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A B S T R A C T

Loess Plateau agriculture, largely dependent on manual labor and precipitation water, exemplifies semiarid
dryland agricultural systems in China, where better cropping systems and practices are essential for maintaining
crop productivity and sustaining natural resources. An 11-year (2001–2011) study at the Xifeng, Gansu in-
vestigated the effects of different conservation tillage practices and straw mulching methods on yield, water
productivity (WP), soil organic carbon (SOC), total nitrogen (TN), energy expenditure and economic returns of a
maize (Zea mays L.)-winter wheat (Triticum aestivum L.)-summer soybean (Glycine max L.) rotation system.
Treatments included conventional tillage (T) as control, conventional tillage followed by straw mulching (TS),
no tillage (NT) and no tillage followed by straw mulching (NTS). On average, TS treatment had increased yield
by 11, 22, and 4%; as well as WP by 13, 22, and 7% than T, NT and NTS treatments, respectively. Additionally,
NTS indicated the greatest effect in increasing SOC and TN in the 0–10 cm soil layer. Our support vector machine
(SVM)-based simulation modeling indicated great performance on predicting maize yield (R2= 0.76) and wheat
WP (R2=0.84) based on a 10-fold cross validation (10-fold CV). TS treatment provided the greatest net energy
and net economic income, and NTS treatment indicated the greatest economic benefit.

1. Introduction

To meet the growing demand for food abundance and security in the
fast-growing developing countries as China, and at the same time
maintain the social, economic, and environmental sustainability across
different agroecosystems, agricultural innovations and integrated
system approaches are imperative. The Loess Plateau is one of the most
intensive agronomic production regions in China featuring large grain-
crop acreage, limited precipitation, erratic weather condition, and se-
vere environmental degradation (Shan, 1993). To address the societal,
ecological, and agricultural concerns on how the increasing population
can be sustained, tremendous amount of alternative/innovative pro-
duction practices have been adopted by producers nationwide, in-
cluding rotational cropping and conservation tillage (Li et al., 2007;
Wang et al., 2009; Liu et al., 2014b; He et al., 2016; Niu et al., 2016; Lu
and Lu, 2017). Particularly, conservation tillage/rotation practices,
characterized by minimized soil disturbance, incorporation of straw
mulching and integrated crop rotation (especially using legumes) have

accounted for 6.67×107 ha of the agricultural acreage in China
(Kassam et al., 2015).

A large number of studies have shown that conservation tillage
practices have produced favorable ecological benefits, including im-
proved soil structure, increased soil organic contents, reduced surface
runoff and soil erosion, improved nutrient condition of soil as well as
increased crop yield and water use efficiency (Tabaglio et al., 2009;
Mazzoncini et al., 2016; Somasundaram et al., 2017). Meanwhile, there
are clear evidences that incorporating straw mulching in conservation
tillage practices could reduce greenhouse gas emission by tillage, save
production costs, and further increase profitability (Sharma et al., 2011;
Jin et al., 2017; Lu and Lu, 2017). However, great amount of hetero-
geneity also exists in productivity and economic impact due to the fact
that many crop varieties and indigenous practices have been spatially
and temporally compartmentalized, which greatly hinder the inter-
pretation and conclusion of certain experimental effects related to
conservation practices. For example, many studies have also indicated
that neither zero tillage nor straw mulching could actually increase
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crop yield or profitability (Pittelkow et al., 2015; Ernst et al., 2016;
Seddaiu et al., 2016). Therefore, obtaining site-specific results is es-
sential.

The Loess Plateau is located in the semi-arid climate zone of
northwestern China. The prevalence of traditional tillage and labor-
intensive farming has fed millions of people for thousand years,
meanwhile, has significantly overburdened the ecological resilience
and sustainability. Nowhere is more evident than in the semi-arid Loess
Plateau of China where information related to alternative farming
practices and long-term studies is extremely lacking. Only a few long-
term studies have been conducted on agricultural innovation and sus-
tainable farming practices such as conservation tillage and crop rota-
tion. For instance, the 15-yr research conducted by Li et al. (2007) on
the eastern Loess Plateau showed that the zero tillage and straw
mulching improved soil structure, soil fertility, crop yield and water use
efficiency. In another study, Wang et al. (2009) suggested it would take
at least seven years before crop yield and soil health effects related to
conservation tillage treatments can be detected.

Meanwhile, the profitability associated with conservation tillage
was doubled compared to traditional tillage by the end of the experi-
mental period. Liu et al. (2014b) found that the long-term use (> 17 yr)
of zero tillage significantly increased the concentration of various
fractions of soil organic carbon and raised the grain yield of winter
wheat on the Loess Plateau. A five-yr study conducted by He et al.
(2016) showed that the straw mulching has increased soil water content
and evapotranspiration yet would not improve the crop yield. Likewise,
in another research on maize-winter wheat-rotation system carried out
by Li et al. (2018) found that zero tillage incorporated with straw
mulching provided similar grain yield but better economic profitability
compared with conventional tillage without straw mulching.

Without question, the future of agriculture in this region depends on
more long-term research work as well as scientific evidence and data
availability. Advanced analytic tools, such as simulation modeling, are
warranted to provide better understanding of current data and enable
great predictability of future outcomes on much larger scales. Modeling
agronomic and ecophysiological processes in a highly coupled manner
could provide important insights in understanding how different re-
sidual management practices and environmental conditions could im-
pact crop production (e.g. grain yield and water productivity; Luo et al.,
2011; Schipanski et al., 2014; Basche et al., 2016). It can also help to
address the spatial and temporal variability nature of agronomic data
by upscaling simulated results to a much larger regional or decadal
scale.

Information abounds with using various existing process-based
models in agronomic research, such as Agricultural Production Systems
Simulator (APSIM), STICS crop model, Decision Support System for
Agrotechnology Transfer (DSSAT), Erosion Productivity Impact
Calculator (EPIC), etc. (Salmerón et al., 2014, Yeo et al., 2014, Plaza-
Bonilla et al., 2015). However, almost all of these existing models re-
quire significant effort on parameter calibration and are heavily de-
pendent on simple mathematical algorithms such as linear regression,
thus, can easily cause model overfitting, poor robustness, and low ac-
curacy (Cui et al., 2014a,b, Mirik et al., 2014a,b). In this study, we used
one of the state-of-the-art machine learning algorithms (support vector
machine, SVM; Boser et al., 1992; Cortes and Vapnik, 1995; Cui et al.,
2014a,b; Lin et al., 2018; Ramcharan et al., 2018) and implemented
novel site-specific models that have provided accurate results, which
could lead to deeper understanding on the impacts of different en-
vironmental conditions and managerial practices on crop productivity.
It was noteworthy that the proposed modeling paradigm could be easily
adapted to other studies under different cropping systems or environ-
mental conditions.

Although crop rotation, conservation tillage, and straw mulching
have long been known for their individual agricultural benefits, sy-
nergized effects involving all three management regimes coupled with
simulation modeling on a long-term basis is less well-known. In this

study, we researched the influences of different conservation tillage and
straw mulching practices on (1) crop productivity (grain yield and
water productivity), (2) soil health and nutrient status (soil moisture,
SOC, TN); (3) economic benefits and fossil fuel use of a multi-sequence
long-term (10 yr) spring maize-winter wheat-soybean rotation system
on the semiarid Loess Plateau. Additionally, we also (4) investigated the
potential of using SVM for constructing site-specific prediction models
as well as determining the contributions of environmental and man-
agerial factors on grain yield and water productivity on a cropping
system basis.

