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Abstract. No tillage was introduced to Northeast China to
prevent the soil degradation caused by conventional tillage sys-
tems. However, there are concerns that no tillage will result in soil
mechanical impedance. In this study, we investigated the effects of
conventional tillage and no tillage on soil strength properties using
a long-term field study initiated in 2011 on a silt clay loam soil.
In 2018 and 2019, soil bulk density, water content, the degree of
compactness, and penetrometer resistance were measured before
tillage and after planting, and also, the changes in soil profile water
content and penetrometer resistance were monitored during dry-
ing periods. Results showed that conventional tillage led to the
formation of a compacted zone beneath the cultivated layer, with
higher bulk density, degree of compactness, and penetrometer
resistance values. After converting from conventional tillage to no
tillage for 8 to 9 years, the bulk density, penetrometer resistance,
and degree of compactness were increased to a moderate extent in
the topsoil but were lowered in the subsurface soil. During drying
periods, as compared to conventional tillage plots, the no tillage
plots maintained higher water contents, which resulted in lower
penetrometer resistances below a 15 cm depth and the later arrival
of the threshold penetrometer resistance of 2 MPa. Long-term no
tillage alleviated subsoil compaction and retarded drought-induced
soil strength development.
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INTRODUCTION

Subsoil compaction induced by improper tillage opera-
tions and the growing weight of machinery is becoming
a major threat to sustainable crop production worldwide
(Hamza and Anderson, 2005; Cao et al., 2017; Pulido-
Moncada et al., 2019). Subsoil compaction increases soil
bulk density (p,) and penetrometer resistance (PR), it leads
to poor soil aeration, reduced hydraulic conductivity, and
also restricts root proliferation and distribution (Batey,
2009; Schjenning et al., 2013; Bjorklund et al., 2016; Obour
et al., 2017), and hence adversely affects crop growth and
development (Hamza and Anderson, 2005; Arvidsson and
Hakansson, 2014). As opposed to topsoil compaction that
may be relieved by ploughing, soil quality degradation
due to subsoil compaction is more persistent (Etana and
Hakansson, 1994; Hékansson and Reeder, 1994). In general
terms, subsoil compaction is identified indirectly by meas-
uring p,, PR, hydraulic conductivity, and air permeability
(Batey and McKenzie, 20006), or alternatively, it is assessed
directly through the visual evaluation of subsoil structure
(SubVESS) in the field (Obour et al., 2017). Among the mul-
tiple characterization methods, the measurement methods of
p» and PR are frequently adopted due to their simplicity and
ease of operation (Hamza and Anderson, 2005).
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The Mollisols, which cover a large land area of
Northeast China, produce more than 40% of the national
maize in China (Cai et al., 2014). The prevalent long-term
conventional tillage (CT) system, which consists of remov-
ing crop residue, rotary tillage, ridging, and packing each
year, has however led to soil degradation as indicated by
the loss of soil organic matter (SOM), soil structure dete-
rioration, and soil erosion by wind and water (Liang et al.,
2010; Liu et al., 2010). There are also concerns that the
intensive usage of machinery associated with long-term
CT has resulted in a shallow soil rooting depth, and the
formation of a plough pan underneath the cultivated layer
(Cai et al., 2014; Wang et al., 2017; Feng et al., 2018). In
recent years, deep ploughing and subsoiling have been pro-
moted as the mainstream techniques used to alleviate the
adverse effects of the CT system (Cai et al., 2014; Wang et
al., 2017). These tillage practices, however, are time-con-
suming and labour-intensive, and the benefits are usually
short-lived (Olesen and Munkholm, 2007). Moreover, deep
ploughing leads to the breakdown of soil aggregates, stimu-
lates SOM decomposition, and often increases the risk of
soil erosion (Liu et al., 2010).

Alternatively, with minimal soil disturbance and year-
round crop residue coverage on the soil surface, conservation
tillage systems (i.e., no tillage, NT) may be introduced as
viable alternatives to the CT system for sustainable maize
production in Northeast China, that is because these sys-
tems are effective at increasing soil organic carbon content,
water-holding capacity, and aggregate stability (Alvarez and
Steinbach, 2009; Soane et al., 2012; Zhang et al., 2015), and
also reduce soil erosion (Yang et al., 2003; Lal et al., 2007).
Eventually, the NT system may produce higher crop yields
than the CT system (He et al., 2011, Zhang et al., 2015;
You et al., 2017). However, there are doubts about whether
the NT system can mitigate soil compaction and reverse soil
degradation caused by intensive long-term CT operations
(Zhai et al., 2017; Zhang et al., 2017).

