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Effects of crop residue managements and tillage practices on variations of

soil penetration resistance in sloping farmland of Mollisols

Yijiao Wang, Jinyou Qiao, Wenyi Ji, Jian Sun, Dongxu Huo, Yupeng Liu, Haitao Chen
(College of Engineering, Northeast Agricultural University, Harbin 150030, China)

Abstract: Soil penetration resistance (SPR) is one of the major indicators of soil physical properties. Crop residue
managements, tillage practices and their interactions exert significant effects on the SPR. However, rare information is
available in the sloping farmland of Mollisols. Field experiments were conducted to investigate the variations of the SPR as
affected by crop residue managements and tillage practices on the sloping land in Northeast China from 2015 to 2019. The
split-plot experiment was arranged with two crop residue managements (removed, REM and retained, RET), and three tillage
practices (no tillage, NT; rotary tillage, RT; plow tillage, PT). SPR data in 0-80 cm soil depth was measured at the end of
harvest of maize monoculture. Results showed that the two crop residue managements induced significant variations in the
SPR at 0-15 cm, 15-30 cm and 0-80 cm soil depths under NT, RT, and PT treatments, respectively. In comparison with RET
treatment, the average values of the SPR under REM treatment were 10.9% and 8.9% higher in 45-60 cm and 60-80 cm soil
depths, respectively. The average values of the SPR under PT treatment were 12.4% and 14.1% lower in 0-15 cm soil depth,
and 23.9% and 10.4% lower in 15-30 cm soil depth than those under NT and RT treatments. However, the average value of
the SPR under PT treatment was 11.2% and 22.0% higher in 60-80 cm soil depth than those under NT and RT treatments,
respectively. The SPR generally decreased with the slope position declined in the deeper soil depth (except for the NT+RET
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treatment).

The findings from this research can provide a scientific reference for the establishment of rational cultivation and

the sustainable development of productivity on the sloping land of Mollisols in cold regions.
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1 Introduction

Appropriate soil structure and a fertile environment are the
basic conditions for ensuring good quality and high yield of crops,
and are an important guarantee for sustainable soil use. A key
factor in evaluating soil quality is soil penetration resistance (SPR),
which is one of the major indicators of the physical properties of
soil"?. Seedling emergence, nutrient absorption, root morphology,
and crop yield are significantly affected by the SPR®™.  The SPR
is influenced by factors such as the tillage system, machine
compaction, and soil water content*?,

The Mollisol region of the world makes an important
contribution to the maize production base. The amount of maize
stover has increased significantly with the increase of maize
planting area and yield. Subsequently, the removal or large-scale
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combustion of crop residues results in a serious waste of straw
resources or increased air pollution as a result of mass open
burnings of crop residues!'”.  Crop residue returning can
effectively increase soil organic matter content, reduce chemical
fertilization input, and mitigate environmental pollution!'*'?,
Furthermore, retained crop residues play a positive role in
maintaining the soil water condition, increasing the microbial
activity and growth, and controlling the soil runoff and erosion!'*'*!.
In addition to improving the soil quality, residue returning also
benefits the growth and yield of crops!'"*'®.  Widely distributed
sloping farmland is an important cultivated land resource but it is
more susceptible to soil erosion, particularly under inappropriate
soil managements in the Mollisol region!'*??.  Over-cultivation of
modern agricultural production on sloping farmland has escalated
the risk of increasing the soil degradation, thinning of the black soil
layer, thickening and hardening of the plough pan, and weakening
of the structural stability.

Some studies have been conducted to study the effects of crop
residue managements and tillage practices on the SPRI'®%
However, these studies mainly focused on the effects of the vertical
and horizontal directions of the soil profile on the SPRI**,
systematic studies have been conducted on the variations of the
SPR as affected by residue distributions and soil statuses caused by
crop residue managements and tillage practices, particularly at
different slope positions in the deeper soil depth.

In Northeast China, the slopes of Mollisols provide major

Few

farmland for maize production, and for crop residue management,
diverse methods of maize stover returning to the field have been

used after harvest. It was hypothesized that both crop residue
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managements and tillage practices may have significant effects on
the SPR due to varied slope positions.
this research was to systematically investigate the effects of crop

Therefore, the purpose of

residue managements and tillage practices on the SPR in different
soil depths of sloping land as well as to prevent the negative effects
of SPR at particular slope positions.

