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Abstract: The practice of crop rotation can significantly impact carbon sequestration potential.
In exploring whether crop rotation has the potential to improve soil carbon sequestration in
China’s Loess Plateau, soil organic carbon (SOC), soil water content (SWC), soil bulk density
(SBD), and soil pH were compared across the 0–1.0 m soil profile, under four crop rotation
patterns: lentil–wheat–maize, wheat–potato–lentil, wheat–maize–potato, and wheat–flax–pea.
The lentil–wheat–maize and wheat–maize–potato rotations have been practiced over the past
20 years, while the wheat–potato–lentil and wheat–flax–pea rotations were established in 1978
(~40 year rotations). The results showed that under the 20-year lentil–wheat–maize rotation, SOC was
not significantly different to that of the wheat–maize–potato rotation, at 6.81 g kg−1 and 6.91 g kg−1 ,
respectively. However, under the lentil–wheat–maize rotation, SWC (9.81%) and SBD (1.19 Mg m−3 )
were significantly higher, but soil pH (8.42) was significantly lower than the same metrics under
wheat–maize–potato rotation (8.43% and 1.16 Mg m−3 , and 8.50, respectively). For the 40-year rotations,
SWC (9.19%) and soil pH (8.41) under the wheat–potato–lentil were not significantly different to
that of the wheat–flax–pea (8.87%, and 8.40, respectively). SOC (6.06 g kg−1 ) was significantly
lower, but SBD (1.18 Mg m−3 ) was significantly higher under the wheat–potato–lentil than the
wheat–flax–pea (7.29 g kg−1 , and 1.15 Mg m−3 , respectively) rotations. Soil carbon sequestration for
the lentil–wheat–maize and wheat–potato–lentil rotations was co-influenced by SWC, SBD, and soil
pH, while for wheat–maize–potato and wheat–flax–pea rotations, it was co-influenced by SWC and
soil pH. The economic value of the four studied crops is, in order: potato > maize > wheat > flax.
The results of the present study suggest that the lentil–wheat–maize and maize–flax–pea rotations are
the most suitable patterns to optimize simultaneous economic and ecological development of the
study area.
Keywords: crop rotation; maize; wheat; soil organic carbon; soil water content; arid and
semi-arid region

1. Introduction
Soil is an important carbon pool in terrestrial ecosystems and is estimated to contain from 1200 to
2200 Gt of soil organic carbon (SOC) [1,2]. Improving SOC sequestration in farmland soil through
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the adoption of conservation agricultural practices such as no-tillage and residue management has
received considerable attention in the literature [3–5]. Many field experiments show that SOC can be
influenced by the type of cropping system employed, and is impacted by factors such as crop rotation
characteristics and environmental conditions [6–8]. Crop rotation is currently regarded by many to
be an important method to improve SOC sequestration, as rotation patterns have significant effects
on soil structural stability due to the action of crop root systems. For example, upon the death of a
cover crop, the biopores left by cover crop roots support root growth in subsequent crops, even in
soils with high penetration resistance [9,10]. Compared to monocultures, crop rotations favor a more
efficient use of soil nutrients by plants, which can prevent SOC loss, enhance soil fertility, and raise
crop yields—results that promote food security and help to mitigate climate change by maintaining
the CO2 balance of the atmosphere [11]. In addition, compared to conventional monoculture systems,
plant disease diffusion has been shown to be reduced when crop rotation is employed [10,12–16].
Water scarcity is the most common issue in semi-arid regions, for example in parts of China,
India and the US [17]. Generally, water scarcity contributes to reduced SOC sequestration because
soil water content (SWC) directly impacts microbial activity and the diffusion rate of soil gas into the
atmosphere [14,18]. In China, especially in the semi-arid and rain-fed crops of the Loess Plateau [19,20],
uneven precipitation contributes significantly to water stress and nutrient deficiencies, the limiting
factors of crop production in the region [21].
Crop rotation practices in the Loess Plateau are common [22]. Mixed results in the literature
suggest a need for further study of the effects of crop rotation practices. For example, some studies
show that continuous crops have greater SOC fixation potential [7,23,24], though these practices
consume more water [25] than rotation crops. Other studies suggest that continuous cropping reduces
SOC sequestration [15]. Although there are various types of crop rotation patterns employed in
the Loess Plateau comprising various combinations of lentil (Lens culinaris), wheat (Triticum æstivum
L.), potato (Solanum tuberosum L.), pea (Pisum sativum), flax (Linum usitatissimum L.) and maize
(Zea mays L.) crops, their impacts on SOC sequestration and on other soil properties are not well
documented. The environmental sustainability of the current rotation patterns is unknown and
warrants further exploration.
The objectives of the present study are: (1) to investigate the effects of crop rotations on SWC,
SOC, soil bulk density (SBD) and soil pH, and (2) to identify the most sustainable rotation pattern
for the study region. The researchers hypothesize that different crop rotation patterns may have
different effects on SOC sequestration, as previous studies found that SWC, SBD, and soil pH are
often influenced by the crop rotation patterns, and that variations in these soil properties can result in
differences in SOC [26–29].
2. Materials and Methods
2.1. Study Area
Huining County (104◦ 290 –105◦ 310 E, 35◦ 240 –36◦ 260 N) is located on the south-to-north slopes of the
Loess Plateau, with an average altitude of 2025 m and an area of approximately 6439 km2 . The region is
situated in a temperate continental climate zone with a mean annual temperature of 6–9 ◦ C and a mean
rainfall of 180 to 450 mm y−1 , of which 58% falls between July and September. The mean evaporation
rate is over 1800 mm y−1 [30]. Soils in this area mainly are of a loessial type, with field capacity being
between 13–25%, and permanent wilting point being between 3–8%. In terms of soil composition,
silt, clay and sand account for above 60%, 5% and 30% of the soil particles, respectively [31]. As a
typical rain-fed agricultural region, crop lands are the traditional source of income for Huining County
locals. For many years, wheat, flax, potato, pea, and lentil have been the major regional crops. Each
of these crops are planted and harvested once a year due to the region’s scarcity of water resources.
Approximately 20 years ago, the dry farming industry began to use mulching techniques, allowing for
the introduction of maize to the area. This promoted the co-occurrence of four primary inter-annual
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crop rotations, including lentil–wheat–maize and wheat–maize–potato—introduced approximately
20 years ago with the establishment of maize production in the area—and wheat–potato–lentil and
wheat–flax–pea—rotations that have existed since the rural lands were contracted to households in
1978 as each household can manage its lands.
The primary cultivation method for all crops in this area was similar. Fifteen years ago, animals
were a key source of draft power, but were eventually substituted for farm machineries, which are
now universally used in agriculture production. Wheat is planted in February and harvested in July,
while maize and potato are planted in May, and harvested in October. Flax and legumes such as peas
and lentils are often planted in March and harvested in August. In the study area, irrigation is not
used for all crops, and crop straw is fed to domestic livestock or used as fuel. The majority of livestock
manure is returned to the field as a primary fertilizer, and a small amount of chemical fertilizer is used.
Herbicides are seldom applied; weeds are mainly removed manually.
2.2. Experimental Design
In order to investigate the response of SOC to crop rotations over time, a space-for-time substitution
approach was employed in the present study, as it has been adopted and successfully used in similarly
targeted field studies [32–34]. Overall, three sites (Figure 1) were selected to explore the effects of
crop rotations on SOC, SWC, SBD and soil pH at the later growth or harvest state of crops, during the
period from late of July to September, 2017, in Huining County. Notably, there was an unprecedented
3-month drought before the sampling period, in which virtually all precipitation was fully depleted by
plants and soils in all of the investigated sites [35]. Each of the four crop rotations, lentil–wheat–maize,
wheat–potato–lentil, wheat–maize–potato, and wheat–flax–pea, was collected, respectively, at each
site. Due to the limited size of the study areas, soil was sampled from three to five 10 m × 10 m plots,
spaced 10 m apart along the horizontal contour. There were 12 plots for each crop rotation. In each
plot, the soil profile was excavated to a depth of 1.0 m at three 1 m × 1 m quadrats, spaced along the
diagonal (one at each end and one at the mid-point), and thus a total of 216 soil samples were collected
for each crop rotation. Soil samples were taken at profile depth ranges of 0–0.1 m, 0.1–0.2 m, 0.2–0.4 m,
0.4–0.6 m, 0.6–0.8 m and 0.8–1.0 m, using a cutting ring with diameter of 5 cm. Compared to other
methods, this approach allows for a better comparison of soil properties at multiple depths [36].

