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Abstract: In this study, the processes of wheat residue degradation in combination with various
tillage treatments were explored to determine the ideal management prescription for maximizing
canola crop production. A field experiment within a western Canadian context (near Saint-Front,
Saskatchewan), consisting of a 2 × 3 factorial design, was conducted to determine the fate of crop
residue under different harvest and treatment scenarios. ATR-Fourier transform infrared (FTIR)
spectroscopy, FTIR spectromicroscopy, and synchrotron-based X-ray fluorescence imaging (SR-XFI)
were used to explore wheat residue degradation mechanisms. The results indicated maximum
canola yields and residue degradation occurred in combination with a combine outfitted with
an aftermarket chopper and post-harvest treatment by harrow. Crop residue degradation was
attributed to cellulose/linen hydrolysis and supramolecular structure changes from high crystalline
to amorphous cellulose. Multi-element loss usually accompanied crop residue degradation. An
important aspect of this study is the adoption of field-scale analysis to accurately portray real-world
sustainable management techniques within a western Canadian context. The findings provided an
optimal combination of crop residue treatment and tillage treatment to increase canola production,
which had the potential ability to be applied in other countries. It is also an initial attempt to develop
a technical composite of FTIR spectromicroscopy and SR-XFI for examining the mechanism of residue
decomposition.

Keywords: crop residue management; residue degradation; factorial design; ATR-FTIR spectroscopy;
FTIR spectromicroscopy; synchrotron-based X-ray fluorescence imaging

1. Introduction

Crop residue management (CRM) is defined as leaving last season’s crop residues on
the soil surface after harvest; before and during the next planting, these residues provide
cover for the soil [1]. Crop residues after proper treatments can be sources of nutrients for
successful crops and improved soil, water, and air quality [2]. In a crop rotation system, crop
residue produces substantial long-term benefits that likely outweigh any short-term gains
associated with post-harvest tillage practices [3]. Managing crop residues in agriculture
can be economically beneficial to producers and environmentally important to society [4].
CRM can provide protection against wind- and rain-affected soil erosion, increase organic
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matter in the soil, maintain soil moisture, and improve infiltration, aeration, and tilth, to
increase crop production [5].

Tillage is agricultural soil treatment by mechanical agitation of various types, such
as digging, stirring, and overturning [6]. Tillage and planting strategies involving a soil
surface cover of crop residue have been demonstrated to reduce soil losses [7]. Primary
tillage can decompose crop residue and soil organic matter through enhanced aeration and
the promotion of microbial activity in the soil [8]. However, primary tillage practices can be
costly and can have negative short-term and long-term impacts on the physical, chemical,
and biological properties of the soil [9]. Secondary tillage is performed after primary
tillage to create proper soil tilth for seeding and planting. These operations do not cause
much soil inversion and soil shifting from one place to another. Harrowing is a secondary
tillage practice, with less power consumption compared to primary tillage. Harrowing
can smooth soil surface, reduce aggregate size, and chop crop residues to facilitate their
breakdown [10].

Crop residue consists of cellulose, lignin, hemicellulose, and various plant nutrients.
Many biochemical processes occur during crop residue breakdown. These processes are
influenced by soil and environmental conditions, including soil moisture and temperature,
oxygen, pH, and microbial community [11]. CRM and tillage treatments can influence
the size of the residue and the extent of contact it has with the soil, which in turn affects
the rate of decomposition [12]. Roldán [13] performed a field test with seven treatments
with various soil management methods to evaluate the effects of no tillage in combination
with surface residue cover on maize cropping. The results indicated no-till management
with 33% crop residue coverage improved soil quality characteristics when compared
with conventional tillage operations. Chávez-Romero [14] investigated the effects of CRM,
tillage, and fertilizer application on the degradation of plant residue. Tillage and crop
residue cover management helped determine residue bacterial populations, wheat plant
residue breakdown, and soil organic carbon concentrations. Crop and soil management
practices affect the rate of residue breakdown and crop yields.

