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Abstract

The Loess Plateau is a typical dryland agricultural region where water scarcity constrains
crop production. Plastic film mulching is widely used to mitigate this limitation, but its long-
term application has caused soil degradation and environmental pollution, highlighting the
need for sustainable alternatives. This study evaluated the effects of post-wheat sequential
green manure cropping—common vetch (CV) and winter rape (CR)—on soil water balance,
potato yield, water use efficiency (WUE), and economic returns within a winter wheat-
potato rotation system. A field experiment (2019–2023) was conducted on the Loess Plateau,
comparing CV, CR, plastic film mulching (PM), and no mulching (NM). Soil water content
(0–200 cm), evapotranspiration (ET), tuber yield, WUE, and economic performance were
measured. Although CV and CR depleted soil water in the 0–100 cm layer during their
growth, subsequent fallow precipitation (86 mm) and low soil water loss replenished the
deficit, resulting in comparable soil water storage at potato sowing among CV, CR, and NM
(518.8, 508.8, and 518.9 mm, respectively). Over the full rotation cycle, a positive soil water
balance (63.1–147.5 mm) was maintained across all treatments, indicating no detectable
net depletion within the measured 0–200 cm profile over the four potato seasons. Potato
tuber yield increased by 61.7% (CV), 52.4% (CR), and 74.8% (PM) relative to NM. The WUE
of CV (73.5 kg ha−1 mm−1) and CR (71.5 kg ha−1 mm−1) was comparable to that of PM
(74.2 kg ha−1 mm−1) and significantly higher than that of NM (46.1 kg ha−1 mm−1). Net
incomes under CV and CR did not differ significantly from PM, while their input costs
were lower. Collectively, the integrated system combining post-wheat sequential green
manure cropping—particularly with common vetch—and straw mulching represents a
technically feasible, economically viable, and environmentally beneficial alternative to
plastic film mulching, contributing to sustainable dryland agriculture on the Loess Plateau
and analogous semi-arid regions.

Keywords: post-wheat sequential green manure cropping; soil water balance; potato yield;
economic benefits; Loess Plateau

1. Introduction
The Loess Plateau in China represents a typical dryland agricultural region with ap-

proximately 25 million hectares of rainfed cropland [1], where water scarcity acts as the
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primary constraint on crop production. Across the Loess Plateau, annual precipitation
varies widely from 150 to 800 mm depending on location, reflecting substantial spatial het-
erogeneity. Regionally, more than 60% of annual rainfall occurs during the summer months
(June–September), with high inter-annual variability that frequently induces seasonal
droughts during critical crop growth stages [2,3]. In the traditional winter wheat-potato
rotation system, winter wheat is harvested in mid-July, followed by a 7–8-month fallow pe-
riod until potato sowing in the subsequent spring (April–May). Although summer-autumn
precipitation accounts for over 60% of annual rainfall over the fallow period, the absence of
effective ground cover leads to substantial water loss via evaporation and runoff, resulting
in low precipitation storage efficiency (typically <30%) [4]. Consequently, improving water
capture and storage during the fallow period is essential for sustainable dryland farming
on the Loess Plateau.

Plastic film mulching has been widely adopted on the Loess Plateau to enhance crop
yields by suppressing evaporation and warming the soil [5–7]. However, its prolonged
use has generated serious ecological and environmental concerns that threaten agricultural
sustainability. It accelerates soil organic matter decomposition and reduces soil organic
carbon stocks by raising soil temperature [8,9]. Residual plastic film accumulates in the
soil, damaging pore structure, impeding water infiltration and root growth, and reducing
crop yields [10,11]. Long-term mulching also over-depletes deep soil water (100–200 cm),
forming a dry soil layer and weakening soil water regulation [12,13]. Accordingly, sustain-
able alternatives to plastic film mulching are urgently required to simultaneously improve
crop productivity, water conservation, and soil health.

Cover crops—plants grown primarily to protect soil from erosion, improve soil physi-
cal properties, and increase soil organic matter and fertility—and green manure—cover
crops that are incorporated into the soil while still green to add nutrients and organic
matter—are well acknowledged as conservation practices that provide multiple ecosystem
services, including reducing erosion, enhancing soil organic carbon, improving nutrient
cycling, and increasing water infiltration [14–16]. In this study, the two terms are used
functionally interchangeably, as the cover crops were left on the soil surface as protective
mulch rather than being incorporated. The sequential cropping practice employed here
refers to sowing cover crops immediately after winter wheat harvest in mid-July, allow-
ing them to establish during the summer-autumn fallow period before being terminated
in early November. This distinguishes sequential cropping from relay cropping, where
the second crop is sown before the first is harvested, resulting in an overlapping growth
period. When terminated and left as surface mulch, cover crops reduce soil evaporation
and moderate soil temperature, thereby conserving soil moisture for subsequent cash
crops [17,18]. Moreover, leguminous cover crops such as hairy vetch and common vetch
can fix atmospheric nitrogen, potentially reducing fertilizer requirements and improving
crop yields [19–21]. However, in semi-arid and water-limited environments, cover crops
also consume soil water during growth, raising concerns about water competition with the
following cash crop [4,22]. The net effect of cover cropping on soil water and crop yield
is highly site-specific and depends on climate, soil type, cover crop species, termination
timing, and residue management [2,23–25].

