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Abstract

Soil rotational tillage is an effective measure to overcome the problems caused by long-term
of a single tillage, but the effect of the interval time of rotational tillage practices is not very
well understood. Therefore, we conducted a 3-year field study in a wheat-maize cropping
system to evaluate the effects of rotary tillage (RT) in rotation with plowing tillage (PT) on
soil properties in northern China. Four practices were designed as follows: 3 years of RT to
a depth of 10-15 cm (3RT), 3 years of PT to a depth of 30—-35 cm (3PT), 1 year of PT fol-
lowed by 2 years of RT (PT+2RT), and 2 years of PT followed by 1 year of RT (2PT+RT).
Within 20 cm of the surface soil, the 3RT treatment significantly increased the soil quality
index (SQI) by 6.0%, 8.8% and 13.1%, respectively, relative to the PT+2RT, 2PT+RT and
3PT treatments. The improvement was closely related to the significant increase in the soil
organic carbon (SOC) and available nutrients concentrations in the 0-20 cm depths and the
improvement of soil invertase, urease, alkaline phosphatase and catalase activities in the
topsoil (0—10 cm). However, the opposite effects were observed in the subsoil (20—40 cm).
Compared with the 3RT treatment, the 3PT, 2PT+RT and PT+2RT treatments decreased
soil bulk density, and significantly enhanced enzyme activities, resulting in an increase in
SQl of 32.6%, 24.4% and 0.7%, respectively, especially in the 3PT and 2PT+RT treatments,
the difference was significant. When averaged across to all soil depths, the SQI under the
3RT and 2PT+RT treatments was much higher than that under the other treatments. The
yields of wheat and maize under the 2PT+RT treatment were 15.0% and 14.3% higher than
those under the 3RT treatment, respectively. The 2PT+RT treatment was the most effective
tillage practice. These results suggest that RT in rotation with PT could improve soil quality
in the soil profile whilst enhancing crop yield after continuous RT, and the benefits were
enhanced with an interval time of one year. Therefore, the 2PT+RT treatment could act as
an effective method for both soil quality and crop yield improvement in a wheat-maize crop-
ping system under straw incorporation conditions.
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Introduction

Long-term shallow tillage has formed a hard ploughing pan and increased subsoil compaction,
which restrict root penetration and reduce water and nutrient uptake from deep layers, thus
affecting drought resistance and yield improvement in most parts of northern China [1-3].
Deep tillage has been demonstrated to improve soil structure by breaking the dense soil layer,
increasing the total porosity and creating a favourable environment for microbial metabolism
and crop growth [4,5], but unfortunately it also markedly increases loss of soil organic carbon
(SOC) and CO, emission by destroying soil aggregate stability and increasing the rate of car-
bon mineralization [6,7].

Soil rotational tillage practice, a combination of at least two types of tillage practices from
shallow tillage (e.g., no-tillage or rotary tillage (RT), to a depth <15 cm) and deep tillage (e.g.,
mouldboard plowing tillage (PT) or subsoiling to a depth >20 cm), has been considered as an
effective method of resolving the shortcomings caused by continuous a single tillage [8,9]. Pre-
vious studies have shown that deep tillage (PT, subsoiling) in rotation with shallow tillage (no-
tillage) significantly minimized soil compaction and favoured a better soil water status, which
helped in crop development and increased water use efficiency [10,11]. However, there have
been conflicting results regarding the appropriate interval time under different crop systems,
soil type and climate [8,9,12-14]. The Huang-Huai-Hai Plain is one of the major grain-pro-
ducing areas in China. RT after the summer maize (Zea mays L.) harvest and no-tillage after
the winter wheat (Triticum aestivum L.) harvest have been widely adopted in this area due to
savings time and cost. Years of continuous application of these tillage systems have resulted in
subsoil compaction, limited root growth and reduced grain yield [1,3]. Thus, assessing the fea-
sibility of RT in rotation with PT and determining the appropriate interval time are crucial for
soil quality improvement and soil sustainable development.