Fourier transform infrared spectroscopy (FTIR) has been used to analyze residue
decomposition [15–17]. FTIR is a vibrational spectroscopic method, where the specimen
is irradiated with infrared (IR) light [18]. IR spectra are obtained when molecules absorb
specific frequencies of IR light. Attenuated total reflectance (ATR) FTIR can be applied
as a non-destructive method [19]; it is sensitive to the structural changes in residue and
therefore allows analysis of the degradation processes over time [20]. Kavkler [21] used
FTIR and Raman spectroscopy to qualitatively analyze structural changes in cellulosic
fibers. Bonnin [22] applied FTIR to obtain information on the conformational changes of
wheat germ agglutinin and N-acetylglucosamine residues. However, techniques capable
of imaging structural changes on residues and directly observing varied microelement
distribution during residue decomposition are still not applicable. Fourier transform
infrared (FTIR) spectromicroscopy and synchrotron-based X-ray fluorescence imaging (SR-
XFI) may enable the development of images for main component changes and microelement
distributions. However, they have not been associated with the evaluation of CRM and
tillage practices.

Considering the Canadian contribution to the global canola market [23], it is necessary
to optimize and increase Canadian canola crop production to reduce its management
risk [24,25]. CRM can be applied to help optimize canola production. The objective of
the current study is to optimize canola production through different residue management
systems on a high-residue wheat crop and a subsequent canola crop within a western Cana-
dian context. Such decomposition is evaluated in the context of two harvester-chopper
combinations and three post-harvest treatments, consisting of tillage, no-till, and harrow
treatments. It is hypothesized that harrow treatments could be optimal. FTIR spectromi-
croscopy and SR-XFI are presented to explore the mechanism of crop residue degradation.
It is also hypothesized that FTIR could help reveal the crop residue degradation level.
This study seeks to accurately represent real-world management techniques by combining
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CRM and tillage practices within a field-scale analysis. The findings will be beneficial
to Canadian agricultural and industrial sectors. It is also an initial attempt to develop a
technical composite of FTIR imaging and SR-XFI for examining the mechanism of residue
decomposition.

2. Materials and Methods
2.1. Area of Interest

A field was selected near Saint-Front, Saskatchewan, approximately 20 km east of the
town of Spalding (LSD SE 10-39-16-W2, RM 368). The field was mostly open, with some
lowland and brush around. Figure 1 illustrates the research plot, and harvest and post-
harvest treatment areas are labeled. Four replications of each treatment were performed.

Figure 1. 2018–2019 treatment layout at Saint-Front, Saskatchewan.

2.2. Experimental Design and Wheat Harvest

The present experiment was based on a one-year field trial in a three-year project by
the Prairie Agricultural Machinery Institute (PAMI). Wheat harvest occurred on 18 October
2018. A 2 × 3 factorial design was used to harvest the field with each combine to carry out
different treatments [26]. The design was used to select the optimal treatment combination
for one-year data based on canola yields and crop residue degradation rate. Crop residue
treatments were carried out by an OEM chopper and aftermarket chopper, being considered
as model variables that are not parametric. Based on the cooperator’s machinery, two
separate combines were applied to complete the OEM chopper portion (Machine 1: Case
IH 8120, Case factory internal chopper with stationary knife bank engaged, Case factory
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spreader, 36 ft (14.6 m) Honeybee header; Machine 2: Case IH 8230, Case magnacut chopper
with stationary knife bank engaged, Case factory spreader, 36 ft (14.6 m) Honeybee header),
while Redhead Equipment used a combine for the aftermarket chopper treatments (Case
IH 8240, Case factory internal chopper, Redekop MAV 4 row external chopper/spreader
with stationary knife bank engaged, 35 ft (14.2 m) Macdon header).

Post-harvest treatments were carried out on 23 October 2018. Post-harvest manage-
ment practices include harrow, tilled, and check, being considered as model variables that
are not parametric. The heavy harrow treatments were performed using an 80 ft (24.4 m)
model Degelman Strawmaster Pro harrow, featuring four rows of 5/8 in (1.6 cm) × 26 in
(66 cm) harrow tines and hydraulic down pressure. Ground speed during the operation
was 10 mph (16 km/h). Harrow direction changed based on the treatments, as the direction
was chosen to make the harrow as efficient as possible (Figure S1). No noticeable difference
was observed in the field with direction changes. Crop moisture and canola yield were
analyzed by PAMI to help select an optimal treatment combination.