2 Materials and methods

2.1 Experimental field

A five-year field experiment was conducted from April 2015 to
October 2019 at Xiangyang Experimental Farm of the Northeast
Agricultural University (45°46'N, 126°55'E) in Harbin, China.
The farm is located in the southeast of the Songnen Plain, with a
continental monsoon climate. The annual average precipitation

ranges from 500 to 600 mm, and most rain occurs from May to

25014

El Rainfall .
200 4
£
£ 1504/
:_'E
S 1004
50 1
-
20154 2016.4 2017.4
Month
Figure 1
Table 1 Physical and chemical properties of test soil?®!
Parameter Value
Soil organic matter/g-kg " 245
Available phosphorus/mg-kg ™" 20.5
Available potassium/mg-kg " 100
Ammonium nitrogen/mg-kg”' 32.5
Nitrate nitrogen/mg-kg ' 14.3
Moisture content/% 36.3
pH 6.03

2.2 Experimental design and treatments
The experiment was arranged in a split-plot design, which was
implemented in strips from top to bottom and tilled along the slope.

September. The annual average temperature is approximately
3.6°C, annual average daylight is approximately 2500 h, and
annual frost-free season ranges from 135 to 140 d. Details of the
monthly mean temperature and rainfall during the experimental
period are provided in Figure 1. Test plots were located on the
relatively gentle east slope at approximately 3°.  Maize
monoculture was implemented from 2015 to 2019 growing seasons
and maize variety Hezhongl1 was planted. The average amount
of maize stover residue retained in the tested plots was
The
field was under the same conventional tillage treatment for many
The mean SPR value in a

approximately 0.95 kg/m’® during the experimental years.

years before the start of the experiment.
depth of 0-40 cm was 2.12 MPa. The test soil was silty clay loam
Mollisols and its physical and chemical properties are listed in
Table 1.

Mean temperture
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Monthly mean temperature and rainfall during the experimental period

Three tillage practices were used in the main plots: no tillage (NT),
rotary tillage (RT), and plow tillage (PT). Two crop residue
managements were used as subplots: removed (REM) and retained
(RET). Each treatment had three replicates. The detailed
information of each treatment is shown in Table 2. Experimental
plots (20 mx5.2 m with a total area of 104 m?) of each treatment
The
plots between adjacent slope positions were placed at intervals of

strip were set at the upper, middle and lower slope positions.

22 m. The maize was planted in early May each year with a ridge
spacing of 65 cm and harvested in October. The planting density,
fertilizer application rate, and field management followed local

agricultural practice for all treatments.

Table 2 Workflow of each treatment

Abbreviation Tillage practice Crop residue management Workflow
NT+REM No tillage Crop residues removed Crop residues were removed after the maize was harvested and a no-till seeder sowed seeds.
NT4RET No tillage Crop residues mulched Crop {emdues were crushed wh_en the maize was harvested. A no-till seeder sowed seeds and
the soil surface was mulched with crop residues.
RT+REM Rotary tillage Crop residues removed Crop residues were removed' after the maize was harvested. Rotary tillage to a depth of 12-
15 cm was done with a rototiller and a conventional seeder sowed seeds.
Crop residues were crushed when the maize was harvested. Rotary tillage to a depth of 12-
RT+RET Rotary tillage Crop residues shallow mixed 15 cm was done with a rototiller, crop residues were shallowly mixed in the 0-15 c¢cm soil
depth, and a conventional seeder sowed seeds.
Crop residues were removed after the maize was harvested. The soil was deeply ploughed to
PT+REM Plow tillage Crop residues removed a depth of 25-30 cm using a moldboard plow, harrowed twice with a disc harrow, and a
conventional seeder sowed seeds.
Crop residues were crushed when the maize was harvested. The soil was deeply ploughed to
PT+RET Plow tillage Crop residues deeply buried  a depth of 25-30 cm using a moldboard plow and harrowed twice with a disc harrow. Crop

residues were buried in the 0-30 cm soil depth and a conventional seeder sowed seeds.