However, based on our literature search, few studies have rarely focused on the effects of
rotational tillage on soil properties in the Huang-Huai-Hai Plain and have primarily been
limited to the effects on soil physico-chemical properties and crop yield [12-14], ignoring
soil microbial characteristic. Soil enzymes participate in almost all biochemical reactions in
soil and are sensitively response to the changes in tillage management in short time periods
[15]. To our knowledge, the invertase, urease, alkaline phosphatase and catalase enzymes
involved in the C, N and P cycling determined the nutrient quantity released for crop and
soil microbial growth [16,17]. Therefore, these enzymes should be considered as valuable
indicators for assessing the impacts of tillage practice on soil quality. We hypothesized that
rotational tillage with RT and PT affect soil enzyme activity due to the change in the soil envi-
ronment and the distribution of organic matter. The objective of this study was to evaluate
the effects of RT in rotation with PT on the soil bulk density (BD), pH, SOC, available nutri-
ents and enzyme activities in the 0-40 cm soil profile, assess soil quality through the soil
quality index (SQI) and determine an appropriate interval time between RT and PT in the
Huang-Huai-Hai Plain.

Materials and methods

Site description

The experiments were conducted from October 2009 to September 2012 in a field at the
Henan University of Science and Technology (34°36'N, 112°24'E, 142 m above sea level) in
Luoyang, Henan Province, China. This region has a semi-humid to semi-arid continental
monsoon climate with a mean annual temperature of 14.1°C and a frost-free period of 204
days. The average annual precipitation is approximately 550 mm, of which approximately 60%
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Table 1. Physical and chemical properties of the 0-40 cm soil profile at the experimental site.

Soil properties Soil depth (cm)
0-20 20-40
Physical
Sand (%) 374 31.7
Silt (%) 442 432
Clay (%) 18.4 25.1
Bulk density (g cm™) 1.35 1.48
Maximum field capacity (%) 38.2 33.1
Chemical
pH (H,0, 1:2.5) 7.86 8.01
Organic carbon (g kg™) 6.3 3.1
Available N (mg kg™) 75 44.8
Available P (mgkg™") 9.2 4.5
Available K (mgkg™) 120 109

https://doi.org/10.1371/journal.pone.0198193.t001

falls during the summer maize growing period (June to September). The total annual precipi-
tation in 2010, 2011 and 2012 were 485, 790 and 336 mm, respectively.

The experimental field was flat, and the soil was a yellow fluvo-aquic type with low fertility
according to the FAO/UNESCO Soil Classification (FAO/UNESCO, 1993). The site was
planted with winter wheat and summer maize within a double cropping system prior to the
experiment. The tillage practices included RT after summer maize harvest and no-tillage after
winter wheat harvest and were continuously performed for more than ten years. The initial
physical and chemical properties of the 0-40 cm soil profile are presented in Table 1.

Experimental design and management

The experiment was set up in a randomized block design with three replicates. Each plot was 5
m wide and 30 m long. The experiment included four tillage treatments as follows: (i) 3 years
of RT (3RT), (ii) 3 years of PT (3PT), (iii) 1 year of PT followed by 2 years of RT (PT+2RT),
and (iv) 2 years of PT followed by 1 year of RT (2PT+RT). The sequence of different tillage
practices is given in Table 2.

For the RT plots, the soil was rotated to a depth of 10-15 cm using a reverse-rotational
rotary tiller (1GKN-200, Lianyungang Huayun Machinery Manufacturing Co., Ltd., Jiangsu,
China). For the PT plots, the soil was ploughed to a depth of 30-35 cm using a tractor-
mounted mouldboard plough (1LF7-450, Lovol Heavy Industry Co. Ltd., Shandong, China)

Table 2. Sequence of soil rotational tillage system from 2009 to 2012.

Tillage
system

3RT
3PT
PT+2RT
2PT+RT

2009.10-2010.06
Winter wheat

NT
NT
NT
NT

Year and crop

2010.06-2010.10 2010.10-2011.06 2011.06-2011.10 2011.10-2012.06 2012.06-2012.10
Summer maize Winter wheat Summer maize Winter wheat Summer maize
RT NT RT NT RT

PT NT PT NT PT

PT NT RT NT RT

PT NT PT NT RT

RT and PT were implemented with base fertilizers and straw after summer maize harvest. NT was implemented with base fertilizers and straw after winter wheat

harvest.

https://doi.org/10.1371/journal.pone.0198193.t002
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with 40 cm between the ploughing strips. All the plots were harrowed to a depth of 10-15 cm
by tractor (TT300, Mount Tai Tractor Factory Co. Ltd., Shandong, China) with an iron rake to
ensure levelled ground for seedbed preparation.