2.3. Sampling and Residue Organic Weight

The wheat straw residue was sampled 28 days and 56 days post-seeding. Each block
was sampled with three replicates along a diagonal transect. Flight images were taken to
show canola yielding at the same time (Figure S2). In the laboratory, residue sampled on
day 56 was dried for 1 week at 35 ◦C and stored for sample testing. Sample batches of
approximately 0.63 g residue were placed in crucibles (40 mm diameter, 38 mm depth),
heated in a muffle oven (Nabertherm, P320, Bremen, Germany) at 600 ◦C for 6 h in an
oxygen-limited environment, and cooled down to room temperature (23 ◦C) to a constant
weight. Crucible weight and residue weight were recorded before and after drying.

2.4. Residue Degradation Analyses by ATR-FTIR

The spectra of residue samples were recorded with a Bruker TEMSOR 27 IR FTIR–
ATR Spectrometer. All samples were freeze-dried and ground into powder. A total of
144 samples were sequentially placed on the diamond radiation area of the ATR Gorden
Gate device. Spectral data were collected by the spectrometer, and the interferogram was
converted by a Fourier transformation to yield an FTIR spectrum file. Each spectrum
file consisted of an average of 64 scans in the 4000 to 550 cm−1 spectral range, using the
reflection mode with a resolution of 4 cm−1.

2.5. Imaging Degraded Residue Samples through FTIR Spectromicroscopy

FTIR spectromicroscopy was used to image the distribution of main functional groups
in crop residue on beamline 01B1−01(MidIR) at the Canadian Light Source (CLS) [27]. A
Bruker Vertex 70v interferometer coupled to a Hyperion 3000 IR confocal microscope was
used to obtain the images using a globar, a thermal light source (Figure S3) [28,29]. A 15×
objective was used. A dry nitrogen purge was applied to maintain samples by removing
CO2 and H2O interference [28,30]. Spectral maps were attained using a resolution of
4 cm−1 in reflection mode. Each spectrum was an average of 64 scans, using a 64 × 64 pixel
mid-infrared FPA detector (Bruker Optics).

2.6. Imaging Elemental Distribution through SR-XFI

Micro XFI was used to map six elements—Br, Ca, Fe, Pb, Se, and As—at the VESPERS
(very sensitive elemental and structural probe employing radiation from a synchrotron)
beamline at the CLS. The storage ring of the CLS operated at an energy of 2.9 GeV and a
current range of 250−150 mA [28]. The beamline consisted of a microprobe using hard X-
rays in the energy range of 5−30 keV to irradiate a microvolume of samples. The beam spot
size ranged from 2 × 2 to 5 × 5 µm. Residue samples were scanned using a polychromatic
(pink) beam with a spot size of 3 × 3 µm and a step size of 30 µm with a dwell time of 5 s
per data point. The samples were deposited on metal-free LexanTM polycarbonate sheets
and then mounted on a sample holder attaching to a motorized stage. The synchrotron
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X-ray beam (pink) was oriented 90◦ to the sample. A Vortex® silicon drift detector (SDD),
positioned 50 mm away from the sample at an angle of 45◦ to the incident beam, was used
for simultaneous collection of the emitted X-ray fluorescence signals of tested elements. The
map size of approximately 1490 µm × 1520 µm was selected for the elemental mapping.

2.7. Statistical Analysis

Quantitative data were reduced to the mean and standard deviation for the remaining
analyses. At least three repeats were used for each measurement. The main effects of
the different factors and their interactions were tested using ANOVA (p ≤ 0.05). The
F-statistics were calculated using Design-Expert v8.0.6 (Stat-Ease Inc., Minneapolis, MN,
USA). The data needed to fulfill several assumptions to apply the factorial ANOVA were (1)
dependent variable, (2) normality, (3) homoscedasticity, and (4) no multicollinearity. X-ray
fluorescence images were drawn using VESPERS graphical user interface to normalize the
data, register the images, and produce multichannel visualizations [31]. X-ray fluorescence
images were generated from the raw data using SigmaPlot Version 12.0 software (Systat
Software Inc.). The data of X-ray fluorescence images for different treatments on day 56
were compared to observe the differences among treatments. FTIR spectra were extracted
by OPUS 7.2 software (Bruker Optics). FTIR images were created by CytoSpec 2.00.01
software (Cytpspec Inc.; New York, USA). Origin Pro 8.0 software (Origin lab Co.) was
used for data processing and graphing. The results for FTIR were used to analyze the crop
residue degradation level. The data of FTIR spectra and images for different sampling days
were compared to observe the differences among sampling periods.