Figure 1. Location of the three experimental blocks in Huining County, Gansu Province, China.

2.3. Soil Analysis
Each soil sample was placed in a plastic Ziplock bag with its cutting ring and weighed (g) on
site. In the laboratory, each sample was removed from the plastic bag and placed in an individual
pre-weighed aluminum box, then dried in an oven at 105 ◦ C for 24 h. Each soil sample was again
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weighed, and its net dry weight calculated as the total weight minus that of the aluminum box.
The SWC was then calculated as [35]
SWC = 100·

W1 − W2
W2

where W 1 = fresh weight, and W 2 = dry weight.
dry weight
SBD was then calculated as SBD (Mg m−3 ) [37] = volume .
The pH of a 2:5 soil: water suspension was measured using a Sartorius PB-10 pH meter [37],
and the SOC (g kg−1 ) was determined with wet dichromate oxidation using an air-dried homogenized
subsample of 0.2 g soil and titration with FeSO4 [38].
2.4. Data Analysis
Data were analyzed using SPSS 22.0 statistical software (SPSS Inc., Chicago, IL, USA), and expressed
as mean ± standard deviation. One-way analysis of variance (ANOVA) was applied to determine
the statistically significant differences in the soil pH, SWC, SOC and SBD between the different crop
rotations at the equivalence of a p < 0.05 significance level. The Pearson’s product moment correlation
(r) was used to identify the statistically significant relationships among soil pH, SWC, SOC and SBD.
The Origin Pro 9.0 software was applied to visualize data and analysis results through appropriate
visual and statistical diagnostic plots. Linear regression was used to identify the dominating soil
factors that influence SOC sequestration for each crop rotation pattern.
3. Results
3.1. The Distribution of SWC and SBD of Different Rotation Patterns
At the 1.0 m soil depth profile, for the 20-year rotations, SWC of the lentil–wheat–maize
(9.81%) was significantly higher than that of the wheat–maize–potato (8.43%) rotation, while for
the more established 40-year rotations, no difference in SWC was found between wheat–potato–lentil
(9.19%) and wheat–flax–pea (8.87%) (Table 1). In a vertical direction, with an increase in soil
depth, the SWC of the lentil–wheat–maize, wheat–maize–potato and wheat–flax–pea rotations first
increased, and then decreased and increased again, while the SWC of the wheat–potato–lentil first
increased and then decreased. Specifically, SWC values peaked at the 0.1–0.2 m soil layer both for the
lentil–wheat–maize and wheat–potato–lentil rotations (10.92%, and 9.83%, respectively), while the
SWC of the wheat–maize–potato rotation showed no clear change from one layer to another. For the
wheat–flax–pea rotation, SWC was significantly lower at the 0.2–0.4 m soil layer. The SWC for all crop
rotation patterns showed major fluctuations at the 0.1–0.4 m soil layer (Figure 2).
Table 1. The soil water content (SWC), soil organic carbon (SOC), soil water content (SWC), soil bulk
density (SBD) and soil pH of different crop rotation patterns (mean ± standard deviation).
Duration

Crop Rotations

SWC (%)

SOC (g kg−1 )

SBD (Mg m−3 )

Soil pH

20 years

wheat–maize–potato
lentil–wheat–maize

9.81 ± 2.64 a
8.43 ± 2.11 b

6.81 ± 4.84 a
6.92 ± 3.86 a

1.19 ± 0.08 a
1.16 ± 0.10 bc

8.42 ± 0.12 a
8.50 ± 0.15 b

40 years

wheat–flax–pea
wheat–potato–lentil

8.87 ± 2.88 bc
9.19 ± 1.43 c

7.29 ± 3.12 a
6.06 ± 2.27 b

1.15 ± 0.10 b
1.18 ± 0.08 ac

8.40 ± 0.16 a
8.41 ± 0.17 a

Note: The lowercase letters indicate differences between the two crop rotations with 20 years, and 40 years,
respectively (p < 0.05), SWC represents soil water content, SOC represents soil organic carbon, and SBD represents
soil bulk density.
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Figure 2. SWC, SOC, SBD, and soil pH at 1 m depth for different crop rotation patterns. Note: LWM
represents lentil–wheat–maize, WMP represents wheat–maize–potato, WFP represents wheat–flax–pea,
WPL represents wheat–potato–lentil; SWC represents soil water content, SOC represents soil organic
carbon, SBD represents soil bulk density.

