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Film mulching counteracts the
adverse effects of mild moisture
deficiency, and improves the
quality and yield of Cyperus
esculentus. L grass and tuber in
the oasis area of Tarim Basin
Ya Ding1,2,3,4, Zhihao Zhang2,3,4,5, Yan Lu2,3,4,5, Li Li2,3,4,5*,
Waqar Islam2,3,4,5* and Fanjiang Zeng1,2,3,4,5*

1College of Ecology and Environment, Xinjiang University, Urumqi, China, 2State Key Laboratory of
Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of
Sciences, Urumqi, China, 3State Key Laboratory of Desert Plant Roots Ecology and Vegetation
Restoration, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences,
Urumqi, China, 4Cele National Station of Observation and Research for Desert-Grassland Ecosystems,
Cele, China, 5University of Chinese Academy of Sciences, Beijing, China
Introduction: Plastic filmmulching (PFM) and deficit irrigation (DI) are vital water-

saving approaches in arid agriculture. Cyperus esculentus is a significant crop in

dry zones. However, scant data exists on the impacts of these water-saving

methods on C. esculentus yield and quality.

Method: Using randomized block experiment design. Three irrigation strategies

were tested: CK (standard irrigation), RW20 (20% water reduction), and RW40

(40% water reduction). Mulchin treatments included film mulching (FM) and no

film mulching (NFM).

Results: Results revealed substantial effects of film mulching and drip irrigation

on soil nutrients and physical properties, with minor influence on grass, root, and

tuber stoichiometry. PF treatment, DI treatments, and their interaction

significantly affected C. esculentus forage and tuber yields. Initially, grass and

tuber yields increased and then decreased with reduced irrigation. The highest

yields were under RW20 (3716.31 and 4758.19 kg/ha). FM increased grass and

tuber yield by 17.99% and 8.46%, respectively, over NFM. The water reduction

augmented the biomass distribuiton of the leaf and root, while reducing the tuber

biomass in NFM. FM significantely impacted grass ether extract content, while

reduced water influenced grass and tuber crude protein and tuber ether extract

content. Mild water stress increased ether extract, crude protein, and soluble

matter in grass and tubers, while excessive RW decreased them.
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Conclusion: Integrating soil traits, nutrients, yield, and quality, findings indicate

C. esculentus yield and quality primarily hinge on soil water content, pond

hydrogenase, and electrical conductivity. Based on this results, the recommended

strategy is to reduce irrigation by 20% for cultivating C. esculentus in this area.
KEYWORDS

arid regions, crude protein, C. esculentus, desert ecosystem, nutrients management,
ether extract, soluble solids
1 Introduction

Water scarcity, driven by climate change and growing

populations, is one of the biggest global challenges (Saha et al.,

2016; Pan et al., 2020; Varol, 2020). Notably, climate change

intensifies irrigation water deficits in arid and semi-arid regions,

amplifying drought occurrence and frequency (Amer, 2010; Chen

et al., 2021). Unquestionably, fostering irrigation-efficient agriculture

and adopting judicious management strategies to optimize water

utilization assume a pivotal role in safeguarding global food security.

Water conservation practices, such as plastic film mulching (PFM)

and drip irrigation (DI), are widely adopted in agriculture. PFM is a

crucial technological facet of agricultural production, imparting

benefits such as enhanced crop yield via heightened soil

temperature, retained soil moisture, and improved soil attributes

(Somanathan et al., 2022; Zhang et al., 2022b). Empirical evidence

establishes that PFM can potentially elevate crop yields by 20-50%

(Xiong and Wu, 2022), attributed to enhanced tillage quality and

reduced soil water evaporation, thereby influencing soil hydrothermal

dynamics (Wen et al., 2023). FM’s implementation is linked to

notable reductions in soil pond hydrogenase and bulk density,

coupled with augmented surface soil organic matter (Smets et al.,

2008; Mi et al., 2021). FM’s positive impact on plant nutrient

absorption efficiency results in heightened yield and metabolite

accumulation (Martins et al., 2021). Furthermore, investigations

indicate that FM can lead to diminished SOC and soil TN levels in

the 0-30 cm soil layer (Gu et al., 2019), attributed to mulching

accelerating the nitrogen mineralization process in soil, unfavorably

influencing soil organic carbon storage. The effects of FM on soil

properties vary due to distinct plant characteristics, regional

environments, and soil quality conditions.

Drip irrigation, recognized as a potent water-saving technique,

operates by delivering water and nutrients directly to the plant’s root

zone (Patanè and Cosentino, 2010). This method curbs water wastage,

amplifies water utilization efficiency (Rodrigues Pinheiro et al., 2019),

and contributes to sustaining consistent crop yield or quality

(Alordzinu et al., 2022; Bai et al., 2023a; Bai et al., 2023b). Studies

indicate the advantages of augmenting soluble solids in crops and

curbing crop yield in conditions with a 20% water reduction during

irrigation (Ortega-Farias et al., 2021). In the sandy soils of China’s

northwestern arid region, a moderate reduction in irrigation proves
02
beneficial, enhancing starch content and vitamin C in fruits (Wang

et al., 2011), while simultaneously boosting yield (Li et al., 2023).