3. Results
3.1. Canola Yield and Significance Analyses

The effects on the canola crop yield were evaluated based on combinations of choppers
and post-harvest operations, using a 2 × 3 factorial design. Canola is considered “dry”
when seed moisture is at 10%. The moisture content for each sample was corrected to
compensate for the moisture fluctuation under each treatment. Figure 2 shows Aftermarket
* Harrow, Aftermarket * Tilled, OEM * Harrow, and OEM * Tilled had no significant
difference in their canola yields, but all of them had significantly higher canola yields than
the other two. Through ANOVA analyses, the tillage method was checked as the only
significant main effect. As shown in Figure S4, tilled soil produced higher canola yields
than harrow and check. This indicates post-harvest tillage might be the most efficient
method to increase subsequent canola crop yield based on one-year data.

Figure 2. Moisture corrected yield. Note: AC: Aftermarket * Check; AH: Aftermarket * Harrow; AT:
Aftermarket * Tilled; OC: OEM * Check; OH: OEM * Harrow; OT: OEM * Tilled. Aftermarket and
OEM are different kinds of copper, indicating different crop residue treatments. Check, Harrow and
Tilled indicated different kinds of tillage treatments.
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3.2. Organic Weight of Wheat Residue

Wheat residue degradation occurred gradually in a natural soil environment. Organic
matter is known to maintain soil aggregate stability. Organic weight was determined using
residue samples on day 56, as shown in Figure 3. Aftermarket * Check, OEM * Tilled
and OEM * Check had no significant difference in organic weight per residue weight,
but all of them had a significantly higher weight ratio than others. Other treatments had
significantly lower weight ratios, and Aftermarket * Harrow had the lowest ratio among
all treatments. The ANOVA analysis showed no significant model in terms of weight
ratio, indicating applied residue choppers and tillage methods had no significant effects on
residue degradation.

Figure 3. Organic weight for residue samples on day 56. Note: AC: Aftermarket * Check; AH:
Aftermarket * Harrow; AT: Aftermarket * Tilled; OC: OEM * Check; OH: OEM * Harrow; OT: OEM
* Tilled. Aftermarket and OEM are different kinds of copper, indicating different crop residue
treatments. Check, Harrow and Tilled indicated different kinds of tillage treatments.

3.3. FTIR Analysis of Residue Decomposition

FTIR spectroscopy can be used for interpretation of the chemical structure of degraded
crop residue and has become one of the most important and commonly used analytical
techniques. FTIR spectra can identify the functional groups of the degraded components
of crop residue. Aftermarket * Harrow had the lowest organic weight for sampled residue
on day 56 and had relatively higher crop yields. IR spectra for the corresponding residue
were extracted and analyzed.

Figure 4A shows the samples from Aftermarket * Harrow had intensive absorption in
the 1600–1720 cm−1 region. The adsorption was caused by stretching vibrations of carbonyl
groups, which were formed during oxidative degradation. The occurrence of carbonyl
groups indicated the depolymerization of cellulose of the crop residue, and an increase in its
IR spectra intensity indicated an increase in residue oxidative degradation. There were two
peaks located at the shoulder of 1700 cm−1. The groups at 1691 cm−1 showed conjugation
with benzene rings, and other groups at 1706 cm−1 had no conjugation. Both structures
occurred in crop residue. Figure 5A,B shows the distribution of the carbonyl group from
1685 to 1714 cm−1 after sampling twice for Aftermarket * Harrow. The Carbonyl group
for residues sampled during the second plot visit had a higher amount than the first-time
samples, which also indicates the enhanced residue oxidative degradation. Normally,
with the increase of the carbonyl band, the adsorption bands in the region of C-H groups
would increase. However, Figure 4B shows decreased intensity at corresponding bands
of 2850 and 2918 cm−1. This might be because of a significant loss of organic components
of the residue during the decomposition process. An increase in the spectra’s intensity in
the range of 1400 to 1650 cm−1 showed a prominent change in crop residue degradation
(Figure 4C). These are the primary functional groups that exist in linen, which might be
targeted by soil microorganisms [32]. An increase in the peak at 1643 cm−1 represents the
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absorption of water molecules. Figure 5C,D shows the distribution of the water-molecule-
related functional group at 1643 cm−1 after sampling twice for Aftermarket * Harrow.
Residue sampled on day 56 had more water adsorption than that sampled on day 28.
The increased water adsorption indicates that the structure of cellulose collapses, which
causes the continuous hydrolysis of crop residue. Figure 4D shows decreased spectra
intensity, particularly at 1372, 1313 (δ CH2), 1160, and 1105 cm−1. This suggests crop
residue degradation from high crystalline to amorphous cellulose.