Existing studies have reported contradictory outcomes. In the semi-arid Texas High
Plains, cover crops reduced soil water before termination, but spring precipitation and
irrigation replenished the deficit, and no-till with cover crops increased soil water storage
during cotton growth [26]. A 7-year study in the U.S. Midwest reported that winter
rye increased field capacity (by 10–11%) and plant-available water (by 21–22%) without
compromising maize or soybean yields [17]. Conversely, cover crops reduced subsequent
wheat yield by up to 31% in dry years in the Central Great Plains due to soil water
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depletion [4,27]. A global meta-analysis by Garba et al. [23] concluded that cover cropping
reduced dryland crop yield by 7% on average, ranging from –12% in temperate dry climates
to +15% in tropical drylands, with a break-even annual precipitation of approximately
700 mm. Similarly, cover crops reduced precipitation storage efficiency by 33% and whole-
profile soil water storage by 13%, but increased surface soil water (0–30 cm) by 6% and
water use efficiency by 5% [2].

Despite extensive research on cover crops in maize-soybean and wheat-fallow systems,
limited information is available on the effects of sequential green manure cropping after
winter wheat on soil water dynamics and potato yield in a wheat-potato rotation system on
the Loess Plateau. Potato, a drought-sensitive crop, relies heavily on soil moisture during
tuber bulking [28], making it critical to assess whether green manure can be integrated
without yield penalty and how it compares with plastic film mulching—a widely adopted
practice. Furthermore, economic profitability is a key determinant of farmer adoption, yet
few studies have directly compared the net income and output-input ratio of green manure
versus plastic film in dryland potato production. Direct comparisons of water balance and
economic returns between these systems are particularly scarce on the Loess Plateau. Thus,
our study provides novel evidence on whether sequential green manure cropping can serve
as a sustainable alternative to plastic film, focusing on depletion-recharge dynamics and
the trade-off between water consumption and yield enhancement.

To address these knowledge gaps, we conducted a field experiment (2019–2023) on the
Loess Plateau, China. The specific objectives were: (1) to quantify the effects of post-wheat
sequential green manure cropping (common vetch, CV; winter rape, CR) on soil water
storage, evapotranspiration, and water balance in the 0–200 cm soil profile; (2) to evaluate
the impacts of these green manure practices on potato tuber yield, water use efficiency
(WUE), and economic returns relative to plastic film mulching (PM); and (3) to identify
suitable green manure management strategies for sustainable dryland farming in the region.
The findings will provide a scientific basis for promoting green manure-based mulching
as a viable alternative to plastic film on the Loess Plateau and in other semi-arid regions
with similar agroecological conditions, thereby contributing to the transition towards more
sustainable and environmentally friendly dryland agriculture.

2. Materials and Methods
2.1. Site Description

A field experiment was conducted from July 2019 to September 2023 in Panan
(35◦15′ N, 106◦12′ E), Zhuanglang County, Gansu Province, China. The study site is
located in the central Loess Plateau at an altitude of 1567 m and has a temperate, semi-
arid continental monsoon climate. During the winter half of the year (October to April),
precipitation is scarce—accounting for less than 25% of the annual total at our site—and
temperatures are low, resulting in dry and cold conditions that are insufficient to meet the
water requirements of most crops without reliance on stored soil moisture from previous
seasons. The meteorological data are obtained from automatic weather stations, which are
within 10 km of the experimental field. In contrast, the summer half of the year (May to
September) receives more precipitation but is characterized by uneven distribution and
frequent droughts, hail, and flash floods. The four-year precipitation record captures both
a wet year (2020) and three near-normal years (2021–2023), providing a representative
range of climatic conditions typical of the semi-arid Loess Plateau. The field capacity and
permanent wilting point in the 0–100 cm soil layer were 24.8% and 7.01%, respectively. Soil
properties and nutrient conditions in the topsoil before the experiment in 2019 are shown
in Table 1.
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Table 1. Basic physical and chemical properties of the topsoil in 2019.

Soil Depth
(cm)

Bulk Density
(g cm−3) pH Organic Matter

(g kg−1)
Total N
(g kg−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

0–20 1.31 8.7 13.37 0.79 54.79 21.12 176.97

2.2. Experimental Design and Crop Management

A winter wheat-potato rotation system was used in this study. Because the full rotation
cycle (winter wheat → fallow → potato) spans two growing seasons, a single sequence
would require multiple years to obtain data for both phases under each treatment. To
ensure that data for both phases of the rotation—winter wheat and potato—were collected
in every year of the four-year experimental period, two parallel rotation sequences were
maintained simultaneously: Cycle A (fallow period → potato → winter wheat) and Cycle
B (winter wheat → fallow period → potato), as illustrated in Figure 1.