Winter wheat was planted with a row spacing of 20 cm at a density of 270 seeds m™ before
15 October each year. The wheat cultivar Zhongyu-10 was sown using a no-till planter (2BSF-
5A, Zhengying Agricultural Machinery Co., Ltd., Shandong, China) with chisel-type openers
and depth-controlling press wheels. Base fertilizer was applied at a rate of 105 kg ha™* N (using
urea, 46% N) plus DAP (diammonium phosphate, 18% N and 46% P,0s), 105 kg ha™' P,O5
(using DAP) and 180 kg ha'K (using potassium sulphate, 50% K,O) based on the local fertil-
izer application practice. For all the plots, flood irrigation was applied to approximately 1350
m” ha! one week before planting. At the wheat jointing stage, an additional 105 kg ha™ urea
was top-dressed and followed a second flood-irrigation with the same pre-planting water vol-
ume. Wheat was harvested using a standard combine harvester (4LZ-5, Kubota Agricultural
Machinery (Suzhou) Co., Ltd., Jiangsu, China) in the early part of the following June, and the
straw was then chopped and spread over the surface soil at the same time.

No-tillage was applied during the following summer maize production, during which a 5-8
cm wheat stubble height was left after the winter wheat was harvested.

Summer maize was direct-planted with a row spacing of 60 cm at a density of 75,000 plants
ha™' before 20 June each year. The maize cultivar Zhengdan-988 was sown using a precision
planter (2BYF, Ninglian Machinery Manufacturing Co., Ltd., Shandong, China) along with
fertilizer application. A compound fertilizer was then applied at 135 kg N ha™, 90 kg P,Os ha™
and 180 kg K,O ha™' using the same fertilizer as the one that was used for wheat production.
For all the plots, flood irrigation was applied at approximately 1350 m> ha™ one day after
planting. At the jointing and 12th-leaf stages of maize, an additional flood irrigation (1350 m*
ha™") was applied. In addition, 135 kg ha™ urea was top-dressed before the irrigation at the
12th-leaf stage. In late September, maize was harvested using a standard combine harvester
(CB03, Lovol Heavy Industry Co. Ltd., Shandong, China), and the straw was then chopped
and spread over the soil surface. Afterwards, the RT and/or PT practices were applied again
with all residues using the same method as the one described for early October 2009.

For each crop production cycle, weeds, insects and diseases were controlled in a timely
manner as required during the experimental period. Other management techniques were
applied in a way that was consistent with the local agronomic practices.

Soil sampling and measurement

Soil samples were collected during the third year of wheat-maize double cropping (March to
October 2012). During the winter wheat season, the soils were sampled at the jointing (March
26), flowering (April 25) and maturity (June 1) stages. During the summer maize season, the
soils were sampled at the jointing (July 5), flowering (August 5), filling (September 4) and
maturity (October 7) stages. Soil samples were taken at a depth of 40 cm at 10-cm increments
from five locations between the rows in each plot using a soil auger (3.8 cm diameter). Five
samples from the same layer of the same treatment in each plot were mixed well into a com-
posite sample.

The samples were passed through a 2-mm sieve and divided into two parts. To analyse the
soil chemical properties, the samples were dried in a cool, dry and well-ventilated place,
ground, and passed through a 1-mm sieve. The other samples were stored in the dark at 4°C
for an analysis of the soil enzyme activity.

The soil BD was determined before the experiment in 2009 and after wheat and maize har-
vest in 2012 using the core ring method. Soil cores were taken up to a depth of 40 cm in layers
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of 10 cm from two locations in each plot. The soil pH was measured with a pH meter (FE-
20K) at a soil:water ratio of 1:2.5 (w/v). The soil organic carbon (SOC) was determined by the
K,CrO,-H,S0, oxidation method. The soil available nitrogen (N) was estimated using the
alkaline hydrolysis diffusion method. The soil available phosphorus (P) was extracted using 0.5
mol L' NaHCOj; and determined by the Mo-Sb colourimetric method. The soil available
potassium (K) was extracted with 1 mol L"' NH,OAc and analysed by the flame photometry
method [18].

