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Abstract

Introduction: Mechanical termination of crops can negatively affect soil biological,
chemical, and structural characteristics. Perennial crops do not require annual
termination and can improve these same soil characteristics, which has catalysed
interest in the development of new perennial crops. Advanced lines of the perennial
grass intermediate wheatgrass (Thinopyrum intermedium [Host] Barkworth and Dewey;
IWG) have been bred for increased seed size and marketed as Kernza® perennial grain,
but little is known about how this new crop can be terminated for subsequent annual
crop production in rotations that enhance agricultural productivity and environmental
sustainability.

Materials and Methods: Five methods of terminating IWG were tested in Minnesota,
USA. Treatments included mechanical tillage using a chisel plow (CHI), undercutter
(UND), and disc (DSC), along with no-till treatments of glyphosate (GLY) and a repeated-
mowing control (CTRL). Treatment effects on IWG mortality, soil carbon dioxide (CO5)
emissions, bulk density, aggregate stability, soil carbon stocks and soybean yield were
measured.

Results: Daily CO, fluxes differed by treatment (p < 0.05) on only one of 19 sample
dates, and cumulative soil CO, emissions over the course of the growing season did not
differ across treatments. Bulk density decreased relative to baseline in all treatments
except CTRL. Aggregate stability remained unchanged in all treatments except CTRL,
which increased from the baseline. Soil carbon stocks did not change in any treatment.
Soybean yield was highest in GLY but was not significantly different from CHI or UND.
Conclusions: Soil structure, soil carbon stocks and soil CO, emissions were unaffected
by tillage and no-till IWG termination treatments. However, tillage followed by
preplanting harrowing proved ineffective at terminating IWG and required subsequent
summer herbicide applications. Therefore, additional tillage events may be required to

fully terminate IWG when herbicide use is prohibited.
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1 | INTRODUCTION

A history of intensive land disturbance associated with annual
agriculture has resulted in degraded soils throughout the Upper
Midwest (Thaler et al., 2021). Soil tillage is one such disturbance that
is widely used on agricultural lands and is viewed as a key practice to
maximise yield, despite evidence that no-till can produce similar
yields in certain crops and climates (Pittelkow et al., 2015). Tillage is
useful during crop transitions for incorporating plant residues,
expediting optimal soil temperature for seed germination, aerating
topsoil, and creating a more conducive seedbed for planting
(Haddaway et al., 2017). However, tillage could be detrimental to
soil biological, chemical and structural characteristics (Baumhardt
et al., 2015; Holland & Coleman, 1987; Liitzow et al., 2006).

Perhaps the clearest impact of tillage is on soil structure and
aggregation. Conventional tillage reduces both the amount of
macroaggregates and the concomitant capacity to store particulate
organic carbon (C) within aggregates (Beare et al, 1994; Six
et al., 1999). This disturbance of aggregate formation increases C
mineralisation and contributes to soil carbon dioxide (CO,) emissions
(Balesdent et al., 1990; Reicosky, 1997). However, CO, emissions in
no-till (NT) systems have been shown to be lower, higher, or not
different from conventional tillage (Bhattacharyya et al., 2022).
Similarly, the evidence for increasing soil organic carbon (SOC) by
limiting tillage is not definitive. Some studies point to NT practices
increasing SOC (Gonzalez-Sanchez et al., 2012; West & Post, 2002),
while others find no difference compared to conventional tillage
(Dimassi et al., 2014; Powlson et al., 2014). These mixed results
demonstrate the importance of soil texture, SOC content, soil
moisture and soil temperature as a context within tillage influences
on soil carbon dynamics (Bhattacharyya et al., 2022; Franzluebbers &
Arshad, 1997).

Conservation agriculture practices that reduce tillage have been
shown to improve soil quality and crop yields in some soil types
(Nunes et al., 2018). Reducing the intensity of tillage often results in
improvements to common soil health indicators, including SOC
stocks, microbial biomass and soil respiration (Nunes et al., 2020). As
a result, cropping strategies that use minimal tillage during crop
transitions are believed to align with agricultural sustainability goals.
Further reductions in the use of tillage can be achieved by
incorporating perennial crops into crop rotations. Due in large part
to their extensive root biomass and continuous living cover, perennial
crops have the potential to reduce negative environmental conse-
quences of agriculture (Sainju et al., 2017; Smith et al., 2014). One of
the most important improvements over annual crops is the ability of
perennial crops to improve key soil health indicators (Rakkar
et al., 2023; Ryan et al., 2018).

Intermediate wheatgrass (IWG, Thinopyrum intermedium) is a
cool-season grass native to Eurasia that has been grown as a forage
crop in the United States since the early 1900s and has been the
focus of domestication efforts as a grain crop (Bajgain et al., 2020).
Recent studies have found improvements in key ecosystem services

resulting from IWG production, including soil C. Compared to annual

wheat, research has shown increases in SOC concentration beneath
IWG at 0-30cm (Taylor et al., 2023) and 30-60 cm depths (Audu
et al., 2022), which has potential to drive soil C storage in IWG (Tang
et al., 2023; Wiesner et al., 2022). This increase in carbon can amplify
the soil's capacity to execute its essential processes related to
nutrient cycling, water retention, gas exchange, soil structure,
agronomic outcomes and biological activity (Lal, 2016).

In the upper Midwest, IWG is often grown for 2-5 years before
grain yields decline and the crop is terminated to rotate to another
crop. Termination options come with varying degrees of physical soil
disturbance and associated greenhouse gas emissions and deteriora-
tion of soil biology (Nunes et al., 2020). Farmers frequently cite
environmental quality benefits as a key reason for adopting IWG
specifically (Lanker et al., 2020), or perennial crops more broadly
(Adebiyi et al, 2016; Marquardt et al., 2016). Therefore, the
termination approach introduces a critical decision for producers:
how to ensure complete termination of the established IWG crop
without sacrificing the soil health improvements achieved during its
production. Taken together, there is a need to understand which
termination method effectively terminates IWG with minimal impact
on environmental quality benefits, so that an optimal method can be
recommended to farmers. IWG is less susceptible to mortality from
tillage because disturbed plant crowns can propagate new tillers
leading to recruitment of plants after initial termination, making the
choice of termination method more difficult. Little research has been
done to determine tillage intensity required to completely terminate
IWG (Dimitrova Martensson et al., 2021). Low-intensity strategies
that include chemical herbicides might prove best at meeting this
dual-goal of termination while preserving environmental benefits.

Tillage intensity can be defined in various ways including the
amount of residue that is buried, tillage depth and degree of
horizontal disturbance below the soil surface. Tillage intensity can
also vary in terms of the number of passes applied to a field in a single
season, or how different implements and approaches can be
combined into a schedule between the harvest and planting of crops
in a rotation. In addition to mechanical termination methods,
chemical treatments are effective approaches to terminate crops in
no-tillage systems (Palhano et al., 2018). Glyphosate is a commonly
used herbicide for this purpose due to its low cost, wide availability
and high effectiveness (Duke & Powles, 2008). This chemical
treatment could also serve to maintain beneficial soil characteristics
since it does not require soil disturbance. However, glyphosate
carries concerns as a possible human carcinogen and environmental
pollutant, and overuse can contribute to the rise of herbicide-
resistant weeds (Heap & Duke, 2018; Richmond, 2018). Additionally,
chemical weed management is prohibited in organic systems, which
makes up a significant portion of IWG production.

This study assessed four methods of IWG termination and their
impacts on agronomic outcomes, greenhouse gas emissions and soil
health indicators. Termination methods included a chisel plow with
straight points, a chisel plow with 10 cm horizontal sweeps (under-
cutter), a disc harrow, and spring glyphosate application. We

hypothesised that the most intensive tillage practice, the undercutter,
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would lead to the greatest decline in soil health indicators, but would
effectively terminate IWG and not impact subsequent crop yield. We
expected the glyphosate treatment to be optimal for effectively
terminating IWG while limiting declines in soil health indicators and
ensuring subsequent crop yield. Findings from this project will fill a
major research gap and advance the understanding of agronomic best
practices for managing perennial grains to support economic viability

and ecosystem services.