Figure 1. The details of the cropping winter wheat-potato rotation system arrangement. Note:
A-cycle, fallow period-potato-winter wheat cropping rotation sequence; B-cycle, winter wheat-fallow
period-potato cropping rotation sequence; CV, planting common vetch and mulching in fallow period;
CR, planting winter rape and mulching in fallow period; PM, plastic film mulching in winter fallow
period; NM, no mulching in fallow period. CVP, CRP, PMP, NMP, the potato growing season of the
winter wheat-potato rotation system under different treatments; CVW, CRW, PMW, NMW, the winter
wheat growing season of the winter wheat-potato rotation system under different treatments.

Each rotation sequence was implemented as an independent randomized complete
block design with four treatments and three replications, giving 12 plots per sequence
and 24 plots in total. Within each sequence, treatments were randomly assigned to plots
within each block using a random number table, with rerandomization performed indepen-
dently for each sequence. The two sequences occupied separate adjacent field areas with
comparable soil properties (Table 1), and blocks were not shared between them. The experi-
mental unit was the individual plot (10 m × 6 m = 60 m2). The same plots were measured
repeatedly over the study period (2019–2023), with treatment allocation fixed throughout.

The four treatments were as follows: (1) Winter rape cover (CR): Winter wheat was
grown with wheat straw mulching. After wheat harvest, the soil was rotary-tilled and
ridges were formed (15 cm high, 60 cm wide, with 20 cm furrows). Winter rape was sown
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on the ridge surface using a spot seeder, allowed to naturally senesce in early November,
and left on the soil surface as mulch. Potato was sown the following spring. (2) Common
vetch cover (CV): Same as CR, but with common vetch as the cover crop. (3) Plastic film
mulching (PM): During the winter wheat season, white plastic film was applied to conserve
moisture and increase soil temperature. After wheat harvest in mid-July, the old film was
removed, and the ridged surface was covered with black plastic film for the entire fallow
period until potato sowing. Small holes (1.0 cm diameter) were punched at 30 cm intervals
on the ridges to allow rainfall infiltration. (4) No mulching (NM): No mulching was applied
throughout the rotation cycle. After wheat harvest, the soil was prepared for ridging, and
potatoes were sown directly after the fallow period (Figure 1). All crops were established
using conventional rotary tillage to a depth of 15 cm before sowing. Potatoes were grown
on ridges (0.6 m wide, 0.15 m high). For winter wheat, plastic film or straw was applied
directly on the field surface, with straw applied at 2500 kg ha−1. Winter wheat and potatoes
were sown using specialized hill-drop planters.

Common vetch and winter rape, selected as cover crops for their high leaf area index
and ground cover, were planted using a precision spot seeder. Crop varieties, planting
dates, fertilization practices, and tillage details are summarized in Table 2. For winter wheat
and cover crops, fertilizers were applied to the soil surface before sowing and incorporated
by rotary tillage. For potatoes, fertilizer was applied during sowing into the ridges by
machine. Weeding was performed manually during the growing season, while no weeding
occurred during the fallow period.

Table 2. Information on crop varieties, planting and fertilization.

Crop Cultivar Name Variety
Fertilization Seeding

Density
(plants ha−1)

Row Spacing
(m)Pure N

(kg ha−1)
P2O5

(kg ha−1)
K2O

(kg ha−1)

Main-crop Winter wheat Landa211 150 120 75 3 million 0.2
Main-crop Potato Longshu7 90 60 60 60 thousand 0.4

Non-Legum cover crop Winter rape
(Brassica rapa L.) Longyou1 5 6 3 0.9 million 0.05

legume cover crop Common vetch
(Vicia sativa L.) Lanjian1 5 6 3 1.5 million 0.05

Note: Seeding density refers to the target number of seeds sown per unit area at planting (based on seed weight
and germination rate), not the actual plant population counted after germination or at harvest. Scientific names:
Brassica rapa L. (winter rape), Vicia sativa L. (common vetch).

2.3. Measurements and Methods
2.3.1. Soil Sampling and Analysis

Soil samples were collected at 20 cm intervals from 0 to 200 cm depth at key growth
stages of winter wheat and potato. For potato, sampling occurred at sowing (late April),
flowering (mid-June), tuber bulking (mid-July), and maturity (late September); for winter
wheat, at sowing (late September), jointing (mid-April), anthesis (late May), and maturity
(mid-July). Within each plot, one soil core (5 cm diameter) was collected from each depth
interval using a stainless steel auger. All cores were taken from the ridge top (where
potato plants were located), midway between two plants within the row, to ensure spatial
consistency. To avoid resampling previously disturbed soil, sampling positions were offset
by approximately 20–30 cm from previous points, while maintaining the same relative
position to the marked reference points. These permanently marked positions served as
references throughout the experimental period to ensure temporal comparability. Fresh
samples were weighed and dried at 105 ◦C for 24 h to determine gravimetric soil water
content. Soil water storage (SWS) and soil water balance (SWB) were calculated using the
following equations [3]:
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SM (%) =
M1 − M2