2.3 Determination of soil penetration resistance
SPR data were collected before the maize harvest in October
2019 at the fifth year of the experiment. There was no rainfall for

five consecutive days before the SPR measurements were taken,
with the focus on the ultimate effect of the SPR under different

treatments. Therefore, the analysis of the SPR data was not
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adjusted for covariates using soil water content data. The
equipment to collect SPR values included a penetrologger
(Eijkelkamp PV6.08, Netherlands) with a test precision of 0.1 MPa,
cone, probing rod, battery charger, etc. Three cross-sections with
the same space along the diagonal direction were selected in each
plot and the measurement depth was 80 cm. The center measuring
point of each cross-section was located at the middle line between
two seedling strips. Other measuring points were symmetrically
set every 10 cm on both sides™*®).  Each cross section was 80 cm
wide with a total of 9 measuring points for all treatments. The test
rod of the penetrologger was pushed vertically downward with a
constant speed of approximately 5 cm/s and the SPR data were
automatically collected at each 1 cm interval.
2.4 Statistical analysis

The SPR values were averaged in different soil depths at each
profile to minimize the error caused by the uneven distribution of
soil characteristics. The soil layer depths were divided into 0-
15 cm, 15-30 cm, 30-45 cm, 45-60 cm, and 60-80 cm. R
Software (Version 3.6.2) was used for the statistical analysis. The
“Independent Sample T-test” was used to test whether there was a
significant difference between the two crop residue managements
under the same tillage practice. The least significant difference
(LSD) and Dunnett were used for multiple comparisons when the
variances were equal and unequal, respectively.

3 Results

3.1 Effects of crop residue managements on soil penetration
resistance

Visualization figures of the SPR were obtained by averaging
the data of repeated cross section measurements in each treatment.

Soil penetration resistance/MPa

Variations of the SPR at the cross sections using different crop
residue managements under three tillage practices are shown in
Figures 2a, 2b, 2d, 2e, 2g, and 2h. A comparison of the average
SPR values obtained from two crop residue managements in each
soil layer depth under the same tillage practice is presented in
Figures 2c, 2f, and 2i. The results showed that crop residue
managements had significant effects on SPR in some soil depths
under each tillage practice. The effect of different crop residue
managements showed a similar SPR trend as the soil depth
increased under the same tillage practice.

Under NT treatment, the SPR value of removed crop residues
was 19.2% higher than that of mulched crop residues in 0-15 cm
topsoil depth. However, in 15-80 cm soil depth, the effects of
crop residue managements did not demonstrate a significant effect
on the SPR, as shown in Figure 2c. Under RT treatment, the
effect of crop residue managements on the SPR was not significant
at 0-15 cm soil depth. In addition, the SPR value of shallow
mixed crop residues was 15.2% higher than that of removed crop
residues in 15-30 cm soil depth. Although the effects of crop
residue managements on the SPR were not statistically different in
30-80 cm soil depth, shallow mixed crop residues slowed the
increasing trend of the SPR as the soil depth deepened, as shown in
Figure 2f. Under PT treatment, the SPR between different crop
residue managements was significantly different in all soil layers.
The SPR value of deep buried crop residues was 20.8% higher than
that of removed crop residues in  0-15 cm soil depth.
Conversely, the SPR values of removed crop residues were 12.5%,
15.3%, 23.1%, and 14.0% higher than those of deep buried crop
residues in 15-30 cm, 30-45 cm, 45-60 c¢cm, and 60-80 cm soil
depths, respectively, as shown in Figure 2i.
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Note: Error bar represents mean+standard error, the same lowercase refers to no significant difference at 0.05 levels.
Figure 2 Variations of the SPR using two crop residue managements under each tillage practice

3.2 Effects of tillage practices and crop residue managements
on soil penetration resistance

Effects of tillage practices and crop residue managements on
the SPR were analyzed in each soil layer depth and the results are
listed in Table 3. This statistical approach was similar to the
method used by Zhao et al® to evaluate the effects of tillage
practices and crop residue managements on soil respiration and its
mechanism. The results indicate that the SPR generally increased
as the depth of soil layer increased, regardless of tillage practices
and crop residue managements. In comparison with RET
treatment, the average SPR values for the three tillage practices
under REM treatment were 10.9% and 8.9% higher in 45-60 cm
and 60-80 cm soil depths, respectively. Different crop residue
managements did not show a significant effect on the SPR in 0-45
cm soil depth. The average values of the SPR in 0-15 c¢cm soil
depth under NT treatment were 1.3% and 37.0% higher than RT
and PT treatments for removed crop residue, respectively.