Mild water deficit (maintaining 60-65% of soil volume water

content) heightens soluble matter and soluble sugar content during

fruit growth and maturation (He et al., 2023), whereas reduced

water irrigation (soil parent material potential of -25 kPa) bolsters

potato tuber yield at initial and expansion stages (Xing et al., 2022).

Therefore, integrating deficit irrigation with FM not only efficiently

enhances soil moisture and nutrient retention but also substantially

contributes to water conservation. Crop yield and quality stand

influenced by management practices such as drip irrigation and FM

(Biswas et al., 2015; Yavuz et al., 2021). Consequently,

comprehending the drivers of production and quality alteration

assumes paramount importance. A multitude of factors wield sway

over the intricate interplay between soil-plant attributes and yield,

encompassing aspects like moisture, temperature, and nutrients,

among others (Huang et al., 2017; Lu et al., 2021; Ng et al., 2023). In

a broader sense, SWC can serve as a pivotal element for elucidating

shifts in crop yield (Daryanto et al., 2017; Alves Rodrigues Pinheiro

and Nunes, 2023). Nevertheless, the actual nutrient concentration

in soil and leaves significantly impacts the outcome (Bhat et al.,

2012). For instance, Sawchik and Mallarino (2008) underscored

that soybean yield was constrained by the availability of phosphorus

and potassium. Similar investigations by Santi et al. scrutinized the

influence of soil chemistry and physical parameters on soybean

yield, identifying soil potassium content and infiltration rate as

primary factors impinging on crop productivity (Santi et al., 2012).

Nonetheless, certain reports have documented inverse associations

between crop yield and soil salt, pH, and leaf nitrogen (Casanova

et al., 1999; Bhat et al., 2012), while manifesting positive correlations

with soil respiration, soil organic matter, and leaf calcium (Bhat

et al., 2012; Gupta and Germida, 2015).

In addition to yield, crop quality indicators such as ether

extract, crude protein and soluble solids are influenced by soil

conditions and crop characteristics (Johansson et al., 2020). Crude

protein and crude fat are important indicators for the evaluation of

crop quality and for the determination of yield (Chen et al., 2022)

and there is a correlation between soil conditions and these

indicators. Previous studies showed significant correlations

between potato crude protein and soil electrical conductivity (EC)

and potassium (K) (Xing et al., 2022). Nadeem Shah et al.
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(Nadeem Shah et al., 2023) suggested that soil moisture and plant

protein are significantly and positively correlated, and that

decreasing moisture reduces maize protein content. However,

Hlisnikovský et al. (2020) found that moisture deficit actually

increased crude protein content in winter wheat. Soil

environmental changes also affect soluble solids (Johansson et al.,

2020). Previous studies have demonstrated a negative correlation

between soluble solids and soil pH, as well as leaf phosphorus

content (Liu et al., 2022). Lobos et al. and Ortega-Farias et al.

(Lobos et al., 2018; Ortega-Farias et al., 2021) found inverse

correlations between soil moisture and tuber soluble starch, in

particular, moderate water deficit increased starch and soluble

sugar content, which is consistent with the results of our study.

However, other studies showed that tuber starch increased with

increasing soil moisture (Wszelaczyńska et al., 2015) or had no

effect (Zhang et al., 20-22). Rightly, Xing et al. (2022) reported a

positive relationship between starch content and factors including soil

water content (SWC), pH and soil available potassium (AK), but a

negative relationship between starch content and leaf nitrogen.

Previous studies have shown that various factors such as crop

species, local environment, soil conditions and so on are interacting

with each other to limit the formation of crop yield and crop

quality. Particularly in arid and semi-arid areas, there is a need for

further research into the key factors that have a clear impact on the

formation of crop yield and quality. The arid northwestern region,

especially the southern part of southern Xinjiang, experiences a

parched climate, meager rainfall, substantial evapotranspiration,

and a pronounced water deficit (Chongyi et al., 2009).

Consequently, plastic film mulch and drip irrigation technologies

have gained extensive adoption in this area. Water-saving practices

hold the potential to enhance soil conditions, thereby augmenting

both crop yield and quality. Nevertheless, the specific impact of soil

water scarcity on crop yield and quality under plastic film coverage

demands further investigation. The crop Cyperus esculentus,

characterized by clumped stems and leaves, robust tillering, a

propensity for light, drought resistance, and tolerance to

desiccation (Zhang et al., 2022a), serves as a noteworthy example.

Notably, the aboveground stems and leaves of C. esculentus find
Frontiers in Plant Science 03
application as fodder, while the subterranean tubers serve purposes

ranging from oil extraction to brewing and beverages, and even soil

and sand stabilization due to its developed root system (Bezerra

et al., 2023). The versatility of C. esculentus in terms of food, oil,

grazing, and fodder renders it both ecologically and economically

valuable. Hence, the pursuit of enhanced yield and quality in C.

esculentus holds significant promise. Consequently, the present

study has selected C. esculentus as the focal subject to investigate

the impact of water deficit under FM treatment. The objectives

encompass (1) discerning the ramifications of deficit irrigation and

FM on the yield and quality of C. esculentus, and (2) identifying the

key drivers that underpin yield and quality fluctuations in

C. esculentus.
2 Materials and methods

2.1 Studying area

The field experiments were conducted at the Hala Yugong

Township, C. esculentus planting demonstration zone in Korla,

Xinjiang, which is located at approximately 41°36′N, 83°3′E. The
region experiences a typical continental temperate climate. The

average daily temperature during the reproductive period of C.