M2
× 100%

SWS (mm) =
n

∑
i=1

SMi × Di × Hi/10

SWB (mm) = Input − Output

where M1 (g) is the weight of wet soil and M2 (g) is the weight of dry soil, Di (g cm−3) is the
soil bulk density, Hi (cm) is the sampling thickness (20 cm), SMi (%) is the soil water content
in the ith soil level of each treatment, (i = 1, 2, 3, . . ., n, n = 10). Input is the precipitation of
the growing season and fallow period; Output is the sum of ET during the growing season
and soil water loss during the fallow period. The soil bulk density was determined with
a cutting ring (5 cm in diameter and 5 cm in height) at every 20 cm in the 0–100 cm soil
layer, and the bulk density of the deep soil layers (100–200) were considered the same as
the values for the 80–100 cm layer because only small variations have been reported for
deep soil layers [29].

2.3.2. Crop Yield and Water Use Efficiency

Three random quadrats of 9.0 m2 were selected to measure the tuber yield of potato at
maturity for each cropping system. The water use efficiency (WUE) was calculated by the
following equations:

ET (mm) = ∆SWS + P + I + C − D − R

WUE(kg ha−1 mm−1) =
Tuber yield

ET
where ET (mm) is total evapotranspiration during the growing season; ∆SWS (mm) is the
difference in the soil water storage at a soil depth of 0–200 cm from the beginning to the end
of each growing season; P (mm) is precipitation during the growing season; I is irrigation (0
under rain-fed conditions); C is capillary rise to the root zone; D is drainage from the root zone;
and R is runoff. In this experiment, surface runoff was considered negligible because water
flow was prevented by border dikes around each plot. Since groundwater was at a depth of
38–40 m, capillary rise and drainage from the root zone were also considered negligible [30].

2.3.3. Potato-Phase Partial Budget Analysis

Economic analysis was conducted as a partial budget for the potato phase of the winter
wheat-potato rotation. Total revenue was calculated as tuber yield multiplied by a constant
potato price of 1.0 Yuan kg−1, as inter-annual price variation in the study region was minimal.
Input costs included seeds (potato and green manure), fertilizers, plastic film, labor, fuel,
herbicides, and mechanized operations, all recorded for each treatment. Net income was
determined as total income minus total input, and the output-input ratio was calculated as
total income divided by total input [31]. For wheat straw used as mulch, no purchase cost
was incurred as it was produced from the preceding wheat crop; its opportunity cost was
considered negligible. For the PM treatment, plastic film removal and disposal costs were
included. Winter wheat revenue and costs were excluded, as the study focused on the fallow
period and subsequent potato crop—the most water-sensitive phase of the rotation.

2.4. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics (version 20.0). One-
way ANOVA was used to assess treatment effects on tuber yield, water use efficiency,
evapotranspiration, soil water balance, and economic returns, while two-way ANOVA was
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used to evaluate the effects of mulching practice, experimental year, and their interaction.
For the ANOVA, data from the two sequences were combined by year and treatment;
to account for repeated measurements on the same plots over years and the presence of
two independent sequences, sequence was included as a random factor, and plot was
treated as a random effect nested within sequence and block. Subsamples (soil cores or
yield quadrats) were averaged to a plot mean prior to analysis and were not treated as
independent replicates. The two sequences were not pooled as independent observations;
they provided replicated observations of the same rotation phase in each year, ensuring
annual data for both wheat and potato without artificially inflating degrees of freedom.
Treatment differences were considered significant at p < 0.05, and figures were generated
using Origin (version Pro 2019, OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Characteristics of Precipitation

Precipitation in the study area was unevenly distributed throughout the year, with
over 60% of the annual total concentrated between June and September (Figure 2). From
2020 to 2023, the mean annual precipitation was 468 mm, and the mean annual temperature
was 8.8 ◦C. The average precipitation during the potato growing season was 373 mm,
accounting for 79% of the annual total. Moreover, the rainfall predominantly occurred in
the later stage of potato growth (from the tuber expansion period to the maturity period).
From 2019 to 2023, the average precipitation during the main cover crop growing period
(late July to early November) was 274 mm, whereas the average total precipitation during
the subsequent fallow period (early November to the following April) was 86 mm. The
mean ratio of precipitation during the cover crop growing period to that of the entire fallow
period was 0.75, with relatively low inter-annual variation.

Figure 2. Monthly precipitation and average temperature at the experimental site during 2019–
2023 (a), total precipitation of each experimental year (b), precipitation of the potato growth period (c),
and precipitation of the cover crop growing period and fallow period, ratio of growing season rainfall
of cover crops to total fallow season rainfall (d).

3.2. Potato Yield and Economic Profit

Potato yield (tuber and biomass yield) was significantly affected by the mulching
practices (p < 0.05) (Figure 3). Compared with no mulching (NM), the mean tuber yield
under CV, CR, and PM increased by 61.7%, 52.4%, and 74.8%, respectively. Similarly,
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biomass yield under the three mulching practices increased by 58.9%, 56.9%, and 65.8%,
respectively, relative to NM. Harvest index was not significantly affected by mulching
practice alone, but showed significant variation among years (p < 0.05). Among the
mulching treatments, PM had the highest harvest index (55.79%), followed by CV (53.89%)
and CR (51.49%), all of which were comparable to NM (52.69%). Across years, the harvest
index was highest in 2020 (61.63%) and lowest in 2022 (45.06%), reflecting the influence of
inter-annual climatic variability on dry matter partitioning.

