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Abstract: Film-stalk spaced dual mulching is a new type of cultivation measure that is increasingly
highlighted in semi-arid areas in China. Despite its potential, there is limited understanding of how
different mulching materials affect both soil quality and crop yield in these areas. To address this gap, we
conducted a two-year (2020-2021) field experiment in central China to explore the yield-enhancing
mechanisms and assess the impact of various mulching materials on soil and corn yield. The experiment
comprised six treatments, i.e., plastic film-whole stalk spaced mulching in fall (PSF), plastic film-whole
stalk spaced mulching in spring (PSS), black and silver plastic film-whole stalk spaced mulching in spring
(BPSS), biodegradable film-whole stalk spaced mulching in spring (BSS), liquid film-whole stalk spaced
mulching in spring (LSS), and non-mulching cultivation (CK). Results revealed that BPSS demonstrated
the most significant yield increase, surpassing CK by a notable 10.0% and other mulching treatments by
2.4%-5.9%. The efficacy of BPSS lied in its provision of favorable hydrothermal conditions for corn
cultivation, particularly during hot season. Its cooling effect facilitated the establishment of optimal
temperature conditions relative to transparent mulching, leading to higher root growth indices (e.g., length
and surface area), as well as higher leaf photosynthetic rate and dry matter accumulation per plant.
Additionally, BPSS maintained higher average soil moisture content within 0—100 cm depth compared
with biodegradable mulching and liquid mulching. As a result, BPSS increased activities of urease, catalase,
and alkaline phosphatase, as well as the diversity and abundance of soil bacteria and fungi in the
rhizosphere zone of corn, facilitating nutrient accessibility by the plant. These findings suggest that
selecting appropriate mulching materials is crucial for optimizing corn production in drought-prone areas,
highlighting the potential of BPSS cultivation.
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1 Introduction

Climate change is one of the most serious challenges confronting the world today, significantly
reshaping climate patterns and ecosystems (Chakraborty et al., 2010; Chen et al., 2021b). Among
various impacts of climate change, drought stands out as a critical factor affecting agricultural
production, especially on vital crops like corn (Zheng et al., 2020; Li et al., 2023). Decreased soil
moisture, insufficient precipitation, and increased temperatures associated with drought present
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myriad challenges to corn cultivation (Tarkalson et al., 2022). Under such conditions, corn growth
becomes constrained, resulting in poor yield, diminished crop quality, or even complete crop
failure, thereby posing a serious threat to farmers' livelihood and community food security
(Chakraborty et al., 2010; Chen et al., 2021b). Consequently, adopting suitable agronomic
measures to ensure stable corn production under drought condition becomes imperative.

Mulching technology, as an important practice in modern agriculture, has been widely used for
corn cultivation in drought-prone areas (Sintim and Flury, 2017; Zhang et al., 2024). However, in
view of increasing drought challenges caused by climate change, effective mulching measures are
essential for corn production (Gu et al.,, 2018; Dukare et al., 2020). Mulching reduces soil
moisture evaporation (Gholamhoseini et al., 2019), inhibits weed reproduction (Dragumilo et al.,
2023), and increases soil temperature (Mari et al., 2024), thereby bolstering crop resilience to
drought and stabilizing yields in drought-prone areas (Zhang et al., 2022). Nonetheless, mulching
alone does not completely solve all issues. For example, mulching also affects soil aeration and
microbial activity (Bo et al., 2024), thus influencing soil ecosystem (Castellano-Hinojosa et al.,
2024). Moreover, it accelerates salt accumulation and organic carbon mineralization on soil
surface (Tan et al., 2017; Liu et al., 2021), impinging soil quality and crop growth (Mendonga et
al., 2021). Hence, comprehending the merits and limitations of mulching technology is imperative
for its further refinement to foster stable growth in food production and achieve sustainable
agricultural and environmental development.

Stalk mulching, as another cultivation practice in dryland agriculture, plays an important role in
addressing climate change and enhancing soil quality (Lucas Borja and Zema, 2024). It offers
advantages over plastic mulching, such as better soil erosion (Fernandez, 2023) and enhanced soil
organic matter (SOM) or carbon sequestration (Yin et al., 2018; Liu et al., 2023). Additionally,
stalk mulching can also increase nitrogen, phosphorus, and potassium contents in soil and
improve soil fertility (Cui et al., 2022; Visconti et al., 2024). However, stalk mulching is less
stable due to seasonal and climatic fluctuations, potentially creating a "cold soil environment" that
reduces emergence rate and yield (Javed et al., 2019). It can also increase weed seeds and
promote pests and diseases, requiring extra management (Mufioz et al., 2017; Shan et al., 2021).
Hence, a comprehensive evaluation of stalk mulching is imperative to select suitable management
strategies for specific conditions, promoting a balance between agricultural production and
ecological environment.

Dual mulching, integrating stalk and plastic mulching, is an innovation in dryland agricultural
management (Hu et al., 2020; Zheng et al., 2020; Luo et al., 2023). This dual mulching model
aims to address the challenges of soil moisture retention, nutrient preservation, and weed
suppression faced by dryland agriculture, thereby promoting sustainable agricultural production
(Zhang et al., 2021; Zhang et al., 2023). Dual mulching has been shown to increase dry matter
accumulation, substantially increase yield and quality (Hu et al., 2020). Additionally, relative to
single mulching with stalk or plastic, dual mulching can increase soil urease, protease, and neutral
phosphatase activities, contributing to soil organic carbon pool (Cheruiyot et al., 2023). Nonetheless,
dual mulching with stalk and plastic demands heightened technics, encompassing the selection,
installation, and maintenance of stalk and plastic. The efficacy of dual mulching may be
significantly influenced by factors such as seasonality, climate, and soil conditions, necessitating
further empirical validation and research (Li et al., 2020). Further research is needed to refine
dual mulching approach for different areas and environments.