esculentus in this area are around 25.76°C, and average daily rainfall

0.0095 mm (Figure 1). The annual evaporation rate is 2788.2 mm. The

region enjoys an average of 3045 hours of sunshine per year. There are

also more than 180 days without frost. In addition, the groundwater

table is at a depth of 14 meters. The soil type is sandy loam, and the

characteristics of the 0-40 cm soil are: the field capacity is 18%, the soil

bulk density is 1.58 g/cm3, and soil organ matter is 0.459%.
2.2 Experimental design

The randomized block split-plot design. The experimental setup

included two factors: mulchin treatment includes film mulching

(FM) and no film mulching (NFM), and deficit irrigation (DI)
FIGURE 1

Daily average rainfall and temperature in the study area.
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treatments include: CK is the commonly used drip irrigation system

in the local area; RW20, reducing water by 20% and RW40,

reducing water by 40% (Figure 2). Thus, the study therefore

consisted of six treatments, each with four replicates plots and

plot size of 15 m2(3 cm×5 cm). The sowing amount is 75 kg/ha and

the density of plantations is about 17000 plants/ha. Plant spacing

was 12.5 cm and row spacing was 30 cm. The water dripping was

controlled by water meter. The fertilizer was dissolved in water and

delivered directly to the root system of C. esculentus drip irrigation.

All treatments have the same fertilization amount: urea 75 kg/ha

and bacterial fertilizer 105 kg/ha.
2.3 Sample Collection

Four sample areas (100 cm × 100 cm) per treatment were

randomly selected as replicates at the peak of C. esculentus growth,

starting in October 2020. Harvesting of the aboveground and

underground parts of the plants (1 m×1 m) was done and was taken

back to the laboratory for drying at a constant temperature of 65°C for

48h. The dry weight of both grass and tubers was measured, and the

yield of both grass and tubers was also determined. The surface litter

was removed, and soil samples were collected from 0-30 cm soil depth

with a 10 cm diameter soil drill. The plant roots and stones were

removed and samples were mixed evenly for the determination of soil

physicochemical properties.
2.4 Determination of nutrient and
quality content

The total carbon (TC) was analyzed using the K2Cr2O7

oxidation method. The total nitrogen (TN) was determined using

an elemental analyzer (K1160, Jinan Hanon Instruments Co. Ltd.,
Frontiers in Plant Science 04
China). After wet digestion with HClO4-H2SO4 (iCAP 6300,

Thermo Elemental, USA), using a UV spectrophotometer the

total phosphorus (TP) was measured. For determining the

available nitrogen (AN), the alkaline hydrolysis method was

employed. To extract the available phosphorus (AP), the ascorbic

acid/molybdate method was utilized and quantified through a

continuous-flow autoanalyzer using colorimetric measurements.

The soil moisture content was measured after drying (SWC) and

soil bulk density (SBD) was measured by the ring knife method. Soil

electrical conductivity (EC) and pH were determined by preparing

mixtures with soil-to-nanopure water ratios of 1:5 (w/v) and 1:2.5

(w/v). The pH measurements were performed using a pH meter

(Precision and Scientific Corp., China).

The ether extract was determined by hydrolysis according to the

Association of Official Analytical Chemists (AOAC) method 954.02

(2006). The crude protein was determined through the Coomassie Blue

G250 staining method (Grubben et al., 2019). Total soluble sugars were

determined by the Anthrone colorimetric method (Rudack et al., 2017).

The starch content was determined by iodine colorimetry (Duan

et al., 2012).
2.5 Data analysis

We used SPSS 21.0 (SPSS Inc., Chicago-IL, U.S.A.) to perform

normality tests, variance analyses, and multiple comparisons. The

Shapiro-Wilk normality test was used to evaluate the normality of

the original data. Two-way anova was used to determine the effects

of plastic film mulch, irrigation and their interactions on plant and

soil nutrition, yield, quality, and comparing means ± standard

errors (SE) by Duncan’s method (a = 0.05). The “ggplot” package

(Wilkinson, 2011) in R version 4.0.3 (R Core Team, 2020) is used

for plotting, and the “random forest” package was used to construct

a model to explore the key factors affecting yield and quality.
A

B

C

FIGURE 2

Distribution of research area and experimental design: (A) indicates the research area; (B) indicates the specific experimental area; (C) indicates the
design of the field experiment.
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3 Results

3.1 Soil Property parameters
Table 1 shows the significant effects of the drip irrigation

(DI) on the TP, AP and EC of the soil; soil OC was significantly

affected by the mulchin treatment (MT); while DI×MT

interaction significantly affected soil TN, AN, SWC, pH, BD

and SOM contents (Table 1). Specifically, the water reduction

treatment led to a substantial increase in soil TN, TP, AN, and

AP contents when compared to the CK treatment, regardless of

the mulchin treatment (Table 2). Notably, the RW20 treatment

within the FM conditions showcased the highest values of soil

TN, TP, AN, and AP contents across all treatments. Similarly,

both the CK and RW20 treatments exhibited elevated levels of

soi OC and OM contents compared to RW40 under the mulchin

treatment (Table 2). Whether FM or NFM, the CK treatment

prominently raised soil SWC, EC, and BD. Interestingly, only the

RW40 treatment exhibited a significant increase in soil pH,

regardless of the presence of film mulching.
Frontiers in Plant Science 05
3.2 The stoichiometry characteristics of
leaves, roots, and tubers