2 | MATERIALS AND METHODS
2.1 | Location and design

This experiment was conducted on a second-year IWG stand
located at the Rosemount Research Outreach and Centre in
Rosemount, MN (44°42'35.5"N, 93°04'17.8"W). Soil within
0-15 cm depth is described as Waukegan silt loam with 90 g clay
kg™, 330 gsand kg2, and 580 gsilt kg1, 40 g organic matter kg™?,
5.98pH, and contained 17.65kgNha™, 9.25mgPkg™!, and
79.25 mg K kg™*. Weekly precipitation and average maximum and
minimum temperatures were calculated using daily weather data
from the Minnesota State Climatology Office and are presented in
Figure 1. IWG (MN-Clearwater; Bajgain et al., 2020) was seeded at
a rate of 6.2 kg pure live seed ha™! in September 2018 with 45 cm
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row spacing. The IWG crop was fertilised with 90 kg ha™? of urea in
April 2019 and 2020.

2.2 | Treatments and agronomic management

Plots were 9.15 m wide by 22.9 m long and organised in a randomised
complete block design with four replicate blocks. Fall tillage was
completed on 6 November 2020. Treatments included: chisel plow
with straight points (CHI), chisel plow with horizontal 10 cm sweeps
for undercutting (UND), disc harrow (DSC), spring glyphosate (GLY)
and control (CTRL). The CHI and UND tilled the soil to a depth of
approximately 15 cm and left approximately 50% of the residue on
the surface. The UND differed from the CHI in that the sweeps
added a horizontal disturbance to the tillage in an effort to cleave
roots from crowns to more effectively terminate the IWG. The DSC
tilled the soil to a depth of approximately 10cm and left
approximately 75% of the residue on the surface. Tillage plots (CHI,
UND and DSC) were further prepared for soybean planting using a
tandem disc harrow to an approximate depth of 10 cm on 18 May
and 26 May 2021. No soil disturbance occurred in CTRL or GLY
before planting. Soybean germplasm with tolerance to glyphosate
(Pioneer Enlist E3 Variety 71270402) was planted on 26 May 2021
using a six-row planter (John Deere 7100). This planter is not

specifically designed for NT planting, but for logistical reasons it was
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FIGURE 1 Weekly average maximum and minimum air temperature and weekly cumulative precipitation during the study period.
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used to plant in all plots, including the NT treatment plots (GLY and
CTRL). Glyphosate was applied at 1.12kga.e.ha™* to GLY only on
May 6. Glyphosate was applied to all plots except CTRL on July 1st at
0.9kga.e. hal. CTRL was mowed before soybean planting to
minimise the growth of the IWG on 29 April, 13 May and 26 May.

2.3 | Soil sampling

Soil samples were collected on 17 October 2020 (baseline) and
9 November 2021 (final) using a probe truck outfitted with a soil
probe with a 39 mm diameter (Giddings Machine Co.). Soil was
sampled to 60 cm depth and separated into four depth increments for
analysis: 0-15, 15-30, 30-45 and 45-60 cm. Baseline samples were
collected based on subblock to achieve block average values. Three
cores were collected and composited for each plot. Composited
samples from three plots were combined to form two subblock
samples per block: plots 1-3 and plots 3-5. Separate subblock
samples were collected for root biomass and soil analysis. For
aggregate stability analysis, three shovels of 0-15cm soil were
collected in each plot and combined in the same subblock scheme
described above. Final soil samples included two cores for each plot
that were composited and separated into the same depth increments
as baseline. Each plot was sampled for aggregate stability in the same
manner as baseline samples, by combining three shovels of 0-15cm
soil. At baseline and final timepoints, a 100 g air-dried subsample of
0-15 cm soil was analysed by Agvise Laboratories (Agvise Laboratory
Inc.) to determine soil fertility, soil texture, organic matter content
and pH. Baseline fertility and soil properties are provided in
Supporting Information S1: Table S1.

2.4 | Soil analyses

Soil from the field was stored at 4°C until processing. Approximately
10 g of fresh soil was dried at 105°C until reaching constant mass to
measure gravimetric moisture content. Bulk density was estimated by
dividing the moisture-adjusted weight of soil by the soil core volume
based on the diameter of the probe and the height of the increment
(15 or 30 cm). To measure aggregate stability, 50 g subsamples were
dried in an oven set slightly above room temperature to accelerate
drying (30°C). Dried subsamples were placed in the top of a four-
sieve shaker stack, saturated at the water surface for 10 min, and
then submerged repeatedly for 10 min on an elliptical oscillator (31
oscillations min‘l). The four sieve sizes were: 4, 2, 0.25 and
0.053 mm. The resulting aggregate size fractions were then oven
dried at 105°C and weighed. Aggregate stability data is presented as
mean weight diameter, which is the sum total of the proportion of
dried soil mass in each size fraction multiplied by the mean aggregate
size of that fraction (Nimmo & Kim, 2002; Rakkar et al., 2023). The
soil percent carbon was determined with elemental analysis (Ele-
mentar Pyrocube CNS analyser, Elementar Americas Inc.) on ground
soil samples that had been dried at 50°C. SOC stocks were estimated

using the fixed-depth approach by multiplying the SOC concentration
by the bulk density and the height of the depth increment. Particulate
organic matter (POM) was quantified by fractionating 5 g of soil using
a 53 um sieve after 18 h of shaking in 0.5% sodium hexametapho-
sphate solution (Cotrufo et al., 2019). Permanganate oxidisable
carbon (POX-C) was quantified using the protocol described in Weil
et al. (2003) modified for reading colour development on clear 96-
well plates (Biotek Synergy HT, Biotek Inc.). For the reaction, 2.5 g of
air-dried soil was suspended in 18 mL distilled deionized water to
which 2 mL of 0.2 M KMnO, solution was added. All while limiting
light exposure, samples were shaken for 2 min at 120 rpm, allowed to
settle for 10 min, and 0.5 mL of supernatant was added to 49.5 mL
distilled deionized water. This solution was inverted to mix, pipetted
into plate wells, and the absorbance was read using a spectro-

photometer at a wavelength of 550 nm.

2.5 | Crop analysis

Plant counts were measured using the grid method described in
Vogel and Robert (2001) at three time points: once before soybean
planting (April 30) and twice after (June 8 and July 1). A 1 x 1 m grid
with 25 cells was placed at two locations in each plot. The presence
or absence of a weed plant, a soybean plant, or an IWG plant was
recorded for each cell in the grid. The total number of cells containing
each plant type were summed to compare population of each type.
The two grid totals were averaged for each plot for analysis. The grids
on 8 June 2021 were placed so that one soybean row was in the
middle of the grid. The grids on 1 July 2021 were placed between
two soybean rows to estimate weeds and remaining IWG plant
populations. Additionally, on 22 June 2021, the number of soybean
seedlings were counted in three 1.5m transects in each plot to
estimate soybean population. Soybean yield samples were collected
on 15 October 2021. Three 1.5 m rows of soybeans were harvested
and composited to constitute a single sample for each plot. Edges and
rows where foot traffic led to poor plant stands were avoided.
Samples were dried in a 60°C oven until constant mass. Soybean

grain was then threshed to determine yield.

2.6 | Soil carbon dioxide emissions

Soil respiration was measured using a portable Gasmet DX4040
Fourier Transform Infra-red Spectroscopy gas analyser (Gasmet
Technologies Oy). Typically, respiration was measured bi-weekly,
though sampling was more frequent around management events that
involved soil disturbance (Table 1). A stainless-steel anchor pan
(13.97 cm by 50.17 cm) was installed to a soil depth of approximately
8 cm in each plot. Pans were only removed for management events
that may risk damage to the pan and would be re-installed at least
24 h before the next sampling event. To sample CO, emissions, a
chamber that was connected to the DX4040 was fixed to the
preinstalled anchor pan. The total chamber volume was 6250 cm®.
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Management event dates by treatment.