2. Materials and methods

2.1. Site, experimental design and crop management

This 11-yr experiment was started in 2001 at the Qingyang Loess
Plateau Research Station of Lanzhou University (35°39′N, 107°51′E;
elevation 1298m) in Northwestern China from 2001 to 2011. The
growing season for major crops extends from March to October for
about 255 days with 110 frost-free days on average. Annual precipita-
tion is between 480 and 660mm and more than 60% falling from July
to September (Fig. 1). Average field water-holding capacity is around
0.223 cm3 cm−3 and permanent wilting point is 0.07 cm3 cm−3. The
predominant soil type is sandy loam and the climate is semiarid with
very dry summer and harsh winter conditions which would not favor
soil organic matter accumulation. The primary agronomic production
in the Loess Plateau region of China features small-scale and heavy
dependency on hand labor input. Farmers typically collect crop residues
after harvest and either burn them in the field or use them as animal
feed or fuel for winter heating purposes. Very few farmers return crop
residues back to the field as a way to improve crop productivity and soil
health. Additionally, many farm lands in the Loess Plateau region are
fairly small and feature complex topographical challenges (e.g. steep
slope) for using large farming equipment. Therefore, human labor-
based intensive practices such as hand planting, harvesting, as well as
hand weeding in conjunction with very little dosing of herbicide are
common.

Before this study was implemented in 2001, the same field was used
for an intensively-tilled continuous maize monoculture system for many
years followed by a three-year-no-cover fallow period used for preserve
soil moisture. This experiment was set up as a randomized complete
block with split-plot treatment design replicated four times. Treatments
also had a factorial structure arrangement, thus, the study included two
sequences (whole-plot factor)× four blocks× two tillage practices
(split-plot factor)× two straw mulching practices (split-plot
factor)= 32 plots. The entire experiment was conducted within a bulk
field with each plot measured as 52m2 (4× 13m) in area. A detailed
layout of the entire field was presented in Fig. S1. Treatments were
imposed on two existing maize-wheat-soybean rotation cropping sys-
tems based on different tillage and straw management practices, in-
cluding conventional tillage (T), conventional tillage followed by straw
mulching (TS), no tillage (NT), and no tillage followed by straw
mulching (NTS). Crop rotations started after a spring maize (sequence
1) and summer soybean (sequence 2) production in 2001 and was de-
signed as a two-yr spring maize-winter wheat-summer soybean cycle
(Table 1). Each cycle spans two years and was repeated five times (five
phases in each sequence) for a total of ten years (Table 1).

In our study, three crops were planted by manual no-tillage machine
which was a specially planters/drills for small-plot seeding designed by
China Agricultural University. All plots were sampled and harvested by
hand in accordance with common farming practices adopted by local
farmers. All plots were managed alike except for assigned treatments.
For both T and TS treatment plots, a 30-cm-depth chisel plow was used
before each planting followed by manual smoothening using hand tools
(e.g. shovels, hoes, and rakes). Soils under the NT and NTS treatment
plots were kept undisturbed during the entire experimental period.
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Within each crop rotation cycle, maize (‘Zhongdan NO. 2’) was sown in
early April at a seeding rate of 30 kg ha−1 (Pure Live Seed, PLS) with
manual broadcast of starter fertilizer application (diammonium phos-
phate, 18-46-0) at a rate of 300 kg ha−1.Urea N fertilizer (46-0-0) was
applied at a rate of 300 kg ha−1 when the majority of maize plants
reached V6 (Feekes 1; Miller, 1999) development stage. Winter wheat
(‘Xifeng NO.24’) was planted in late September immediately after maize
harvest. The seeding rate was 187 kg ha−1 PLS with a row spacing of
0.15m. Starter fertilizer (diammonium phosphate,-0) was applied at a
rate of 300 kg ha−1 below the seed using a fertilizer coulter attached to
the drill. Urea fertilizer was hand-broadcasted to the soil surface at a
rate of 150 kg ha−1 at the green-up stage (Feekes 4–5). ‘Fengshou
NO.12’ soybean was planted manually immediately after winter wheat
harvest (late June or early July) at a rate of 15 kg ha−1 PLS. Starter
fertilizer (Calcium superphosphate, 0-26-0) was banded at a rate of
63 kg ha−1 during planting. All soybean plants were harvested by late

October. The residual stalks of all three crops were either completely
removed (T and NT) by hand-clipping at a 5-cm cutting height or left
untouched in the field (TS and NTS). Hand-weeding and herbicide ap-
plication were performed periodically across all plots throughout dif-
ferent growing seasons and a one-time application of 3 kg ha−1 of
Triadimefon was used in 2003 for both rotation sequences for a sudden
insect outbreak.

2.2. Data collection

2.2.1. Meteorological measurement and crop data collection
Meteorological data were recorded continuously using an on-site

weather monitoring system consisting of an HMP-50 Probe, a CNR-I net
radiometer, a TE525MM rain gauge and a CR5000 data-logger. Crop
grain yield, straw production and above-ground biomass were mea-
sured by randomly sampling three quadrats from the center zones

Fig. 1. Monthly net radiation, precipitation, maximum and minimum temperature from 2001 to 2011 at the Loess Plateau Research Station of Lanzhou University,
Gansu, China.

Table 1
Crop sequences and rotation cycles from 2001 to 2011 at the Qingyang Loess Plateau Research Station of Lanzhou University, Xifeng, Gansu, China.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Maize Wheat Soybean Maize Wheat Soybean Maize Wheat Soybean Maize Wheat Soybean Maize Wheat Soybean

Sequence 1 2001 2001–2002 2002 2003 2003–2004 2004 2005 2005–2006 2006 2007 2007–2008 2008 2009 2009–2010 2010
Sequence 2 2002 2002–2003 2003 2004 2004–2005 2005 2006 2006–2007 2007 2008 2008–2009 2009 2010 2010–2011 2011
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within each treatment-block replicate. Quadrat sizes were measured as
0.76, 0.3 and 0.25m2 for maize, wheat, and soybean plots respectively.
All samples were reaped, threshed, and winnowed manually. Fresh
grain weight of each crop was recorded immediately following har-
vesting and then dried in an oven at a temperature of 40 °C to a constant
weight to calculate grain yield. Residual straws following threshing
were all collected dried at 40 °C to a constant weight and recorded for
calculating straw production. The sum of grain and straw yields from
each plot was used for calculating total above-ground biomass.

2.2.2. Soil moisture level and crop WP
Soil moisture was measured in nine continuous layers (0–10, 10–20,

20–30, 30–60, 60–90, 90–120, 120–150, and 150–200 cm) using a
neutron probe (NMM, Campbell pacific, HP503) for every 2 weeks.
Seasonal evapotranspiration (ET, measured in mm) was computed
using the field water balance Eq. (1):

ET= P−△ SWS (1)

where P represents precipitation (mm) and △SWS represents the
change of soil water within certain soil profiles (mm). This simplified
field water balance equation omitted several hydrophysical components
such as irrigation input, upward water flow, surface runoff, and
downward drainage. The reason for this simplification is four-folds.
First, on the Loess Plateau, the underground water table typically re-
mains at a minimum depth of 50m below the soil surface, thus, the
upward flow is usually ignored. Second, due to the extremely limited
precipitation and flat topography, runoff water is also omitted from
hydrological processes at the experimental site (Li et al., 2018). Third,
no heavy rain or water logging events were observed during the
duration of the experiment, therefore, drainage was assumed to be in-
significant (Shen et al., 2009). Finally, due to the fact that the entire
study was set up based on a dryland rainfed system, therefore, no ir-
rigation water was included. Combining both grain yield and computed
ET for each crop, water-use efficiency was calculated as (Hussain and
Al-Jaloud, 1995):

WP=Y/ET (2)

where Y denotes crop grain yield (kg ha−1). In this study, estimates of
WP were all converted to kg m−3 (which can be converted to kg
ha−1 mm−1 by multiplying by 10).