The Table 3 observed no significant impact from MT, DI

treatment, or their interaction on the indicators of leaf, root, and

tuber stoichiometry. Specifically, the C: N ratio of leaves and roots,

as well as the C: P and N: P ratios in tubers, were measured

(Figure 3). However, the DI treatment, excluding the PF treatment

and interaction treatments, exhibited a notable influence on the C: P

and N: P ratios of leaves and roots in C. esculentus. It is worth

mentioning that the C: N ratio of tubers was not considered in the

analysis. Interestingly, the stoichiometric values of leaves, roots, and

tubers were higher under the RW40 treatment compared to other

treatments, indicating that a reduction in water content can result in

increased C: P and N: P ratios in tubers.

3.3 Characteristics of yield and
biomass allocation

The result showed that MT treatment, DI treatment, and their

combination significantly affected the yield of grass and tuber
TABLE 1 Two-way ANOVA on the effects of mulchin treatment (MT) and deficit irrigation (DI) treatments on soil physical and chemical properties.

Treatment
SOC
(g/kg)

STN
(g/kg)

STP
(g/kg)

AN
(mg/kg)

AP
(mg/kg)

SWC pH
EC

(S/m)
BD (g/cm3)

SOM
(g/kg)

DI 2.82 19.095*** 13.1*** 29.09*** 31.1*** 686.577*** 48.599*** 9.439*** 5.518** 13.759***

MT 45.361** 27.674*** 3.89 27.674*** 3.89 246.154*** 8.3333** 1.95 10.588** 2.41

DI×MT 1.47 63.848*** 0.17 63.848*** 0.17 15.500*** 3.911** 0.17 7.729** 11.801***
fron
*, **, and *** correspond to F value were significant at P ≤ 0.05, ≤ 0.01, and ≤ 0.001, respectively. Soil organic carbon (SOC), soil total nitrogen (STN), soil total phosphorus (STP), soil
available nitrogen (SAN), soil available phosphorus (SAP), soil water content (SWC), pondus hydrogenic (pH), electrical conductance (EC), soil bulk density (SBD), and soil organic
matter (SOM).
TABLE 2 Effect of mulchin treatment (MT) and deficit irrigation (DI) treatments on soil nutrients.

DI MT
SOC
(g/kg)

STN
(g/kg)

STP
(g/kg)

AN
(mg/kg)

AP
(mg/kg)

SWC pH
EC

(S/m)
BD

(g/cm3)
SOM
(g/kg)

CK

NFM 2.67±0.06 0.31±0.01B
0.59

±0.03B
21.84±0.61B 9.8±0.50B

0.35
±0.01Ab

7.46
±0.01A

0.25
±0.02A

1.6±0.04A 4.6±0.19A

FM 2.28±0.15 0.31±0.01B
0.55

±0.02B
22.07±0.87B 9.16±0.34B

0.41
±0.01Aa

7.34
±0.02A

0.28
±0.04A

1.6±0.03A
5.23

±0.16A

RW20

NFM
3.08

±0.12a
0.54

±0.02Aa
0.72

±0.02A
38.58

±1.74Aa
11.98
±0.33A

0.20
±0.01Bb

7.52
±0.01B

0.22
±0.00B

1.56±0.00B
5.23

±0.17A

FM
2.33

±0.14b
0.54

±0.03Aa
0.66

±0.03A
17.91

±0.76Ab
11.05
±0.44A

0.33
±0.01Ba

7.54
±0.02B

0.23
±0.01B

1.57±0.01B
4.43

±0.24A

RW40

NFM
2.82

±0.05a
0.54

±0.04Ba
0.51

±0.02C
28.89

±0.57Ba
8.58±0.34C

0.09
±0.01Cb

7.86
±0.08C

0.17
±0.01C

1.55±0.01A
3.58

±0.11B

FM
2.13

±0.12b
0.54

±0.05Ba
0.49

±0.03C
15.34

±0.49Bb
8.13±0.53C

0.16
±0.01Ca

7.68
±0.04C

0.19
±0.01C

1.64±0.01A
4.47

±0.23B
Mulchin treatment: no film mulching (NFM), film mulching (FM). Water treatments: normal irrigation (CK), reduced by 20% water (RW20), reduced by 40% water (RW40). Mean ±SE (n=4).
Duncan’s test was used to determine differences (P<0.05) between all treatments. We used lowercase letters to signify Differences between MT treatments under the same DI treatments. Soil
organic carbon (SOC), soil total nitrogen (STN), soil total phosphorus (STP), soil available nitrogen (SAN), soil available phosphorus (SAP), soil water content (SWC), pondus hydrogenic (pH),
electrical conductance (EC), soil bulk density (SBD), and soil organic matter (SOM).
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(Table 4). Under film mulching treatment, grass and tuber yields

initially increased and then decreased with the reduction in water

(Figures 4A, B). The highest yield of grass and tuber was obtained

with RW20 treatment. Compared with NFM treatment, FM

treatment significantly increased grass and tuber yield by 17.99%

and 8.46%, respectively.