In theory, long-term NT soils are less likely to be com-
pacted than CT soils because of (1) the minimal usage of
vehicular traffic (Hernandez et al., 2019); (2) the buffer-
ing effect of surface mulch on wheel traffic (Blanco-Canqui
and Lal, 2007); (3) the increase in SOM concentration,
which makes the NT soil more resilient to traffic-induced
compaction (Blanco-Canqui and Ruis, 2018). However,
after conversion from CT to NT systems, the changes to
soil properties are gradual, and a transitional period (about
3-5 years) is usually required to convert the CT system
into a fully functional NT system (Moreira et al., 2016;
Castellini et al., 2019). During the transitional phase,
greater soil strengths (i.e., increased p, and PR) are often
observed (Gao et al., 2016; Blanco-Canqui and Ruis, 2018).
As the short transition elapses, progressive improvements
in soil properties will emerge because the new system pro-
vides the same ecosystem services as the “true” no-tillage
methods (Grigar et al., 2018). For example, Vogeler et al.
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(2009) observed an increase in p, at the initial transition
from CT to NT, but a lower or equal p, value after 6 years.
Reichert ef al. (2016) reported similar results, i.e., the ini-
tial physical conditions of the topsoil layer under the NT
treatment could be worse than that under the CT system but
improved gradually with time and the benefits were even
transferred to the deeper layers. Grigar et al. (2018) pointed
out that long-term NT soils had more pore space and lower
p, values than those of the CT soils. In order to formulate
an appropriate soil management strategy, it is important to
assess the changes to soil physical properties by using long-
term tillage experiments.

In Northeast China, due to the lack of the long-term
field tillage experiments, little is known about the effects of
converting from CT to NT on soil mechanical impedance,
and how soil strength varies under continuous wetting
and drying processes. Our objective in this study was to
investigate the changes to soil strength parameters (i.e., p;
and PR) after the conversion from CT to NT in a Mollisol
based on a long-term tillage experiment. We hypothesized
that (1) the long-term NT system would have the ability
to alleviate subsoil compaction due to minimal soil distur-
bance, surface cover, alterations in soil physical processes
(i.e., wetting/drying cycles, and freezing/thawing cycles),
and enhanced bioturbation; (2) during prolonged drying
periods, the soil under long-term NT would be resilient to
changes in soil strength due to the favourable and stable
soil moisture condition.

MATERIALS AND METHODS

The field experiment was conducted at the Lishu
Experimental Station (43°16'N 124°26'E) of China
Agricultural University, located in Lishu County, Jilin
Province, China. The site has a sub-humid temperate mon-
soon climate, which is dry and windy in spring and hot and
rainy in summer. Over the past 30 years, the average annual
temperature has been 5.9°C, and the annual precipitation
has been 556 mm with more than 73% occurring from June
to September. The main crops in this area are maize (Zea
mays L.) and soybean (Glycine max L. Merr.), and mono-
cropping maize is the prevalent cropping system. The soil
has assilt clay loam texture consisting of 24.1% sand, 44.9%
silt, and 31.0% clay in the 0-20 cm layer (Table 1). Prior to
the initiation of the field experiment, conventional tillage
had been practiced continuously for more than 30 years.

The experiment was established in 2011 as a rand-
omized split-plot design with three tillage treatments (main
plots: CT, conventional tillage; NT, no tillage; RT, rota-
tional tillage) and three crop rotation systems (subplots:
continuous maize, maize-soybean 2-year rotation, and
maize-maize-soybean 3-year rotation). Each tillage treat-
ment was repeated three times, with a total plot number
of 27. The plot size was 21.6 by 63 m. In this study, the
CT and NT plots under continuous maize were selected to
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Table 1. Soil particle size distribution, organic matter (OM) content and reference bulk density (p,.,) of the 0-40 cm soil layer under

the conventional tillage (CT) and no tillage (NT)

Soil particle size distribution (g kg ')