Figure 3. Potato yield and harvest index under different mulching practices. CV, common vetch
cover; CR, winter rape cover; PM, plastic film mulching; NM, no mulching. Different letters following
the means in the various treatments represent significant differences at p < 0.05 (LSD).

Economic returns were significantly influenced by mulching practice and experimental
year (p < 0.05) (Table 3). All mulching treatments incurred higher input costs than NM,
particularly PM (16,098 vs. 11,098 Yuan ha−1 for NM), but these additional costs were
offset by higher tuber yields. Net income and output-input ratio varied significantly among
treatments, with no significant differences detected among CV, CR, and PM (net income:
17,588, 15,864, and 17,227 Yuan ha−1, respectively; output-input ratio: 2.33, 2.20, and 2.07).
All mulching treatments produced significantly higher net income and output-input ratios
than NM. These results indicate that sequential cropping of green manure (CV and CR)
during the fallow period achieved economic returns equivalent to those of plastic film
mulching (PM), while requiring lower input costs.

Table 3. Variance analysis of economic benefit of potato phase partial under different mulching practices.

Treatment

Input Costs (Yuan ha−1)
Total
Input

(Yuan ha−1)

Total
Income

(Yuan ha−1)

Net
Income

(Yuan ha−1)

Output-Input
Ratio

Seed
Fertilizer Plastic Film Pesticide Labor

Potato Green
Manure

Mulching practices (MP)
CV 5700 630 1914 0 200 4800 13,244 30,832 b 17,588 a 2.33 a
CR 5700 580 1914 0 200 4800 13,194 29,058 b 15,864 a 2.20 ab
PM 5700 0 1798 1000 0 7600 16,098 33,325 a 17,227 a 2.07 b
NM 5700 0 1798 0 0 3600 11,098 19,063 c 7965 b 1.72 c

Experimental year (EY)
2020 5700 303 1856 250 100 5200 13,409 33,185 a 19,777 a 2.47 a
2021 5700 221 1842 313 75 5300 13,450 27,748 b 14,339 b 2.05 b
2022 5700 131 1823 391 44 5425 13,514 23,466 c 10,057 c 1.74 c
2023 5700 163 1830 238 55 4881 12,867 27,880 b 14,472 b 2.06 b

Source of variation
MP (df = 3) 56.56 *** 29.61 *** 18.91 **
EY (df = 3) 22.89 *** 22.89 *** 24.29 ***
MP*EY (df = 9) 0.48 ns 0.48 ns 0.54 ns

Note: CV, common vetch cover; CR, winter rape cover; PM, plastic film mulching; NM, No mulching. The price of
potatoes is 1.0 Yuan kg−1. Different letters following the means in the various treatments represent significant
differences at p < 0.05 (LSD). Asterisks indicate the significance of the corresponding model effect (**, p < 0.01;
***, p < 0.001; ns, no significant (p > 0.05)).
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3.3. Dynamics of Soil Moisture

Based on the vertical distribution of soil water content in the 0–200 cm layer (Figure 4),
distinct spatiotemporal patterns were identified. Spatially, water content varied markedly
with depth: the surface layer (0–100 cm) was highly dynamic due to precipitation and
evaporation, while deeper layers (100–200 cm) showed treatment-specific differences re-
flecting water use strategies. Temporally, water content was higher at sowing (April) than
at harvest (September), indicating substantial depletion during crop growth (Figure 5).
Among mulching treatments, PM, CV, and CR maintained higher water content in the
0–100 cm layer than NM, particularly at sowing, suggesting improved water conservation
during fallow. These spatial and temporal patterns in soil water content were further
reflected in the dynamics of soil water storage. As shown in the time series of soil wa-
ter storage and monthly total precipitation (Figure 6), soil water storage in the 0–200 cm
layer fluctuated considerably over time, closely tracking precipitation events. During
the potato growing seasons (pink-shaded periods), soil water storage declined markedly
from planting to harvest, reflecting substantial crop water consumption. Together, these
results highlight the combined influence of precipitation variability, cropping sequence,
and mulching management on soil water availability.

Figure 4. Vertical distribution of soil water content in the 0–200 cm soil layer under different
mulching practices. CV, common vetch cover; CR, winter rape cover; PM, plastic film mulching; NM,
no mulching; FP, fallow period; GP, growing period.
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Figure 5. Vertical distribution of the soil water content in sowing and harvest stage under different
mulching practices in the 0–200 cm soil layer. CV, common vetch cover; CR, winter rape cover;
PM, plastic film mulching; NM, no mulching; SFC, stable field capacity (defined as 60% of the field
capacity); PRE, before the experiment (June of 2019).