At the 1.0 m soil depth profile, for the 20-year rotations, the SBD of lentil–wheat–maize
(1.19 Mg m−3 ) was significantly higher than that of wheat–maize–potato (1.16 Mg m−3 ). In terms of
the 40-year rotations, the SBD of wheat–potato–lentil (1.18 Mg m−3 ) was significantly higher than that
of wheat–flax–pea (1.15 Mg m−3 ) (Table 1). With an increase in soil depth, SBD of all rotations showed
a similar trend, specifically an initial increase followed by a decrease, with their values peaking within
the 0.2–0.4 m soil layer (1.26 Mg m−3 , 1.21 Mg m−3 , 1.23 Mg m−3 , and 1.24 Mg m−3 , respectively)
(Figure 2).
3.2. The Distribution of Soil pH, SOC of Different Rotation Patterns
At the 1.0 m soil depth profile, for the 20-year rotations, the soil pH of wheat–maize–potato (8.50)
was significantly higher than that of the lentil–wheat–maize (8.42), but for the 40-year rotations, no
difference in soil pH was observed between wheat–flax–pea (8.40) and wheat–potato–lentil (8.41)
(Table 1). The soil pH levels for the lentil–wheat–maize, wheat–flax–pea, and the wheat–potato–lentil
rotations first decreased and then increased with soil depth, while for the wheat–maize–potato rotation,
soil pH increased with soil depth. There was no significant difference in pH among soil layers for the
lentil–wheat–maize rotation. The soil pH of the wheat–potato–lentil and wheat–flax–pea rotations
reached its minimum value at the 0.1–0.2 m layer (8.27 and 8.28, respectively). As a general trend
across all four crop rotations, the soil pH of the shallow soil layers was less than that of the deeper
layers (Figure 2).
At the 1.0 m soil depth profile, for the 20-year rotations, SOC between lentil–wheat–maize
(6.81 g kg−1 ) and wheat–maize–potato (6.92 g kg−1 ) was not significantly different, but for the
40-year rotations, it was significantly lower under wheat–potato–lentil (6.06 g kg−1 ) than that under
wheat–flax–pea (7.29 g kg−1 ) (Table 1). In terms of soil depth, the SOC of the four crop rotations was
mainly distributed at the 0–0.2 m soil layer, ranging from 7.25 g kg−1 to 9.35 g kg−1 . With an increase
in soil depth, the SOC of lentil–wheat–maize, and wheat–potato–lentil rotations first increased and
then decreased, while wheat–maize–potato and wheat–flax–peas rotations exhibited the reverse trend.
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Overall, SOC of all crop rotations decreased with increased soil depth. The peak SOC values were found
at the 0.1–0.2 m soil layer and the 0–0.1 m soil layer for the lentil–wheat–maize rotation (9.35 g kg−1 )
and the wheat–maize–potato rotation (8.27 g kg−1 ), respectively. The SOC of the wheat–potato–lentil
and wheat–flax–pea rotations reached its minimum value at the 0.4–0.6 m soil layer and the 0.6–0.8 m
soil layer, respectively, with minimum values of 5.87 g kg−1 for the former, and 5.02 g kg−1 for
the latter. Compared to the lentil–wheat–maize and wheat–maize–potato rotations, the SOC of the
wheat–potato–lentil and wheat–flax–pea rotations showed large fluctuations among the soil layers
(Figure 2).
3.3. The Relationship of Soil pH, SOC, SWC, and SBD across All Four Crop Rotations
The SWC was positively correlated with SOC, but negatively correlated with soil pH and SBD.
The SOC was negatively correlated with soil pH and SBD. The correlation coefficient of SWC and SOC
was the highest (Table 2).
Table 2. The relationship among SWC, SOC, SBD and pH.

SWC
SOC
SBD
pH

SWC

SOC

SBD

pH

1
0.306 **
−0.135 **
−0.221 **

1
−0.160 **
−0.295 **

1
0.039

1

Note: SWC represents soil water content, SOC represents soil organic carbon, and SBD represents soil bulk density,
** indicates p < 0.01.