The invertase activity was analysed by incubating the soil samples with sucrose solution as a
substrate at 37°C for 24 h, followed by measurements of the glucose contents using the
3,5-dinitrosalicylic acid colourimetric method. The invertase activity was reported in milli-
grams of C4H;,0¢ per gram of dry soil per day (mg CsH;,0¢ g’1 soild™) [19]. The urease
activity was determined by incubating the soil sample with urea for 24 h at 37°C [20]. The
amount of ammonium released from the soil was measured and expressed as mg NH,*-N g™*
soil d'. The alkaline phosphatase activity was estimated by incubating the soil samples with
p-nitrophenyl sodium phosphate solution (pH = 11) for 24 h at 37°C. The concentration of
phenol that was released was measured colourimetrically at 420 nm, and the enzyme activity
was expressed as mg p-nitrophenol released per gram of dry soil per day [21]. The catalase
activity was determined using the KMnO, volumetric method as described by Guan [22] and
expressed as the change in H,O, concentrations per gram of dry soil in 20 minutes. The
enzyme activities were all expressed based on the air-dried weight of the soil.

Calculations
The SQI was calculated using the following formula (Eq 1) [23]:

SQIzEZM@in (1)

where n is the number of variables; W is the weight for each indicator, which was calculated
by its communality dividing by the sum of the communalities of all indicators [24]; and Q; is
the standardized data of all soil properties including soil BD, pH, nutrient contents and
enzyme activities, which were normalized using the min-max method.

Statistical analysis

All statistical tests were performed using SPSS software (v. 23.0, SPSS Inc., Chicago, IL). We
used one-way ANOVA to test for effects of different tillage treatments on the BD, pH, SOC,
available N, P and K contents within each depth. In addition, a statistical analysis involving
crop growth stage and soil depth was conducted using a repeated measures ANOVA, where
tillage practice, crop growth stage and soil depth were considered to be fixed effects; block was
considered a random effect. A least significant difference test was used to assess the differences
among the treatment means at the 0.05 level.

Results
Soil BD and pH response to different treatments

The soil BD was significantly affected by the rotational tillage practices (Table 3). In the 0-40
cm soil profile, the lowest BD was obtained in the 3PT treatment, followed by the 2PT+RT

and PT+2RT treatments and there was no significant difference among the three treatments,
except for at the 20-30 cm depth. However, the 3PT and 2PT+RT treatments had a negligible
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Table 3. Mean soil bulk density (BD), pH, soil organic carbon (SOC), and available N, P and K in the 0-40 cm soil depths under different treatments at the maturity
stage of winter wheat and summer maize in 2012.

Soil depth (cm)

0-10

10-20

20-30

30-40

Treatment

3RT
3PT
PT+2RT
2PT+RT

3RT
3PT
PT+2RT
2PT+RT

3RT
3PT
PT+2RT
2PT+RT

3RT
3PT
PT+2RT
2PT+RT

3RT
3PT
PT+2RT
2PT+RT

BD (g cm)

1.20a
1.11b
1.14 ab
1.13b

1.36a
1.23b
1.34a
1.30 ab

146a
1.28 ¢
1.40 ab
1.36 be

148 a
1.37b
1.45 ab
1.39b

pH SOC (gkg™) Available N (mg kg™") Available P (mg kg™) Available K (mg kg™)
7.69 a 7.71a 76.71b 18.88 a 265.0 a
7.73a 7.57b 80.47 a 17.53 ¢ 2434 c
7.70 a 7.67 ab 76.20 b 18.71a 261.0a
7.72a 7.65 ab 79.87 a 18.07 b 249.0b
7.76 a 6.51a 65.63 a 724 a 207.1a
7.82a 6.41b 61.67b 6.74d 187.3 ¢
7.77 a 6.49 a 65.30 a 7.08 b 199.6 b
7.78 a 6.42b 62.21b 6.98 ¢ 195.6 b
8.00 a 4.67 c 47.57 ¢ 3.65d 120.8 ¢
7.89b 573a 53.21a 5.26a 153.7 a
7.96 ab 4.76 ¢ 50.16 b 4.17 ¢ 1324 Db
791b 529b 51.90 a 5.04b 149.5a
8.04a 3.52b 4233 ¢ 1.68 ¢ 95.6 ¢
7.95b 3.78a 46.80 a 2.15a 127.0a
8.03a 3.57b 44.48b 1.73 ¢ 112.2b
7.99 ab 3.73a 46.47 a 1.97b 1235a
SOC stock (Mg ha') | Available N stock (kg ha') | Available P stock (kg ha') | Available K stock (kg ha™l)
- 30.20a 313.95a 40.40 a 918.83a
- 28.87b 297.55¢ 37.51c 872.97b
- 29.37 ab 309.99 ab 39.32 ab 915.77 a
- 29.43 ab 306.98 b 39.15b 912.39a

Within each soil depth, the means followed by different lowercase letters are significantly different at the 0.05 level.

https://doi.org/10.1371/journal.pone.0198193.t003

increase in soil pH at the 0-20 cm depths compared with the PT+2RT and 3RT treatments.
and the opposite trend occurred at the deep depths (20-40 cm).