Tillage Soil layer oM Pref
system (cm) Sand (2.0-0.05 mm) Silt (0.05-0.002 mm) Clay (<0.002mm) (gkg!)  (gem?)
CT 0-5 237.8 448.7 3135 21.13 1.66
5-10 2435 447.8 308.7 20.04 1.67
10-20 2443 449 4 306.3 14.99 1.69
20-40 206.2 443.7 350.1 10.08 1.68
NT 0-5 244.4 440.1 3155 30.88 1.63
5-10 240.1 455.4 304.5 17.97 1.68
10-20 234.0 452.1 3139 14.74 1.68
20-40 210.1 4433 346.6 9.74 1.68

investigate the effects of tillage treatments on soil strength.
The CT treatment consisted of: (1) post-harvest removal of
above-ground maize residue; (2) spreading fertilizers on the
soil surface, followed by rotary tillage to a depth of about
10 to 12 cm, and making ridges (20 cm wide, 12-15 cm
high, with 60 cm spacing between adjacent ridges) with
a machine in early May; (3) firming the seedbed with a field
roller; (4) planting maize on the raised beds. For the NT
plots, the field operations included: (1) harvesting maize
with a combine, leaving 30 to 40 cm long standing stub-
ble, and the rest of the maize residue was spread evenly
in the field; (2) planting maize in spring with a no-tillage
seeder, which completed planting, fertilizer application
and packing in one pass. In both 2018 and 2019, the tillage
operation was conducted on May 8, and maize was planted
on May 10. The precipitation rate was monitored with a tip-
ping bucket rain gauge (Model AV-3665R, Yugen Scientific
Limited, Beijing, China) located nearby the field plots.

In order to examine the effects of tillage and planting
operations on soil strength properties, p,, PR, and volumet-
ric water content (6,) were determined before tillage (on
April 27 of 2018 and April 29 of 2019) and after the maize
was planted (on May 31 of 2018 and May 16 of 2019) in
spring. Intact soil cores were collected with 100 cm’ stain-
less steel cylinders from the 0-5, 5-10, 10-20, 20-30 and
30-40 cm soil layers. A total of 30 samples (2 treatments
x 5 layers x 3 replications) was collected each time. The
samples were sealed tightly with plastic wrap and brought
back to the laboratory to determine p, and gravimetric water
content (0,). Additionally, an SC900 Soil Compaction
Meter (Field Scout™ SC900, Spectrum Technologies Inc,
Aurora, Colorado, USA) was used to determine the PR dis-
tribution with soil depth. The SC900 meter was positioned
in the crop zone, and PR values were measured at a 2.5 cm
interval in the 0 to 45 cm soil profile. Each time, four repli-
cated PR measurements were made for each treatment.

The changes to soil profile strength and the extent to
which they were affected by tillage treatment were inves-
tigated by measuring PR changes during two long-term
drying processes in 2018 (from July 15 to 25, 5 times) and
2019 (from July 2 to 16, 5 times). Meanwhile, undisturbed
soil samples were collected from the 0-5, 5-10, 10-20,
20-30 and 30-40 cm soil layers at the locations where PR
was measured, and then oven-dried at 105°C for 48 h to
determine the soil water contents.

In the laboratory, the intact soil cores collected in the field
were oven-dried at 105°C for 48 h to a constant weight. Soil
p» was calculated by dividing the dry mass of the soil by the
cylinder volume (100 cm’), and 6,, was obtained as the ratio
of the mass of lost water to the dry soil mass. Finally, 0, was
estimated as the product of p, and 0,,. Additional disturbed
soil samples were collected to determine soil particle-size
distribution following Gee and Or (2002) and organic mat-
ter content following Nelson and Sommers (1982).

The degree of compactness (DC) was used as a param-
eter to describe the state of soil compaction:

P (1)
Pref
where: DC is the degree of compactness (%), p, is the meas-
ured (field) bulk density (g cm™), and p,,; is the Proctor
reference bulk density (g cm™) that was estimated follow-
ing Naderi-Boldaji et al. (2016):

DC =

100,

Pref = 1.90 — 3.42107°0M — 5.29 107 CC', (2)

where: OM is the soil organic matter content (g kg') and
CC is the clay content (g kg ').

The #-test was applied to assess the effects of tillage
treatments and soil drying on soil physical parameters (p,,
0,, and PR) using the SPSS statistics 22.0 software (IBM
SPSS, 2013). The differences were considered statistically
significant at the p<0.05 level.



300

RESULTS

Figure 1 presents the monthly precipitation of the exper-
imental site from April to September. The total precipitation
was 499.6 mm in 2018 and 539.2 mm in 2019, it is 5.8 and
14.1% higher than that of the 30-year average (472.4 mm).
However, precipitation varied considerably among the dif-
ferent seasons and between the two years. For example, the
total precipitation in May 2018 was 35.8 mm, which was
32.5% lower than the 30-year average (53.0 mm), while the
total precipitation in May 2019 (115.4 mm) was 118% higher
than the 30-year average. For both years, the monthly pre-
cipitation in July was about the same as that of the 30-year
average. Yet, in terms of daily values, the precipitation in
July varied significantly. In July 2018, two heavy rainfalls
on July 12 (52.4 mm) and July 26 (59.4 mm) (Fig. 1a)
accounted for more than 80.5% of the total monthly precipi-
tation (138.8 mm). Similarly, the accumulated precipitation
from July 25 to 30 in 2019 was 101.8 mm, which accounted
for about 78.2% of the total monthly precipitation.