 

Figure 6. Soil water storage in the 0–200 cm soil layer under different mulching practices. CV,
common vetch cover; CR, winter rape cover; PM, plastic film mulching; NM, no mulching. The gray
areas represent the winter wheat growth period, green areas represent the green manure growth
period, and pink areas represent the potato growth period.
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3.4. Evapotranspiration During Potato Growth Period and Water Use Efficiency

Based on the variance analysis of evapotranspiration (ET) and water use efficiency
(WUE) (Table 4), both parameters were significantly affected by mulching practice and
experimental year (p < 0.05), with a significant interaction for ET. Among treatments, PM
achieved the highest ET (447.4 mm), followed by CV (418.3 mm), while CR (405.9 mm) and
NM (411.2 mm) were comparable. Compared with no mulching (NM), the WUE under CV,
CR, and PM increased by 59.4%, 54.9%, and 60.9%, respectively. Across years, ET peaked
in 2020 (472.4 mm) and was lowest in 2022 (380.9 mm). WUE was significantly higher in
2020 (70.66 kg ha−1 mm−1) and 2021 (69.51 kg ha−1 mm−1) than in 2022 and 2023. The
significant interaction for ET indicates that the effect of mulching on evapotranspiration
varied by year.

Table 4. Variance analysis of evapotranspiration and water use efficiency of potato phase partial
under different mulching practices.

Treatment SWSs
(mm)

SWSm
(mm)

Precipitation
(mm)

ET
(mm)

WUE
(kg ha−1 mm−1)

Mulching practices (MP)
CV 518.8 ± 23.2 ab 473.7 ± 45.2 a 373.1 418.3 ± 45.9 b 73.51 ± 3.4 a
CR 508.8 ± 23.6 b 475.8 ± 41.8 a 373.1 405.9 ± 42.2 c 71.45 ± 3.2 a
PM 558.1 ± 29.8 a 483.7 ± 59.4 a 373.1 447.4 ± 39.3 a 74.21 ± 4.4 a
NM 518.9 ± 27.1 ab 481.0 ± 40.0 a 373.1 411.2 ± 38.4 c 46.12 ± 6.2 b

Experimental year (EY)
2020 519.2 ± 27.9 ab 545.7 ± 17.1 a 498.9 472.4 ± 12.3 a 70.66 ± 11.7 a
2021 560.8 ± 24.5 a 472.7 ± 7.4 b 308.9 397.0 ± 27.5 c 69.51 ± 13.0 a
2022 500.4 ± 16.5 b 447.6 ± 5.8 b 327.9 380.9 ± 11.8 c 61.55 ± 13.7 b
2023 524.2 ± 20.2 ab 448.2 ± 7.1 b 356.7 432.7 ± 7.1 b 64.11 ± 15.6 b

Source of variation
MP (df = 3) 10.05 * 0.11 ns 89.84 *** 60.93 ***
EY (df = 3) 2.76 ns 11.14 *** 434.28 *** 5.80 **

MP*EY (df = 9) 0.06 ns 0.15 ns 6.39 *** 0.29 ns
Note: CV, common vetch cover; CR, winter rape cover; PM, plastic film mulching; NM, no mulching; SWSs and
SWSm, soil water storage in the 0–200 cm soil layer at sowing and harvest; ET, evapotranspiration; WUE, water
use efficiency. Different letters following the means in the various treatments represent significant differences
at p < 0.05 (LSD). Asterisks indicate the significance of the corresponding model effect (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ns, no significant (p > 0.05)).

3.5. Soil Water Balance

The soil water balance under different mulching practices (2019–2023) is shown in
Figure 7. Over the full rotation cycle (potato growing season and fallow period), soil water
balance was positive across treatments (63.1–147.5 mm). Evapotranspiration (ET) and soil
water loss (SL) accounted for 64.3% and 35.7% of output, respectively. During the potato
growing season, soil water balance was positive only in 2020 (12.5–137.0 mm); from 2021 to
2023, a consistent deficit occurred in the 0–200 cm soil layer (40.2–129.0 mm). In contrast,
the fallow period maintained a positive soil water balance across all years and treatments,
ranging from 26.1 to 216.2 mm. Plastic film mulching (PM) caused the highest seasonal
depletion but also the greatest recharge, while green manure treatments (CV, CR) showed
moderate deficits and substantial recovery. Overall, no excessive soil water depletion
was detected within the measured 0–200 cm profile over the four observed seasons. The
main deficit occurred during potato growth, while the fallow period replenished soil water
storage within the measured depth.
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Figure 7. Soil water balance in the 0–200 cm soil layer under different mulching practices. Note:
(a) soil water balance in full rotation cycle; (b) soil water balance in growing season of potato; (c) soil
water balance in fallow period; CV, common vetch cover; CR, winter rape cover; PM, plastic film
mulching; NM, no mulching; ET, evapotranspiration; SL, soil water loss. Soil water balance =
Input − Output.