2.2.3. Soil sampling, soil organic carbon and total nitrogen measurements
Soil samples were manually collected using a soil sampling auger

from two sampling depth ranges (0–5 and 5–10 cm) during the har-
vesting season of each crop. Therefore, three sets of soil samples were
collected within each circle, two from wheat and soybean harvesting
seasons and one from maize. During each round of sampling, three
locations were randomly selected from the central zones within each
plot, leading to a total of six individual soil samples per plot (3 loca-
tions× 2 depths). Then, all three samples from the same horizon (0–5
or 5–10 cm) were combined into one sample and mixed evenly for
following chemical analysis. All soil samples were transported to the
laboratory and immediately dried at 36 °C for 48 h and passed through
a 2-mm sieve to remove large plant debris, rocks, and other foreign
materials. SOC concentration was measured using the external heating
potassium dichromate oxidation method (K2Cr2O7-H2SO4; Page et al.,
1982). Specifically, each weighted soil sample (0.25 g) was placed in a
test tube. Then, potassium dichromate (5ml of 0.167M) and con-
centrated sulfuric acid (5ml) were added and heated for five minutes in
an oil bath under 180 °C. After the reaction, the excess potassium di-
chromate was titrated with ferric sulfate (1.0M) and the total po-
tassium dichromate used was calculated to estimate the carbon dioxide
emission, which is used for estimating SOC concentration. Soil total N
was measured based on Kjeldahl method (Parkinson and Allen, 1975)
by a nitrogen/protein determinator (KDN-102C, Shanghai Qianjian

Instrument Co., LTD).

2.3. Modeling

A standard model construction, prediction, and validation paradigm
was followed based on support vector machine (SVM) regression al-
gorithms implemented using MATLAB programing language (The Math
Works Inc. 2017, Natick, MA, USA). Additionally, we used the Gaussian
radial basis function (RBF) kernel in conjunction with the Bayesian
optimization routine, which helped identify the optimal penalty factor
and kernel width values for the RBF kernel. All feature (predictor
variables) values were standardized by scaling each column of predictor
data by the values of the weighted column mean and standard devia-
tion. This is critically important particularly when dramatic scale dif-
ferences exist among different feature values. The general concepts of
SVM-based regression are explained below (Vapnik, 1995; Smola and
Schölkopf, 2004). For any given set of training data: …x y x y{( , ), , ( , )}n n1 1
where =X � denotes the input space, the goal for SVM-based regres-
sion is to find a function f x( ) that is as flat as possible, meanwhile,
could control the deviation from the actual target value yi to be less
than ε. In other words, we are seeking a function = +f x w x b( ) , with

∈ ∈w X b, � , which is optimized under the following convex optimi-
zation constraints:

⎧
⎨⎩

− − ≤
+ − ≤

w
y w x b ε
w x b y ε

minimize subject to
,

,
i i

i i

2

(3)

In this study, we separately modeled grain yield and water pro-
ductivity of each crop. For any given crop, features include treatment
(labeled as integers between 1 and 4, representing treatment T, TS, NT
and NTS), available water measured in mm using the formula provided
in Section 2.2.2, total amount of precipitation in mm and accumulative
solar net radiation in MJm−2 during the entire growing season,
monthly maximum and minimum temperature in °C, monthly accu-
mulative precipitation, and monthly accumulative solar net radiation. It
is noteworthy that the number of features would be different among
different crops, because each crop would have a different length of
growing season. For example, on the Loess Plateau, maize’s growing
season typically starts in April and ends in September leading to a total
of 28 features. Winter wheat generally starts in October and ends in
June of the following year with a total of 40 features and soybean’s
growing season typically starts in July and ends in October with a total
of 20 features. The monthly values were included in the modeling
processes to capture the influence of the dynamics of temperature/net
radiation and the distribution of rainfall on grain yield and water
productivity. Sequence and phase labels were not included because
plots labeled the same would still have different total available water
and other environmental conditions across different sequence-and-
phase combinations. The entire dataset consists of …x y x y{( , ), , ( , )}n n1 1
where = × × ×n 160(2sequences 5phases 4treatments 4blocks), and

= =X ( 28, 40, or20)� � .
Model training and testing were performed on the basis of a 10-fold

cross validation (10-fold CV) approach. For each crop, the entire dataset
was randomly and evenly separately into 10 disjoint subsets. The final
regression results were obtained from a composite of 10 training-testing
trials. Within each trial, a different subset was used for testing based on
models trained from the other nine subsets. Therefore, there was no
overlapping between training and testing data. This entire 10-fold CV
processes were repeated 100 times with a different split each time. The
average values of performance indices, including coefficient of de-
termination (R2) and root mean square error (RMSE) were recorded.

In addition to evaluating the overall model performance, we also
implemented our own feature ranking algorithms based on R2. That is,
for each feature, we evaluated its importance by omitting it from the
model training and testing processes using10-fold CV. This process was
repeated 100 times with a different splitting pattern each time. The
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average R2 value for each feature was stored in a ranking list, which
was later used to rank the importance of all features. Therefore, the
most important/informative feature should be the one providing the
least R2 value.

2.4. Energy

The total energy expenditure of the entire project mainly consists of
three parts: diesel fuels used by equipment for tillage and planting;
inputs for regular farming operation, including seeds, fertilizers and
herbicides; human labor inputs for fertilization, herbicide application,
processing of plant residual materials such as straw harvesting, shred-
ding, s and applying. In order to accurately quantify and compare the
energy input value across different categories, energy equivalents were
used (Table 2). Energy equivalent value of each category were calcu-
lated by multiplying the quantity of each input by its corresponding
energy conversion factor. Particularly, the energy equivalent value of
artificial labor input was calculated by multiplying its energy coeffi-
cient by the number of man-hours for completing a particular job.
Detailed information of those energy equivalent coefficient can be
found in research work conducted by Clements et al. (1995) as well as

Lu and Lu (2017). Likewise, the energy output was calculated based on
crop grain yield and straw production as well as their corresponding
conversion coefficients. Particularly, coefficients for calculating energy
output associated with grain yield were 14.7, 14.48, and 14.7MJ kg−1

for maize, winter wheat, and soybean, respectively. Meanwhile, coef-
ficients for converting straw production into energy output were 12.7,
9.25, and 18MJ kg−1, respectively. These conversion factors could be
found in similar cropping system studies conducted by Tabatabaeefar
et al. (2009), Mandal et al. (2009) and Lu and Lu (2017).

2.5. Economic analysis

Economic analysis of the current study was based on budgetary
records which considered values of production inputs and outputs as-
sociated with each crop on a system level. For large equipment-based
farming operation, we used the farming machine services (e.g. planting
and tillage) provided by the regional Farmers’ Cooperative and
Extension Service agencies in Shi She township. The hourly service
charge included costs of human labor/operation, fossil fuel consump-
tion, capital recovery of equipment (depreciation and interest), in-
surance, and costs associated with storing, repairing, and maintaining

Table 2
Inputs for crop production (actual values) and energy coefficients of a maize-winter wheat-soybean rotation system during 2001–2011 at Xifeng, Gansu, China.

Crop Item Particular Unit T TS NT NTS Energy equivalent(MJ Unit−1)

Maize Diesel fuel Tillage L ha−1 120 120 56.31
Planting L ha−1 12 12 12 12 56.31

Seeds kg ha−1 30 30 30 30 15.7
Fertilizer P2O5 kg ha−1 138 138 138 138 13.07

N kg ha−1 192 192 192 192 75.46
Herbicide 2–4-D butylate kg ha−1 1.08 1.08 1.08 1.08 84.91
Labor hour h ha−1 180 217 180 217 1.95

Wheat Diesel fuel Tillage L ha−1 60 60 56.31
Planting L ha−1 9 9 9 9 56.31

Seeds kg ha−1 187 187 187 187 20.1
Fertilizer P2O5 kg ha−1 138 138 138 138 13.07

N kg ha−1 123 123 123 123 75.46
Herbicide 2–4-D butylate kg ha−1 0.324 0.324 0.324 0.324 84.91
Labor hour h ha−1 138 168 138 168 1.95

Soybean Diesel fuel Tillage L ha−1 60 60 56.31
Planting L ha−1 7.5 7.5 7.5 7.5 56.31

Seeds kg ha−1 15 15 15 15 14.7
Fertilizer P2O5 kg ha−1 8.82 8.82 8.82 8.82 12.44
Herbicide Paraquat kg ha−1 0.6 0.6 0.6 0.6 460
Labor hour h ha−1 69 77 69 77 1.95

Treatment includes: T= conventional tillage; TS= conventional tillage followed by straw mulching; NT=no tillage; NTS=no tillage followed by straw mulching.

Table 3
A 11-year average cost (RMB Yuan kg−1) breakdown of a maize-winter wheat-soybean rotation system under different tillage treatments during 2001–2011 at
Xifeng, Gansu, China.