Soil texture under the CT and NT treatments were simi-
lar in the 0 to 40 cm soil layer (Table 1). For example, in
the 0-20 cm soil layer, the sand and clay contents of the CT
treatment were 241.9 and 309.5 g kg', respectively, and
the corresponding values of the NT treatment were 239.5
and 311.3 gkg ', respectively. For both treatments, the clay
contents of the 20 to 40 cm soil layer (350.1 for CT and
346.6 gkg ' for ZT) were higher than that of the 0 to 20 cm
layer (Table 1). This may lead to substantial differences in
soil mechanical behaviours because soil texture has a sub-
stantial effect on the mechanical properties during wetting
and drying processes.

The soil physical environments may differ considerably
under CT and NT treatments due to the variations in surface
cover and mechanical disturbance to soil structure. In this
section, the changes to soil bulk density (p,), water content
(0,), penetrometer resistance (PR), and degree of compact-
ness (DC) were examined before soil tillage and after maize
planting in the spring seasons of 2018 and 2019.

Fig. 1. Monthly precipitation at the experimental site from April to
September in 2018 and 2019 as compared with that of the 30-year
average. The subplots (a) and (b) show the daily precipitation from
July 10t026in 2018 and from June 30 to July 16 in 2019, respectively.
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In general, long-term NT management significantly
changed the p, values of the 0-20 cm soil layer. In both
2018 and 2019, either before tillage (Figs 2a and 3a) or
after planting (Figs 2b and 3b), NT had significantly higher
p, values than CT in the 0-10 c¢m soil layer, and the oppo-
site was true for the 10-20 cm soil layer where significantly
greater p, values were observed in the CT plots. In the
20-40 cm soil layer, soil p, values ranged from 1.42 to
1.47 g cm™, and no significant differences were observed
between the NT and CT treatments.

The CT treatment displayed a significant variation in p,
values with soil depth in both years: It was low in the tilled
soil zone, and increased linearly with depth, reached its max-
imum value (1.58 gcm ™ in 2018 and 1.52 g cm ™ in 2019) at
about the 15 cm depth, decreased gradually to a value about
1.44 g cm, and remained almost constant thereafter. By con-
trast, the NT treatment had a relatively low p, value (ranging
from 1.28 to 1.36 g cm ) in the 0 to 5 cm soil layer as com-
pared to the deep layers, but had relatively small p, changes
(ranging from 1.44 to 1.49 g cm™ in 2018 and from 1.42 to
1.45 gem™ in 2019) at soil depths below 5 cm. Clearly, long-
term rotary tillage under CT created a compacted layer just

Fig. 2. Comparisons of soil bulk density (p,), water content (,),
and penetrometer resistance (PR) between conventional tillage
(CT) and no tillage (NT) measured before tillage (a, c, €) and after
planting (b, d, f) in 2018. The symbol * indicates significant dif-
ference (p<0.05) between CT and NT at the same soil depth.
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below the loose topsoil. After converting from CT to NT for
8 to 9 years, however, the compaction zone in the subsurface
layer had diminished.

The tillage and planting operations under the CT treat-
ment also induced significant temporal p, variation in the
tilled soil layer. In 2018, for example, the 0 to 10 cm soil
layer under CT had an average p, value of 1.25 g cm ™ before
spring tillage, and the corresponding p, value was reduced
to 1.11 g cm after planting. In April 2019 (i.e., before till-
age), the corresponding p, value of the 0 to 10 cm soil layer
was increased to 1.29 g cm . By contrast, no significant sea-
sonal p, variation was observed under the NT treatment. In
the deeper soil layers (>10 cm), short-term soil mechanical
disturbance and planting operations produced insignificant
effects on temporal p, changes for both CT and NT treatments.

Either before tillage or after planting, NT produced sig-
nificantly higher 6, values than CT in the 0 to 20 cm soil
profile in both years (Fig. 2c and 2d; Fig. 3c and 3d). In
2018, the average 0, values of the 0 to 20 cm soil layer under
the NT treatment were 31% (before tillage) and 17% (after
planting) higher than those under the CT treatment. In 2019,
the corresponding 6, values of the NT treatment were 50%
(before tillage) and 35% (after planting) higher than those

Fig. 3. Comparisons of soil bulk density (p,), water content (0,),
and penetrometer resistance (PR) between conventional tillage
(CT) and no tillage (NT) measured before tillage (a, c, ¢) and after
planting (b, d, f) in 2018. The symbol * indicates significant dif-
ference (p<0.05) between CT and NT at the same soil depth.