TABLE 1

Soybean harvest

Soybean planting

Preplant harrow

Mowing

Herbicide

Fall tillage

Treatment

05 October 2021

26 May 2021

18 May 2021, 26 May 2021

06 November 2020 01 July 2021

CHI

05 October 2021

26 May 2021

18 May 2021, 26 May 2021

06 November 2020 01 July 2021

DSC

05 October 2021

26 May 2021

18 May 2021, 26 May 2021

06 November 2020 01 July 2021

UND

05 October 2021

26 May 2021

06 May 2021, 01 July 2021

GLY

05 October 2021

26 May 2021

29 April 2021, 16 May 2021, 26 May 2021

CTRL

Note: Treatments included: chisel plow with straight points (CHI), chisel plow with horizontal 10 cm sweeps for undercutting (UND), disc harrow (DSC), spring glyphosate (GLY) and control (CTRL).

and Environment

Each plot was sampled for 6 min with gas concentration measure-

ments occurring every 20s. Soil CO, fluxes were estimated by
calculating the slope of a linear model with chamber CO, concentra-
tion as the response and time as the predictor. This slope—the
change in CO, concentration over time—is referred to as the CO,
flux. Units were converted from ppm CO, cm™ to pug CO, cm™ using
methods and coefficients described in Venterea (2010). The chamber
height was then used to remove the vertical dimension and convert
to units of C mass per unit area per unit time, which was then used in
statistical modelling and total emissions calculations. These models
tested data from a subset of sampling days where the timing of
management events could trigger treatment-related differences in
CO, fluxes. Total emissions over a management related period (e.g.,
from soybean planting through the end of season) or over the entire
sampling period were calculated by trapezoidal integration in R using

the pracma package.

2.7 | Statistical analysis

All statistical analysis and data visualisation were completed using R
Studio (R Core Team, 2021). Linear mixed effect models were
constructed using the nlme package, with termination treatment set
as a fixed effect and treatment blocks included as random effects.
Tukey's HSD was used to test differences in means across treatments
using the multcomp or emmeans packages, with statistical differences
identified at p <0.05 or adjusted for multiple comparisons. Treat-
ments with statistically similar means were grouped using compact
letter display.

Changes in soil health indicators, including bulk density, SOC
stocks and aggregate stability, were calculated by subtracting
baseline from final values. When analysis of variance results indicated
that the change in a response was significant from zero, summary
statistics determined the direction and magnitude of the change for
each treatment. Crop response variables included soybean yield, and
weed, IWG and soybean plant counts.

3 | RESULTS
3.1 | Soil carbon dioxide emissions

Carbon dioxide (CO,) fluxes were similar among treatments
throughout the sampling periods (Figure 2). The primary tillage
events in November 2020 did not lead to significantly different CO,
fluxes among the tillage treatments or compared to the untilled
treatments. Differences in daily flux were only observed on one date
in late May (Figure 2). On this date (24 May), which was 6 days
following initial field preparation disking, UND had a greater flux of
CO, compared to glyphosate (p =0.02). Cumulative CO, emissions
were not different among treatments (p > 0.05). However, the GLY
trended towards the lowest CO, cumulative emissions compared to

other treatments (Figure 3).
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FIGURE 2 Soil CO, flux averaged by treatment at select CO, emissions sampling dates that aligned with field cultivation or management
dates. Different letters within a panel represent statistically significant differences in CO, flux based on Tukey's HSD. Panels with no letters
represent dates where no significant differences were found.
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FIGURE 3 Accumulation of CO, emissions during study period. Shading shows standard error. Triangles represent the date that
management events occurred.

3.2 | Crop responses applied (Table 2). In May, after the glyphosate and mowing

treatments were applied, CHI, UND and DSC were disked before
Fall tillage practices on their own were ineffective at terminating IWG planting soybeans and plant counts were measured again on 8 June.
(Table 2). All tillage treatments (CHI, UND and DSC) had similar IWG IWG plant counts were zero in GLY, ranged from 2 to 3 in other
plant counts at the first plant count sampling on 30 April relative to noncontrol plots, and were close to 10 times greater in CTRL. On

the CTRL and GLY-the no-till treatments which had not yet been 1 July, IWG populations in all non-control plots had declined to mean
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TABLE 2 Crop responses by treatment.

Seed yield

Transect plant count
(plants transect™)

22 June

Grid plant count

(Mg ha™?)

(plants grid™%)
30 April

IWG

15 October
Soybean

1 July

IWG

8 June

IWG

Soybean

Weeds

Soybean

Weeds

Weeds

0.53+0.03a

13.38+1.25b 10.64 +1.51a 14.92 +1.54a

1.25+0.41a 24.75+0.16¢ 3.5+0.6a 3.63+0.26a

25+0a

CTRL

5.76 £0.42c

14.92 +2.09a

5.5+2.33a

25+0a 2.13+0.64a 0+0a 3.13+1.76a 3.63£0.46a 0.13+0.13a

GLY

4.98 +0.30bc

4.88+0.13b 0.88+0.23a 5+1.87a 31.08 +1.86b

3.63+2.26a

1+0.19a 2.25+0.49b

23.75+0.49a

CHI

4.81+0.12b

6.75+2.75a 33.25+1.2b

1.13+0.35a

1.88+0.64a 3+0.68b 3.5+2.08a 4.75+0.16ab

24.63+0.18a

DSC

5.20£0.29bc

4.5+0.19ab 0.38+0.18a 5.38+1.98a 32.92+1.33b

3.25+2.14a

1.25+0.37a 3+0.46b

23.88+0.48a

UND

Note: Means and standard errors of plant counts from grid surveys (1 x 1 m sample area), transect samples (1.5 m of sown crop rows), and soybean grain yield during the 2021 growing season by intermediate

wheatgrass (IWG) termination treatment. Letters represent statistically significant differences based on Tukey's HSD. Treatments included: chisel plow with straight points (CHI), chisel plow with horizontal

10 cm sweeps for undercutting (UND), disc harrow (DSC), spring glyphosate (GLY) and control (CTRL).

and Environment

values of 1 plant or fewer per grid. Also on 1 July, IWG plant counts

in CTRL were over 50% lower compared to the previous sampling
date. Weed populations remained similar across treatments at all
sampling times.

Two weeks after planting (8 June), soybean plant counts varied
by treatment (p=0.03), and CTRL and GLY had fewer soybean
seedlings than CHI. Four weeks after planting (22 June), soybean
plant counts showed a continuation of this trend (p < 0.001). There
were approximately half as many soybean seedlings in the CTRL and
GLY as in the other treatments. This is likely due to the lack of tillage
in CTRL and GLY, which led to poor soybean seed-to-soil contact in
these plots. Soybean yields varied by treatment (p < 0.001) and were
higher in the GLY than in DSC or CTLR (Table 2).

3.3 | Soil outcomes

Soil variables measured in this study remained largely unchanged
across termination treatments, with only soil physical characteristics
responding to treatment. Bulk density changed relative to baseline in
the 0-15cm increment (Figure 4), where it decreased in all
treatments except for CTRL (p =0.01). There were no changes in
bulk density in the deeper depths. There were few changes in
aggregate stability: CTRL increased in mean weight diameter
(p=0.003) and in the proportion of aggregates in the 250 um size
class (p =0.04) relative to baseline. There were no changes in soil
carbon stocks, and POM or POX-C did not differ across treatments
(data not shown).