Crop Treatment Tillage Seeds Planting Fertilizers Fertilizer spreading Herbicides Spray herbicides Straw smash Straw mulching Harvest Total

Maize T 1242 1203 366 1457 53 336 53 525 5235
TS 1242 1203 366 1457 53 336 53 83 40 525 5358
NT 1203 366 1457 53 336 53 525 3993
NTS 1203 366 1457 53 336 53 83 40 525 4116

Wheat T 621 345 233 918 36 98 26 408 2685
TS 621 345 233 918 36 98 26 63 32 408 2780
NT 345 233 918 36 98 26 408 2064
NTS 345 233 918 36 98 26 63 32 408 2159

Soybean T 651 741 240 788 6 167 29 228 2850
TS 651 741 240 788 6 167 29 19 12 228 2881
NT 741 240 788 6 167 29 228 2199
NTS 741 240 788 6 167 29 19 12 228 2230

Treatment includes: T= conventional tillage; TS= conventional tillage followed by straw mulching; NT=no tillage; NTS=no tillage followed by straw mulching.
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of each equipment. The costs of materials (seeds, fertilizers, herbicides,
and straw residues) were calculated based on the actual purchasing
records from local farming supply companies or regional farmers’
Cooperative and Extension Service agencies. labor costs for conducting
standard field operation (e.g. fertilization, herbicides application, re-
sidual spreading, harvesting, etc.) were calculated based on the current
market hourly wage each year and number of hours required to com-
plete the tasks (Table 3). Output values per unit land was calculated
based on observed grain yield (kg ha−1) within each cycle and the
harvest-month market price of each crop obtained from China’s Na-
tional Agricultural Market Service Database (Table 7, http://
datacenter.cngrain.com).

2.6. Statistical analysis

Crop yield, water productivity and soil data were analyzed using the
MIXED procedure of SAS (SAS V9.3; SAS Institute, Cary, NC). The entire
crop and soil data were analyzed as a randomized complete block de-
sign with split-plot treatment and factorial arrangement. All whole-plot
factors (cropping sequence) and sub-plot factors (tillage× straw
mulching) were considered fixed effects. Block was considered random
effects. Phase (repetition of each 2-yr cycle) was considered as repeated
measure and the first-order autoregressive covariance matrix was se-
lected for controlling autocorrelation of observation over time. Mean
separation was performed using the PDMIX800 macro, which labels
each least-square mean using letter grouping based on pair-wise

differences created by PDIFF option of the LSMEANS statement (Saxton,
1998). Additionally, when two-way or three-way interactions that in-
volve treatments were detected, treatment effects were further analyzed
within each level of the interactive factor using the BY statement in
SAS. Statistical significance was evaluated at P=0.05 level unless
specified otherwise.

3. Result

3.1. Gain yield, straw, aboveground biomass and WP

Five cycles of crop rotation (phases) had been completed across two
sequences from 2010 to 2011. Sequence, phases, and sequence-phase
interaction had significant influence on the grain yield, straw yield,
aboveground biomass and WP regardless of crops (Table 4, P < 0.05).
Split-plot treatments had significant effects on grain yield, aboveground
biomass and WP of all three crops as well as straw yield of soybean.
Grain yield, straw production, and WP for both maize and winter wheat
indicated no significant two-way interactions (sequence× treatment,
phase× treatment). Therefore, data were averaged across different
sequences and phases for simplicity purposes (Figs. 2 and 3).

For soybean, grain yield, straw production, and WP indicated sig-
nificant interactions between phase and treatment, thus, were pre-
sented by phase. The average yield of maize under TS treatment was
9.1 Mg ha−1, which was significantly greater than either NT or NTS
treatments (P < 0.05; Fig. 2a). Straw yield of maize under different

Fig. 2. Grain yield, straw yield, total aboveground biomass of maize (a) and wheat (b), water productivity of maize (c) and winter wheat (d) under different tillage
and straw mulching treatments (T= conventional tillage; TS= conventional tillage followed by straw mulching; NT=no tillage; NTS= no tillage followed by straw
mulching) averaged across different sequences and phases (completion of each rotation cycle) during 2001–2011 at Xifeng, Gansu, China. Letters separate means
based on P < 0.05 level by pair-wise comparison.
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treatments had no significant difference (P=0.29). The average
aboveground biomass of maize under TS treatment was 18.2 Mg ha−1,
which was 10% significantly greater than NT (P < 0.05). Likewise, the
WP of maize under TS treatment was 2.14 kgm−3, which was 12%
greater than NT (P < 0.05; Fig. 2c). The grain yields of winter wheat
under TS (3.2Mg ha−1) and T (3.2Mg ha−1) and NTS (3.0Mg ha−1)
treatments were similar (Fig. 2b), and both T and TS treatments had
significantly yield greater than NT (P < 0.05). Both TS and NTS
treatments produced greater straw yield than NT (P < 0.05). The
average aboveground biomass of wheat after TS treatment was
7.7 Mg ha−1, which was 13% greater than NT (P < 0.05; Fig. 2b). The
WP of wheat was similar between TS and T treatments as well as be-
tween NT and NTS treatments (Fig. 2d). The average WP of TS and T
was greater than that of NT and NTS (P < 0.05).

Soybean yield was affected by different treatments from phase 1 to
phase 5 (P < 0.05; Fig. 3a). In general, NTS treatment had resulted in
similar soybean yield compared with TS (phase 1 and 3–5) and typically

greater yield than NT (phase 2–5, P < 0.05). Additionally, NTS treat-
ment also resulted in greater yield than T during phase 2 and 3
(P < 0.05), but comparable yield during phase 4 and 5 over time. In-
terestingly, soybean straw yield and aboveground biomass production
closely mirrored each other (Fig. 3b, c). During phase 1, NT treatment
provided the lowest straw and overall aboveground biomass production
than T、TS and NTS (P < 0.05). During phase 2, TS treatment had
greater straw yield and aboveground biomass production than all other
treatments (P < 0.05). Additionally, NTS resulted in greater above-
ground biomass than NT and T (P < 0.05). During phase 3, NTS
treatment had resulted greater straw production and aboveground
biomass than either NT or T (P < 0.05). Additionally, TS treatment
had greater above-ground biomass production than NT (P < 0.05).
During phase 4, both T and TS treatments increased greater straw and
aboveground biomass than NT (P < 0.05). No statistical significances
were detected during phase 5 for either straw yield or aboveground
biomass production. During phase 1, The WP of soybean under TS and T

Fig. 3. Grain yield (a), straw yield (b), aboveground biomass (c) and water productivity (d) of soybean under different tillage and straw mulching treatments
(T= conventional tillage; TS= conventional tillage followed by straw mulching; NT=no tillage; NTS= no tillage followed by straw mulching) averaged across
different sequences during 2001–2011 at Xifeng, Gansu, China. Letters separate means based on P < 0.05 level by pair-wise comparison.
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were significantly greater than NT (P < 0.05). Soybean WP provided
similar results compared to grain yield in phase 1, 2 and 4 (Fig. 3d).
Interestingly, NTS treatment resulted in greater WP than T during phase
3 (P < 0.05) and TS produced greater WP than either T or NT during
phase 5 (P < 0.05).

3.2. Soil organic carbon

For SOC, sequences appeared to have little effect on its concentra-
tion in both 0–5-cm and 5–10-cm layers regardless of crops except for
the 5–10-cm layer of soybean (P=0.043; Table 5), which is primarily
caused by the differences in the magnitude of responses only. There-
fore, all SOC data were averaged over sequences. On the other hand,
phase indicated very strong impacts on SOC over the years (P < 0.05;
all phase effects were significant and the majority of the phase-treat-
ment interactions were significant), which makes perfect sense, because
the slow response of SOC to different cropping management practices
could take many years before they become detectable (Cui et al.,
2014c). Thus, data were presented by phase (Fig. 4). In general, the
advantageous effects of adopting NTS increased over time and the more
significant effects were typically observed in the 0–5-cm soil layer
compared with the 5–10-cm soil layer.