301

under the CT treatment. At soil depths greater than 20 cm,
the NT treatment tended to produce higher 0, values than CT,
but no statistically significant 6, differences were observed
between the two tillage treatments, except for April 29, 2019
when the 0, value of the NT treatment was significantly high-
er than that of the CT treatment in the 30 to 40 cm soil layer.

The two tillage systems displayed consistent PR differ-
ences before tillage and after planting in both 2018 (Fig. 2e
and 2f) and 2019 (Fig. 3e and 3f). In the case of the meas-
urements obtained before soil tillage, the NT treatment had
significantly higher PR values than those of the CT treatment
in the 0 to 10 cm soil layer. At soil depths greater than 10 cm,
the PR values under the CT treatment tended to be higher
than those of the NT treatment, and the differences were
mainly significant around the 20 cm depth. A similar trend
was observed in the measurements obtained after planting,
but the dividing depth moved from 10 cm down to about
12.5 cm, i.e., the NT treatment produced higher PR values
than those of the CT treatment in the 0 to 12.5 cm soil layer
and the trend was reversed at soil depths below 12.5 cm.

It is worth noting that the shapes of the PR vs. depth
curves differed considerably between the two tillage sys-
tems. For the NT treatment, PR increased rapidly with depth
in the 0 to 10 cm soil layer, but only very minor changes
were observed at greater depths (Figs 2e, 2f, 3e, and 3f).
For the CT treatment, the PR vs. depth curve showed three
distinct stages: PR increased gradually with depth in the 0
to 10 cm layer, very rapidly in the 10 to 17.5 cm layer, and
then increased slightly (Figs 2f and 3e) or varied little with
soil depth (Figs 2¢ and 3f).

The variation in DC vs. soil depth generally followed
similar trends to that of p, changes in both 2018 and 2019
(Table 2). For the CT treatment, the DC values were relatively

Table 2. Comparisons of degree of compactness (DC) between
conventional tillage (CT) and no tillage (NT) measured before
tillage and after planting in 2018 and 2019

Degree of compactness (DC, %)

Sampling Tillage

time system 0-5 5-10 10-20  20-30  30-40
(cm)

Before tillage

2018 cT 70 80° 94° 85° 86"
NT  79° 86" 89" 86" 86"

2019 cT 73 81° 90* 87" 86"
NT  82° 85* 86" 86" 85*

After planting

2018 CT o64° 70° 9la 85* 87"
NT  82° 86" 87" 86" 87"

2019 CT 62° 70° 90a 86" 85°
NT  &4° 86" 86" 85* 86"

Different letters in the same column indicate significant difference
(p<0.05) between CT and NT for the same sampling time.
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low and varied considerably (from 62 to 81) in the 0 to 10 cm
soil layer and relatively stable (from 85 to 87) in the deeper
layers (20-40 cm), and the maximum value (from 90 to 94)
was obtained in the 10 to 20 cm soil layer. For the NT treat-
ment, by contrast, relatively low DC values (from 79 to 84)
were obtained in the 0 to 5 cm soil layer, and the other soil
layers (>10 cm) generally had relatively stable DC values
(from 85 to 89). Additionally, the tillage and planting opera-
tions of the CT system decreased the DC values in the 0 to
10 cm soil layer (Table 2). However, the planting operation of
the NT treatment did not cause significant changes in soil DC.

Under field conditions, the wetting/drying process is
a key factor that alters soil strength and mechanical prop-
erties. The variations in soil profile 6, and PR in response
to soil drying were compared under the contrasting tillage

Fig. 4. Changes in soil water content (6,) and penetrometer resist-
ance (PR) under conventional tillage (CT) and no tillage (NT)
during a drying process in 2018. The symbol * indicates significant
difference (p<0.05) between CT and NT at the same soil depth. The
shadowed area represents the 0, difference between NT and CT.
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systems. A heavy rainfall (52.4 mm) occurred on July 12,
2018, followed by a 13-day drying period with only a 1 mm
rainfall (Fig. la). Similarly, a prolonged drought event
occurred from July 2 to July 16, 2019, during which there
was only 4.4 mm of rainfall (Fig. 1b).