4 | DISCUSSION
41 | Soil CO, emissions

We hypothesised that intensive tillage termination methods
would lead to the greatest declines in soil health indicators,
including higher CO, emissions, but our results largely found this
to not be the case. Different methods to terminate a second-year
stand of intermediate wheatgrass did not lead to differences in
cumulative soil CO, emissions either during termination or in the
subsequent growing season. Moreover, we only observed differ-
ences in daily fluxes on one of 19 sampling dates. Our results
show that tillage can be used in a termination procedure without
increasing soil CO, emissions relative to NT approaches. It is
important to note that the tillage treatments (i.e., CHI, UND and
DSC) differed by the initial implement used for termination, but
subsequent management was the same. Our cumulative CO,
emissions results are similar to other long-term, multi-site
comparisons of tilled and NT systems where no differences in
CO, emissions were detected (Alvaro-Fuentes et al., 2008).
However, other studies have found elevated short-term (<70
days) CO, emissions in tilled systems compared to NT systems
(Akbolat et al., 2009; Toderi et al., 2022). While both of these
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FIGURE 4 Changes in soil properties at 0-15 cm relative to baseline as measured after soybean harvest. Asterisks represent a significant
difference from zero and letters represent statistically significant differences based on Tukey's HSD.

short-term studies found treatment differences in either mean
CO, efflux (Akbolat et al., 2009) or total CO, emissions (Toderi
et al.,, 2022), they had similar results to our study in that they
reported multiple individual sampling dates with no treatment
differences.

There are three possible explanations for the lack of a treatment
effect on CO, emissions in our study. The first being simply that the
high degree of spatial and temporal variability associated with
chamber-based soil CO, emissions measurements made it difficult
to detect treatment differences (Parkin & Kaspar, 2004). While our
method has the benefit of allowing for sampling of all plots within a
short timeframe, there are logistical limitations to how many
chambers can be sampled each day and the sampling frequency.
Perhaps given these limitations, our sampling frequency and a single
chamber in each plot was insufficient to detect treatment differ-
ences. Second, it is possible that relatively cold soil temperatures at
the time of the primary tillage event in early November suppressed
soil microbial activity and thereby limited emissions. On the date of
tillage (November 6), soil temperatures ranged from 5.4 to 11.6°C
during daytime hours at 5 cm depth in a nearby field. Agricultural soils
could have low levels of respiration at these temperatures, but they
are far below empirical temperature optimum for respiration of
>45°C (Pietikdinen et al., 2005; Schipper et al., 2019). Therefore,
based on our results, tillage occurring when low soil temperatures
limit microbial activity may not lead to substantial CO, emissions.
Lastly, the lack of a treatment effect could be a function of our
sampling dates relative to the timing and duration of tillage-derived
CO, emissions. Reicosky (1997) found that CO, emissions measured

using chamber-based methods are highest in the minutes

immediately following tillage and the flux declines sharply before
stabilising after 1 h. If this pattern were the dominant one present in
our experiment, it is possible that we did not capture the initial burst
of mineralised C that occurs rapidly following soil disturbance.
However, using eddy covariance methods, Baker and Griffis (2005)
showed that CO, fluxes remain elevated for 3-4 days following
tillage, suggesting that our approach would have been adequate to
capture the resulting CO, emissions. Moreover, Toderi et al. (2022)
detected differences between tillage and NT practices in CO, flux for
approximately 30 days. The duration of mineralisation is likely
dependent on multiple soil and weather-related factors including
SOC pool size, soil temperature and soil moisture. In our study, soil
CO, emissions were measured either 1- or 2-days following tillage
events. Thus, we may have not captured an initial burst of CO,, but
tillage-derived differences in emissions would likely have persisted
through our initial post-tillage sampling event especially given the
relatively cold conditions for microbial respiration at the time of
primary tillage.

GLY trended towards emitting the lowest cumulative CO,.
There are two counteracting mechanisms likely contributing to this
result: (1) the lack of tillage that could otherwise increase microbial
activity and drive respiration loss of C and (2) an increase in CO,
emissions directly resulting from glyphosate use. Lower CO,
emissions in NT compared to tilled systems is well-documented
(Akbolat et al., 2009; Baker & Griffis, 2005; Chi et al., 2016;
Moraru & Rusu, 2012; Toderi et al., 2022; but see Elder &
Lal, 2008; Gelybo et al., 2022; Hendrix et al., 1988). Therefore, the
trend toward lower CO, emissions in GLY is likely tied to the lack
of tillage and physical exposure of soil organic matter to oxygen
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and conditions suitable for microbial activity and associated C
mineralisation. On the other hand, multiple studies have demon-
strated that glyphosate application stimulated C mineralisation and
elevated CO, respiration (Araujo et al., 2003; Haney et al., 2000;
Lane et al, 2012). This increase in evolved CO, following
glyphosate application does appear to be dependent on the
application concentration, microbial community composition, and
historical use of the product on a given soil (Lane et al., 2012).
Additionally, the effectiveness of glyphosate at eliminating the
vegetation between soybean rows in noncontrol treatments could
also have led to lower autotrophic respiration derived from
remaining IWG plants compared to CTRL. Our chambers were
placed adjacent to the soybean row, which was either bare soil or
included plants depending on the IWG termination effectiveness.
These plant-derived CO, emissions could have been an important
contributor to measured emissions as they are major C sources
(Kuzyakov & Larionova, 2005; Pausch & Kuzyakov, 2018). Parsing
out the mechanisms that affect emissions in herbicide-dependent

NT production is an important area for future research.

4.2 | Crop response

Contrary to our hypothesis, we found that the intensive tillage
methods were unable to terminate IWG effectively. On their own,
the primary tillage events in November were ineffective at
terminating IWG based on April 30 plant counts, which show
that CHI, UND and DSC had similar IWG populations as CTRL and
GLY. It was not until the two additional disking cultivation events
in late May that considerable reductions in IWG plant populations
were observed. Disking in late May contributed to an 87%-90%
reduction in IWG plant counts between April and June values.
Additionally, tillage treatments did receive glyphosate on July 1
to manage weeds and IWG populations, and therefore these
results should not be considered as the results of tillage-based
management alone. Previous work has also found that repeated
tillage passes were required to reach adequate termination of
IWG (Dimitrova Martensson et al., 2021). While July 1 soybean
plant counts suggest that non-control treatments had similar crop
establishment and that living IWG did not compete with the next
crop in rotation, visually it was clear that GLY achieved a far
superior level of IWG termination (Supporting Information S1:
Figure S1).

For logistical reasons, we were not able to use a planter specific
for NT seeding of soybeans in CTRL or GLY. This likely contributed to
lower soybean establishment success in those plots, as shown in June
22 transect counts. Despite this, GLY recorded the highest soybean
yield, though it was not significantly different from CHI or UND.
Soybeans can compensate for low populations by increasing
branching and thus reduce yield losses related to poor establishment
(Carpenter & Board, 1997). This result aligns with our hypothesis that
the most intensive tillage treatments (CHI and UND) and GLY would
best support subsequent crop vyield.

and Environment

4.3 | Soil properties

We hypothesised that the tillage treatments would lead to greater
declines in soil properties. However, we found only limited
differences in soil properties between treatments that involved
soil disturbance and those that did not (GLY and CTRL). Soil carbon
stocks did not change from baseline and did not differ among
treatments. This is perhaps unsurprising given that the substantial
size of the bulk SOC pool makes it challenging to detect
differences within a short timeframe (Lal, 2009; Smith, 2004).
The soils on which this study was conducted are also relatively
high in organic matter, which would make it difficult to detect
smaller changes. We expected that the active carbon pools (POM
and POX-C) would have varied among treatments as these are
believed to be sensitive indicators of changes in SOC resulting
from differing land management practices, especially those
involving tillage (Plaza-Bonilla et al., 2014). However, we did not
detect treatment differences suggesting that a single crop
transition is not sufficient to impart detectable changes in SOC.
This finding is in agreement with previous studies that found that
occasional tillage in long-term NT systems does not reduce SOC
stocks and has limited effects on soil physical properties (Blanco-
Canqui and Wortmann, 2020). Although, there is a general lack of
studies that explore short-term (1-3 year) shifts in C pools
following changes in management.