For the 0–5-cm soil layer under maize fields, NTS treatment resulted
in greater SOC than T during phase 2, and than all other treatments
during phase 3 (P < 0.05; Fig. 4a). During phase 4, both NTS and TS
resulted greater SOC than T (P < 0.05). During phase 5, both NT and
NTS treatments indicated greater SOC than T (P < 0.05). For the 5–10-
cm soil layer, no effects were detected until phase 4, where TS had
greater SOC than T (P < 0.05; Fig. 4d). During phase 5, TS had greater
SOC than T and NTT (P < 0.05). For the 0–5-cm soil layer of winter
wheat fields, NTS indicated greater SOC than any other treatment and
both TS and NT treatments increased more SOC than T during phase 2,
3, and 5 (P < 0.05; Fig. 4b). During phase 4, NTS had greater SOC than
T and TS (P < 0.05). For the 5–10-cm soil layer, only phase 3,4, and5
indicated statistical significance caused by treatments (Fig. 4e). Parti-
cularly, both TS and NTS indicated greater SOC than T and NTS in-
creased more SOC than NT during phase 3 and 5 (P < 0.05). During
phase 4, NTS had resulted in greater SOC than T (P < 0.05) For the
0–5-cm soil layer of soybean fields, NTS increased SOC than T during all
phases (P < 0.05; Fig. 4c). Additionally, NTS also indicated greater
SOC than NT during phase 2–5 (P < 0.05). TS also resulted in greater
SOC than T during phase 2, 3, and 5 (P < 0.05). NT indicated greater
SOC than T during phase 3 and 5 (P < 0.05). For the 5–10-cm soil
layer, TS treatment increased SOC than T during phase 2 (P < 0.05;

Fig. 4f). T treatment indicated lower SOC than all other treatments in
phase 3 (P < 0.05). During phase 5, both NTS and TS resulted in
greater SOC than T and NT (P < 0.05).

3.3. Soil total nitrogen

Similar to SOC, sequence indicated little effect on soil TN as in-
dicated by lack of sequence effect across all three crops and two dif-
ferent soil depths (Table 5). The only two-way interaction between
treatment and sequence was detected at the 5–10-cm soil layer under
the soybean field. However, this interaction was again caused by the
magnitude of response only. Therefore, all soil TN data were presented
by averaging over sequences (Fig. 5). Additionally, phase indicated
significant impact on soil TN and the treatment effect appeared to be
dependent on phases within the 0–5-cm soil layer. Thus, all data were
presented by phase, including the 5–10-cm layer data for consistency
purposes. Again, the effect of NTS gradually increased over time
starting from phase 3–5. Interestingly, the effect of TS appeared to be
less obvious compared with SOC results presented in the previous
section. Additionally, much less statistical significance was observed in
the 5–10-cm soil layer compared with SOC results.

For the top 0–5-cm soil layer under maize field, NTS indicated
greater soil TN than any other treatment during phase 3 (P < 0.05;
Fig. 5a). During phase 4 and 5, both NTS and NT resulted greater soil
TN than either T or TS (P < 0.05). No statistical significance was ob-
served in the 5–10-cm soil layer. For wheat field, NTS treatment re-
sulted in greater soil TN than T in phase 3 in the 0–5-cm soil layer
(P < 0.05; Fig. 5b). During phase 3, NTS resulted in greater soil TN
than any other treatment and NT also increased soil TN than T
(P < 0.05). During phase 4 and 5, both NTS and NT resulted in similar
effects on increasing soil TN and were both greater than T and TS
(P < 0.05). Additionally, NTS had greater soil TN any other treatment
in phase 3 of the 5–10-cm soil layer (P < 0.05; Fig. 5e). For the top
0–5-cm soil layer under soybean field, NTS indicated greater soil TN
than either T or TS, and NT had greater soil TN than T during phase 3–5
(P < 0.05; Fig. 5c). In the 5–10-cm soil layer, NTS increased greater
soil TN than T and NT during phase 3(P < 0.05; Fig. 5f). Additionally,
all non-control treatments increased more soil TN than T in phase 5
(P < 0.05).

3.4. Modeling

Our best model yielded an R2 value of 0.83 and an RMSE value of
0.43Mg ha−1when predicting wheat yield. Satisfactory results were

Table 5
Repeated measures ANOVA results for whole-plot treatments (sequences, SE), split-plot treatments (TR), repeated factor (phase, PH) main effects, and their inter-
actions on soil organic carbon and total nitrogen at Xifeng, Gansu, China.

Soil organic carbon Total nitrogen

Maize Wheat Soybean Maize Wheat Soybean

Soil Depth Effect Num DF F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F

0–5 cm SE 1 0.23 0.6537 0.06 0.8167 1.75 0.292 1.43 0.2871 6.03 0.0527 4.97 0.0809
TR 3 57.79 < 0.0001 65.99 <0.0001 52.79 < 0.0001 20.06 < 0.0001 28.27 <0.0001 27.71 < 0.0001
SE*TR 3 1.54 0.2226 1.26 0.3061 1.35 0.2801 0.34 0.797 1.87 0.1595 1.14 0.3479
PH 4 59.27 < 0.0001 37.39 <0.0001 29.43 < 0.0001 45.77 < 0.0001 36.87 <0.0001 35 <0.0001
SE*PH 4 4.45 0.0049 9.68 <0.0001 6.7 0.0004 4.41 0.0048 4.46 0.0053 2.6 0.0504
PH*TR 12 5.91 < 0.0001 4.17 0.0004 1.78 0.0916 3.84 0.0007 3.93 0.0008 2.85 0.0066
SE*PH*TR 12 1.14 0.3591 0.87 0.587 1.2 0.3253 0.79 0.6535 0.63 0.8018 0.83 0.6214

5–10 cm SE 1 0 0.9605 1.74 0.2407 0.26 0.6508 0.1 0.7685 0.37 0.5662 0.51 0.5035
TR 3 14.23 < 0.0001 10.53 <0.0001 22.37 < 0.0001 1.05 0.389 2.47 0.0846 5.51 0.004
SE*TR 3 1.94 0.148 0.95 0.4325 3.1 0.043 0.95 0.433 1.13 0.3547 4.48 0.0105
PH 4 21.52 < 0.0001 20.81 <0.0001 31.77 < 0.0001 22.56 < 0.0001 15.81 <0.0001 48.84 < 0.0001
SE*PH 4 4.97 0.0029 6.7 0.0004 6.12 0.0008 1.76 0.1622 1.33 0.2778 5.04 0.0025
PH*TR 12 1.57 0.148 2.07 0.0483 1.74 0.0999 0.3 0.9842 1.18 0.3376 0.86 0.5948
SE*PH*TR 12 0.47 0.9205 0.43 0.9404 1.44 0.1949 0.54 0.873 0.68 0.7598 1.1 0.3879
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also obtained for predicting maize yield (R2= 0.76,
RMSE=0.97Mg ha−1). Soybean models indicated less accurate re-
sults, which yielded an R2 value of 0.56 and an RMSE value of
0.21Mg ha−1. Similar results were observed for modeling WP. Wheat
models yielded the best model performance again with an R2 value of
0.84 and an RMSE value of 0.15 kgm−3, followed by maize (R2= 0.71,
RMSE=0.24 kgm−3) and soybean (R2= 0.68, RMSE=0.13 kgm−3).
It was worth mentioning that a significant performance increase was
obtained in soybean WP compared to its grain yield results. Detailed
two-dimensional scatter plots associated with each crop and targeting
values were presented in Fig. 6.

The top-three most and three least informative features for each
crop were presented in Table 6. Interestingly, within-season tempera-
ture dynamics (monthly minimum/maximum temperatures) indicated
strong influence on predicting both grain yield and WP. Meanwhile,
close-to-harvest-season net radiation intensity appeared to be important
for determining both grain yield and WP of maize and winter wheat. As
expected, total available water during each growing season provided
the strongest effect on determining WP regardless of crops.

Surprisingly, treatment and total available water appeared to be less
important in predicting grain yield for both maize and winter wheat.
However, treatment indicated strong effects on predicting yield and WP
of soybean.