4. Discussion
4.1. Soil Water Dynamics Under Green Manure: Depletion-Recharge Trade-Offs

Our results demonstrated that sequential green manure cropping (CV and CR) signifi-
cantly reduced soil water content in the 0–100 cm soil layer during their growth period (July–
November), with the greatest depletion occurring in the driest year (2023) (Figures 4 and 5).
This finding is consistent with studies in other semi-arid regions where cover crops actively
transpire water, leading to lower soil water at termination [4,27]. For example, in the Texas
Rolling Plains, cover crops reduced stored soil water by 22–26% at termination [18], and
this reduction was closely related to cover crop biomass at the termination stage [20].

After termination in early November, the subsequent fallow period (November–April)
received an average of 86 mm of precipitation, 25% of which fell after green manure
termination. This rainfall, combined with reduced soil evaporation due to cover crop
residues, substantially replenished the soil water deficit by crop sowing [18]. No significant
differences in soil water content at sowing were observed among CV, CR, and NM in most
years (Table 4). Soil water balance analysis (Figure 7) further showed a positive balance
over the full rotation cycle (63.1–147.5 mm) for all treatments, indicating net water storage.
During the potato growing season, however, a consistent deficit occurred in the 0–200 cm
soil layer from 2021 to 2023 (40.2–129.0 mm). In contrast, the fallow period maintained a
positive balance across all years and treatments (26.1–216.2 mm). PM caused the highest
seasonal depletion but also the greatest recharge, while CV and CR showed moderate
deficits and substantial recovery. These results suggest that, within the measured profile
and over the four observed seasons, no net depletion was detected under green manure,
provided that fallow precipitation was adequate [18,27].

It should be noted that the mechanism of reduced evaporation is inferred from the
presence of cover crop residues rather than directly quantified [25,32,33]. Additionally,
quantitative cover crop biomass data were not collected, limiting our ability to link de-
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pletion magnitude to cover crop growth. Nevertheless, our conclusions regarding the
depletion-recharge pattern are supported by repeated direct measurements of soil water,
evapotranspiration, and crop yield over four seasons, and the observed pattern is consistent
with findings from studies that included biomass measurements [18,20,27]. Several other
indicators relevant to the underlying mechanisms were not measured; consequently, the
mechanistic interpretations offered are hypotheses informed by the broader literature,
rather than experimentally validated conclusions.

4.2. Effects of Green Manure on Potato Productivity and Economic Benefits

Potato tuber yield was significantly increased by all mulching treatments compared
with NM, with increases of 61.7% for CV, 52.4% for CR, and 74.8% for PM (Figure 3). Tuber
yield under PM (33,325 kg ha−1) was statistically higher than under CV (30,832 kg ha−1)
and CR (29,058 kg ha−1), indicating that while green manure treatments improved yield
substantially over the control, plastic film mulching remained the most effective for agro-
nomic productivity. However, no significant differences in net income were detected among
CV (17,588 Yuan ha−1), CR (15,864 Yuan ha−1), and PM (17,227 Yuan ha−1), reflecting the
lower input costs of green manure systems (CV: 13,244; CR: 13,194; PM: 16,098 Yuan ha−1).
The output-input ratio followed a similar pattern, with CV (2.33) and CR (2.20) outperform-
ing PM (2.07). These results indicate that while plastic film mulching produces the highest
absolute yield, green manure-based systems achieve comparable economic returns due to
reduced production costs, making them a financially attractive alternative.

Water use efficiency (WUE) of CV (73.5 kg ha−1 mm−1) and CR (71.5 kg ha−1 mm−1)
was not significantly different from PM (74.2 kg ha−1 mm−1) but was substantially higher
than NM (46.1 kg ha−1 mm−1) (Table 4), representing increases of 59.4%, 54.9%, and
60.9%, respectively. This improvement in WUE under green manure treatments can be
attributed to reduced soil evaporation and increased plant-available water during critical
growth stages, as documented in previous studies [17]. Descriptively, ET was higher
under mulching treatments (CV: 418.3 mm; CR: 405.9 mm; PM: 447.4 mm) compared with
NM (411.2 mm), and this higher ET was associated with greater tuber yield. However,
the relationship between ET and soil water balance is complex; water-balance outcomes
varied considerably by treatment and year. We refrain from making causal claims regarding
whether higher ET ‘compromised’ soil water balance, as a formal treatment-specific analysis
with uncertainty quantification was not conducted. The observed patterns indicate that,
under the conditions of this experiment, the higher ET associated with mulching treatments
did not result in detectable net depletion within the measured 0–200 cm profile, but this
observation requires further validation with longer-term data.