Table 3 Effects of tillage practices and crop residue
managements on the SPR in each soil layer depth

Soil penetration resistance/MPa

Depth

/em Treatment NT RT PT Average of tillage
practices
REM 1.576* 1.556® 1.150° 1.427°
015 RET 1.322%9 1.402° 1.389™ 1.3717
Average of crop 4 4pqa 4 7g2 1 9700
residue managements
REM 2294 1.876° 1.916° 2.029%
1530 RET 2463 2.161° 1.703° 2.109°
Average of crop 5 3790 5 5190 1 gg0°
residue managements
REM 2.821° 2304° 2.655° 2.503°
3045 RET 2.936" 2276 2303° 2.505°
Average of crop 5 gzqa 5 9900 5 479
residue managements
REM 3267 2.657 3.629° 3.184%
45.60 RET 3.169°  2.493¢ 2.949% 2.870°
Average of crop 55152 5 575b 3 gt
residue managements
REM 3.136° 2.955° 3.667° 3.253°
60-80 RET 3.055° 2.691° 3.218% 2.988°

Average of crop
residue managements
Note: NT: No tillage; RT: Rotary tillage; PT: Plow tillage; REM: Crop residues
removed; RET: Crop residues retained. The same lowercase after data in the
same group refers to no significant difference at 0.05 levels.

3.006° 2.823° 3.443%

However, the difference was not significant for retained crop
residue. The average SPR value for the two crop residue
managements under PT treatment was 11.2% and 22.0% higher in
60-80 cm soil depth than the ones under NT and RT treatments,
respectively. In addition, the average values of the SPR under PT
treatment were lower by 12.4% and 14.1% in 0-15 cm depth and
23.9% and 10.4% in the 15-30 cm soil depth than those under NT
and RT treatments, respectively. The results revealed that the
SPR of PT treatment increased more obviously than that of NT and
RT treatments as the soil depth deepened, especially in the case of
removed crop residues.
3.3 Effects of slope positions on soil penetration resistance
Figures 3 and 4 show that as the soil depth deepened, the SPR
generally decreased with the slope position declined (except for the
NT+RET treatment). Overall, the SPR value at the same slope
position had a positive-linear relationship with the soil layer depth,
as shown in Figure 3. The relationship between the SPR value
and soil layer depth in each treatment was generally significant.
However, non-significant results were found at the middle and
lower plot positions under NT+RET treatment and the lower plot
RT+RET treatment. The
determination (R?) of each treatment varied with slope positions in

position under coefficient of
0-80 cm soil depth. Comparing the R? of three slope positions
under each tillage practice, the overall maximum R values were
achieved under PT treatment (R*>0.85), followed by RT treatment
(R>0.70). The minimum value was achieved under NT treatment
(R>0.50).
residues slowed the increase of the SPR as the soil depth deepened
at each slope position treated by RT and PT treatments, as shown in
Figure 3.

The effect of tillage practices and crop residue managements
on the SPR at each slope position was different as the soil depth
deepened, as shown in Figure 4. Under the condition of removed
crop residues, there were no significant differences among slope
positions only in 0-15 cm and 15-30 c¢m soil depths under RT and

Regression models demonstrated that retained crop

PT treatments, respectively. The maximum variation in the SPR
among slope positions under NT treatment was in 45-60 cm soil
depth, and the SPR value of the upper slope was 22.6% and 41.7%
higher than those of the middle and lower slopes, respectively.
The maximum variation under RT treatment was in 60-80 cm soil
depth, and the SPR value of the upper slope was 0.9% and 43.3%
higher than those of the middle and lower slopes, respectively.
There was no significant difference between the upper and middle
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slopes. The maximum variation under PT treatment was in 45-60 38.4% higher than those of the middle and lower slopes,
cm soil depth, and the SPR value of the upper slope was 14.6% and respectively.

501 50r 50r
£ £ £
= 40} ot ok
= 4.0 % 4.0 % 4.0
£ g =
Z 30 z 30 i 3.0
g g7 g7
= = =
i) 2 — 2
g 20} E20F e g 20}
£ i g il g Fecll
2,0l 7 =Upper, y=0.0295x+1.8386, R*=0.7817* 20k = Uppery=00272¢+1.4652, R=09878* 2 1l £ = Upper, y=0.0462x+1.0761, R'=0.8705"
5; o Middle, y=0.0224x+1.7416, R*=0.7833" E o Middle, y=0,0283x+1.3211, R*=0.9973* :g * Middle, y=0.0471x+0.8269, R*=0.9625*

a Lower, y=0.0263x+1.3046, R=0.9380" 4 Lower, y=0.0136x+1.3971, R*=0.9872* 4 Lower, y=0.0362v+0.9582, R'=0.9484"
0 . i il il D e 0 il i s s faar gDy 0 s s s P el e
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Soil layer depth/em Soil layer depth/cm Soil layer depth/cm
a. NT+REM b. RT+REM c. PT+REM