Deficit irrigation treatment, the interaction between MT and DI

treatments had a significant effect on the distribution of the leaves

(Table 4). While roots and tubers distribution were significantly

affected by the deficit irrigation treatment (Figure 4C). Under FM

treatment, the distribution of biomass among leaves, roots, and

tubers was unaffected significantly by the various deficit irrigation

treatments. While reducing water significantly decreased leaf

biomass distribution, and increased the tuber biomass

distribution. At the same CK treatment condition, the biomass
Frontiers in Plant Science 06
distribution of leaves under FM treatment significantly increased by

2.78% compared with no FM treatment.
3.4 Quality characteristics of grass
and tubers

We found that grass ether extract and crude protein contents

were significantly affected by plastic film mulching and deficit

irrigation treatment (Table 5). The amount of water regime was

found to considerably influence the ether extract and crude protein

contents of tubers (Table 5). First, FM treatment significantly

improved ether extract and crude protein accumulation in the

grass. Under FM treatment, the ether extract, crude protein,

soluble starch, and soluble sugar contents of grass initially
A B C

D E F

G H I

FIGURE 3

Characteristics of stoichiometric ratios of different organs mulchin treatment (MT) and deficit irrigation (DI) treatment. (A-C, D-F, G-I) indicates the
stoichiometric ratios of nutrients in leaves, roots and tubers respectively. MT treatment includes film mulching (FM) and no film mulching (NFM) treatment. DI
treatments: normal irrigation (CK), reduced by 20% water (RW20), reduced by 40% water (RW40). Total carbon (TC); Total nitrogen (TN); Total phosphorus
(P). Duncan’s test to determine differences (P<0.05) between all treatments. To use capital letters to signify differences between drip irrigation treatments; use
lowercase letters to signify differences between mulchin treatments.
TABLE 3 Two-way ANOVA on the effects of mulchin treatment (MT) and deficit irrigation (DI) treatments on on plant nutrient properties.

Treatment
Leaf (L) Root (R) Tuber (Tu)

C:N C:P N:P C:N C:P N:P C:N C:P N:P

DI 0.157 4.793** 5.01** 2.95 4.422** 4.433** 1.206 2.556 2.664

MT 0.214 0.016 0.027 0.228 0.019 0.002 2.034 0.399 0.037

DI×MT 0.641 2.55 2.525 1.385 0.403 0.059 2.12 0.054 0.444
*, **, and *** correspond to F value were significant at P ≤ 0.05, ≤ 0.01, and ≤ 0.001,respectively.Total carbon (TC); Total nitrogen (TN); Total phosphorus (TP).
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increased and then decreased as irrigated water was decreased

(Figures 5A–D). On the other hand, the RW40 and CK

treatments also displayed reduced ether extract, crude protein,

soluble starch, and soluble sugar contents of grass under

NFM conditions.

Similar to the variation in the quality of the grass. The ether extract,

crude protein, soluble starch, and soluble sugar contents of tubers

increased first and then decreased with decreasing water under FM

conditions (Figures 5E–H). The RW40 and CK treatments also

exhibited decreased ether extract, crude protein, soluble starch, and

soluble sugar contents of tubers under the NFM treatment. Based on

the above analysis, 20% water reduction promoted the accumulation of

ether extract, crude protein, soluble starch, and soluble sugar contents

in both C. esculentus leaves and tubers.
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3.5 Predictors of quality and yield of
C. esculentus

Figure 6A showed that the prediction factors in yield of C.

esculentus. Soil SWC, EC, and pH significantly influenced the

variation in grass yield, thus soil SWC, EC, pH, TP, and AP

contents significantly influenced the variation in tuber

yield (Figure 6B).

In the quality of grass and tubers of C. esculentus (Figures 7A–

H). Soil TN, AN, and OC contents significantly influenced the

variation in grass ether extract (Figure 7A). The variation in grass

crude protein content was significantly influenced by the dominant

factors of soil AP contents, SWC, pH, and EC (Figure 7B). The

soluble starch of grass contents variation was significantly impacted
A B

C

FIGURE 4

Yield and biomass distribution characteristics under mulchin treatment (MT) and deficit irrigation (DI) treatment. (A, B) indicate the yields of grass and
tuber under different treatments; (C) indicates the proportion of leaf, root and tuber quality. MT treatment includes film mulching (FM) and no film
mulching (NFM) treatment. DI treatments: normal irrigation (CK), reduced by 20% water (RW20), reduced by 40% water (RW40). Leaf, leaf biomass,
Root, root biomass, Tuber, tuber biomass. Duncan’s test to determine differences (P<0.05) between all treatments. To use capital letters to signify
differences between drip irrigation treatments; use lowercase letters to signify differences between mulchin treatments.
TABLE 4 Two-way ANOVA on the effects of mulchin treatment (MT) and deficit irrigation (DI) treatment on biomass properties.