When the soil was subjected to drying, generally the PR
value increased with decreasing 6, under both CT and NT
treatments (Figs 4 and 5). The rate of soil water loss and the
corresponding changes in PR, however, varied substantially
between the two tillage treatments. At the beginning of the
drying process on July 15,2018, both CT and NT treatments
had high water contents: from the soil surface to the 40 cm
depth, 0, ranged from 0.25 to 0.35 cm’ cm® under the CT
treatment and varied from 0.32 to 0.37 cm’ cm® under the

Fig. 5. Changes in soil water content (6,) and penetrometer resist-
ance (PR) under conventional tillage (CT) and no tillage (NT)
during a drying process in 2019. The symbol * indicates significant
difference (p<0.05) between CT and NT at the same soil depth. The
shadowed area represents the 60, difference between NT and CT.
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NT treatment (Fig. 4). In the 0 to 10 cm soil layer, the NT
treatment had significantly higher 0, values than those of
the CT treatment.

Under this high-water content condition, the soil profile
PR values were low (with maximum PR values of 1.21 and
1.38 MPa for NT and CT, respectively), and significant dif-
ferences between the two treatments appeared in the 0 to
12.5 cm soil layer, where NT had greater PR values than
those of CT (Fig. 4). At soil depths greater than 12.5 cm,
CT tended to have higher PR values than NT, but the dif-
ferences were not statistically significant except at a soil
depth of 25 cm.

At the early drying stage, soil water loss in the CT
treatment occurred far more rapidly than those in the NT
treatment (Figs 4 and 5). From July 15 to July 21, 2018, the
0, values of the CT treatment were reduced by 37, 36, 33,
14, and 15% in the 0-5, 5-10, 10-20, 20-30, and 30-40 cm
soil layers, respectively, and the corresponding 0, reduc-
tions of the NT treatment were 18, 18, 12, 10, and 13%,
respectively. The more rapid loss of soil water under the
CT treatment induced a more rapid increase in the peak PR
value as compared to the NT treatment (Figs 4 and 5). For
example, under the NT treatment, with an 18% decrease in
0, from July 15 to July 21, 2018, the PR value was increased
by 35% (from 1.16 to 1.57 MPa) at the 7.5 cm soil depth.
During the same period, the 6, of the CT treatment was
decreased by 33% at the 20 cm depth, and the PR value was
increased by 93% (from 1.24 to 2.39 MPa). In addition, as
compared to the NT treatment, the CT treatment had lower
PR values at soil depths above 12.5 cm, but larger PR val-
ues at soil depths greater than 17.5 cm.

With further drying of the soil, the rate of water loss
from the NT plots exceeded those of the CT plots, which
was reflected in the greater 6, decrease under the NT treat-
ment (12% in NT vs. 8% in CT) in the 0-40 c¢m soil layer.
Accordingly, the PR values of the NT treatment increased
rapidly, while the rate of PR change of the CT treatment
seemed to be slowing down. For example, from July 21
to July 25, 2018, the soil PR of the NT treatment was
increased by 104% (from 1.59 to 3.24 MPa) at the 10 cm
soil depth, whereas the PR of the CT treatment at the 20 cm
soil depth was increased by 46% (from 2.39 to 3.49 MPa).
Even so, when severe drought occurred on July 25, 2018,
the maximum PR value of the CT treatment (3.59 MPa)
was 11% higher than that of the NT treatment (3.24 MPa).

Similar changes in 0, and PR appeared during the drying
period in July 2019 (Fig. 5). At the initiation of the drying
process (July 2), both NT and CT had high soil water con-
tents, and the 0, and PR values of the NT treatment were
significantly higher than those of the CT treatment in the
0 to 10 cm soil layer, but no significant 8, and PR differ-
ences were observed between the two tillage treatments
at soil depths greater than 12.5 cm. In the early drying
stage (i.e., from July 2 to July 8), the CT treatment had
a more rapid soil profile 0, loss and also a more rapid PR
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increase than the NT treatment. Under the CT treatment,
for instance, with a 20% decrease in soil profile 0,, the PR
was increased by 100%. For the NT treatment, the average
0, of the soil profile was decreased by 6%, and the average
PR was increased by 49%. With further soil drying from
July 8 to July 16, both tillage treatments showed a rapid PR
increase, with PR values as high as 3.92 MPa (at 7.5 cm)
under NT and 4.39 MPa (at 20 cm) under CT on July 16.

