest
(p < 0.0001; Table 2, Fig. 1). Work by Peterson et al. (1994) on re-
peated kura clover forage harvests supports the recovery of kura clover,
where biomass of a third harvest in the season was reduced to ap-
proximately one-third of the first harvest.

Table 2
Analysis of variance significance for kura clover (KC) biomass, soil inorganic N, permanganate oxidizable C (POXC), potentially mineralizable N (PMN), and
microbial biomass C and N (MBC, MBN) in 2015 and 2016.

2015 2016

Source KC biomass inorganic N POXC PMN MBC MBN KC biomass inorganic N POXC PMN MBC MBN

Block NS NS NS – – – NS NS * NS NS NS
Tillage NS NS NS – – – NS ** *** NS NS *
Time NS **** ** – – – **** *** **** – NS **
Tillage x Time * NS NS – – – NS NS NS NS NS NS

"NS" indicates no significance.
"*" indicates significance at 0.10.
"**" indicates significance at 0.05.
"***" indicates significance at 0.01.
"****" indicates significance< 0.0001.
"–" indicates data were not tested.
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While biomass production was generally low, in 2016 it was on par
with findings for kura clover, as well as other clovers (such as berseem
and subterranean; Parr et al., 2011). It did not attain the same high
biomass production as vining legumes such as hairy vetch and Austrian
winter pea (Parr et al., 2011; Wayman et al., 2014). However, biomass
production for the purpose of N provisioning should not be under-
valued. Tonitto et al. (2006) found that the addition of ≥110 kg ha−1

of legume-N is equivalent to the amount of N harvested as corn in a
conventionally fertilized system. Data from a parallel study to this one
in 2016 showed that kura clover biomass comprised approximately
108 kg N ha−1 (data unpublished). This is a substantial amount of ni-
trogen, despite being less than what is provided by other leguminous
species in alternative systems.

3.2. Soil inorganic N

Soil inorganic N values varied greatly between years. While in 2015,
inorganic N values ranged from 6 to 125mg N kg soil−1, the range in
2016 was much narrower, from 6 to 24mgN kg soil−1 (Fig. 2). Because
fall N was never applied to this field, high spring soil inorganic N
concentrations in 2015 are difficult to explain. No effect of tillage on
inorganic N was observed in 2015, although all treatments were col-
lectively associated with a decreasing trend in soil inorganic N over the
course of the growing season. Across treatments, soil inorganic N in pre-
till > post-till > harvest (p < 0.0001; Table 2). In 2016, there was
also an effect of time, such that pre-till < post-till ≈ harvest (p=
0.0084; Table 2). We also observed differences between tillage ap-
proaches (Fig. 2, p= 0.0254), where at the post-till sampling, soil
inorganic N was greater in double-till compared to no-till, and by
harvest, DT had more soil inorganic N than both NT and ST.

There was an inverse relationship between inorganic N and kura
clover biomass in crop rows, suggesting kura clover was accumulating
N from existing soil pools. Work by Seguin et al. (2000) has shown kura
clover fixes only 57% of its N from the atmosphere, suggesting a rela-
tively high soil N scavenging ability, and available soil N is known to

decrease biological N-fixation in legumes. Indeed, Grabber et al. (2014)
cited kura clover’s nitrate uptake as a factor leading to low corn yields
due to excessive nutrient competition. Qi et al. (2011a) found that kura
clover took up more soil nitrate than either winter rye or an orchard-
grass-clover mix at p < 0.05.

In 2015, there was a consistent reduction in soil N with each sam-
pling time across all tillage treatments, despite kura clover biomass
incorporation following tillage, and an additional influx of N via side
dressed N application (123 kg N ha−1) in mid-June between the post-
till and harvest soil sampling (Fig. 2). As both should have favored an
increase soil N, this was surprising. Likely explanations for this decrease
were the uptake of plant-available soil N by the corn crop, as well as N
uptake by the living kura clover. Corn biomass N was not measured.
These possibilities are supported by findings of Sawyer et al. (2010),
who found in a study on a corn-kura clover system’s response to ferti-
lizer N, that kura clover neither influenced soil nitrate at any point in
the growing season, nor reduced corn fertilizer N need. These results
contradict findings in previous studies, which found that corn inter-
cropped with kura clover needed only 0–20 kg of additional N ha−1