The OEM * Check treatment had the highest organic weight in the residue sampled
on day 56. There were some differences in its IR spectra changes from Aftermarket *
Harrow (Figure 6). First, there were two intensive spikes centered at 2850 and 2918 cm−1.
The decrease of both spectra intensities between sampling times was due to deformation
vibrations of C-H groups in methyl and methylene groups (CH3, CH2, CH2-OH) of cellulose
and lignin. Second, there was a mild intensity decrease at 1372, 1313 (δ CH2), 1280, 1160,
and 1105 cm−1. This mild decrease might be because of slow crop residue degradation,
which was consistent with organic weight results. Aftermarket * Check had no significant
difference from OEM * Check in moisture corrected canola yield and residue organic weight.
Accordingly, the IR spectra of Aftermarket * Check had the same trend as OEM * Check
(data not shown), suggesting the IR spectra was consistent with canola yields and residue
organic weight.

Figure 4. The second derivative spectrum of SR-FTIR on residue after sampling twice for Aftermarket * Harrow. (A) 1600–
1720 cm−1; (B) 2820–2940 cm−1, (C) 1400–1660 cm−1, (D) 1050–1450 cm−1. Note: Aftermarket is one of the copper names.
Harrow indicated one kind of tillage treatments.
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Figure 5. Investigation of main component distribution after sampling twice for Aftermarket * Harrow. (A) 1685–1714 cm−1

for 28 days post-seeding; (B) 1685–1714 cm−1 for 56 days post-seeding; (C) 1643 cm−1 for 28 days post-seeding;
(D) 1643 cm−1 for 56 days post-seeding. Note: Aftermarket is one of the copper names. Harrow indicated one kind
of tillage treatments.

Figure 6. The second derivative spectrum of SR-FTIR on residue after sampling twice for OEM * Check. (A) 2830–2940 cm−1;
(B) 1080–1440 cm−1. Note: OEM is one of the copper names. Check indicated one kind of tillage treatments.
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3.4. XFI Analyses of Elemental Distribution

Crop residue contains large amounts of elements, such as P, K, Na, Ca, Mg, Fe, Al,
and Si, and some trace elements (e.g., Zn, Cu, Ni, Be, Li, Cr, V, Co, Cd, Mn, Ga, Se, Ba, Sr,
Pb, and As) [33]. These elements contributed significantly to residue degradation, because
they are nutrients for soil microorganisms. There was no manual control on elements
during experiment trials, and the amount of change between residue elements during
both sampling events was mild. The difference in quantification was at the same order
of magnitude (data not shown). Thus, there was no considerable difference in element
amounts between residues under both sampling events. However, residue from different
treatments but under the same sampling time had obvious changes on the same element
distribution. To identify a better way to increase residue degradation efficiency, element
distribution analysis for samples under Aftermarket * Harrow and OEM * Check on day 56
was conducted. Figure 7 shows lower amounts of almost six elements (Br, Ca, Fe, Pb, Se,
and As) for Aftermarket * Harrow treatment than that for OEM * Check. This indicates
element loss for Aftermarket * Harrow was higher than that for OEM * Check, which is
consistent with residue organic weight results. Specifically, Br, Pb, Se, and As presented
obscure higher amounts than the other two elements.
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4. Discussion

The purpose of this work was to evaluate residue decomposition through different
residue management systems and combinations of post-harvest management practices on a
high-residue wheat crop. ATR-FTIR, FTIR spectromicroscopy imaging, and SR-XFI imaging
were applied to explore molecular changes and element distribution to help understand
the residue degradation mechanism. An optimal management technique group was sought
out to help increase agricultural production.