Two measurements of physical soil health—bulk density and
aggregate stability—also showed limited treatment effects. While
bulk density decreased in tillage treatments relative to baseline, the
same occurred in the no-till GLY. In CHI, UND and DSC, tillage
implements disturbing soil likely aerated the soil and mitigated
compaction, thereby reducing bulk density (Osunbitan et al., 2005). In
GLY, the mechanisms underlying a decrease in bulk density are less
clear, especially given the lack of a change in CTRL. It is possible that
the greater soybean productivity in GLY had an associated higher
degree of root growth that loosened soil. Interestingly, tillage did not
significantly impact aggregate stability. A combination of factors
associated with IWG roots could have contributed to the mainte-
nance of aggregate stability despite tillage. Roots and fungal hyphae
facilitate aggregate formation by enmeshing soil particles (Tisdall &
Oades, 1982). Root exudates and the microbial community that they
cultivate also contribute chemical binding agents, including extra-
cellular polymeric substances (EPS; Amézketa, 1999). Moreover, the
microbial production of EPS has been shown to be enhanced under
perennial crop cultivation (Sher et al., 2020). Additionally, our
experiment was carried out on silt loam soils with relatively high
organic matter, which offer positive conditions for aggregate
formation (Haynes & Swift, 1990; Tiemann & Grandy, 2015; Tisdall
& Oades, 1982). Perhaps these factors moderated the effects of
tillage on the deterioration of aggregate stability. Alternatively, a
single crop transition involving tillage could have been insufficient to
create detectable differences between tillage and NT treatments.
Wright et al (1999) showed that differences in aggregate stability
between NT and plowed maize were not significantly different after
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the first year, but were in the second and third year. However, in

previously uncultivated soils, Grandy et al. (2006) found that mean
weight diameter in cultivated plots remained lower relative to control
for over 2 years following tillage.

While the mean weight diameter was not different between
GLY and CTRL, aggregate stability in CTRL did increase relative to
baseline, whereas GLY did not. This is potentially a result of the
persistence of the IWG stand in CTRL. With the additional year of
IWG growth, its roots could have continued enhancing soil
structure through the mechanisms described above. On the other
hand, GLY was highly effective at terminating IWG, and therefore
the lack of root and associated biological activity could have
contributed to stalled aggregate formation (Tisdall & Oades, 1982).
While soil biological measurements can be sensitive indicators of
soil health (Bastida et al., 2008), there is evidence that IWG
cultivation can improve physical soil structure more strongly than
soil biology (Rakkar et al., 2023). Rakkar et al. (2023) showed that
after 2 years of cultivation, IWG led to soils containing a greater
proportion of large aggregates compared to an annual grain

rotation across three sites.

5 | CONCLUSION

Our study was the first to investigate the impacts of crop rotation from a
perennial grain to an annual crop on soil structural properties, soil CO,
emissions, and the subsequent crop response. Our results show that
producers have multiple options for terminating IWG that will have
limited effects on the soil environment or future crop yield when rotating
to soybean. However, an important finding is that the tillage treatments
as we executed them were only nominally effective at terminating IWG,
and that additional tillage passes are likely required to achieve an
acceptable level of termination without herbicides. More intensive tillage
in terms of frequency and depth compared to the treatments tested here
could lead to further impacts to soil structure, carbon and CO, emissions.
These outcomes are largely dependent on soil type, weather, existing
SOC stocks, and topography. We recognise that this study is limited by a
single year of data, and believe further longer-term research with
additional sites will aid in exploring these topics. With these caveats in
mind, it appears that a single termination event is not sufficient to impart
considerable setbacks to ecosystem benefits accrued through short-term
IWG cultivation. Therefore, termination methods involving tillage could
be viewed as an option that, when used in moderation and in combination
with chemical methods, need not diminish the environmental gains

achieved through IWG production.

AUTHOR CONTRIBUTIONS

Jake Kundert: Formal analysis and investigation; writing—original
draught preparation; writing—review and editing; Manbir Rakkar:
Conceptualisation; methodology; formal analysis and investigation;
writing—review and editing; funding acquisition; Jessica Gutknecht

and Jacob Jungers: Conceptualisation; methodology; formal analysis

and investigation; Writing—original draught preparation; writing—

review and editing; funding acquisition; resources; supervision.

ACKNOWLEDGEMENTS

The authors would like to thank the members of the Sustainable
Cropping Systems (SCS) and Soil and Ecosystem Ecology for
Climate Resilient Systems (SEECRS) labs including Katherine Bohn,
Jesse Puka-Beals, Carol Loopstra, Matthew Leung, Nathan Lund,
Joshua Larson, Anne Krone and Craig Sheaffer. The project was
supported with funding from the Minnesota Clean Water Fund, the
Minnesota Department of Agriculture, and the Forever Green
Initiative. Jake Kundert was also supported by the MnDRIVE
Global Food Ventures Graduate Student Professional Develop-

ment award.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analysed during the current
study are available from the corresponding author upon reasonable

request.

ETHICS STATEMENT

All authors have adhered to the ethical policies of the journal.

ORCID
Jacob Kundert
Manbir Rakkar

Jessica Gutknecht

http://orcid.org/0000-0003-4463-7401
http://orcid.org/0000-0002-5963-3211
http://orcid.org/0000-0001-7667-5272

Jacob Jungers " http://orcid.org/0000-0001-8954-7325

REFERENCES

Adebiyi J, Schmitt Olabisi L, Snapp S. Understanding perennial wheat
adoption as a transformative technology: evidence from the
literature and farmers. Renew Agricult Food Syst. 2016;31(2):101-
10. https://doi.org/10.1017/51742170515000150

Akbolat D, Evrendilek F, Coskan A, Ekinci K. Quantifying soil respiration in
response to short-term tillage practices: a case study in Southern
Turkey. Acta Agricult Scand Sect B Plant Soil Sci. 2009;59(1):50-6.
https://doi.org/10.1080/09064710701833202

Alvaro-Fuentes J, Lépez MV, Arrtie JL, Cantero-Martinez C. Management
effects on soil carbon dioxide fluxes under semiarid Mediterranean
conditions. Soil Sci Soc Am J. 2008;72(1):194-200. https://doi.org/
10.2136/ss5aj2006.0310

Amézketa E. Soil aggregate stability: a review. J Sustain Agricult.
1999;14(2-3):83-151. https://doi.org/10.1300/J064v14n02_08

Aratjo ASF, Monteiro RTR, Abarkeli RB. Effect of glyphosate on
the microbial activity of two Brazilian soils. Chemosphere. 2003;52(5):
799-804. https://doi.org/10.1016/50045-6535(03)00266-2

Audu V, Rasche F, Dimitrova Martensson L-M, Emmerling C. Perennial
cereal grain cultivation: implication on soil organic matter and
related soil microbial parameters. Appl Soil Ecol. 2022;174:104414.
https://doi.org/10.1016/j.apsoil.2022.104414

Bajgain P, Zhang X, Jungers JM, DeHaan LR, Heim B, Sheaffer CC, et al.
‘MN-Clearwater’, the first food-grade intermediate wheatgrass

85U8017 SUOWILLIOD @A 18810 3|ceoldde ayy Aq peusenob a1e s9joiie YO ‘8sn Jo SNl 10} ArIq1T8UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | 1M AeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[7202/T0/TE] uo AkeiqiTauluo A8 ‘g1 elossuuliN JO AISIBAIUN Ad Y60ZT Z98S/200T OT/I0p/L0o" A8 1M Ake.q1jpuluo//:Sdny Wo.y papeojumod ‘T ‘v20Z ‘XSE0L9L2


http://orcid.org/0000-0003-4463-7401
http://orcid.org/0000-0002-5963-3211
http://orcid.org/0000-0001-7667-5272
http://orcid.org/0000-0001-8954-7325
https://doi.org/10.1017/S1742170515000150
https://doi.org/10.1080/09064710701833202
https://doi.org/10.2136/sssaj2006.0310
https://doi.org/10.2136/sssaj2006.0310
https://doi.org/10.1300/J064v14n02_08
https://doi.org/10.1016/S0045-6535(03)00266-2
https://doi.org/10.1016/j.apsoil.2022.104414

KUNDERT ET AL.