4. Discussion
4.1. Effects of Different Rotation Patterns on SWC and SBD
Water over-use by plants results in a soil desiccation phenomenon that may further hamper plant
growth [14,31]. Previous studies found that crop rotations could significantly affect soil water and
thermal status that play an important role in crop growth in dry-land farming [39]. Crop rotations
have been shown to effectively save water through mechanisms associated with alterations between
shallow- and deep-rooted crops [22]. For the 20-year rotations, lentil–wheat–maize was found to
save more water than wheat–maize–potato (Table 1). This outcome is due partially to the fact that
the critical water demand period passed in early August [40] and partially to the fact that legumes
tend to increase SWC [41]. However, the SWC of the wheat–maize–potato rotation was the lowest of
the four, due to maize being a deep-rooted crop with more biomass than the others, thus requiring
more water to ensure growth and survival [11,42]. However, for the 40-year rotations, SWC between
wheat–potato–lentil and wheat–flax–pea was similar, suggesting that lentil and pea have a comparable
level of influence on SWC. The variation in SWC with an increase in soil depth for the four crop
rotations in the present study (Figure 2) was inconsistent with the findings of Cui et al. [42] who
observed a decrease in SWC with soil depth. This suggests that the response of SWC to different crop
rotation patterns may vary. The SWC of the four studied crop rotations fluctuated significantly at
0.1–0.4 m, results consistent with Zhang et al. [43], who reported that the combination of vegetation
transpiration and soil evaporation could consume up to 90% of the total precipitation input in the
upper layers. In the present study, samples were taken from late July to September when temperatures
were extremely high [35], resulting in high soil evaporation. The peak SWC values were found at the
0.1–0.2 m layer for the lentil–wheat–maize and wheat–potato–lentil rotations. These results agree with
Wang et al. [20], who suggested that crop rotations have a substantial effect on the soil surface layer.
The SWC of the wheat–maize–potato rotation was relatively uniform among soil layers. The reason for
this may be that the deep maize roots absorbed the water at a deeper soil profile to maintain growth,
contributing to uniformity in SWC among the soil layers [39,44,45]. Conversely, for the maize–flax–pea
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rotation, SWC was significantly lower at the 0.2–0.4 m soil layer, likely because flax is a shallow plant
with most of its root system concentrated in the upper 0.4 m of the soil [46]. As a result, more water is
consumed in the upper soil layers to maintain flax growth [47].
SBD plays a fundamental role in determining a soil’s physicochemical state. A lower SBD generally
indicates better soil structure with good porosity and a soil with a greater ability to retain water and
organic carbon [48–50], due to the various root systems of the crops in the rotation cycle [51]. Both 20and 40-year rotations including a lentil crop had a higher SBD, (Table 1), suggesting that, although
lentil can increase SWC, as mentioned above, they can also contribute to soil structure deterioration.
The mechanisms behind this effect warrant further study. The SBD of the four crop rotations showed a
similar trend, decreasing initially up to the 0.2–0.4 m soil layer and then increasing with soil depth
(Figure 2). This outcome is inconsistent with that of Blanco-Canqui et al. [52], who reported that SBD of
the late-maturing soybean increased as soil depth increased. This disagreement in results suggests that
the relationship between SBD and soil depth is inconstant. The increase of SBD in the upper three soil
layers was the result of sustained pressure from the upper layers [37]. In addition, SBD was affected by
the amount of residue available in the soil; even when these residues were not mechanically mixed into
the soil, but rather left on the surface, SBD decreased as organic materials were slowly incorporated
into the surface soil by soil fauna [16]. The decreasing trend of SBD below 0.4 m was attributed to
the decreasing effects of compaction from machines [53,54]. The peak SBD values were all found at
the 0.2–0.4 m soil layer, due to the formation of a plough-pan layer, where the nutrient status was
extremely poor [55].
4.2. Effects of Different Rotation Patterns on SOC and Soil pH
Vegetation plays an important role in the accumulation of SOC as it directly influences C inputs [56].
For 40-year rotations, the SOC of wheat–potato–lentil was significantly lower than that of the other one
(Table 1). This may be explained by the different paths of photosynthesis between C3 and C4 plants.
Potato and wheat are C3 plants, a category that exhibits a lower photosynthesis rate, lower water use
efficiency, and lower capacity for SOC sequestration than the C4 category [57]. In addition, it is likely
that the inclusion of some legumes such as pea into a crop rotation have positive effects on SOC, through
the reduction of respiratory CO2 flux rates of vegetation and soil [41,58]. Furthermore, Haden et al. [28]
have reported that roots are the main contributor to SOC formation. Based on Hou et al. [59] and
Liu et al. [60], the roots of wheat and maize are mainly concentrated in the 0–0.2 m soil layer, while for
potato, roots are mainly located in the 0–0.1 m soil layer [61]. These differences in the rooting depth
patterns among the studied crop types could affect the various vertical placements of SOC within the
soil profile [62]. However, for the 20-year rotations, no significant difference in SOC was found between
the two types (Table 1), suggesting that the lentil–wheat–maize and wheat–maize–potato rotations had
considerable ability to sequester SOC, and that some legumes, such as lentil, may have little effect
on SOC. These findings should be given more consideration in future research. In agreement with
several other studies [2,56], the SOC across the four crop rotations showed a decreasing trend with soil
depth increase (Figure 2), suggesting that the contribution of the litter and humus layer and microbial
decomposition of organic matter to SOC is most active on the soil surface [63]. This indicates that SOC
in the study area is sensitive to changes in management practice [57].
Soil pH directly affects crop growth and nutrient circulation [64]. In terms of the 20-year rotations,
soil pH of wheat–maize–potato was higher than that of lentil–wheat–maize (Table 1). This may
be due to the fact that the potato crop in the wheat–maize–potato rotation tends to consume more
water, resulting in a generally higher soil salinization and soil pH [12,65]. Higher soil pH tends to
reduce nutrient availability and influence soil quality, and thus, the wheat–maize–potato rotation
may not be helpful for maintaining soil quality. However, in terms of the 20-year rotations—namely,
wheat–flax–pea and wheat–potato–lentil—the soil pH for the two rotations was similar (Table 1).
The reason for this may be that lentil and pea have the same effect on soil pH because both crops are
leguminous: legumes have roots that release protons (H+ ) to the soil during the growth period [41].
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The variations of soil pH and SOC with soil depth showed opposite trends (Figure 2). This may be
attributed to soil pH being significantly negatively correlated with SOC (Table 2). The soil pH of the
lentil–wheat–maize crop rotation first decreased, and then increased with soil depth, but no significant
difference in soil pH among the layers was observed, likely because the lower water requirements
of lentil and wheat acted to stabilize soil pH. The soil pH of wheat–maize–potato rotation increased
with soil depth, which is in agreement with Godsey et al. [66]. However, for wheat–flax–pea and
wheat–potato–lentil rotations, soil pH first decreased and then increased with soil depth, both reaching
minimum values (8.27 and 8.28, respectively) at the 0.1–0.2 m soil layer. This is attributed to the fact
that potato, wheat, flax, pea and lentil are shallow-root plants with roots that release H+, effectively
reducing rhizospheric pH [67]. The soil pH at shallow layers was less than the pH at deeper layers
across all four crop rotations. This may be related to above-ground crop residues; these contribute
organic acids to the topsoil that tend to break down before they can acidify the deeper layers, leading
to the relatively higher soil pH at the deeper layers [68].
Compared to the results of a 2018 study by Cao et al. [38] that examined SOC in forty-year-old
apricot stands (8.06 g kg−1 ) and forty-year-old poplar stands (7.31 g kg−1 ) in the same study region
(Figure 1), the crop rotations studied in the present research generated a lower SOC (Table 1).
This is likely because crops are planted once a year in the study area with three to four months for
fallow, resulting in a lower SOC accumulation as a result of fewer C inputs [2]. This suggests that,
in the study region, unsustainable crop rotations would contribute to a significant reduction in SOC
sequestration [15]. Although all four examined crop rotations were not equally beneficial for SOC
sequestration, the maize–flax–pea rotation was the best option for reducing SOC losses in the study
area soil.
4.3. Tradeoff between SOC and SWC under Four Rotation Patterns
It is predicted that temperatures will increase and that precipitation will decrease significantly
over the next 40 years across the Loess Plateau, creating optimal conditions for increasingly severe
droughts [19,20]. In the present study, SOC was positively correlated with SWC (Table 2) and negatively
correlated with SBD and soil pH—results consistent with Suuster et al. [48]. Tranter et al. [69]
reported that this negative correlation was the result of soil aggregation. From this perspective,
the lentil–wheat–maize rotation was expected to improve SOC sequestration, given its higher SWC.
However, the results of the present study do not support this hypothesis (Table 1). This contradiction
suggests that SWC is not the only factor that can influence SOC sequestration.
To further study the effects of soil factors on SOC, it was necessary to establish regression equations
for SOC, SWC, soil pH, and SBD. In the present study, SOC was set as the dependent variable for each
of the four crop rotation patterns (Y1 , Y2 , Y3 and Y4 , respectively), and SWC (X1 ), soil pH (X2 ) and SBD
(X3 ) were set as independent variables. The regression relationship at p < 0.05 was interesting (Table 3);
SOC was found to be influenced by different factors simultaneously. SOC under lentil–wheat–maize
and wheat–potato–lentil rotations was co-influenced by SWC, soil pH, and SBD, while SOC under
wheat–maize–potato and wheat–flax–pea rotations was co-influenced by SWC and soil pH (Table 3).
In terms of water conservation, the present study found the lentil–wheat–maize rotation to be optimal.
However, in terms of potential SOC sequestration, the maize–flax–pea was superior to the other
rotations (Table 1).
While the ecological benefits of different crop rotation patterns are extremely important to explore,
it is also critical to address the economic aspects of the practice, especially as Huining County is a
traditional agricultural region in which crop products are the main source of income. According to
the crop yield and market price reports from the Bureau of Agriculture in Huining County (Table 4),
the economic value of the four primary regional crops can be ordered as: potato > maize > wheat >
flax. However, compared to the other crops on the list, maize tends to consume more water, while
potato can reduce SOC sequestration potential, suggesting that higher crop yield and economic value
may come at the price of diminished SWC and SOC sequestration potential. Policy makers, therefore,
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should make decisions cautiously; soil water is a valuable resource that can limit future agricultural
development in arid and semi-arid regions [42,70]. Considering water conservation, SOC sequestration,
and the economic value of crops simultaneously, the results of the present study suggest that the
lentil–wheat–maize and maize–flax–pea rotations are optimal for the study area.
Table 3. Regression analysis of soil physical and chemical factors among crop rotations.
Crop Rotations