Treatment

Biomass allocation Yield

leaf root tuber
Grass yield (GY,

kg/ha)
Tuber yield (TuY,

kg/ha)

DI 4.113* 4.545* 7.294*** 5.514** 48.054***

MT 2.331 0.103 2.118 5.393* 4.690*

DI×MT 4.860* 0.891 2.118 0.305** 14.115***
*, **, and *** correspond to F value were significant at P ≤ 0.05, ≤ 0.01, and ≤ 0.001, respectively.
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by soil TN, AN, TP, and AP contents, SWC, and pH (Figure 7C),

However, soil TN, AN, TP, AP contents, and RN: P ratio

contributed the most to soluble sugars in grass (Figure 7D).

Different patterns of predictive factors for tuber and grass quality.

Soil STP, AP, and pH contribute the most to the ether extract

content of tubers (Figure 7E). The main factors significantly

regulating and impacting tuber crude protein content variation

were soil SWC, pH, EC, and RN: P ratio (Figure 7F). Soil TN, AN,

OC contents, SOM contents, SWC, and pH, contribute the most to

tuber soluble starch (Figure 7G). Soil AN, TP, AP contents, SWC,

pH, and EC, contributed the most to the soluble sugar of

tubers (Figure 7H).
4 Discussion

4.1 Effect of irrigation and film mulching
on C. esculentus yield and quality

The yield of crops is influenced by a myriad of factors, including

water content (Kirda et al., 2004), management practices such as

irrigation, FM, and fertilization (Bai et al., 2022), soil characteristics

(Sheng et al., 2023), and plant-specific attributes such as nutrients

and leaf area index (Puccinelli et al., 2023). In our study, the

interplay of DI, MT, and their interaction significantly impacted

the yields of both grass and tubers. under the condition of a 20%

reduction in water supply, the average yield of grass and tubers

increased significantly by 6.31% and 23.13% respectively, compared

to the CK treatment (Figure 4A). Bhattacharyya et al. (2018) Study

on maize in an inceptisol of West Bengal, India found that 50%

available soil moisture deficit (CK:75% available soil moisture

deficit) significantly increased yield, which is consistent with the

results of our study. However, some studies have shown that

regulated deficit irrigation can reduce crop yield (Papastylianou

and Argyrokastritis, 2014), depending on the irrigation period

(McCarthy, 2005). For instance, water deficit during the flowering

and seed filling stages of rice significantly reduces rice seed yield

(Vijayaraghavareddy et al., 2020). It has also been shown that water

deficit (20-40%) reduces wheat yield less (less than 25%) (De Santis

et al., 2021). This may depend on the crop species, the genetic

evolution of the species during long-term domestication of the crop,

and the progressive adaptation to changes in the agricultural

environments (Ahmed et al., 2020).
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Plastic film mulch has been used as an agricultural cover to

increase crop yield (Thakur and Kumar, 2021). Related studies have

shown that mulching increases the yield of various types of crops,

with mulching increasing the yield of seed maize > potato > maize >

cotton > soybean compared to no mulching (Bandyopadhyay et al.,

2023; Dewi et al., 2024). This study showed that the yield of

mulched grass and tuber was 17.99% and 10.60% higher than

unmulched, respectively, which is consistent with previous

studies. Black mulches increase soil temperature and adversely

affect plant survival and photosynthesis, resulting in low yield

(Bhardwaj, 2013). Differences in the colour of the mulch also

have some effect on the variability of the yield (Thakur and

Kumar, 2021). The study of Sarrou showed that the grass yield of

Ocimum basilicum L. under black mulch cover (19900.099 kg/ha)

was significantly higher than that of bare soil (Sarrou and

Chatzopoulou, 2016). Similar results were reported in Abaas’

study of marigold (Abaas, 2014). On the other hand,

Thankamani’s study on ginger showed that white, cream-coloured

mulch was more productive than black mulch (Thankamani et al.,

2016). In contrast, Hanna McIntosh’s study reported that black,

white and gold plastic films all increased raspberry yield, and black

plastic film increased yield more than white and gold films

(McIntosh et al., 2023). It is widely acknowledged that most

inorganic mulches are non-biodegradable. Non-biodegradable

plastics are also associated with pollution problems, such as

microplastics (Sintim et al., 2022). New biodegradable plastic

mulches have been developed (Sintim et al., 2022; Dewi et al.,

2024) that have the potential to increase moisture content, soil

temperature, prevent soil pathogens, and reduce weed growth.

These films can be degraded relatively quickly (Bianchini et al.,

2022; Tsuboi et al., 2022). However, further research is needed to

fully explore the benefits of these biodegradable films in agriculture.

In the realm of agricultural production, indicators of crop

quality such as ether extract, crude protein, and total soluble

solids serve as critical benchmarks for evaluating field

management and overall crop quality (Gomiero, 2018). The

research underscores that the nutritional value of crops hinges on

the content of various nutrients, with higher levels of ether extract

and crude protein correlating with elevated nutritional value (Chen

et al., 2013). Our study unveiled noteworthy impacts, as mulching

significantly affected the crude fat content of grass. Furthermore,

grass crude protein, tuber crude fat, and crude protein were

substantially influenced by variations in irrigation amounts. Our
TABLE 5 Two-way ANOVA of effects of mulchin treatment (MT) and deficit irrigation (DI) treatment on grass and tuber quality.