Global Initiative of
N7\ Sustainable Agriculture 11

(Kernza Perennial Grain) cultivar. J Plant Registr. 2020;14(3):288-
97. https://doi.org/10.1002/plr2.20042

Baker JM, Griffis TJ. Examining strategies to improve the carbon balance
of corn/soybean agriculture using eddy covariance and mass balance
techniques. Agricult Forest Meteorol. 2005;128(3-4):163-77.
https://doi.org/10.1016/j.agrformet.2004.11.005

Balesdent J, Mariotti A, Boisgontier D. Effect of tillage on soil organic
carbon mineralization estimated from 13C abundance in maize
fields. J Soil Sci. 1990;41(4):587-96. https://doi.org/10.1111/j.
1365-2389.1990.tb00228.x

Bastida F, Zsolnay A, Hernandez T, Garcia C. Past, present and future of
soil quality indices: a biological perspective. Geoderma.
2008;147(3-4):159-71. https://doi.org/10.1016/j.geoderma.2008.
08.007

Baumhardt R, Stewart B, Sainju U. North American soil degradation:
processes, practices, and mitigating strategies. Sustainability.
2015;7(3):2936-60. https://doi.org/10.3390/5su7032936

Beare MH, Hendrix PF, Coleman DC. Water-stable aggregates and
organic matter fractions in conventional- and no-tillage soils. Soil Sci
Soc Am J. 1994;58(3):777-86. https://doi.org/10.2136/sssaj1994.
03615995005800030020x

Bhattacharyya SS, Leite FFGD, France CL, Adekoya AO, Ros GH,
De Vries W, et al. Soil carbon sequestration, greenhouse gas
emissions, and water pollution under different tillage practices. Sci
Total Environ. 2022;826:154161. https://doi.org/10.1016/j.
scitotenv.2022.154161

Blanco-Canqui H, Wortmann CS. Does occasional tillage undo the
ecosystem services gained with no-till? A review. Soil Tillage Res.
2020;198:104534. https://doi.org/10.1016/j.still.2019.104534

Carpenter AC, Board JE. Branch yield components controlling soybean
yield stability across plant populations. Crop Sci. 1997;37(3):885-91.
https://doi.org/10.2135/cropsci1997.0011183X003700030031x

Chi J, Waldo S, Pressley S, O'Keeffe P, Huggins D, Stockle C, et al.
Assessing carbon and water dynamics of no-till and conventional
tillage cropping systems in the Inland Pacific Northwest US using the
Eddy covariance method. Agricult Forest Meteorol. 2016;218-219:
37-49. https://doi.org/10.1016/j.agrformet.2015.11.019

Cotrufo MF, Ranalli MG, Haddix ML, Six J, Lugato E. Soil carbon storage
informed by particulate and mineral-associated organic matter. Nat
Geosci. 2019;12(12):989-94. https://doi.org/10.1038/s41561-
019-0484-6

Dimassi B, Mary B, Wylleman R, Labreuche J, Couture D, Piraux F, et al.
Long-term effect of contrasted tillage and crop management on soil
carbon dynamics during 41 vyears. Agricult Ecosyst Environ.
2014;188:134-46. https://doi.org/10.1016/j.agee.2014.02.014

Dimitrova Martensson L-M, Barreiro A, Olofsson J. The perennial grain
crop Thinopyrum intermedium (Host) Barkworth and D.R. Dewey
(KernzaTM) as an element in crop rotations: a pilot study on
termination strategies and pre-crop effects on a subsequent root
vegetable. Agriculture. 2021;11(11):1175. https://doi.org/10.3390/
agriculture11111175

Duke SO, Powles SB. Glyphosate: a once-in-a-century herbicide. Pest
Manage Sci. 2008;64(4):319-25. https://doi.org/10.1002/ps.1518

Elder JW, Lal R. Tillage effects on gaseous emissions from an intensively
farmed organic soil in North Central Ohio. Soil Tillage Res.
2008;98(1):45-55. https://doi.org/10.1016/j.still.2007.10.003

Franzluebbers AJ, Arshad MA. Particulate organic carbon content and
potential mineralization as affected by tillage and texture. Soil Sci
Soc Am J. 1997;61(5):1382-6. https://doi.org/10.2136/sssaj1997.
03615995006100050014x

Gelybo, G., Barcza Z, Dencsé M, Poty6 |, Kasa |, Horel A, et al. Effect of
tillage and crop type on soil respiration in a long-term field
experiment on chernozem soil under temperate climate. Soil
Tillage Res. 2022;216:105239. https://doi.org/10.1016/].still.2021.
105239

v’“ﬁ and Environment

Sy s Harnessing Natural Resources

Gonzalez-Sanchez EJ, Orddnez-Fernandez R, Carbonell-Bojollo R, Veroz-
Gonzélez O, Gil-Ribes JA. Meta-analysis on atmospheric carbon
capture in Spain through the use of conservation agriculture. Soil
Tillage Res. 2012;122:52-60. https://doi.org/10.1016/j.still.2012.
03.001

Grandy AS, Robertson, GP. Aggregation and organic matter protection
following tillage of a previously uncultivated soil. Soil Sci Soc Am J.
2006;70:1398-406.

Haddaway NR, Hedlund K, Jackson LE, Katterer T, Lugato E, Thomsen IK,
et al. How does tillage intensity affect soil organic carbon? A
systematic review. Environ Evid. 2017;6(1):30. https://doi.org/10.
1186/s13750-017-0108-9

Haney RL, Senseman SA, Hons FM, Zuberer DA. Effect of glyphosate on
soil microbial activity and biomass. Weed Sci. 2000;48(1):89-93.
https://doi.org/10.1614/0043-1745(2000)048[0089:EOGOSM]2.
0.CO;2

Haynes RJ, Swift RS. Stability of soil aggregates in relation to organic
constituents and soil water content. J Soil Sci. 1990;41(1):73-83.
https://doi.org/10.1111/j.1365-2389.1990.tb00046.x

Heap |, Duke SO. Overview of glyphosate-resistant weeds worldwide.
Pest Manag Sci. 2018;74(5):1040-9. https://doi.org/10.1002/
ps.4760

Hendrix P, Han C, Groffman P. Soil respiration in conventional and no-
tillage agroecosystems under different winter cover crop rotations.
Soil Tillage Res. 1988;12(2):135-48. https://doi.org/10.1016/0167-
1987(88)90037-2

Holland EA, Coleman DC. Litter placement effects on microbial and
organic matter dynamics in an agroecosystem. Ecology. 1987;68(2):
425-33. https://doi.org/10.2307/1939274

Islam KR, Stine MA, Gruver JB, Samson-Liebig SE, Weil RR. Estimating
active carbon for soil quality assessment: a simplified method
for laboratory and field use. Am J Altern Agricult. 2003;18(1):
3-17.