Regression Equation

Standardization Factor

R2

Lentil–wheat–maize
Wheat–maize–potato
Maize–flax–pea
Wheat–potato–lentil

Y1 = 79.15 + 35.36X1 − 7.62X2 − 9.84X3
Y2 = 68.41 + 59.43X1 − 7.82X2
Y3 = 69.82 − 7.71X2 + 24.97X1
Y4 = 35 + 41.35X1 − 3.09X2 − 5.74X3

X1 = 0.193; X2 = −0.195; X3 = −0.172
X1 = 0.325; X2 = −0.312
X2 = −0.388; X1 = 0.230
X1 = 0.261; X2 = −0.236; X3 = −0.204

0.14
0.27
0.26
0.15

Table 4. The price and yield of different crops.
Crops

Price (Yuan RMB)

Yield (kg/hm2 )

wheat
maize
flax
potato

1.1
0.9
2
0.45

8400
15,300
3300
66,000

Note: The source of the yield data is from the Bureau of Agriculture in Huining County.

5. Conclusions
The present study found the lentil–wheat–maize rotation to be better suited for water conservation,
while the wheat–flax–pea rotation was superior in terms of SOC. After considering the tradeoffs
between ecological and economic benefits among the four studied crop rotations, the researchers
suggest that these two types of rotation are most appropriate for concurrent economic and environmental
development in the study area.
Sampling time and rainfall may affect the vertical distribution of soil physical and chemical
properties across all crop rotations; the samples in the present study were taken at the later stage of
crop growth. Further studies are required to accurately compare the differences in SWC, SBD, soil
pH, and SOC between different crop rotations across the entire growing season, and other factors that
influence SOC, such as roots, microbes, and crop water requirements, which were not considered in
the present study, should be taken into consideration in future research.
Author Contributions: Conceptualization, C.W. and J.C.; Methodology, J.C.; Validation, J.C.; Formal Analysis,
C.W., X.W. and Y.L.; Investigation, C.W., J.C., X.W. and Y.L.; Data Curation, C.W. and X.Z.; Writing—Original
Draft Preparation, C.W.; Writing—Review and Editing, J.F.A., C.L., J.Z., Y.Z. and J.C.; Visualization, C.W.; Funding
Acquisition, J.C. All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by the Key Laboratory of Ecohydrology of Inland River Basins, Chinese
Academy of Sciences (KLERB-ZS-16-01), Opening Fund of the Key Laboratory of Land Surface Processes and
Climate Change in Cold and Arid Regions, CAS (LPCC2018008), the Major Program of the Natural Science
Foundation of Gansu province, China (18JR4RA002), and the Innovation Ability Program of Colleges and
Universities of Gansu province, China (2019B-033).
Acknowledgments: We thank the reviewers for their valuable comments and suggestions and editors for their
constructive work.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Schlesinger, W.H. Evidence from chronosequence studies for a low carbon-storage potential of soils. Nature
1990, 348, 232–234. [CrossRef]
Cooper, D.G. Long-Term Effect of Tillage and Crop Rotation Practices on Soil C and N in the Swartland,
Western Cape, South Africa. Master’s Thesis, University of Stellenbosch, Stellenbosch, South Africa, 2017.