5.0r 50 50r
o i =
(-5 -9 -9
Z 40F = 401 Z 40}

g g g
2 30¢ 2 30F 2 30
2 2 2
g £ £
g 20} g 20r £ 20t
2 ‘ E B %
E* L = Upper, y=0.0313x+1.3071, R*=0.8771* E‘ L = Upper, y=0.0255x+1.4602, R*=0.9116" §‘ L %7w Upper, y=0.0433x-+0.7681, R*=0.9568"*
Z 10 - =10 : =10 :
2 ® Middle, y=0.0221x+1.9412, R*=0.5036 3 ® Middle, y=0.0201x+1.5295, R°=0.8385" 3 » Middle, y=0.0278x+1.3703, R'=0.9695*
4 Lower, y=0.0261x+1.4967, R*=0.7510 4 Lower, y=0.0103x+1.4981, R=0.7117 4 Lower, y=0.0235x+1.2049, R*=0.9855*
0 1 1 1 I 1 I I ] l] 1 1 i 1 1 L 1 ] l] 1 i 1 1 1 1 1 i)
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 T0 80 0 10 20 30 40 50 60 T0O 80
Soil layer depth/em Soil layer depth/em Soil layer depth/cm
d. NT+RET e. RT+RET f. PT+RET

Note: * indicates significant difference at 0.05 levels.

Figure 3 Relationship between the SPR value and the soil layer depth at three slope positions
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The maximum difference in the SPR among slope
positions under NT treatment was in 15-30 cm soil depth, and the
SPR value of the middle slope was 31.6% and 14.6% higher than
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those of the upper and lower slopes, respectively. The maximum
difference under RT treatment was in 45-60 cm soil depth, and the
SPR value of the upper slope was 15.8% and 43.6% higher than
those of the middle and lower slopes, respectively. The maximum
variation under PT treatment was in 60-80 cm soil depth, and the
SPR value of the upper slope was 15.1% and 32.8% higher than
those of the middle and lower slopes, respectively.

4 Discussion

4.1 Effects of crop residue managements on soil penetration
resistance

Results of the present study indicate that the effects of crop
residue managements on the SPR varied with differences in tillage
practice. The difference may be related to tillage practice, and
tillage practice may directly influence the soil structure as well as
degree of fragmentation and distribution of the crop residues in the
crop field®”.

It was also found that compared with removed crop residues,
NT+RET treatment significantly decreased the SPR in the 0-15 cm
surface soil depth with no significant difference below the surface
depth. Similar results were reported under the no-till treatment,
where the near-surface soil depth with covered crops and retained
residues generally had a low SPR!"'7*!1. " This phenomenon can be
explained because bare soil mulched by crop residues effectively
reduces soil exposure and alleviates the impact of multiple
compactions of operation machinery in topsoil. In addition, crop
residue mulching on the soil surface could intercept the effects of
wind and raindrops, thereby decreasing soil erosion and
maintaining soil surface structure!'>**”.  The research by
Colombi et al.l¥! showed that approximately 57% to 71% of the
total root biomass of maize was found in the top 12.5 cm soil depth
under no-till treatment, indicating that physical properties in the
topsoil depth play an important role in root growth. Therefore,
NT treatment with retained crop residue creates a more suitable
condition in the surface soil depth for the root growth of maize.

The present study found that shallow mixed crop residues
under RT treatment alleviated compactness and decreased the SPR
in the surface 0-15 cm soil depth, although the difference was not
significant. A similar result was reported by Singh and Malhi®*.
However, the effect of shallow mixed crop residues on the SPR in
the 0-15 cm soil depth was less than that of surface mulched. This
might be attributed to the fact that the crop residues on the soil
surface decomposed less rapidly and mulched crop residues could
contribute to protecting soil physical properties for a longer
period®®!. In addition, crop residues were distributed relatively
homogeneously in the tilled layer under RT+RET treatment, which
significantly increased the SPR in 15-30 cm soil depth. The
negative effect may be related to the high total soil porosity caused
by soil disturbance combined with crop residues mixed in the tilled
layer, which reduces the ability of the surface soil layer to resist
compaction. Consequently, the kinetic energy of rain, which
mostly occurs in the topsoil layer, is transferred to the soil below
the tilled layer, although the influence depth is limited™**>.