Treatment

Leaf Tuber

ether
extract
(EE, %) %

crude
protein

(CP, g/kg)

soluble
starch (SS,

g/kg)

soluble
sugar (ss,
g/kg)

ether
extract
(EE, %)

crude
protein

(CP, g/kg)

soluble
starch (SS,

g/kg)

soluble
sugar (ss,
g/kg)

DI 1.226 17.844*** 0.594 3.729 3.987* 9.631*** 0.725 2.208

MT 14.807*** 1.412 0.055 2.421 2.195 0.218 1.261 0.109

DI×MT 0.796 2.105 0.482 0.039 0.636 2.150 0.983 0.339
*, **, and *** correspond to F value were significant at P ≤ 0.05, ≤ 0.01, and ≤ 0.001, respectively.
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findings align with similar research that highlights the influence of

agricultural practices like FM and drip irrigation on changes in

crude fat and protein content of crops (Biswas et al., 2015; Bai et al.,

2022). The observed trends indicated that with diminishing

irrigation, the average crude fat and protein content of both grass

and tubers exhibited an initial increase followed by a subsequent
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decline. This pattern resonates with the research conducted by Jiang

et al. (2022) on the quality of Avena sativa L. However, this trend

diverges from the conclusion drawn by Kou et al. (2014), which

suggests that the crude protein content of alfalfa gradually rises as

water content increases. This inconsistency may be attributed to the

unique biological traits of C. esculentus, encompassing growth
A B

D

E F

G H

C

FIGURE 5

Quality characteristics of grass and tuber under mulchin treatment (MT) and deficit irrigation (DI) treatment. (A–D) indicate the ether extract, crude
protein, soluble starch ,soluble sugar of grass; fig E–H indicate the ether extract, crude protein, soluble starch, soluble sugar of tuber. MT treatment
includes film mulching (FM) and no film mulching (NFM) treatment. DI treatments: normal irrigation (CK), reduced by 20% water (RW20), reduced by
40% water (RW40). Duncan’s test to determine differences (P<0.05) between all treatments. To use capital letters to signify differences between drip
irrigation treatments; use lowercase letters to signify differences between mulchin treatments.
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patterns, root structure, and physiological adaptations, which can

influence its response to agricultural interventions. Additionally,

the interplay of climate, light, temperature, and soil types within the

study area can profoundly impact the effectiveness of irrigation and

mulching practices. Similarly, the soil type specific to the study area

emerges as a pivotal factor influencing the intricate relationship

between DI, FM, and C. esculentus. Therefore, the aim of future

research should be the investigation of the intrinsic relationship

between plants and the environment.
4.2 Factors affecting the yield and quality
of C. esculentus

Irrigation and management practices wield substantial

influence over soil physical attributes, nutrient content, and

nutrient uptake in plants (Amer, 2010; Wang et al., 2011). Soil-

plant mineral nutrients are considered important indicators for

assessing crop nutritional status, nutritional value, yield

relationship and quality attributes (Casanova et al., 1999).

Relevant studies have shown that the nitrogen and potassium

content of the leaves are the most important factors influencing

the crop yield (Singh et al., 2022). In contrast, Korkmaz et al

(Korkmaz et al., 2015). found that nitrogen and Mn in plant tissue

played a significant role in potato yield and nodulation. Meanwhile,

Sawchik’s study on soybean indicated that plant phosphorus and

potassium efficacy significantly affected soybean yield in both fields

(Sawchik and Mallarino, 2008). In our study, SWC, EC and PH

were the main factors influencing grass yield, while tuber yield was

influenced by STP, AP, SWC, EC and PH respectively, so it can be

seen that different crop types have different responses to the

environment. our research substantiates the close association

between crop yield and pH and EC, reinforcing the importance of

soil SWC, pH, and EC in influencing grass and tuber yields within

this region.

Beyond yield, quality indicators also exhibit sensitivity to soil

and crop characteristics. The random forest results indicate that

reveal the significant influence of soil SWC, TN, and AN contents
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on grass ether extract content. Likewise, STP, AP content, and pH

emerge as principal determinants of tuber ether extract content,

suggesting the nuanced impact of management practices (irrigation

and film mulching) on soil’s physical and biological properties.

Grass crude protein content is primarily influenced by soil SWC,

pH, EC, and soil AP content, whereas soil SWC, pH, EC, and root

N:P ratio significantly affect tuber crude protein content changes.

EC and pH are vital indicators for water-soluble salt levels in soils,

essential for understanding soil suitability for plant growth and

recognizing potential constraints imposed by saltions (Bhardwaj

et al., 2019; Lei et al., 2021). Furthermore, soil SWC, AP content,

and root N:P ratio also emerge as pivotal factors impacting grass

and tuber crude protein contents. This may be because plants

increase protein catabolism in response to reduced soil moisture

to satisfy energy and ammonia reserves, while suppressing protein

energy (Singh et al., 2021; Hazrati et al., 2022). These changes are

adaptive strategies used by plants to respond to stress and help

maintain essential metabolic and survival functions (Costa

et al., 2007).