Kuzyakov Y, Larionova AA. Root and rhizomicrobial respiration: a review
of approaches to estimate respiration by autotrophic and heterotro-
phic organisms in soil. J Plant Nutr Soil Sci. 2005;168(4):503-20.
https://doi.org/10.1002/jpIn.200421703

Lal R. Challenges and opportunities in soil organic matter research. Eur
J Soil Sci. 2009;60(2):158-69. https://doi.org/10.1111/j.1365-
2389.2008.01114.x

Lal R. Soil health and carbon management. Food Energy Secur. 2016;5(4):
212-22. https://doi.org/10.1002/fes3.96

Lane M, Lorenz N, Saxena J, Ramsier C, Dick RP. The effect of glyphosate
on soil microbial activity, microbial community structure, and soil
potassium. Pedobiologia. 2012;55(6):335-42. https://doi.org/10.
1016/j.pedobi.2012.08.001

Lanker M, Bell M, Picasso VD. Farmer perspectives and experiences
introducing the novel perennial grain Kernza intermediate wheat-
grass in the US midwest. Renew Agricult Food Syst. 2020;35(6):
653-62. https://doi.org/10.1017/51742170519000310

Litzow M, Kogel-Knabner I, Ekschmitt K, Matzner E, Guggenberger G,
Marschner B, et al. Stabilization of organic matter in temperate soils:
mechanisms and their relevance under different soil conditions—a
review. Eur J Soil Sci. 2006;57(4):426-45. https://doi.org/10.1111/
j.1365-2389.2006.00809.x

Marquardt K, Vico G, Glynn C, Weih M, Eksvard K, Dalin P, et al. Farmer
perspectives on introducing perennial cereal in Swedish farming
systems: a sustainability analysis of plant traits, farm management,
and ecological implications. Agroecol Sustain Food Syst. 2016;40(5):
432-50. https://doi.org/10.1080/21683565.2016.1141146

Moraru P, Rusu T. Effect of tillage systems on soil moisture, soil
temperature, soil respiration and production of wheat, maize and
soybean crops. J Food Agric Environ. 2012;10:445-8.

Nimmo JR, Kim S. 2.6 aggregate stability and size distribution. Methods
Soil Anal Phys Methods. 2002;5:317-28.

85UBD| 7 SUOWIWOD @A1IRR.D 3ol (dde 8y} Ag pausenob ke ssjoe YO 8sn JO S9Nl Joj A%eiq1T8uljuO AB|IM UO (SUO RIPLIOD-pUR-SWBY /W00 A3 | 1M Afeiq 11 |uo//:Sdny) SUORIPUOD pUe SWid 1 84} 88S *[¥202/TO/TE] uo A%eiqi8uluo A1 ‘g1 BI0SSUUIN JO AISRAIN AQ ¥602T 298S/200T 0T/I0P/W00" A3 1M Aze.q U1 |uO//SARY WOl pepeojumod ‘T ‘¥20¢ XGE0.9.C


https://doi.org/10.1002/plr2.20042
https://doi.org/10.1016/j.agrformet.2004.11.005
https://doi.org/10.1111/j.1365-2389.1990.tb00228.x
https://doi.org/10.1111/j.1365-2389.1990.tb00228.x
https://doi.org/10.1016/j.geoderma.2008.08.007
https://doi.org/10.1016/j.geoderma.2008.08.007
https://doi.org/10.3390/su7032936
https://doi.org/10.2136/sssaj1994.03615995005800030020x
https://doi.org/10.2136/sssaj1994.03615995005800030020x
https://doi.org/10.1016/j.scitotenv.2022.154161
https://doi.org/10.1016/j.scitotenv.2022.154161
https://doi.org/10.1016/j.still.2019.104534
https://doi.org/10.2135/cropsci1997.0011183X003700030031x
https://doi.org/10.1016/j.agrformet.2015.11.019
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1016/j.agee.2014.02.014
https://doi.org/10.3390/agriculture11111175
https://doi.org/10.3390/agriculture11111175
https://doi.org/10.1002/ps.1518
https://doi.org/10.1016/j.still.2007.10.003
https://doi.org/10.2136/sssaj1997.03615995006100050014x
https://doi.org/10.2136/sssaj1997.03615995006100050014x
https://doi.org/10.1016/j.still.2021.105239
https://doi.org/10.1016/j.still.2021.105239
https://doi.org/10.1016/j.still.2012.03.001
https://doi.org/10.1016/j.still.2012.03.001
https://doi.org/10.1186/s13750-017-0108-9
https://doi.org/10.1186/s13750-017-0108-9
https://doi.org/10.1614/0043-1745(2000)048%5B0089:EOGOSM%5D2.0.CO;2
https://doi.org/10.1614/0043-1745(2000)048%5B0089:EOGOSM%5D2.0.CO;2
https://doi.org/10.1111/j.1365-2389.1990.tb00046.x
https://doi.org/10.1002/ps.4760
https://doi.org/10.1002/ps.4760
https://doi.org/10.1016/0167-1987(88)90037-2
https://doi.org/10.1016/0167-1987(88)90037-2
https://doi.org/10.2307/1939274
https://doi.org/10.1002/jpln.200421703
https://doi.org/10.1111/j.1365-2389.2008.01114.x
https://doi.org/10.1111/j.1365-2389.2008.01114.x
https://doi.org/10.1002/fes3.96
https://doi.org/10.1016/j.pedobi.2012.08.001
https://doi.org/10.1016/j.pedobi.2012.08.001
https://doi.org/10.1017/S1742170519000310
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1080/21683565.2016.1141146

Global Initiative of
Sustainable Agriculture

KUNDERT ET AL.

and Environment

Nunes MR, Karlen DL, Veum KS, Moorman TB, Cambardella CA. Biological
soil health indicators respond to tillage intensity: a US meta-analysis.
Geoderma. 2020;369:114335. https://doi.org/10.1016/j.geoderma.
2020.114335

Nunes MR, van Es HM, Schindelbeck R, Ristow AJ, Ryan M. No-till and
cropping system diversification improve soil health and crop vyield.
Geoderma. 2018;328:30-43.

Osunbitan JA, Oyedele DJ, Adekalu KO. Tillage effects on bulk density,
hydraulic conductivity and strength of a loamy sand soil in
southwestern Nigeria. Soil Tillage Res. 2005;82(1):57-64. https://
doi.org/10.1016/j.still.2004.05.007

Palhano MG, Norsworthy JK, Barber T. Evaluation of chemical termination
options for cover crops. Weed Technol. 2018;32(3):227-35. https://
doi.org/10.1017/wet.2017.113

Parkin TB, Kaspar TC. Temporal variability of soil carbon dioxide flux: effect of
sampling frequency on cumulative carbon loss estimation. Soil Sci Soc
Am J. 2004;68(4):1234-41. https://doi.org/10.2136/s552j2004.1234

Pausch J, Kuzyakov Y. Carbon input by roots into the soil: quantification
of rhizodeposition from root to ecosystem scale. Global Change Biol.
2018;24(1):1-12. https://doi.org/10.1111/gcb.13850

PietikA¥inen J, Pettersson M, BA¥A¥th E. Comparison of temperature
effects on soil respiration and bacterial and fungal growth rates.
FEMS Microbiol Ecol. 2005;52(1):49-58. https://doi.org/10.1016/j.
femsec.2004.10.002

Pittelkow CM, Linquist BA, Lundy ME, Liang X, Van Groenigen KJ, Lee J,
et al. When does no-till yield more? A global meta-analysis. Field
Crops Res. 2015;183:156-68. https://doi.org/10.1016/j.fcr.2015.
07.020

Plaza-Bonilla D, Alvaro-Fuentes J, Cantero-Martinez C. Identifying soil
organic carbon fractions sensitive to agricultural management
practices. Soil Tillage Res. 2014;139:19-22. https://doi.org/10.
1016/j.still.2014.01.006

Powlson DS, Stirling CM, Jat ML, Gerard BG, Palm CA, Sanchez PA, et al.
Limited potential of no-till agriculture for climate change mitigation.
Nat Clim Change. 2014;4(8):678-83. https://doi.org/10.1038/
nclimate2292

R Core Team. R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2021.
https://www.R-project.org/

Rakkar M, Jungers JM, Sheaffer C, Bergquist G, Grossman J, Li F, et al. Soil
health improvements from using a novel perennial grain during the
transition to organic production. Agricult Ecosyst Environ.
2023;341:108164. https://doi.org/10.1016/j.agee.2022.108164

Reicosky DC. Tillage-induced CO, emission from soil. Nutri Cycl
Agroecosyst. 1997;49:273-85.