Agronomy 2020, 10, 160

3.
4.
5.

6.
7.

8.

9.
10.

11.
12.
13.
14.
15.

16.
17.
18.
19.
20.

21.

22.

23.
24.

10 of 12

Luo, Z.; Wang, E.; Baldock, J.; Xing, H. Potential SOC stock and its uncertainty under various cropping
systems in Australian cropland. Soil Res. 2014, 52, 463–475. [CrossRef]
West, T.O.; Post, W.M. SOC sequestration rates by tillage and crop rotation. Soil Sci. Soc. Am. J. 2002, 66,
1930–1946. [CrossRef]
Álvaro-Fuentes, J.; López, M.V.; Arrúe, J.L.; Moret, D.; Paustian, K. Tillage and cropping effects on SOC in
Mediterranean semiarid agroecosystems: Testing the century model. Agric. Ecosyst. Environ. 2009, 134,
211–217. [CrossRef]
Sainju, U.M.; Lenssen, A.W. Dryland soil carbon dynamics under alfalfa and durum-forage cropping
sequences. Soil Tillage Res. 2011, 113, 30–37. [CrossRef]
Kou, T.J.; Zhu, P.; Huang, S.; Peng, X.X.; Song, Z.W.; Deng, A.X.; Gao, H.J.; Peng, C.; Zhang, W.J. Effects of
long-term cropping regimes on soil carbon sequestration and aggregate composition in rainfed farmland of
northeast China. Soil Tillage Res. 2012, 118, 132–138. [CrossRef]
Madari, B.; Machado, P.L.O.A.; Torres, E.; Andrade, A.G.D.; Valencia, L.I.O. No tillage and crop rotation
effects on soil aggregation and organic carbon in a Rhodic Ferralsol from southern Brazil. Soil Tillage Res.
2005, 80, 185–200. [CrossRef]
Ferreira, D.P.E.A.; Tadeu, V.A.C.; Arroyo, G.R.; Jose, D.S.C.; Munir, M. Structural quality of an oxisol under
conventional soil tillage and predecessor crops in sugarcane rotation. Sugar Tech 2018, 21, 93–103. [CrossRef]
Hao, Y.; Lal, R.; Owens, L.B.; Lazurralde, R.C.; Post, W.M.; Hothem, D.L. Effect of cropland management and
slope position on SOC pool at the north appalachian experimental watersheds. Soil Tillage Res. 2002, 68,
133–142. [CrossRef]
Chacko, S.; Ravichandran, C.; Vairavel, S.M. Employing Measurers of Spatial Distribution of Carbon Storage
in Periyar Tiger Reserve, Southern Western Ghats, India. J. Geovisualization Spat. Anal. 2019, 3, 1. [CrossRef]
S2nchez, D.C.; Diego, L.A.; Reintam, E. Organic farming and cover crops as an alternative to mineral
fertilizers to improve soil physical properties. Int. Agrophys. 2015, 29, 405–412. [CrossRef]
Lal, R.; Bruce, J.P. The potential of world cropland soils to sequester C and mitigate the greenhouse effect.
Environ. Sci. Policy 1999, 2, 177–185. [CrossRef]
Chen, L.; Wang, J.; Wei, W.; Bojie, F.U.; Dongping, W.U. Effects of landscape restoration on soil water storage
and water use in the Loess Plateau region, China. Forest Ecol. Manag. 2010, 259, 1291–1298. [CrossRef]
Aguilera, E.; Guzmauzmlera, E.; GuzFuentes, J.; Infante-Amate, J.; Garcia-Ruiz, R.; Carranza-Gallego, G.;
Soto, D.; Molina, M.G.D. A historical perspective on SOC in Mediterranean cropland (Spain, 1900–2008).
Sci. Total Environ. 2017, 621, 634–648. [CrossRef] [PubMed]
Villamil, M.B.; Bollero, G.A.; Darmody, R.G.; Simmons, F.W.; Bullock, D.G. No-till corn/soybean systems
including winter cover crops. Soil Sci. Soc. Am. J. 2006, 70, 1936–1944. [CrossRef]
Aeschbachhertig, W.; Gleeson, T. Regional strategies for the accelerating global problem of groundwater
depletion. Nat. Geosci. 2012, 5, 853–861. [CrossRef]
Buytaert, W.; Iñiguez, V.; Bièvre, B.D. The effects of afforestation and cultivation on water yield in the Andean
páramo. Forest Ecol. Manag. 2007, 251, 22–30. [CrossRef]
Liu, Q.; Yu, C.; Yang, L.; Wen, X.; Liao, Y. Coupling effects of plastic film mulching and urea types on water
use efficiency and grain yield of maize in the Loess Plateau, China. Soil Tillage Res. 2016, 157, 1–10. [CrossRef]
Wang, L.; Wang, C.; Pan, Z.H.; Xu, H.; Gao, L.; Zhao, P.Y.; Dong, Z.Q.; Zhang, J.T.; Cui, G.H.; Wang, S.; et al.
N2 O emission characteristics and its affecting factors in rain-fed potato fields in Wuchuan county, China.
Int. J. Biometeorol. 2017, 61, 911–919. [CrossRef]
Xue, L.Z.; Khan, S.; Sun, M.; Anwar, S.; Ren, A.; Gao, Z.Q.; Lin, W.; Xue, G.F.; Yang, Z.P.; Deng, Y. Effects
of tillage practices on water consumption and grain yield of dry-land wheat under different precipitation
distribution in the Loess Plateau of China. Soil Tillage Res. 2019, 191, 66–74. [CrossRef]
Yang, X.L.; Chen, Y.Q.; Steenhuis, T.S.; Steven, P.; Gao, W.S.; Li, M.; Zhang, M.; Sui, P. Mitigating
groundwater depletion in north china plain with cropping system that alternate deep and shallow rooted
crops. Front. Plant Sci. 2017, 8, 980. [CrossRef] [PubMed]
Kumar, S.; Kadono, A.; Lal, R.; Dick, W. Long-term no-till impacts on organic carbon and properties of two
contrasting soils and corn yields in Ohio. Soil Sci. Soc. Am. J. 2013, 77, 694. [CrossRef]
Zuber, S.M.; Behnke, G.D.; Nafziger, E.D.; Villamil, M.B. Multivariate assessment of soil quality indicators
for crop rotation and tillage in Illinois. Soil Tillage Res. 2017, 174, 147–155. [CrossRef]

Agronomy 2020, 10, 160

25.
26.
27.