Besides crude proteins and ether extracts, non-structural

carbohydrates are involved in material partitioning, yield and

quality formation as the main products of plant photosynthesis.

Research by Yang et al. highlighted the role of soil moisture in solute

storage across plant components, emphasizing the impact of

appropriate soil moisture on soluble sugar and starch

accumulation (Yang et al., 2022). In our study, mulchin

treatment, irrigation, and interaction insignificantly influenced

soluble substances in grass and tubers. Soluble sugars and starch

initially increased and then declined with reduced water availability,

suggesting the optimal balance required for aboveground processes.

Optimal moisture levels foster photosynthesis, enhance metabolic

rates, promote dry matter accumulation, and augment yields

(Calzadilla et al., 2022). Our research underscores soil TN, AN,

STP, AP contents, SWC, and pH as major contributors to changes

in soluble starch content in leaves, while soil TN, AN, SOC, and

SOM contents, SWC, and pH, content play pivotal roles in altering

soluble starch content in tubers. Soluble sugar content in leaves

primarily hinges on soil TN, AN, TP, AP contents, and root N:P
A B

FIGURE 6

Prediction factors for yield of C. esculentus. (A, B) indicate the main environmental factors that affect the yield of grass and tuber, respectively. Grass
yield (GY), tuber yield (TuY). Leaf (L), root (R), tuber (Tu). Soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), soil available nitrogen
(SAN), soil available phosphorus (SAP), soil water content (SWC), pondus hydrogenic (pH), electrical conductance (EC), soil bulk density (SBD), and
soil organic matter (SOM). Indicated significant levels *, **correspond to P-value of ≤ 0.05, ≤ 0.01, respectively.
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ratio, whereas soluble sugar content in tubers is significantly

influenced by soil AN, STP, AP content, SWC, pH, and EC.

While mulching and irrigation techniques indeed influence soil

moisture, other factors like temperature, light intensity, and

nutrient supply play equally significant roles in shaping this

process. Notably, soluble starch and soluble sugar are positively
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correlated with yields, aligning with Ma et al. (2021) on the link

between yield and soluble matter in Chenopodium quinoa Willd.

In conclusion, drip irrigation has the potential to be widely

promoted in semiarid and arid areas to save water and increase

productivity for food security. Particularly in regions with low

rainfall, arid climates and high soil salinity, drip irrigation
A B

D

E F

G H

C

FIGURE 7

Prediction factors for quality of C. esculentus. (A–D) indicate the main environmental factors influencing grass quality; (E–H) indicate the main
environmental factors influencing tuber quality. Grass ether extract (GEE), grass crude protein (GCP), grass soluble starch (GSS), and grass soluble
sugar (Gss). Tuber ether extract (TuEE), tuber crude protein (TuCP), tuber soluble starch (TuSS), and tuber soluble sugar (Tuss). Leaf (L), root (R), tuber
(Tu). Soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), soil available nitrogen (SAN), soil available phosphorus (SAP), soil water
content (SWC), pondus hydrogenic (pH), electrical conductance (EC), soil bulk density (SBD), and soil organic matter (SOM). Indicated significant
levels *, **correspond to P-value of ≤ 0.05, ≤ 0.01, respectively.
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combined with mulch can significantly increase crop yields.

However, practical issues such as the difficulty of installing drip

irrigation systems can affect its efficiency and water quality.

Insufficient foil recycling results in more foil waste, which

pollutes the environment and affects soil water transport and

plant growth. Farmers address these by improving irrigation and

fertilisation, using biodegradable mulches, increasing mulching and

adopting drip irrigation. Although trials exist, there is insufficient

data to support these practices. Future research requires longer

trials to assess the effects of film cover and irrigation on yield

and quality.
5 Conclusion

Soil management practices, such as FM and watering, can

change the properties of the soil, which can affect the yield,

quality, and distribution of nutrients. Soil SWC, pH, and EC are

key factors in regulating yield and quality. Under FM treatment,

reduced 20% water treatment had the highest irrigation yield and

the best quality of forage and tubers. Therefore, under the condition

of film mulching in this area, reducing water by 20% is an irrigation

management strategy to achieve water-saving goals and achieve

high yield.
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and Pawelzik, E. (2015). The effects of fertilizers, irrigation and storage on the
properties of potato tubers and their constituent starches. Starch - Stärke 67, 478–
492. doi: 10.1002/star.201400196

Xing, Y., Zhang, T., Jiang, W., Li, P., Shi, P., Xu, G., et al. (2022). Effects of irrigation and
fertilization on different potato varieties growth, yield and resources use efficiency in the
Northwest China. Agric. Water Manag. 261, 107351. doi: 10.1016/j.agwat.2021.107351

Xiong, L., and Wu, W. (2022). Can additional agricultural resource inputs improve
maize yield, resource use efficiencies and emergy based system efficiency under ridge-
furrow with plastic film mulching? J. Cleaner Production 379, 134711. doi: 10.1016/
j.jclepro.2022.134711

Yang, W., Chang, F., Ma, D., Wang, S., and Yin, L. (2022). Subsoil water use to attain
stable high yields of winter wheat in drylands Loess Plateau of China. Eur. J. Agron. 139,
126558. doi: 10.1016/j.eja.2022.126558
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