The positive yield response to green manure can be attributed to several potential
mechanisms, though only the water-conserving effect is directly supported by our soil water
measurements (Figures 4–6; Table 4). The other proposed mechanisms—nitrogen fixation
and soil structure improvement—were not measured and are discussed as inferences from
established knowledge and previous literature [14,25,32,33]. It is important to recognize
that the treatments represent integrated management systems rather than isolated green-
manure effects. The CV and CR treatments combined wheat-straw mulch during the
wheat phase with sequential green manure during the fallow period. Without a control
treatment with straw mulch but no cover crop, the isolated effect of green manure cannot
be definitively separated from other system components. The economic analysis is a
partial budget for the potato phase; winter wheat revenue and costs were not included,
as the primary focus is on the fallow period and subsequent potato crop. A full-rotation
assessment would require inclusion of wheat yields and costs, which is recommended for
future studies.
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4.3. Feasibility of Green Manure as a Substitute for Plastic Film Mulching

Our results support the feasibility of using green manure (CV and CR) as an alternative
to plastic film mulching in semi-arid winter wheat-potato rotation systems. From the water
balance perspective, green manure treatments achieved a positive soil water balance over
the full rotation cycle and did not cause long-term soil water depletion within the measured
profile, as fallow-season precipitation effectively recharged the water consumed by cover
crops. In contrast, plastic film mulching, while highly effective in increasing yield, does not
contribute to soil organic matter improvement and leaves persistent plastic residues that
gradually degrade soil hydraulic properties [9,10,13]. Economically, CV and CR produced
net incomes and output-input ratios comparable to PM (Table 3), indicating that farmers
can achieve similar economic returns without the high input costs and plastic pollution
associated with PM. The higher WUE of green manure treatments further enhances their
economic viability under rainfed conditions. Environmentally, green manure avoids the
negative effects of long-term plastic mulching, including soil organic carbon decline and
deep soil water depletion, while adding organic matter and improving soil structure. It
should be emphasized that the benefits observed under CV and CR are attributable to
integrated management packages (straw mulch during wheat phase + sequential green
manure during fallow period), rather than to green manure alone. Therefore, post-wheat
sequential green manure cropping represents a technically feasible and economically viable
alternative to plastic film mulching for rainfed potato production on the Loess Plateau,
with clear environmental benefits in terms of avoiding plastic residues and maintaining
a positive soil water balance. To ensure successful adoption, cover crops should be sown
from late July to early August and terminated in early November. Future research should
optimize species mixtures and termination dates to maximize the trade-off among water
conservation, yield enhancement, and soil carbon sequestration.

Nevertheless, several caveats warrant consideration when extrapolating these findings.
First, the experiment was conducted at a single site, limiting generalizability to other
semi-arid regions. Second, only two green manure species were tested; other species,
cultivars, or mixtures could produce different trade-offs between water consumption
and potato productivity. Meteorological data were obtained from stations within 10 km.
Localized plot-scale variability may not be fully captured, but the four-year duration
(309–499 mm annual precipitation) supports robust assessment across diverse conditions.
Third, although the four-year study period included both wet and normal years, longer-
term (>10 years) observations are needed to assess cumulative effects on deep soil water
recharge, system resilience under extreme droughts, and soil organic carbon sequestration.
Fourth, we did not directly measure soil biological indicators (e.g., microbial biomass
carbon, enzyme activities), soil organic carbon fractions, or greenhouse gas (CO2, N2O,
CH4) fluxes. Consequently, the environmental advantages we attribute to green manure—
such as improved soil quality and reduced global warming potential—are inferred from
the avoidance of plastic film residues and the maintenance of a positive soil water balance,
rather than from direct biogeochemical evidence. Future multi-site, long-term studies
incorporating these indicators are essential to fully validate the environmental performance
of sequential green manure cropping relative to plastic film mulching.

Finally, as mentioned earlier, the treatments represent integrated management systems
rather than isolated experimental factors. The absence of a control treatment with straw
mulch but no cover crop means that the specific contribution of green manure alone cannot
be fully disentangled from other system components. Our conclusions should therefore be
interpreted as comparisons among whole management packages rather than as isolated
green-manure effects. Furthermore, our findings are derived from a single site with a
specific soil type, rainfall regime (mean annual 468 mm), and management practices. While
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the depletion-recharge pattern observed here may be relevant to other semi-arid regions
with similar agroecological conditions, direct extrapolation to regions with different rainfall
patterns, temperature regimes, soil types, or market conditions requires caution. Multi-site
validation is needed to confirm the generalizability of these results.

5. Conclusions
In this four-year, single-site experiment on the Loess Plateau, sequential green manure

cropping (CV and CR) after winter wheat reduced soil water in the 0–100 cm layer during
growth, but fallow precipitation and reduced evaporation replenished the deficit by potato
sowing in most years, with a positive soil water balance (63.1–147.5 mm) over the rotation
cycle indicating no detectable net depletion within the measured 0–200 cm profile. Com-
pared with NM, CV and CR increased tuber yield and achieved WUE comparable to PM
and substantially higher than NM, with similar net income and output-input ratios but
lower input costs, supporting post-wheat sequential green manure cropping—particularly
with common vetch—as a technically feasible and economically viable alternative to plastic
film mulching. However, mechanistic interpretations regarding nitrogen fixation, soil
structure improvement, and evaporation reduction are inferred from literature and require
further validation, and the single-site, four-year design with only two species and without
direct measurements of soil carbon or greenhouse gas emissions limits the generalizabil-
ity of environmental claims, underscoring the need for longer-term, multi-site studies
incorporating biogeochemical indicators.
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