Compared with removed crop residues, there was a significant
increase of the SPR in 0-15 cm soil depth and a significant
reduction of the SPR in 15-80 cm soil depth using the PT+RET
treatment. This result is mainly due to the isolated region formed
by crop residues accumulated during the ploughing operation in the
tilled layer. The decomposition of crop residues in the isolated
region is limited because of less contact between the soil and crop
residues®®.  The isolation effect of crop residues presented in

15-30 cm soil depth for long-term would make soil compaction due
that cultivation and erosion mainly acted in the thin topsoil layer,
and this negative effect was intensified®”. The aggregation of
crop residues and soil could maintain voids between aggregates and
clods, which reduced the soil density in 15-30 cm soil depth and
relieved the compaction effect in the deeper soil layer™*®. In
addition, the tillage depth of loose soil was limited and crop
residues effectively decreased the SPR in the plow pan under PT
treatment, which could not be remediated by the ploughing
operation.

4.2 Effects of tillage practices and crop residue managements
on soil penetration resistance

Both tillage practices and crop residue managements had
significant effects on the SPR on sloping land. The high
dependence of the SPR on soil depths, tillage practices, and crop
residue managements has been widely recognized!'®*4.  Our
findings suggested that RET treatment significantly decreased the
average values of the SPR for tillage practices in the 45-80 cm soil
depth, while the SPR variation between REM and RET treatments
was not significant in the 0-45 cm soil depth. As mentioned
above, the presence of crop residues could reduce the negative
effect, relieve the transfer effect of compaction, and provide moist
soil condition. Therefore, the increase of the SPR in the deep soil
depth was mitigated regardless of whether the crop residues were
mulched, shallowly mixed, or deep buried. @ However, the
differences were not always significant under various tillage
practices.

Many studies have indicated that the SPR under the no-tilled
practice is higher than that under the tilled practice. The soil
disturbance caused by the tillage operation destroyed soil
aggregates and thus decreased the SPRI').  Results of the
present research also indicated this phenomenon in 0-15 cm soil
depth for removed crop residues. However, no significant
difference was found between no-tilled and tilled practices in the
surface layer for retained crop residues. The reason for this
phenomenon can be explained by the interaction of crop residue
managements and tillage practices®. studies
demonstrated that traffic and compaction of working machinery
wheels were absorbed and weakened by crop covering, which also
provided wetter soil conditions®*®).  Cassel et al.*! found that the

Previous

SPR was not affected by tillage practices under the condition of
retained crop residues, as the mechanical disruption was short-lived
on bare soil and the surface seal was reformed by moderate or
intense rainfall.

A significant increase of the SPR under PT treatment was
observed as the soil depth deepened, especially for removed crop
residues. Although there was a loosening effect in the disturbed
soil layer under the tillage operation, the tillage effect might be
extended to undisturbed soil layers. This may be because the PT
treatment resulted in more serious compaction of soil and the
pressure wave from machine traffic and cultivation could affect the
soil up to a depth of 65-80 cm®). PT treatment for five years
induced a plough pan below the ploughing soil. The compacted
layer increased over time, extending to a deeper soil depth. The
inhibitions of water infiltration and root penetration in the plough
pan were not conducive to the alleviation of SPR in the deep soil
depth™®.  Previous studies showed that excessive tillage practices
broke the compactness and disrupted the soil aggregates of the
tilled soil layer, yet caused denser compactness in the region below
the tilled layer'®*!. A study conducted by Kabiri et al.''! showed
that soil density was higher under an inversion tillage treatment,
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which was most likely due to the significant disruption of soil
macroaggregates and subsequent compaction in the surface layer.
Minimized tillage disturbance and mulched or mixed crop residues
could increase the organic carbon pool and biodiversity of the soil
and stabilize soil aggregates, thus providing a positive effect on the
soil quality in the deep layer>**.

4.3 Effects of slope positions on soil penetration resistance

The SPR generally decreased as the slope position declined,
irrespective of tillage practices and crop residue managements,
indicating that differences of the SPR could be induced by spatial
variability. This result was consistent with Jung et al.l*, who
reported that the SPR was not only affected by vehicular traffic,
plant residue, tillage, and rotation but also by the landscape
position and their interactions. The linear regression results
showed that the SPR increased more significantly as the soil depth
deepened at the upper slope under PT treatment, suggesting that
heavy tillage might worsen the soil condition, especially at the
upper slope!®.