3.5. Energy and economy

On a system level, energy input values were similar between T and
TS treatments as well as between NT and NTS treatments (Table 7).
Total energy output values were ranked in the following: TS >
NTS > T > NT. For the system-level net energy, TS treatment and
NTS treatment was very close to each other, yet T treatment indicated
slightly greater net energy gain than NT treatment. As for different
types of crops, the energy input, energy output and net energy of maize
accounted for more than 51%, 65% and 67% of the overall system
values. Within each crop species, treatment practices involving tillage
(T and TS) typically resulted in much greater input energy costs com-
pared with no-till practices (NT and NTS). Meanwhile, both grain and
straw biomass made significant contribution to the final energy output.

Fig. 4. Soil organic carbon (g kg−1) in (a), (b) and (c) 0–5 cm depth of maize, wheat and soybean; (d), (e) and (f) 5–10 cm depth of maize, wheat and soybean under a
maize-winter wheat-soybean rotation system affected by different tillage and straw mulching treatments (T= conventional tillage; TS= conventional tillage fol-
lowed by straw mulching; NT=no tillage; NTS= no tillage followed by straw mulching) averaged across different sequences during 2001–2011 at Xifeng, Gansu,
China. Letters separate means based on P < 0.05 level by pair-wise comparison.
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For the economic analysis, detailed results are presented in Table 8.
Regardless of crops, TS and NTS treatments typically yielded the

greatest output value (with TS being slightly greater than NTS in most
cases). However, high costs associate with tillage practices of TS
treatment caused significantly greater input costs, which con-
sequentially caused lower net benefit than NTS treatment. Additionally,
maize appeared to be the most profitable crop in the entire rotational
cropping system in our semiarid environmental conditions based on
either net benefit/output-input ratio, followed by wheat and soybean.
Last but not the least, NT and NTS treatments tended to provide similar
output-input ratio despite differences in net benefit values.

4. Disscusion

4.1. Effects of conservation tillage on grain yield and water productivity

The research results indicated that TS treatment provided greater
(maize, wheat, phase 2 of soybean) or comparable grain yield (phase 1,

3–5 of soybean) compared to NT treatment. This evidences that the
combination of conventional tillage and straw mulching could increase
grain yield compared with no tillage alone. Additionally, grain yield of
maize and soybean showed no statistical differences between T and NT
treatment as well as between TS and NTS treatments of winter wheat
and soybean, and the average grain yield of maize under NTS treatment
or wheat under NT treatment was slightly lower (10%) than TS or T,
respectively. This suggests that no-till practices could lead to compar-
able grain yield or a little yield reduction than conventional tillage. This
result is consistent with many previous research findings. For example,
a meta-analysis study conducted by Pittelkow et al. (2015) indicated
that the use of no-tillage practices per se in a rotational cropping system
could lead to a yield reduction of 6.2% on average. Likewise, in another
dryland study purported in the Mediterranean climate, Seddaiu et al.
(2016) compared the grain yield differences between conventional and
conservation-till treated plots of a durum wheat-sunflower-corn crop-
ping system. The results indicated that no-till fields could lead to an
average yield reduction of 30% across all three crop species. The

Fig. 5. Soil total nitrogen (g kg−1) in (a), (b) and (c) 0–5 cm depth of maize, wheat and soybean; (d), (e) and (f) 5–10 cm depth of maize, wheat and soybean under a
maize-winter wheat-soybean rotation system affected by different tillage and straw mulching treatments (T= conventional tillage; TS= conventional tillage fol-
lowed by straw mulching; NT=no tillage; NTS= no tillage followed by straw mulching) averaged across different sequences during 2001–2011 at Xifeng, Gansu,
China. Letters separate means based on P < 0.05 level by pair-wise comparison.
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fundamental mechanisms of how conservation tillage practices might
affect grain yield have been investigated by numerous studies. For ex-
ample, Lal et al. (2004) mentioned that conservation tillage practices,
which involve less soil disturbance, might cause poor field drainage,
increased soil compaction, and slow soil rewarming in spring, leading
to yield reduction of crops. Again, we observed similar trends on our
study but it seems like maize and soybean are less susceptible to these
negative effects caused by tillage reduction compared to winter wheat
on the Loess Plateau of China. It is generally believed that straw
mulching practices can reduce the evaporation of water, provide ad-
ditional carbon and nitrogen sources through mineralization of organic

matter, increase water infiltration, reduce soil erosion and provide
substrates and diversified microhabitat for soil microbes. The combined
effects could lead to better soil health and ultimately increase crop
productivity in the long term (Govaerts et al., 2007; Jemai et al., 2013).
For example, Sharma et al. (2011) evidenced a 4-year trial of con-
tinuous conservation tillage in Jammu of India, and showed that the
straw mulching significantly increased the grain yield of maize and
wheat by 47% and 31%, compared with the non-mulching treatments.
Similarly, in our study, incorporation of straw mulching practices (TS or
NTS) had provided similar (maize and wheat) or even greater (soybean)
grain yield than treatments without residue retention (T or NT). We

Fig. 6. Determination coefficients and RMSE for (a) maize yield, (b) wheat yield, (c) soybean yield; (d) maize WP, (e) wheat WP and (f) soybean WP under a maize-
winter wheat-soybean rotation system during 2001–2011 at Xifeng, Gansu, China; using Support vector machine (SVM) regression algorithms and ten-fold cross
validation. The solid diagonal line represents the 1:1 line.

Table 6
The top-three most and the three least informative features for predicting grain yield and water productivity of maize, winter wheat, and soybean in an 11-year
rotation cropping system located on the Loess Plateau of China.

Maize Winter Wheat Soybean

Feature Ranking Grain yield Water productivity Grain yield Water productivity Grain yield Water productivity

1 Jun MinTa TAW Apr MaxT TAW Treatment TAW
2 Sept Radb Aug Precif May Preci Mar MaxT Sept MaxT Treatment
3 Aug MaxTc Apr Rad Mar Rad Oct MinT Oct MaxT Oct MinT
…… …… …… …… …… …… ……
3rd from the last Jul Rad Sept Preci Dec Rad Totalg Rad Oct MinT Jul Preci
2nd from the last TAWd Aug Rad Treatment Feb Min T Aug Preci Total Rad
Last Treatmente Treatment TAW Treatment TAW Aug MinT

a MinT represents the recorded minimum temperature in a given month.
b Rad represents the total accumulative solar radiation in a given month.
c MaxT represents the recorded maximum temperature in a given month.
d TAW represents the total available water throughout the growing season.
e Treatment includes T, TS, NT, and NTS.
f Preci represents accumulative precipitation in a given month.
g Total represents the entire growing season associated with each crop.
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believe the advantages of using straw mulching should become more
obvious over time as building soil health is a slow process.

Straw biomass, total aboveground biomass, and WP of three crops
provided similar results compared to grain yield. This is expected be-
cause the sward/canopy of crops is typically positively correlated with
its seed productivity (Gardner et al., 1985) and all crops were under
dryland production, therefore, greater yield would lead to greater WP.
Interestingly, straw biomass of maize and winter wheat is not as re-
sponsive as soybean. We attributed this effect to the fact that soybean

variety (‘Fengshou NO.12’) is more of an indeterminate variety, which
will continuously produce both vegetative and reproductive tissues till
harvest, leading to a more symmetrical response compared to the other
two crops. Meanwhile, both NTS and NT treatments had resulted in
greater soil moisture storage capacity than T treatment (soil moisture
data were not shown but were measured for calculating WP), but the
increased moisture retention failed to increase the grain yield to a
significant level as indicated on another similar study conducted on the
Loess Plateau (He et al., 2016). The effect of NTS on WP was not
consistent across all different crop species compared with T. We believe
that, on one hand, retaining straws would improve the nutrient supply
capacity of soil by adding more labile SOC. On the other hand, no til-
lage can also cause some potential negative effects to soil structure (e.g.
increased compaction, poor infiltration, etc.). Both effects might offset
each other. Furthermore, the interplay between these two factors (til-
lage and straw mulching) might very complex, which could involve
sophisticated interaction with other factors, such as crop species,
varieties, and soil microbial population and activity. Thus, more long-
term studies involving high-throughput crop phenotyping and soil mi-
crobial analysis are warranted.