28.

29.
30.
31.
32.
33.
34.

35.
36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.
47.
48.

11 of 12

Nielsen, D.C.; Vigil, M.F. Legume green fallow effect on SWC at wheat planting and wheat yield. Agron. J.
2005, 97, 684–689. [CrossRef]
Zhou, G.; Liu, S.; Li, Z.; Zhang, D.; Tang, X.; Zhou, C. Old-growth forests can accumulate carbon in soils.
Science 2006, 314, 1417. [CrossRef]
Wang, W.J.; Qiu, L.; Zu, Y.G.; Su, D.X.; An, J.; Wang, H.Y.; Zheng, G.Y.; Sun, W.; Chen, X.Q. Changes in soil
organic carbon, nitrogen, ph and bulk density with the development of larch (larix gmelinii) plantations in
China. Glob. Chang. Boil. 2011, 17, 2657–2676. [CrossRef]
Haden, V.; Adam, C.; Dornbush Mathew, E. Patterns of root decomposition in response to soil moisture
best explain high soil organic carbon heterogeneity within a mesic, restored prairie. Agric. Ecosyst. Environ.
2014, 185, 188–196. [CrossRef]
Tavakkoli, E.; Rengasamy, P.; Smith, E.; Mcdonald, G.K. The effect of cation-anion interactions on soil ph and
solubility of organic carbon. Eur. J. Soil Sci. 2015, 66, 1054–1062. [CrossRef]
Tang, G.A.; Li, F.Y.; Liu, X.J.; Long, Y.; Yang, X. Research on the slope spectrum of the Loess Plateau. Sci. China
Ser. E Technol. Sci. 2008, 51, 175–185. [CrossRef]
Wang, D.; Fu, B.J.; Zhao, W.W.; Hu, H.F.; Wang, Y.F. Multifractal characteristics of soil particle size distribution
under different land-use types on the Loess Plateau, China. Catena 2008, 72, 29–36. [CrossRef]
Mekuria, W.; Veldkamp, E. Restoration of native vegetation following exclosure establishment on communal
grazing lands in Tigray, Ethiopia. Appl. Veg. Sci. 2012, 15, 71–83. [CrossRef]
Mekuria, W.; Langan, S.; Noble, A.; Johnston, R. Soil restoration after seven years of exclosure management
in northwestern Ethiopia. Land Degrad. Dev. 2016, 28, 1287–1297. [CrossRef]
Cao, J.J.; Li, G.D.; Adamowski, J.F.; Holden, N.M.; Ravinesh, C.D.; Hu, Z.Y.; Zhu, G.F.; Xu, X.Y.; Feng, Q.
Suitable exclosure duration for the restoration of degraded alpine grasslands on the Qinghai-Tibetan Plateau.
Land Use Policy 2019, 86, 261–267. [CrossRef]
Cao, J.J.; Tian, H.; Adamowski, J.F.; Zhang, X.F.; Cao, Z.J. Influences of afforestation policies on soil moisture
content in China’s arid and semi-arid regions. Land Use Policy 2018, 75, 449–458. [CrossRef]
Qin, Y.Y.; Feng, Q.; Holden, N.M.; Cao, J.J. Variation in SOC by slope aspect in the middle of the Qilian
Mountains in the upper Heihe River Basin, China. Catena 2016, 147, 308–314. [CrossRef]
Zhang, X.F.; Adamowski, J.F.; Deo, R.C.; Xu, X.Y.; Zhu, G.F.; Cao, J.J. Effects of Afforestation on SBD and pH
in the Loess Plateau, China. Water 2018, 10, 1710. [CrossRef]
Cao, J.J.; Zhang, X.F.; Deo, R.C.; Gong, Y.F.; Feng, Q. Influence of stand type and stand age on soil carbon
storage in China’s arid and semi-arid regions. Land Use Policy 2018, 78, 258–265. [CrossRef]
Zhang, S.; Li, P.; Yang, X.; Wang, Z.; Chen, X. Effects of tillage and plastic mulch on soil water, growth and
yield of spring-sown maize. Soil Tillage Res. 2011, 112, 92–97. [CrossRef]
Qiao, Y.; Miao, S.; Na, L.; Xu, Y.; Han, X.; Zhang, B. Crop species affect SOC turnover in soil profile and
among aggregate sizes in a mollisol as estimated from natural 13C abundance. Plant Soil. 2015, 392, 163–174.
[CrossRef]
Zhao, J.; Wang, X.; Wang, X.; Fu, S. Legume-soil interactions: Legume addition enhances the complexity of
the soil food web. Plant Soil. 2014, 385, 273–286. [CrossRef]
Cui, Z.; Liu, Y.; Jia, C.; Huang, Z.; He, H.; Han, F.P.; Shen, W.B.; Wu, G.L. Soil water storage compensation
potential of herbaceous energy crops in semi-arid region. Field Crop. Res. 2018, 223, 41–47. [CrossRef]
Zhang, Y.W.; Shangguan, Z.P. The change of soil water storage in three land use types after 10 years on the
Loess Plateau. Catena 2016, 147, 87–95. [CrossRef]
Wang, A.; Liu, B.; Wang, Z.; Gang, L. Monitoring and predicting the SWC in the deeper soil profile of Loess
Plateau, China. Int. Soil Water Conserv. Res. 2016, 4, 6–11. [CrossRef]
Hou, X.Y.; Wang, F.X.; Han, J.J.; Kang, S.Z.; Feng, S.Y. Duration of plastic mulch for potato growth under drip
irrigation in an arid region of northwest China. Agric. Forest Meteorol. 2010, 150, 115–121. [CrossRef]
Gan, Y.T.; Campbell, C.A.; Janzen, H.H.; Lemke, R.; Liu, L.P.; Basnyat, P. Root mass for oilseed and pulse
crops: Growth and distribution in the soil profile. Can. J. Plant Sci. 2009, 89, 883–893. [CrossRef]
Zhang, X.; Pei, D.; Chen, S. Root growth and soil water utilization of wheat in the north China plain.
Hydrol. Process. 2004, 18, 2275–2287. [CrossRef]
Suuster, E.; Ritz, C.; Roostalu, H.; Reintam, E.; Kõlli, R.; Astover, A. SBD pedotransfer functions of the humus
horizon in arable soils. Geoderma 2011, 163, 74–82. [CrossRef]

Agronomy 2020, 10, 160

49.
50.
51.
52.
53.
54.
55.