Richmond ME. Glyphosate: a review of its global use, environmental
impact, and potential health effects on humans and other species.
J Environ Stud Sci. 2018;8(4):416-34. https://doi.org/10.1007/
s13412-018-0517-2

Ryan MR, Crews TE, Culman SW, DeHaan LR, Hayes RC, Jungers JM, et al.
Managing for multifunctionality in perennial grain crops. Bioscience.
2018;68(4):294-304. https://doi.org/10.1093/biosci/biy014

Sainju UM, Allen BL, Lenssen AW, Ghimire RP. Root biomass, root/shoot
ratio, and soil water content under perennial grasses with different
nitrogen rates. Field Crops Res. 2017;210:183-91. https://doi.org/
10.1016/j.fcr.2017.05.029

Schipper LA, Petrie OJ, O'Neill TA, Mudge PL, Liang LL, Robinson JM,
et al. Shifts in temperature response of soil respiration between
adjacent irrigated and non-irrigated grazed pastures. Agricult
Ecosyst Environ. 2019;285:106620. https://doi.org/10.1016/j.
agee.2019.106620

Sher Y, Baker NR, Herman D, Fossum C, Hale L, Zhang X, et al. Microbial
extracellular polysaccharide production and aggregate stability
controlled by switchgrass (Panicum Virgatum) root biomass and soil

water potential. Soil Biol Biochem. 2020;143:107742. https://doi.
org/10.1016/j.s0ilbio.2020.107742

Six J, Elliott ET, Paustian K. Aggregate and soil organic matter dynamics
under conventional and no-tillage systems. Soil Sci Soc Am J.
1999;63(5):1350-8. https://doi.org/10.2136/ss52j1999.6351350x

Smith P. How long before a change in soil organic carbon can be
detected? Glob Change Biol. 2004;10(11):1878-83. https://doi.org/
10.1111/j.1365-2486.2004.00854.x

Smith P, Bustamante M, Ahammad H, Clark H, Dong H, Elsiddig EA, et al.
Agriculture, forestry and other land use (AFOLU). In: Climate change
2014: mitigation of climate change. Contribution of Working Group
11l to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge, England: Cambridge University Press;
2014. p. 811-922.

Tang FH, Crews TE, Brunsell NA, Vico G. Perennial intermediate
wheatgrass accumulates more soil organic carbon than annual
winter wheat-a model assessment. Plant Soil. 2023;494:509-28.
https://doi.org/10.1007/s11104-023-06298-8

Thaler EA, Larsen 1J, Yu Q, The Extent of Soil Loss across the US Corn
Belt, 2021. https://www.pnas.org.

Tiemann LK, Grandy AS. Mechanisms of soil carbon accrual and storage in
bioenergy cropping systems. GCB Bioenergy. 2015;7(2):161-74.
https://doi.org/10.1111/gcbb.12126

Tisdall JM, Oades JM. Organic matter and water-stable aggregates in soils.
J Soil Sci. 1982;33(2):141-63. https://doi.org/10.1111/j.1365-
2389.1982.tb01755.x

Toderi M, D'Ottavio P, Francioni M, Kishimoto-Mo AW, Santilocchi R,
Trozzo L. Short-term response of soil greenhouse gas fluxes to
alfalfa termination methods in a Mediterranean cropping system.
Soil Sci Plant Nutr. 2022;68(1):124-32. https://doi.org/10.1080/
00380768.2021.1983869

Venterea RT. Simplified method for quantifying theoretical underestima-
tion of chamber-based trace gas fluxes. J Environ Qual. 2010;39:
126-35.

Vogel KP, Robert AM. Frequency grid--a simple tool for measuring
grassland establishment. Rangeland Ecol Manag J Range Manag
Arch. 2001;6:653-5.

West TO, Post WM. Soil organic carbon sequestration rates by tillage and
crop rotation: a global data analysis. Soil Sci Soc Am J. 2002;66(6):
1930-46. https://doi.org/10.2136/ss5aj2002.1930

Wiesner S, Duff AJ, Niemann K, Desai AR, Crews TE, Risso VP, et al.
Growing season carbon dynamics differ in intermediate wheatgrass
monoculture versus biculture with red clover. Agricult Forest
Meteorol. 2022;323:109062. https://doi.org/10.1016/j.agrformet.
2022.109062

Wright SF, Starr JL, Paltineanu IC. Changes in aggregate stability and
concentration of glomalin during tillage management transition. Soil
Sci Soc Am J. 1999;63:1825-9.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kundert J, Rakkar M, Gutknecht J,
Jungers J. Mechanical termination of a perennial grain crop
minimally impacts soil structure, carbon and carbon dioxide
emissions. J Sustain Agric Environ. 2024;3:1-12.
https://doi.org/10.1002/sae2.12094

85U8017 SUOWILLIOD @A 18810 3|ceoldde ayy Aq peusenob a1e s9joiie YO ‘8sn Jo SNl 10} ArIq1T8UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | 1M AeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[7202/T0/TE] uo AkeiqiTauluo A8 ‘g1 elossuuliN JO AISIBAIUN Ad Y60ZT Z98S/200T OT/I0p/L0o" A8 1M Ake.q1jpuluo//:Sdny Wo.y papeojumod ‘T ‘v20Z ‘XSE0L9L2


https://doi.org/10.1016/j.geoderma.2020.114335
https://doi.org/10.1016/j.geoderma.2020.114335
https://doi.org/10.1016/j.still.2004.05.007
https://doi.org/10.1016/j.still.2004.05.007
https://doi.org/10.1017/wet.2017.113
https://doi.org/10.1017/wet.2017.113
https://doi.org/10.2136/sssaj2004.1234
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1016/j.femsec.2004.10.002
https://doi.org/10.1016/j.femsec.2004.10.002
https://doi.org/10.1016/j.fcr.2015.07.020
https://doi.org/10.1016/j.fcr.2015.07.020
https://doi.org/10.1016/j.still.2014.01.006
https://doi.org/10.1016/j.still.2014.01.006
https://doi.org/10.1038/nclimate2292
https://doi.org/10.1038/nclimate2292
https://www.R-project.org/
https://doi.org/10.1016/j.agee.2022.108164
https://doi.org/10.1007/s13412-018-0517-2
https://doi.org/10.1007/s13412-018-0517-2
https://doi.org/10.1093/biosci/biy014
https://doi.org/10.1016/j.fcr.2017.05.029
https://doi.org/10.1016/j.fcr.2017.05.029
https://doi.org/10.1016/j.agee.2019.106620
https://doi.org/10.1016/j.agee.2019.106620
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.1016/j.soilbio.2020.107742
https://doi.org/10.2136/sssaj1999.6351350x
https://doi.org/10.1111/j.1365-2486.2004.00854.x
https://doi.org/10.1111/j.1365-2486.2004.00854.x
https://doi.org/10.1007/s11104-023-06298-8
https://www.pnas.org
https://doi.org/10.1111/gcbb.12126
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1080/00380768.2021.1983869
https://doi.org/10.1080/00380768.2021.1983869
https://doi.org/10.2136/sssaj2002.1930
https://doi.org/10.1016/j.agrformet.2022.109062
https://doi.org/10.1016/j.agrformet.2022.109062
https://doi.org/10.1002/sae2.12094

	Mechanical termination of a perennial grain crop minimally impacts soil structure, carbon and carbon dioxide emissions
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Location and design
	2.2 Treatments and agronomic management
	2.3 Soil sampling
	2.4 Soil analyses
	2.5 Crop analysis
	2.6 Soil carbon dioxide emissions
	2.7 Statistical analysis

	3 RESULTS
	3.1 Soil carbon dioxide emissions
	3.2 Crop responses
	3.3 Soil outcomes

	4 DISCUSSION
	4.1 Soil CO2 emissions
	4.2 Crop response
	4.3 Soil properties

	5 CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