4.2. Soil organic carbon affected by tillage and straw mulching

The concentration of SOC is considered as one of the most important
indicators used to evaluate soil quality/health. The change of SOC
content can not only cause the change of soil fertility and water holding
capacity, but also affect soil microbial respiration of CO2, thus further
impact the global climate changes (Lal, 2004). The SOC input mainly
comes from the animal dung and plant residues (straw and root bio-
mass). It is generally believed that straw mulching can effectively in-
crease the concentration of SOC, and no tillage can reduce the surface
exposure of SOM, minimize damage of soil structure, and reduce the
decomposition speed of SOM (Ussiri and Lal, 2009). This is consistent
with the results obtained in this study. For example, the SOC con-
centration under TS and NTS treatments in the 0–5 cm soil depth was
significantly higher than that under T treatment after continuous 10-
year conservation tillage. These findings were very similar to another
long-term study (47 year) carried out by Somasundaram et al. (2017) in
a semiarid environment of Queensland, Australia. In our study, the NTS
treatment showed the best effects on SOC among all treatments, which
was in great agreement with other studies on the Loess Plateau (Li et al.,
2007; Liu et al., 2014a; Niu et al., 2016). On a cropping system level,
SOC concentration of NTS treatment was 39, 12, and 13% higher than
T, TS and NT treatments, respectively, after five 2-year-phase circula-
tions.

We also observed increased effects associated with no tillage and
straw mulching over time and an expected lagging effect on SOC at the
deeper soil profile (5–10 cm) compared with the 0–5-cm layer.
Additionally, at the 0–5-cm soil layer, TS typically resulted in similar or
lower SOC than NTS, which was also reflected in a study proffered by
Niu et al. (2016). However, at the 5–10-cm soil layer, no differences
were detected between TS and NTS. This suggested that tillage could
help incorporate labile SOM into deeper soil layers than no tillage, so
that the microbes at the deeper soil profiles could have access to ad-
ditional sources of substrate rapidly. In addition, it’s noted that the
overall SOC concentration increase over time regardless if treatments.
For example, SOC concentration under T treatment increased by 8, and
11% compared with the beginning of experiment in the 0–5 cm and
5–10 cm soil depths, respectively. This might be caused by the fact that
crop rotation could provide prolonged complimentary effects on soil
nutrient status, crop biomass productivity, and soil carbon sequestra-
tion potential leading to a gradual increase of SOC over time (Gregorich
et al., 2001). Additionally, no-till treatments (NT and NTS) appeared to
cause more rapid building of SOC than the other two treatments. In
another study, Liu et al. (2014a) verified that the SOC concentration
would reach saturation point after 12 years of straw turnover. This

Table 8
Input and output values of a maize-winter wheat-soybean rotation system under
different tillage and crop straw mulching treatments during 2001–2011 at
Xifeng, Gansu, China. AY=10-year yield (maize, wheat, soybean) average
(kg ha−1); AP= 10-year price (maize, wheat, soybean) average (RMB Yuan
kg−1); OV=output value (RMB Yuan ha−1); IV= input value (RMB Yuan
ha−1); O/I= output/input; NB=net benefit (RMB Yuan ha−1); BFD=benefit
difference (RMB Yuan ha−1).

Crop Treatment AV AP OV IV NBa O/Ib BFDc

Maize T 8583 1.44 12359 5235 7124 2.36 0
TS 9055 1.44 13039 5358 7681 2.43 557
NT 8010 1.44 11534 3993 7541 2.89 417
NTS 8397 1.44 12091 4116 7975 2.94 851

Wheat T 3228 1.61 5181 2685 2496 1.93 0
TS 3229 1.61 5182 2780 2402 1.87 −94
NT 2898 1.61 4652 2064 2588 2.26 92
NTS 3049 1.61 4894 2159 2735 2.27 239

Soybean T 811 3.27 2652 2850 −198 0.93 0
TS 1022 3.27 3342 2881 461 1.16 659
NT 721 3.27 2358 2199 159 1.07 357
NTS 1047 3.27 3422 2230 1192 1.54 1390

Total T 20192 10770 9422 1.87 0
TS 21563 11019 10544 1.96 1122
NT 18544 8256 10288 2.25 866
NTS 20408 8505 11903 2.40 2481

Treatment includes: T= conventional tillage; TS= conventional tillage fol-
lowed by straw mulching; NT=no tillage; NTS=no tillage followed by straw
mulching.

a NB was calculated as OV− IV.
b O/I was calculated as OV/IV ratio.
c BFD was calculated as NB difference from the T treatment.

Table 7
Input energy, output energy and net energy for crop production of a maize-
winter wheat-soybean rotation system as influenced by tillage and straw
mulching treatments.

Crop Treatment Input
(GJ ha−1)

Output (GJ ha−1) Net energy
(GJ ha−1)

Yield Straw Total

maize T 24.64 126.17 110.36 236.53 211.89
TS 24.71 133.11 116.10 249.21 224.5
NT 17.88 117.75 109.37 227.12 209.24
NTS 17.95 123.44 113.51 236.95 219

Wheat T 19.03 46.74 39.53 86.27 67.24
TS 19.08 46.76 40.65 87.41 68.33
NT 15.65 41.96 36.07 78.03 62.38
NTS 15.71 44.15 40.05 84.20 68.49

Soybean T 4.54 11.94 22.86 34.80 30.26
TS 4.56 15.04 25.76 40.80 36.24
NT 1.16 10.60 20.65 31.24 30.08
NTS 1.18 15.39 23.80 39.19 38.01

Rotation T 48.21 184.85 172.75 357.60 309.39
TS 48.35 194.90 182.52 377.42 329.07
NT 34.69 170.31 166.08 336.39 301.7
NTS 34.84 182.98 177.36 360.34 325.5

Treatment includes: T= conventional tillage; TS= conventional tillage fol-
lowed by straw mulching; NT=no-till; NTS= no-till followed by straw
mulching.
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might partially explained the flattened even slightly decreased SOC for
soybean from phase 4–5. However, we did not observe similar trends of
SOC for maize and wheat, suggesting that there might exists a species-
duration interaction on the saturation SOC concentration. Although,
cross-depth comparisons were not conducted in this study, but a general
decrease in SOC could be found across all treatments from shallower to
deeper soil layers. Likewise, Blanco-canqui and Lal (2008) proposed in
their study that protective tillage could improve SOC content in the
surface layer (0–10 cm), but this had little or even negative influence on
the deep soil carbon content. So the further cropping system studies on
SOC accumulation at deeper soil profiles in a long-term setting are of
paramount importance.

4.3. The influence of conservation tillage on total nitrogen

It is generally believed that conversation tillage can increase the TN
concentration of surface soil. However, people have different opinions
on whether the TN concentration increases with the duration of crop
rotation or not. For 28 consecutive years, Mazzoncini et al. (2016)
showed that SOM and TN concentration under no tillage increased with
the duration of crop production. However, Dalal et al. (2011) indicated
that soil TN concentration didn’t necessarily increase with longer
duration of no tillage practices. In this study, the TN concentration of
the top 0–5 cm soil layer indicated no statistical differences until the 5th
year of the trial. Many studies have shown that, compared with con-
ventional tillage, the no-till and straw mulching practices can maintain
and even improve the soil TN in cropping systems in semi-arid regions
(Aziz et al., 2013; Mazzoncini et al., 2016). We observed that consistent
and TN concentration increases associated with no-till and straw-
mulching treatments over the years. Additionally, many studies also
found that the TN concentration in the shallower soil layers increases
more than that in the deeper soil layers, which is consistent with the
results obtained in this study (Li et al., 2007; Tabaglio et al., 2009;
Melero et al., 2011).