Soil nutrient contents response to different treatments

The contents of all soil nutrients decreased with the increase in soil depth, and the magnitude
of the decrease under the 3RT and PT+2RT treatments was greater than under the 3PT and
2PT+RT treatments (Table 3). At the 0-20 cm soil depths, the 3RT and PT+2RT treatments
had significantly higher contents of SOC and available N, P and K than did the 3PT and
2PT+RT treatments, but the 3PT and 2PT+RT treatments had a significantly increased the
available N content at the 10-20 cm depth compared to that in the 3RT and PT+2RT treat-
ments. At the 20-40 cm depths, the soil nutrient contents among treatments exhibited a
reverse trend. The 3PT treatment had a significantly higher soil nutrient contents than did the
3RT and PT+2RT treatments, but no significant difference in available N and K contents
existed between the 3PT treatment and 2PT+RT treatments. When accumulated across the
soil depths, the stocks of SOC and available N, P and K under the 3RT treatment significantly
increased by 4.6%, 5.5%, 7.7% and 5.3%, respectively, compared with those under the 3PT
treatment.
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Table 4. Repeated measures ANOVA P value for the effects of treatment (T), crop growth stage (G), soil depth (D), and their interactions on soil invertase activity,
urease activity, alkaline phosphatase activity and catalase activity.

Variable df Inverse activity Urease activity Alkaline phosphatase activity Catalase activity
T 3 <0.001 <0.001 <0.001 <0.001
G 6 <0.001 <0.001 <0.001 <0.001
D 3 <0.001 <0.001 <0.001 <0.001
TxG 18 <0.001 <0.001 <0.001 <0.001
TxD 9 <0.001 <0.001 <0.001 <0.001
GxD 18 <0.001 <0.001 <0.001 <0.001
TxGxD 54 <0.001 <0.001 <0.001 <0.001

https://doi.org/10.1371/journal.pone.0198193.t004

Soil enzyme activities response to different treatments

The tillage practices, growth period and soil depth and their interactions significantly affected
the soil enzyme activities at all soil depths (Table 4). Over the course of the growth stages, the
soil enzyme activities generally decreased with the increasing soil depths (Figs 1-4). In the
summer maize growing period, the enzyme activities generally increased at the early stage,
peaked, and then decreased. The changing trend of the invertase and catalase activities during
the winter wheat growing period was similar with that of summer maize growing season.
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Fig 1. Invertase activity in the soil layers at 0-10 cm (a), 10-20 cm (b), 20-30 cm (c) and 30-40 cm (d) under different treatments during the winter
wheat and summer maize seasons of 2012. Within each growth stage, the bars with different lowercase letters are significantly different at P < 0.05 according
to the LSD test. 3RT, 3 years of RT to a depth of 10-15 cmj; 3PT, 3 years of PT to a depth of 30-35 cm; PT+2RT, 1 year of PT followed by 2 years of RT; and
2PT+RT, 2 years of PT followed by 1 year of RT.

https://doi.org/10.1371/journal.pone.0198193.9001
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Fig 2. Urease activity in the soil layers from 0-10 cm (a), 10-20 cm (b), and 20-30 cm (c) and 30-40 cm (d) under different treatments during the winter
wheat and summer maize seasons of 2012. Within one growth stage, bars with different lowercase letters are significantly different at P < 0.05 according to
the LSD test. 3RT, 3 years of RT to a depth of 10-15 cmj; 3PT, 3 years of PT to a depth of 30-35 cm; PT+2RT, 1 year of PT followed by 2 years of RT; and
2PT+RT, 2 years of PT followed by 1 year of RT.

https://doi.org/10.1371/journal.pone.0198193.9002

However, the highest values for the urease and alkaline phosphatase activities were found at
the jointing stage, and these levels decreased throughout the wheat growth period. Significant
differences in the invertase activities were found among treatments at the 10-30 cm depths
(Fig 1b and 1c). Compared to the 3RT treatment, the 3PT and 2PT+RT treatments increased
the invertase activity at the 20-30 cm depth by 31.8% and 24.7% over the growth stages,
respectively. At the 30-40 cm depth, significant differences in the invertase activity among the
3RT, 3PT and 2PT+RT treatments were found only during the winter wheat season. However,
there was a decrease in the invertase activity at some wheat stages from the 0-20 cm depths
(Fig 1a and 1b).