(Affeldt et al., 2004; Berkevich, 2008), suggesting a high capacity for N
supply from incorporated kura clover. These opposing findings may be
reconciled by considering the priming effect frequently stimulated by
high quality residue additions (Kuzyakov et al., 2000). These additions
of SOM are often not considered in mass balance estimations, resulting
in underestimated N mineralization where labile N additions spur mi-
neralization of already-existing organic soil N (Wu et al., 2008).
Therefore, it is possible that results showing no positive effect of kura
clover on soil fertility may stem from spatial plant-available N com-
petition, rather than an overall lack of N mineralization. Different re-
sults in 2016, where soil inorganic N was higher after kura clover
suppression is most likely from the higher amount of kura clover bio-
mass in 2016 relative to 2015 (Fig. 1).

Fig. 1. Mean aboveground kura clover biomass
before spring tillage (pre-till), and the effect of
tillage treatments on spring regrowth by mid-
season and corn harvest in 2015 and 2016.
Kura clover biomass was not collected at corn
harvest in 2015 due to lack of kura clover
presence. Error bars represent one standard
error. Different lowercase letters over sampling
time groupings represent a significant effect of
sampling time on kura clover biomass in all
treatments (p < 0.001).

Fig. 2. Mean soil inorganic N before spring
tillage (pre-till), and the effect of tillage on soil
inorganic N at post-till and harvest sampling
times in 2015 and 2016. Error bars represent
one standard error. Asterisks (*) over a sam-
pling time represents a difference in soil in-
organic N between treatments within a sam-
pling time (p < 0.05), and different capital
letters indicate a difference between sampling
times across treatments (p < 0.01).
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3.3. Permanganate oxidizable C

Post-till soils in 2015 had greater POXC than pre-till across all til-
lage treatments (p = 0.0228; Fig. 3). In 2016, POXC decreased from
pre- and post-till soil samplings to harvest across all tillage treatments
(p < 0.0001; Fig. 3). There was also an effect of tillage treatment at
each time point, where NT and DT consistently had higher POXC than
RZT (p= 0.0053; Fig. 3). A concurrent study in organically managed
kura clover zone till systems found that when kura clover biomass
production was high, POXC was greater under living kura clover
compared to where it was incorporated via tillage (Ginakes, 2017). One
possible explanation for the differences in POXC between years is the
quantity of kura clover biomass incorporated into tilled areas. In 2016,
kura clover biomass was nearly five times greater than in 2015 (Fig. 1).
Tillage is generally expected to reduce POXC via an N-coupled carbon
loss mechanism (Panettieri et al., 2013; Plaza-Bonilla et al., 2014). The
high quantity of kura clover inputs in 2016 may have led to N-coupled
carbon loss in crop rows via oxidation, with consequent POXC decreases
over the growing season. Moldboard plow management has been found
to result in consistently lower POXC values than reduced-till and no-till
practices across all aggregate fractions in work by Panettieri et al.
(2013), and Hurisso et al. (2016) highlight POXC as an indicator of
practices that accumulate and stabilize SOM. In contrast, biomass
contributions in 2015 may have lacked sufficient N to stimulate de-
composition and instead stored labile soil C, resulting in a temporary
increase in POXC by the post-till sampling.

3.4. Potentially mineralizable N

Labile organic N, measured as PMN, was measured only in 2016
post-till soils to capture the effect of tillage approaches on microbially-
available nutrient pools (Fig. 4). The lack of differences found between

treatments might be explained by our finding that spring kura clover
biomass did not vary between tillage treatments (Fig. 1), and in-row soil
sampling was guided by visual observations of where tillage occurred.
Thus, despite differences in size of the disturbed area impacted by til-
lage approach (Dobbratz, 2017), our soil sampling appears to have
captured a relatively homogenous range of disturbed soils (excluding
NT) with approximately similar amounts of labile N inputs. It may be
that kura clover biomass was mineralized by post-till sampling, with N
already mineralized into available N, as in the DT treatment (Fig. 2),
rather than organic N, as was expected to be captured in the PMN assay.
In a study on N delivery from various legume cover crops, Parr et al.
(2011) found that vetch had the lowest C/N (12) of all species and
cultivars, which resulted in the highest corn yield. This supports our
finding that a low C/N (10.5 in our 2016 pre-till kura clover) results in a
rapid mineralization rate, driving decomposition and the shift from
organically-bound PMN to available inorganic soil N. Overlapping
trends of PMN with pre-till kura clover biomass (Fig. 1), though not
significant, appear to support this.