In general, the mechanism driving soil TN increase by no-till or
straw mulching practices could be explained by the increased organic
matter return and improved microbial activity associated with nitrogen
fixation. Thus, first, the straw mulching and less soil disturbance would
typically result in more labile organic matter being incorporated into
the overall SOM pool (Melero et al., 2011). Second, well-maintained
soil structure, diversified soil micro-habitats, and improved substrate
inputs under NTS treatments could provide excellent environment for
free-living N2-fixing bacteria and healthy microbial community that
could benefit the plant-microbe symbiosis leading to improving sym-
biotic N2 fixation as well (Kladivko, 2001). In the current study, the TN
concentration under NT treatment was usually similar to or sig-
nificantly greater than that of T treatment, while the TS treatment
consistently indicated similar soil TN concentration to T, indicating that
the effect of no tillage on TN accumulation was greater than straw
mulching. Again, the change in TN concentration could be primarily
caused by biological processes that could result in net nitrogen gain on
the system level such as N2 fixation. On the other hand, straw mulching
could result in complex changes in the nitrogen cycle and the effect on
TN concentration depends greatly on the nature of residual materials
(e.g. C:N ratio, decomposition rate, etc.) (Frye et al., 1993).

There is also an interesting phenomenon that TN concentration in-
creased more rapidly (19%–76%, 18%–38%) than that of SOC
(8%–47%, 11%–45) in the 0–5 cm and 5–10 cm soil layer during the
study, respectively. That’s because the N2 fixation associated with
soybean production significantly increased N inputs on a system level
and the decomposed leguminous plant materials would ultimately in-
crease TN concentration in the soil (Torbert et al., 1996). Last but not
the least, compared with SOC, the treatment effects on TN within the
5–10-cm layer were typically insignificant, indicating that the effect of
conservation tillage or straw mulching on TN concentration would not
propagate as deep as that of SOC within soils.

4.4. Modeling

Modeling crop yield and WP using non-parametric kernel-based
algorithms such as SVM could unveil important features governing crop
production and help construct high-accuracy models that could easily
outperform traditional approaches. Unlike other research domains (e.g.
genetics, engineering, etc.), where feature numbers could be extremely
large and typically require sophisticated feature-selection algorithms to
boost the performance. In this study, the most sophisticated models
involved only 40 features. Therefore, we anticipated that the low fea-
ture number and limited amount of training data might affect the
performance of models. The low values of performance indices from
soybean might be caused by low number of features. Meanwhile, the
soybean variety ‘Fengshou NO.12’ is an early-mature spring-planting
variety widely used on the Loess Plateau region, which is typically
planted in May and harvested in September. In our study, however,
soybean planting was usually delayed (Mid-July) in order to accom-
modate the harvesting season of winter wheat (Late-June). The shor-
tened growing season of soybean could affect the accumulated heat
units (degrees days), accumulated solar net radiation, grain yield, and
WP. Thus, we attributed the low accuracy of soybean models to both
low feature number and low productivity. The winter wheat variety
used in this study, ‘Xifeng NO.24’ is a popular long-growing season
variety widely grown in this region, which has resulted more features
used for the model building processes. Its well-documented water use
efficiency and great adaptation to the local environment (Li et al.,
2018) has generated reliable yield in this study. Therefore, greater
modeling performance was observed across both grain yield and WP.
Interestingly, maize is the only crop that indicated greater accuracy in
modeling grain yield (R2=0.76) than WP (R2=0.71). Both winter
wheat and soybean had either similar or better modeling accuracy in
WP than grain yield. This could be caused by the different photo-
synthetic pathways undergone by maize (C4) and the other two crops
(C3), which makes maize slightly better adapted to surviving the hot
and dry semiarid climatic conditions of the Loess Plateau region.
Meanwhile, this inherent adaptability and resilience of maize to
drought and heat stress makes it difficult to precisely model its pro-
duction responses to water availability such as the WP.

Feature ranking results indicated that treatment typically had the
least influence on grain yield and WP of both maize and winter wheat.
This finding showed that although different tillage and straw retention
treatments had produced significant statistical differences among ex-
perimental units, the primary drivers controlling yield and productivity
are always the fundamental ecophysiological factors (e.g. solar net ra-
diation and temperature-related heat unit accumulation) observed
during the growing season. For maize grain yield, early and mid-
growing season temperature ranges appeared to be crucial for pre-
dicting yield. This makes perfect sense, because these early-season
maize plants (Feekes 1) are the most susceptible towards heat/cold
stress. The end-of-season solar net radiation is also very important for
the kernel hardening processes as indicated in the feature ranking re-
sults. For winter wheat, the regreening-season (Feekes 4–5) solar net
radiation, booting-stage (Feekes 10) maximum temperature and an-
thesis-stage (Feekes 10.51) precipitation appeared to be the most in-
formative features controlling yield. Soybean yield was mostly influ-
enced by treatments which is consistent with field data reported in
Section 3.1. Additionally, end-season maximum temperature indicated
great impact on soybean yield because of its importance on pod ma-
turity and drying before harvesting. Last but not the least, the majority
of features provided similar R2 values once omitted from the entire
model (range between 0.5–0.7), indicating that there exist strong in-
teractive effects among different features during the model construction
processes. Thus, different environmental factors (temperature, net ra-
diation, and precipitation) and their dynamics might be co-affecting the
yield and WP of different crops in a highly coupled manner. This
warrants future modeling effort using high-throughput data in different
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cropping system studies.

4.5. Energy and economy impact

From an energy perspective, differences among treatments were
mainly caused by whether tillage/straw mulching was adopted or not.
On average, tillage accounted for 28% of the total input energy for T
and TS treatments in the rotation system, and fertilizer accounted for
57%. For no-till treatments (NT and NTS), energy associated with fer-
tilizer manufacturing accounted for 79%% of the total input. There
numbers are similar to the research results obtained by Lu and Lu
(2017), which indicated that fertilizer inputs accounted for over 50% of
energy consumption across all conservation tillage treatments on the
Loess Plateau. In this research, the lower input energy and lower yield
under no-till treatments (NT and NTS) compared with conventional-
tillage treatments (T and TS) had resulted in an offset effect on the
overall net energy level, thus, leading to similar net energy values
across all treatments. On a numerical scale, NTS treatment had resulted
in the greatest net energy gain in both wheat and soybean and very
comparable values to TS under maize production. This finding is similar
to what was reported by Lu and Lu (2017) and Tabatabaeefar et al.
(2009). Both research groups found that the non-till treatments pro-
vided greater net energy than the conventional tillage.

For the entire system level, both T and TS treatments for maize and
wheat produced greater economic output values than NT and NTS
treatments, and NTS treatments produced greater output values for
soybean production. In terms of net benefit, NTS had provided the
greatest net return re regardless of crops, demonstrating its great per-
formance in maintaining the economic return and stability on a crop-
ping system level. The results also provided important references and
information for the extensive application of climate-smart and low-
energy farming on a regional scale.

5. Conclusion

Opportunities for designing and evaluating greater cropping sys-
tems on the semiarid Loess Plateau of China are abundant. This study is
one of a few long-term cropping system studies that has demonstrated
detailed field-level data, including yield, WP, SOC, TN, energy and
economic benefits in conjunction with simulation modeling based on an
11-yr maize-wheat-soybean rotation system on the Loess Plateau region
of China. Overall, conventional tillage combined with straw mulching
appeared to be the most beneficial treatment for maintaining grain
yield.

The continuous rotation of no-tillage and straw mulching practices
had the most obvious beneficial effects on SOC and TN storage.
Additionally, tillage with straw mulching treatment provided the most
output of total energy, net energy and economic value, however no-
tillage with straw mulching had resulted in the greatest net economic
benefit compared with all other treatments. The limited productivity of
the selected grain soybean variety suggested that a different low ra-
diation sensitive variety or another alternative forage legume species
with shorter growing season might be a better fit. The soil response
suggested that other conservation tillage practices such as strip tillage
or ridge tillage might help better maintaining yield and increasing SOC
particularly at deeper soil profiles more rapidly than no-till practices.
The modeling results had indicated great potential for using machine
learning-based approaches in agronomic studies. Finally, more long-
term studies involving high-throughput crop phenotyping and soil mi-
crobial analysis are warranted for better understanding the underlying
mechanisms governing crop productivity and soil health on a system
level.
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