4.1. Fundamental Knowledge of Applied Crop Residue Management Techniques

Crop residue consists of biological materials remaining on cultivated land after crop
harvesting. Crop residue is an important source of organic carbon and can maintain or
increase soil organic matter, providing a substrate for soil microorganisms and increasing
the organic component of the soil [34]. Crop residue can provide recycled nutrients for
a growing crop and better adsorb rain to decrease erosion potential [35]. Crop residues
can also reduce soil erosion and improve soil moisture content [36]. Soil resources require
proper management of crop residue. Crop residue decomposition can return an abundance
of carbon and nutrients to the soil. Crop residue and tillage management can affect crop
residue decomposition.

Crop residue can be processed through mechanical treatment using either a chopper
to disperse the residue as evenly as possible or appropriate tillage operation [37]. Engine-
driven choppers have been developed for chopping crop residue into small pieces. The
OEM choppers and aftermarket choppers were provided by two manufacturers. OEM
choppers come with the equipment, from the “original equipment manufacturer (OEM)”.
The aftermarket chopper was from a different manufacturer. Tillage approaches play
an important role in the manipulation of nutrient storage and organic matter release.
Harrowing usually involves breaking up residue and clumps. Tilling can be an intense



Sustainability 2021, 13, 10459 11 of 15

process, involving mixing up the soil and going deep into the soil. In our project, the tillage
tool went three inches deep and turned up the soil, making the surface black; the harrow
was significantly shallower.

4.2. Optimal Management Techniques for One-Year Data

Crop residue degradation can release organic matter and nutrients, which are essential
requirements for growing crops. In our study, Aftermarket * Harrow, Aftermarket *
Tilled, OEM * Harrow, and OEM * Tilled had a significantly higher weight ratio than
Aftermarket * Check and OEM * Check. Residues with higher organic matter weight
had lower moisture corrected canola yield. This indicates residues with a higher organic
matter weight had higher organic matter content and slower degradation rate. A slower
degradation rate contributed less organic matter to canola growing, leading to a lower
canola yield. For example, residues from Aftermarket * Harrow had relatively higher yields
and the lowest organic weight. This indicates residues from Aftermarket * Harrow had
a higher residue degradation rate, leading to less organic matter content. The release of
organic matter from residue contributed significantly to canola growth, resulting in higher
canola yield. Wang’s study also reported that conservation tillage showed benefits that
were more prominent in combination with residue application. The benefits were found in
the form of improved soil physical conditions, better water storage, and soil protection [38].
However, Verhulst found zero tillage with residue retention resulted in higher soil water
content than management practices that included conventional tillage and zero tillage with
residue removal [39]. Chaudhary found that Rumex dentatus L. exhibited higher emergence
under zero tillage, with high infestation levels in rice-wheat compared to sorghum-wheat
cropping systems [40]. Our study provided support on the specific combination of crop
residue management and tillage treatment to achieve an increased canola yield for the
Canadian agricultural industry. This ability to provide both techniques may also contribute
to the global market, achieving environmental protection and permanently sustainable
development at the local, regional, and global level [41]. Moreover, Aftermarket * Tilled,
OEM * Harrow, and OEM * Tilled had no significant difference in canola yield; however,
they had significant differences in residue organic weight. This is probably because residue
degradation is only one of the factors influencing crop yields. Crop residue management
and tillage treatments might also cause differences in soil quality, runoff, nutrient transfer,
and microorganism activity, all of which contribute to crop yields.

4.3. Mechanism of Crop Residue Decomposition

Normally, residues consist mainly of cellulose, lignin, and some hemicelluloses [42].
The degradation of these main components is the residue degradation. In our study, the
intensity of IR spectra of carbonyl groups increased, which was evidence of the increasing
depolymerization of cellulose macromolecules. The occurrence of aromaticity has been
considered as a mark of crop residue breakdown [43]. The larger the aromaticity content,
the greater the degree of residue breakdown. The absorption bands in the region of C-H
increased in OEM * Check, while they decreased in Aftermarket * Harrow. This indicates
cellulose degraded in all treatments over longer periods. There was a significant loss in
the cellulose of crop residue in Aftermarket * Harrow, which corresponded to a higher
residue degradation rate. Kavkler [21] had similar results in analyzing the structural
changes of aged cellulosic fibers degraded by fungi. The lignin in the crop residues was
probably related to cellulose in the lingo-cellulose complex, decreasing the rate of cellulose
breakdown by creating a physical barrier to enzymatic attack [44,45]. Lignin was found
degraded from their prominent IR spectra changes, which was mainly contributed by soil
microorganisms [32]. Resistant compounds such as lignin and cellulose can be biodegraded
and partially transformed into humus. Humus is the terminal of the humification pro-
cess [46]. Humic substances can be taken as a major reservoir of organic carbon in soils [46]
and can facilitate the uptake of organic matter by growing crops. Some specific spectra
information indicated crop residue hydrolysis and supramolecular structure changes from
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high crystalline to amorphous cellulose. Crystalline cellulose is normally more resistant
to enzyme attack than amorphous cellulose, and it needs a much higher enzyme load for
equal decomposition [47]. The transfer extent from crystalline to amorphous cellulose
depends on the crop residue degradation level. OEM * Check had milder changes than
Aftermarket * Harrow in the second derivative spectrum of SR-FTIR, indicating the for-
mer caused weaker residue degradation. IR spectra results were consistent with organic
matter weight.