The differences in urease activities among tillage practices differed significantly at the 20-
30 cm depth (Fig 2¢), and at some stages of summer maize at the 30-40 cm depths (Fig 2d).
Compared to the 3RT treatment, the 3PT and 2PT+RT treatments increased the urease activity
at the 20-30 cm depths by 21.8% and 16.6%, respectively. However, the opposite trend
occurred at some growth stages at the 0-20 cm depth (Fig 2a and 2b), but the differences
among treatments were not significant.

The differences in alkaline phosphatase activities among tillage practices were found pri-
marily at the 20-30 cm depth and at some stages at the 30-40 cm depth (Fig 3¢ and 3d). Com-
pared with that of the 3RT treatment, the average alkaline phosphatase activity at the 20-40
cm depths in the 3PT and 2PT+RT treatments increased by 13.5% and 9.4%, respectively, and
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https://doi.org/10.1371/journal.pone.0198193.9003

the 3PT treatment had a significantly higher value than did the 2PT+RT treatment at the 20-
30 cm depth. At the 0-20 cm depths, the value under the 3PT and 2PT+RT treatments was sig-
nificantly higher than that under the 3RT treatment throughout the summer maize season (Fig
3a and 3b). However, there was a significant decrease in the alkaline phosphatase activity in
the 3PT treatment at the jointing stage of winter wheat at the 0-20 cm depths relative to the
other three treatments.

Additionally, significant differences were found in the catalase activities among tillage
practices at the 20-30 cm depths and at some stages at the 10-20 and 30-40 cm depths (Fig
4b-4d). Compared to the 3RT treatment, the catalase activity at the 20-30 cm depths under
the 3PT and 2PT+RT treatments increased by 15.2% and 14.1%, respectively. However, there
was an increase in the catalase activity of the 3RT treatment at the jointing and flowering
stages of winter wheat at the 0-20 cm depths, relative to the 3PT and 2PT+RT treatments
(Fig 4a and 4b).

Soil quality index response to different treatments

Tillage practices significantly affected SQI value in the soil profile (Table 5). At the 0-10 cm
and 10-20 cm depths, the SQI under the 3RT treatment was significantly higher than under
the 2PT+RT and 3PT treatments. However, at the 20-30 cm and 30-40 cm depths, the
2PT+RT and 3PT treatments had a much greater SQI than did the 3RT and PT+2RT
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treatments, and there was no significant difference between the 3PT and 2PT+RT treatments.
When averaged across all soil depths, the SQI value among treatments varied in the order

3RT>2PT+RT>3PT>PT+2RT. The value under the 3RT and 2PT+RT treatments distinctly
increased by 4.5% and 3.2%, relative to the PT+2RT treatment.

Crop grain yield response to different treatments

Grain yields of wheat and maize under the 3PT and 2PT+RT treatments were significantly
higher than those under the 3RT and PT+2RT treatments, but the yields were not significantly
different between the 3PT and 2PT+RT treatments (Table 6). On averaged for the two seasons,
the yield under the 3PT and 2PT+RT treatments increased by 15.5% and 14.6% compared to

Table 5. Mean of soil quality index (SQI) at the 0-40 cm soil depths under different tillage treatments at the maturity of winter wheat and summer maize in 2012.

Treatment 0-10cm 10-20 cm 20-30 cm 30-40 cm 0-40 cm®
3RT 0.880 a 0.603 a 0.273 ¢ 0.122b 0.469 a
3PT 0.797 d 0.514 ¢ 0.371a 0.152a 0.458 bc
PT+2RT 0.842b 0.557 b 0.276 ¢ 0.121b 0.449 ¢
2PT+RT 0.814 ¢ 0.550 b 0.339b 0.152a 0.464 ab

Within each soil depth, the means followed by different lowercase letters are significantly different at the 0.05 level.
® The value of SQI was the means in the 0-40 cm depths.

https://doi.org/10.1371/journal.pone.0198193.t005
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Table 6. Changes in grain yield of winter wheat and summer maize under different treatments in 2012.