3.5. Microbial biomass C and N

Microbial biomass, like PMN, was measured only in 2016 in order to
clarify the effect of tillage approach on microbially-mediated nutrient
cycling. No differences between tillage approaches or across time points
were observed for MBC at p < 0.10, although several trends were
apparent (Fig. 5), with decreases between pre-till and post-till MBC
(mean= 30 versus 18mg kg soil−1). Except for ST, there was also an
increase by the harvest sampling (mean =25mg MBC kg soil−1).
Microbial biomass N, however, was affected by both time and treat-
ment. Post-till MBN was greater than pre-till (mean=13 and 8mgN kg
soil−1, respectively; p=0.0211), and ST and DT treatments had greater
MBN than no-till (p=0.0506). While MBC and MBN are usually ex-
pected to have similar trends on different scales, this was not this case
in our study. It is possible that dominant microbial groups shifted over
the course of the growing season, as bacteria and fungi are known to
have different C/N values. Recent stoichiometric analyses of 87 bacteria
and fungi showed that bacteria biomass have a lower C/N than fungi,
4.6 and 8.3 respectively (Mouginot et al., 2014).

4. Conclusions

The quantity of aboveground kura clover biomass appears to have
played a critical role in governing C and N cycling in the living mulch
systems studied. In 2015, where little biomass was present before til-
lage, the addition of labile residues did not impact subsequent N
availability. However, incorporation of much greater kura clover bio-
mass in 2016 contributed sufficient labile C and N to likely increase
coupled N mineralization/C oxidation microbial processes, resulting in
increased N availability and ultimately higher crop yields, especially in
high intensity zone tillage approaches that incorporated the most kura

Fig. 3. Mean permanganate oxidizable carbon
(POXC) before spring tillage (pre-till), and the
effect of tillage on POXC at post-till and har-
vest sampling times in 2015 and 2016. Error
bars represent one standard error. Different
capital letters over sampling time groupings
represent a difference in POXC between sam-
pling times (p < 0.05). Different lowercase
letters over bars represent a significant differ-
ence between treatments’ effects on POXC
within a sampling time (p < 0.01).

Fig. 4. Mean potentially mineralizable N (PMN) after spring tillage and
planting (post-till) in 2016. Error bars represent one standard error.
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clover biomass such as the DT treatment (Dobbratz, 2017). Delaying
spring tillage and planting by 1–2 weeks may encourage higher inputs
of available N from maturing legumes. This suggestion is supported by
findings from Parr et al. (2011) wherein the biomass of almost all le-
gume cover crops in the study increased over the 13 days between the
early and mid-time termination points.

Our double-till approach, which was the most intensive and resulted
in the greatest soil disturbance and kura clover biomass incorporation,
provided more soil inorganic nitrogen than no-till at the 2016 post-till
sampling and more than both no-till and shank-till at the 2016 harvest
sampling. Double-till also was more effective than shank-till at reducing
kura clover encroachment into crop rows, and may have additional
capacity to mitigate weed competition with a corn crop. For the pur-
pose of crop nutrient provisioning, DT may thus be a more reliable
approach for delivering easily mineralizable N and reducing kura clover
living mulch competition with a cash crop. These benefits must be
weighed against the increased cost in fuel, equipment and labor, of RZT
and DT, relative to ST and NT, in deciding which approach is the best
overall choice in living mulch systems. Applicable future work might
include such an analysis, as well as more frequent soil and crop sam-
pling to better assess the synchrony of nutrient availability and crop
uptake in each system.
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