4.4. Element Usage during Crop Residue Decomposition

Crop residue decomposition is the result of heterotrophic organism activities in the
soil, mainly from soil microorganisms [48]. Soil microorganisms can break down complex
organic compounds in crop residues and use major elements, such as C, N, and P, and minor
elements, such as Br, Ca, Fe, Pb, Se, and As, as nutrients for their growth and make those
elements available to growing crops [49]. Aftermarket * Harrow showed lower amounts of
tested elements than OEM * Check. Among them, Br, Pb, Se, and As presented obvious
differences. This indicated nutritive element transformation had been efficiently promoted
under the treatment of Aftermarket * Harrow to increase crop residue degradation and
canola growing, leading to a loss of the elements remaining in crop residues. Observed
from element distribution analyses, the elemental loss was accompanied by crop residue
degradation. This situation is because of the availability of trace metals as micro-nutrients,
which play an important role in crop residue decomposition by microorganisms [50].
Direct evidence on soil microorganism activities affecting multi-element transformation
is needed in future studies. Notably, Pb and As are two heavy metals commonly found
at contaminated sites. Soil microorganism activities can help remove these heavy metals
simultaneously. Pb and As still need further exploration. However, residue management
in combination with tillage practice can at least provide support for soil remediation to
remove metal pollutants.

5. Conclusions

This study demonstrated the optimal treatment with the maximum canola crop pro-
duction and the evaluation of wheat residue decomposition using different residue man-
agement systems and tillage treatments. An aftermarket chopper for residue treatment
combined with soil harrow was identified as the optimal treatment for one-year data for
our hypothesis, because it had the highest canola yields and the highest crop residue
degradation rate. Crop residue degradation was attributed to cellulose/linen hydrolysis
and supramolecular structure changes from high crystalline to amorphous cellulose, as
revealed by FTIR spectromicroscopy. Multi-element loss accompanied by crop residue
degradation was the main possible contributor to soil microorganisms revealed by SR-
XFI. FTIR spectromicroscopy and SR-XFI helped explain the crop residue degradation
mechanism and reveal degrading levels, indicating the reasonability and feasibility of
both techniques. The findings provided suggestions for selecting efficient combinations of
real-world management techniques within a western Canadian context to help maximize
canola yields. This combination could probably be applied to other provinces in Canada
and other countries with the ability to provide the techniques. The findings also verified the
feasibility of applying FTIR spectromicroscopy and SR-XFI to help reveal the crop residue
degradation mechanism. The limitation of the current study is the lack of direct evidence
on soil microorganism activities affecting crop residue degradation. Further exploration of
soil chemistry and element transfer through canola under specific treatment is also needed.
Future work will focus on extending the experiment duration to observe the long-term
effects of the applied treatments and identify an optimal treatment to achieve long-term
maximum canola crop production in western Canada.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su131810459/s1, Figure S1. Field finish in (A) harrow treatment with a 100 ft Degelman
Strawmaster Pro heavy harrow; (B) tillage treatment with a 40 ft Degelman Pro-Till high-speed disc;
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Figure S2. Sampling site after post-seeding on (A) day 28; (B) day 56; Figure S3. (A) The Canadian
light source, (B) Bruker Vertex 70v Interferometer/Hyperion 3000 IR Microscope on Mid-IR beamline,
(C) Workstation on VESPERS beamline; Figure S4. Main effect on moisture corrected yield.
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