Researches have indicated that NT treatment increased
aggregate stability and ensured less slaking on sloping land due to
undisturbed soill'**?.  In addition, NT treatment has demonstrated
effectiveness in controlling soil erosion and runoff, increasing
water infiltration, enhancing the concentration of soil organic
matter, improving soil biological activity, and saving energy!"***.
However, our results indicated that NT treatment combined with
mulched crop residues was more stable to the response of spatial
variation of the SPR, reducing the process of soil degradation and
improving soil quality!®®. Gholami et al.l'”! verified that mulched
crop residues on sloping land protected soil surface aggregates
from the direct impact energy of raindrops, prevented soil
detachment, and increased surface roughness, which maintained
soil surface structure and reduced splash erosion and runoff.
Previous studies also demonstrated that no tillage and retained crop
residues increased contents of soil organic carbon and total
nitrogen in the soil macroaggregates, and the addition of organic
matter improved soil aggregation processes as a result of the
organic matter acting as a binding agent for soil aggregation!*’**],

There was no significant difference among the three slope
positions in the 0-30 cm soil depth under RT+RET treatment.
This result was consistent with the recent study conducted by Yan
et al.®®), which demonstrated that NT treatment was better than RT
treatment in the maintenance of soil structure on hillslope cropland.
Blanco-Canqui and Ruis *” reported that even slight or shallow
disturbance might adversely affect the stability of the soil structure.
In this study, it was also confirmed by the variation of the SPR
under tillage practices on the sloping land, while shown in the deep
soil layer. In addition, RT+RET treatment resulted in less
disruption than PT treatment and greater surface roughness than
soil exposure. Additionally, the high contact area between the soil
and crop residues in the topsoil layer caused higher availability of
soil organic matter®®.  As a consequence, these conditions
improved the stability of soil aggregates and decreased soil erosion
in the shallow layer on the sloping land®*>*%%%,

The slope position had significant effects on the SPR in each
soil layer depth under PT treatment, even after the residues were
retained in the field. Some research indicates that there is high

variability in soil physical properties under the ploughing operation.

This is because deep tillage breaks the soil pore continuities and
destroys large soil aggregates, thereby increasing the likelihood of
particle slaking and pore clogging!®**.  The bare and loose soil
under the intensive tillage encountered more serious soil erosion on

the sloping land whether the crop residues were retained or not,
which led to a decrease in the stability of the soil structure!'®*.
In addition, the increase of soil roughness and looseness caused by
tillage showed a limited duration, and the bare soil promoted new
surface crust and recompaction. This intensified the runoff from
the upper to lower slope and greatly reduced the water infiltration
of the sloping land®Y. As a consequence, the difference of the
SPR among various slope positions was further increased due to
different soil water contents!”. In comparison with removed crop
residues, deep buried crop residues under PT treatment not only
reduced the SPR in the deep soil layer, but also decreased the
maximum difference of the SPR among slope positions by 21.6%
(from 1.16 to 0.91 MPa). Deep buried crop residues under PT
treatment showed higher concentrations of soil organic carbon and
total nitrogen, and enhanced activities of various soil macro- and
micro-organisms, which helped to improve the stability of soil
aggregates below the tillage region***,

5 Conclusions

This research evaluated the effects of two crop residue
managements and three tillage practices on the SPR under different
slope positions. Our findings suggested that the direct influences
of tillage practices on the diverse distributions of crop residues and
soil structures led to differences in the SPR. Residue
managements had significant effects on the SPR under NT, RT, and
PT treatments for the soil depths of 0-15 cm, 15-30 cm, and 0-
80 cm, respectively. In general, retained crop residues exhibited
an alleviated effect on the increase of the SPR as the soil depth
deepened. In comparison with RET treatment, the average values
of the SPR under REM treatment were 10.9% and 8.9% higher in
45-60 cm and 60-80 cm soil depths, respectively. The increase of
SPR with PT practice was higher than that with NT and RT
practices as the soil depth deepened, especially for removed crop
residue. The SPR generally showed a decreasing trend with the
decline of slope position as the soil depth deepened, regardless of
the crop residue managements or tillage practices. The sensitivity
of NT+RET treatment dramatically declined with varied slope
positions.
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