Treatment Wheat yield (kg ha) Maize yield (kg ha) Mean (kg ha™)
3RT 7083.09 ¢ 8329.13 ¢ 7706.11 ¢
3PT 8170.51 a 9624.92 a 8897.72 a
PT+2RT 7582.65b 8743.03 b 8162.84b
2PT+RT 8147.02 a 9522.47 a 8834.74 a

Within each soil depth, the means followed by different lowercase letters are significantly different at the 0.05 level.

https://doi.org/10.1371/journal.pone.0198193.t006

that under the 3RT treatment, and by 9.0% and 8.2% compared to that under the PT+2RT
treatment.

Discussion

In our study, at the 0-20 cm depths, the 3RT treatment produced a clear increase in the
concentration of SOC and available N, P and K, relative to deep tillage practices (the 3PT,
2PT+RT and PT+2RT treatments). However, further improvement in the soil nutrient con-
centrations at the 20-40 cm depth was observed in the 3PT, 2PT+RT and PT+2RT treatments.
The difference might be ascribed to the distribution of straw and base fertilizers in the soil
profile. Previous studies [3, 25] have also shown that the vertical gradient of soil properties
decreased under deep tillage used due to the increase of the soil nutrient concentrations in the
20-60 cm soil layer by burying most organic material in the deep layers. These results suggest
that the residues act as the main sources of subsoil nutrients and their distribution in the soil
profile largely determines the degree of soil fertility at different depths. Furthermore, soil BD
was much higher in the 20-40 cm layers (Table 1) than that in the topsoil, where there was
poor soil aeration, helping to reduce rate of organic matter mineralization and SOC accumula-
tion [26,27]. In addition, the increase in soil nutrient concentrations might be related to the
amount of residues added to the soil. Previous studies have revealed that changes in soil struc-
ture and nutrient distribution affect root growth and spatial distribution [28,29]. In our study,
deep PT drastically decreased BD and created a less-limited soil penetration resistance for root
growth and higher biomass production. When the storage of soil nutrients in the soil profile
were averaged, however, the 3PT treatment had the significantly lowest value compared to that
of the other treatments, possibly because deep tillage accelerated C and N mineralization by
destroying the structure of soil macro-aggregates and enhancing soil metabolic intensity with
improvement in aeration in the soil profile [7,10]. Compared with the 3PT treatment, the
stocks of soil nutrients under the 2PT+RT and PT+2RT treatments were significantly higher.
A previous study carried in northwest China also found that rotational tillage could increase
the stocks of organic matter and total N both in both surface and subsurface soil, suggesting
that shallow tillage in rotation with deep tillage (subsoiling) is the best practice for the continu-
ous cropping of wheat fields [30]. However, the PT+2RT treatment had a weaker ability to
reduce subsoil compaction and could not maintain soil nutrient homogeneous distribution,
which suggests that PT should be applied every other year in rotation with shallow tillage in
the winter wheat-summer maize system in northern China. Gonzalez-Prieto et al. [31] studied
the effect of different tillage practices on soil properties in a calcic haploxeralf in a leguminous-
cereal rotation system and found that the extent and duration of effects on soil properties
under PT treatment could be maintained for 2 years; otherwise, the cone index and BD sharply
increased. However, Pierce et al. [8] analysed data from long-term field experiments on a
Capac loam in a corn-rye system and found that the improvement of most soil physical quality
parameters and the stratification ratio of soil nutrients under rotational tillage practice
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returned to initial levels after approximately 4 or 5 years of PT. These conflicting results have
been attributed to differences in cropping systems, type of shallow tillage and climatic condi-
tions. In our study, the soil rotational tillage system included RT and PT, rather than no tillage
and PT, and the cropping system was a wheat-maize rotation system rather than a corn-green
manure system. This indicated that the soil was tightly squeezed by mechanical compaction,
such as by RT, wheat planters and harvesters during the winter wheat season. In addition, the
structure of soil aggregates was broken down by the blades of the rotary tiller [3], which might
result in micro-aggregates filling into porosity, thereby accelerating soil compaction under
precipitation and irrigation [32] and shortening the duration of the improvement effects on
soil properties under the deep plowing tillage.