DISCUSSION

The state of soil compactness, which can be character-
ized by its p,, PR, and DC values (Batey and McKenzie,
2006; De Oliveira et al., 2016), is of vital importance to
crop growth. While soil compaction increases p, and
PR, and restricts water movement and air flow, and thus
adversely affects root growth and crop yields (Bengough
and Mullins, 1990; Hamza and Anderson, 2005; Arvidsson
and Hékansson, 2014), an extremely loose soil could
reduce root-soil contact and also has negative effects on
root growth (Reichert et al., 2009). Many studies have
shown that a soil PR greater than 2 MPa negatively affects
root growth and crop yield (da Silva et al., 1994; Bueno
et al., 2006; Bengough et al., 2006, 2011). Reichert et
al. (2009) pointed out that the highest crop yields were
usually obtained with a DC value of between 80 and 90.
Nascimento et al. (2019) used relative bulk density, which
may be expressed as the DC value we used herein to evalu-
ate the state of soil compaction. According to Nascimento
et al. (2019), soils with DC values greater than 90 are
considered to be compacted, and soils with DC values of
between 80 and 90 are normal and produce no impedance
to root growth. Thus, herein we used a PR value of 2 MPa
and a DC value of 90 as the threshold values to assess the
state of soil compactness under the long-term application of
CT and NT systems.

Our results showed that conversion from CT to NT
generally increased the p,, PR, and DC values of the
0-10 cm soil layer (Figs 2 and 3, Table 2), thereby indi-
cating a greater topsoil compactness under the NT system.
However, the measured increase in topsoil compaction was
relatively small, since all of the PR and DC values under
the NT treatment were lower than the critical values (PR
value of 2 MPa and a DC value of 90) except under severe
drought conditions. Similar results were also reported by
Blanco-Canqui and Lal (2007). Their regional assessment
of soil compaction showed that the long-term NT system
did indeed cause moderate increases in soil compaction
but this was not likely to adversely impact crop production
because the values of compaction indicators were below
the high threshold levels of compaction.

In comparison with the NT treatment, the long-term
application of CT increased p, and DC values significantly
in the 10 to 20 cm soil layer (Figs 2 and 3, Table 2). The
abrupt increase in PR beneath the tilled layer indicated that
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the long-term application of CT had resulted in a compact-
ed zone in the subsurface layer, which agreed with some
previous findings (Chen et al., 2005; You et al., 2017).
For the NT treatment, in contrast, relatively lower p, and
DC values were observed in comparison to those of CT
in the 10 to 20 cm soil layer, and there was no distinctive
boundary (where soil PR increased suddenly) in PR meas-
urements between the top and the subsurface layers (Figs 2
and 3, Table 2). Thus, the intensively tilled soil was more
susceptible to compaction, while the long-term application
of NT had effectively alleviated soil compaction in the sub-
surface layer. Under an intensive tillage system, frequent
soil disturbance generally leads to degradation of the soil
structure due to the breakdown of aggregates and the dis-
persion of clay particles (Keller et al., 2013). The degree
of degradation is determined by, in addition to tillage tech-
nique and crop rotation, the interaction of several factors
(e.g., soil texture, mineralogical composition, water con-
tent, bulk density, and penetrometer resistance). Similar to
our results, Hernandez et al. (2019) observed a sudden PR
surge at the 20 cm soil depth under plough tillage, while the
PR values under the NT treatment were generally consist-
ent around the 20 cm depth and were significantly lower
than those produced by plough tillage. They suggested that
plough tillage had formed a hardened pan below the plough
depth while long-term NT application avoided subsurface
compaction. This may be explained by the fact that (1) with
less traffic in the field, the NT system avoided subsurface
compaction from farm machinery (Hernandez et al., 2019);
and (2) under the NT system, maize residue cover on the
soil surface may act to effectively buffer the impact of com-
pression forces from no-till planter, sprayer, and combine
(Blanco-Canqui and Lal, 2007).

In general, the soils under the NT systems are undis-
turbed and covered with crop residues, which favours SOM
accumulation and soil aggregation, and thus improve soil
physical conditions in the long run (Blanco-Canqui and
Lal, 2007; Blanco-Canqui and Ruis, 2018). Moreover, over
the long-term, NT systems can mitigate soil compaction
(i.e., plough pan formation) through natural processes such
as bioturbation (Blanco-Canqui and Ruis, 2018), wetting/
drying cycles, and freezing/thawing cycles (Hernandez et
al., 2019). In a previous study carried out at our experi-
mental site in 2012 and 2013, Gao ef al. (2016) reported
different soil strength properties from the results presented
here, i.e., the NT treatment produced significantly higher
(8.5%) p,, values than the CT treatment in the 10-20 cm soil
layer, and the PR values of the NT treatment were simi-
lar or greater than those of the CT treatment in soil depths
below 15 cm. We consider that these contrasting results are
related to the duration of the NT and CT treatments. During
the early years (i.e., the first 2-3 years in Gao et al. (2016))
of conversion from CT to NT, the physical conditions of
the soil were largely determined by the residual effects of
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conventional rotary till-based management, and the benefi-
cial effects of the NT system had not been fully established
at this stage. Results from this study support previous find-
ings that instead of short-term NT management, it is the
long-term NT system that has conducive effects on soil
properties (Blanco-Canqui and Lal, 2007; Vogeler et al.,
2009; Reichert et al., 2016; Grigar ef al., 2018).