56.
57.
58.

59.
60.
61.
62.
63.
64.

65.
66.

67.
68.
69.
70.

12 of 12

Lobsey, C.R.; Viscarra Rossel, R.A. Sensing of SBD for more accurate carbon accounting. Eur. J. Soil Sci.
2016, 67, 504–513. [CrossRef]
Saidy, A.R.; Smernik, R.J.; Baldock, J.A.; Kaiser, K.; Sanderman, J.; Macdonald, M.L. Effects of clay mineralogy
and hydrous iron oxides on labile organic carbon stabilisation. Geoderma 2012, 173–174, 104–110. [CrossRef]
Haruna, S.I.; Nkongolo, N.V. Effects of tillage, rotation and cover crop on the physical properties of a silt-loam
soil. Int. Agrophys. 2015, 29, 137–145. [CrossRef]
Blanco-Canqui, H.; Mikha, M.M.; Presley, D.A.R.; Claassen, M.M. Addition of cover crops enhances no-till
potential for improving soil physical properties. Soil Sci. Soc. Am. J. 2011, 75, 1471–1482. [CrossRef]
Bronick, C.J.; Lal, R. Soil structure and management, a review. Geoderma 2005, 124, 3–22. [CrossRef]
Głab, T.T. Impact of soil compaction on root development and yield of meadow-grass. Int. Agrophys. 2013, 27,
7–13. [CrossRef]
Balstrøm, T.; Breuning-Madsen, H.; Krüger, J.; Jensen, N.H.; Greve, M.H. A statistically based mapping of
the influence of geology and land use on soil pH, A case study from Denmark. Geoderma 2013, 192, 453–462.
[CrossRef]
Chandler, R.D. SOC Distribution with Depth: Implications for Ecosystem Services; Clemson University: Clemson,
SC, USA, 2016.
Kimball, B.A.; Zhu, J.G.; Chen, L.; Kobayashi, K.; Bindi, M. Responses of agricultural crops to free-air CO2
enrichment. Chin. J. Appl. Ecol. 2002, 13, 1323–1338. (In Chinese)
De Deyn, G.B.; Shiel, R.S.; Ostle, N.J.; Mcnamara, N.P.; Oakley, S.; Young, I.; Freeman, C.; Fenner, N.; Quirk, H.;
Bardgett, R.D. Additional carbon sequestration benefits of grassland diversity restoration. J. Appl. Ecol. 2011,
48, 600–608. [CrossRef]
Hou, H.T. Effects of Fertilization Application Rate on Crop Cultivation and Soil Organic Carbon. Master’s
Thesis, Nanjing Agriculture University, Nanjing, China, 2011. (In Chinese).
Liu, J.M.; An, S.Q.; Liao, R.W.; Ren, S.X.; Liang, H. Temporal variation and spatial distribution of the root
system of corn in a soil profile. Chin. J. Eco-Agric. 2009, 3, 117–121. (In Chinese)
An, T.X.; Yang, Y.M.; Zhou, F.; Fan, Z.W.; Chen, M.L.; Lu, J.; Wu, B.Z. Effect of Maize and Potato Intercropping
on Their Root Growth and Distribution. J. Yunnan Agric. Univ. 2018, 151, 195–202. (In Chinese)
Jobbágy, E.G.; Jackson, R.B. The vertical distribution of SOC and its relation to climate and vegetation.
Ecol. Appl. 2000, 10, 423–436. [CrossRef]
Song, W.; Liu, Y.; Tong, X. Newly sequestrated SOC varies with soil depth and tree species in three forest
plantations from northeastern China. Forest Ecol. Manag. 2017, 400, 384–395. [CrossRef]
Viani, R.A.G.; Rodrigues, R.R.; Dawson, T.E.; Lambers, H.; Oliveira, R.S. Soil pH accounts for differences in
species distribution and leaf nutrient concentrations of Brazilian woodland savannah and seasonally dry
forest species. Perspect. Plant Ecol. Evol. Syst. 2014, 16, 64–74. [CrossRef]
Li, P.; Wu, J.; Hui, Q. Regulation of secondary soil salinization in semi-arid regions: A simulation research in
the nanshantaizi area along the silk road, northwest China. Environ. Earth. Sci. 2016, 75, 698. [CrossRef]
Godsey, C.B.; Pierzynski, G.M.; Mengel, D.B.; Lamond, R.E. Changes in soil pH, organic carbon,
and extractable aluminum from crop rotation and tillage. Soil Sci. Soc. Am. J. 2007, 71, 1038–1044.
[CrossRef]
Hong, S.B.; Piao, S.L.; Chen, A.P.; Liu, Y.W.; Liu, L.L.; Peng, S.S.; Sardans, J.; Sun, Y.; Peñuelas, J.; Zeng, H.
Afforestation neutralizes soil pH. Nat. Commun. 2018, 9, 520. [CrossRef] [PubMed]
Chen, L.F.; He, Z.B.; Zhu, X.; Du, J.; Yang, J.J.; Li, J. Impacts of afforestation on plant diversity, soil properties,
and SOC storage in a semi-arid grassland of northwestern China. Catena 2016, 147, 300–307. [CrossRef]
Tranter, G.; Minasny, B.; Mcbratney, A.B.; Murphy, B.; Mckenzie, N.J.; Grundy, M.; Brough, D. Building and
testing conceptual and empirical models for predicting SBD. Soil Use Manag. 2007, 23, 437–443. [CrossRef]
Wu, G.L.; Liu, Y.; Fang, N.F.; Deng, L.; Shi, Z.H. Soil physical properties response to grassland conversion
from cropland on the semi-arid area. Ecohydrology 2016, 9, 1471–1479. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