Soil enzymes participate in almost all biochemical reactions in soil and are sensitive
response to changes in tillage management in the short term [15-17]. The enzyme activity pre-
sented obvious seasonal variations (Figs 1-4). The average activities of the invertase and cata-
lase enzymes at the 0-40 cm depths gradually increased with crop growth and peaked at the
wheat-flowering stage and maize-filling stage. This trend was consistent with the findings of
Zhang et al. [33], who reported a higher enzyme activity during the vigorous growth period
because of improved increases in root biomass and root exudates, which provided more car-
bon source for micro-organisms growth and reproduction. However, the urease activity in the
0-20 cm layer gradually decreased with wheat growth, which was not consistent with the find-
ings of Jin et al. [34]. This decrease possibly was explained by N fertilizer being applied at the
early stage as a result of urea hydrolysis [35]. In addition, the seasonal changes in the activity
were more obvious in the 0-20 cm layer than in the 20-40 cm layer, especially during the
wheat growing season. These differences might due to the distinct change in environmental
factors, such as soil temperature and humidity in the topsoil (0-20 cm) during the wheat grow-
ing season.

In addition to the growth period and soil depth, enzyme activities were significantly affected
by the tillage practices (Table 4). In the winter wheat growing season. the activities of all
enzymes in the 0-10 cm layer under the 3RT treatment were generally the higher than those
under deep tillage practices These results are similar to those of other authors [36,37], who
reported that urease and phosphatase activities in the topsoil significantly increased under
shallow tillage, primarily due to the highest soil nutrient contents available for enzyme metab-
olism. However, the average enzyme activity in the 0-40 cm layer over the two crop seasons
was the highest under the 2PT+RT treatment, followed by the 3PT treatment and lowest under
the 3RT treatment. This result is likely due to the differences in soil physical and chemical
properties. The changes in the quantities of soil nutrients greatly influenced the microbial pro-
cess [38,39]. The 2PT+RT treatment had much greater stocks of soil organic matter and avail-
able nutrients in the soil profile than did the 3PT treatment, which might satisfy the needs for
soil microorganism’s growth and reproduction. Soil BD was significantly negatively correlated
with soil enzyme activity [40]. Soil BD in the soil profile was much lower under the 2PT+RT
treatment than under the 3RT treatment. The improvement of soil physical properties created
a more favourable microbial microhabitat to release extracellular enzymes and increase their
activities. Other studies have shown that the activity of soil hydrolase was closely associated
with root biomass due to the partial origin of soil enzymes from root exudates [41]. Thus, the
decrease of soil densification might have a slightly positive effect on the improved soil enzyme
activity through the increased root density [3].

Soil quality is the result of the integration of soil physical, chemical and biological proper-
ties. Comprehensive evaluation the impact of different treatments on soil quality is imperative
to make correct decision for cultivated soil development [42]. SQI is an effective method
for comprehensively evaluating and quantitatively assessing the impact of agricultural
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management on soil quality [43]. Our results showed that the 3RT and PT+2RT treatments
significantly increased the SQI value in the upper 20 cm (Table 5), but had an apparent oppo-
site effect on SQI at the 20-40 cm depth compared with the 3PT and PT+2RT treatments.
Similar to the studies of Yang and Wander [44], who reported that the shallow tillage only
improved soil fertility in the first few centimetres of the surface, relative to deep tillage, there
was no significant difference in the soil profile. In our study, the average value of SQI in the
soil profile under the 3RT and 2PT+RT treatments was higher than under the PT+2RT and
3PT treatments. This suggest that 3RT and 2PT+RT treatments could maintain soil quality,
but considering the yields of wheat and maize, the 2PT+RT treatment might be a win-win
measure maintaining soil sustainable development and ensuring food security in the Huang-
Huai-Hai Plain.

Conclusions

Our results showed that the 3RT treatment increased soil compaction and improved soil nutri-
ents concentrations and enzyme activities in the 0-10 cm layer, but significantly decreased
these factors in the 20-40 cm layer relative to the results of the 3PT treatment. The combina-
tions of PT and RT, especially 2PT+RT, not only decreased the soil bulk density, increased the
homogenization of soil nutrient spatial distribution but also improved the soil quality at a
depth of 40 cm and increased grain yield. Thus, in a wheat-maize cropping system, deep plow-
ing tillage should be used after one year of RT application to improve the soil quality. Clearly,
further study is needed to test the effects of the interval time of soil rotational practices on soil
quality and grain yield in long-term field experiments and different cropping systems.
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