Furthermore, a significant reduction in the p, and DC
values of the topsoil (0-10 cm) appeared in the CT treat-
ment after tillage in 2018 (Fig. 2b and Table 2), but the
values returned to their previous levels before tillage in
2019 (Fig. 3a and Table 2), thereby demonstrating that
the loosening effects of conventional tillage practice were
short-lived. This is caused by the fact that in a plough-based
tillage system, the loose topsoil layer is most susceptible to
collapse and re-consolidation due to the impacts of rain-
fall and its associated wetting/drying cycle events (Or and
Ghezzehei, 2002; Pare et al., 2011).

Soil bulk density and water content are two key factors
that determine soil PR under field conditions (Unger and
Jones, 1998). In general, PR correlates positively with p,
and negatively with 0, (Kumar et al., 2012). In this study,
the NT treatment had greater p,, 0,, and PR values than the
CT treatment in the 0-10 cm soil layer (Figs 2-5), thereby
suggesting that compared to the CT treatment, the role of p,
became more important in determining the PR of the top-
soil layer after converting from CT to NT for 8 and 9 years.
In the subsurface layer (> 20 cm), however, neither p, nor 6,
alone could explain the PR changes due to tillage induced
soil disturbance, because the NT treatment had significant-
ly lower PR values than those of the CT treatment at most
soil depths below 20 cm, while the differences in p, and
0, between the two tillage systems were rarely significant
(Figs 2 and 3). Further research is required to understand
the collective influences of bulk density and water con-
tent, as well as other soil parameters that determine the PR
dynamics of the subsurface soil layer.

In both years, the soil PR of the CT and NT treatments
displayed consistent trends in response to soil drying. At
the beginning of the experimental period, when the soils
were relatively wet, significant PR differences between the
two tillage treatments only occurred in the 0 to 12.5 cm
layer (Figs 4 and 5) where NT had higher p, values than
CT (Figs 2 and 3). In the following period (i.e., from July
15 to July 21, 2018, and from July 2 to July 8, 2019), the
PR differences between CT and NT became larger and pro-
gressively extended even to the 40 cm depth due to greater
soil drying rates under the CT treatment (Figs 4 and 5). At
this stage, the CT treatment had PR values exceeding the
critical value of 2 MPa around the 20 cm soil depth, while
all PR data of the NT treatment were lower than 2 MPa.
With further drying of the soils (i.e., July 23, 2018 and
July 12, 2019 and later), the PR values of the NT treatment
exceeded 2 MPa at soil depths above 20 cm, while the CT
treatment had PR values much greater than 2 MPa at soil
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depths below 15 cm (Fig. 5). Overall, when a prolonged
drought (>10 days) occurred, the NT treatment retained
a relatively favourable soil moisture condition and delayed
the arrival of threshold PR for at least 6 days in compari-
son with the CT treatment. This may be explained by the
fact that the NT treatment had crop residue cover on the
soil surface, which led to a reduction in evaporative water
loss (Blanco-Canqui and Ruis, 2018). Thus, the conversion
from CT to NT treatment alleviated the deterioration effect
of drying on soil strength development, especially at great-
er depths (>15 cm), which could be of vital importance to
crop root proliferation.

CONCLUSIONS

1. Converting from the conventional tillage system to
the no tillage system caused an increase in topsoil (0-10 cm)
compactness. The increase, however, was moderate since
the values produced were well under the threshold levels
except during severe drought conditions.

2. A dense soil layer was observed beneath the tilled
topsoil under conventional tillage treatment, this was dimin-
ished after the application of no tillage for 8 to 9 years.
Thus, the long-term no tillage system alleviated subsoil
compaction effectively.

3. During long-lasting drying periods, the subsoil strength
under conventional tillage treatment was increased rapidly
and soon exceeded the threshold penetrometer resistance val-
ue of 2 MPa for crop root growth. The no tillage treatment, in
contrast, was able to maintain higher soil water contents and
arelatively lower soil strength for at least 6 more days. Thus,
the soil under long-term no tillage had a strong resistance to
changes in soil strength.
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