The Loess Plateau is experiencing temperature above global average, directly impacting local
agriculture (Hu et al., 2020). Elevated temperatures lead to premature crop aging, jeopardizing
yield and quality (Hu et al., 2023; Lin et al., 2023). Dual mulching techniques may prove to be a
crucial approach in alleviating these effects (Hu et al., 2020). In deploying dual mulching
strategies, the judicious selection of mulching materials assumes paramount significance. Black
plastic film, with lower light transmittance, is more effective than transparent film in regulating
soil temperature during crop growth (He et al., 2021; Liao et al., 2023). Newer mulching options,
such as liquid and biodegradable film, are gaining popularity in recent years (Chen et al., 2021a;
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Mari et al., 2024). Liquid film, characterized by its innovative coating technique and ability to
form a uniform and dense film, effectively inhibits soil moisture evaporation and increases soil
temperature (Chen et al., 2021b), while biodegradable film offers the added benefit of
eco-friendly decomposition (Campanale et al., 2024).

Given the growing importance of mulching in climate change mitigation, this study evaluates
and compares the effectiveness of various mulching materials—black plastic film, liquid film, and
biodegradable film—within a dual mulching framework. It assesses their impacts on soil
temperature, moisture conservation, and crop performance on the Loess Plateau, aiming to
identify optimal strategies for enhancing crop resilience and yield in extreme climatic conditions.
The findings will guide the optimization of mulching practices in similar semi-arid areas,
contributing to more sustainable agricultural systems.

2 Materials and methods

2.1 Study area

The field experiment was conducted at the Millet Research Institute of Shanxi Agricultural
University in Changzhi City, Shanxi Province, China (36°13'N, 113°08’'E) from May 2020 to
September 2021. The study area has flat terrain, abundant light, and an average annual
temperature of 9.7°C. Mean annual precipitation is about 510.0 mm. The soil is sandy loam with
37.0 g/lkg SOM, 1.2 g/kg total nitrogen (TN), 4.1 mg/kg available phosphorus (AP), and 193.2
mg/kg available potassium (AK).

2.2 Experimental design and field management

The experiment included six treatments, each with three replicates: plastic film-whole stalk
spaced mulchingin fall (PSF), plastic film-whole stalk spaced mulching in spring (PSS), black
and silver plastic film-whole stalk spaced mulching in spring (BPSS), biodegradable film-whole
stalk spaced mulchingin spring (BSS), liquid film-whole stalk spaced mulching in spring (LSS),
and non-mulching cultivation (CK; Fig. 1).

(a) PSF (b) PSS (c) BPSS

(d) BSS (e) LSS (f) CK

Fig. 1 Six film-stalk spaced dual mulching treatments using different mulching materials. (a), PSF (plastic
film-whole stalk spaced mulching in fall); (b), PSS (plastic film-whole stalk spaced mulching in spring); (c),
BPSS (black and silver plastic film-whole stalk spaced mulching in spring); (d), BSS (biodegradable film-whole
stalk spaced mulching in spring); (e), LSS (liquid film-whole stalk spaced mulching in spring); (f), CK
(non-mulching cultivation). The abbreviations are the same in the following figures.

Corn was planted in wide (70 cm) and narrow (40 cm) rows, with wide rows covered with stalk
and narrow rows with plastic film. Four types of film were used in this study: 0.008 mm traditional
plastic film, 0.010-0.030 mm liquid film, 0.030 mm biodegradable film, and 0.025 mm black and
silver plastic film. Unchopped corn stalks from previous season were spread between wide rows,
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with seedlings planted on both sides of the mulching. 'Taiyu No. 1' corn was used, planted at a
density of 6x10* plants/hm?. Each treatment used 13x10° kg/hm? of mulching stalks. Plots with an
area of 6.5 mx5.5 m was measured in a randomized block design. Fertilization was 156, 60, and
72 kg N/hm?, P,0Os/hm?, and K,O/hm?, respectively. Seeds were planted on 30 April, 2020 and 26
April, 2021 and harvested on 25 September, 2020 and 20 September, 2021. No irrigation or
pesticide treatments were applied, and weeds were controlled manually.

2.3 Sampling collection and measurement

2.3.1 Soil temperature and soil water

Soil temperatures at 0—20 cm soil depth were monitored at key growth stages of corn (6 leaf,
12 leaf, silking, blister, and maturity) using a Topper environmental monitor (TNHY-6, Zhejiang
Top Instrument Co., Ltd., Hangzhou, China). Sensors were placed horizontally at the middle of
planting rows within each plot. Soil moisture across 0—100 cm depth was determined using drying
method, with soil samples collected at 20 cm intervals. Soil samples after harvest were collected
using a ring knife to assess soil capacity, providing insights into soil health and fertility.

2.3.2 Soil chemical and enzyme activities analysis

Rhizosphere soil collected by shaking method was divided into two parts: one air-dried and
sieved (60-mesh) for enzyme activities and nutrients analysis, the other stored at —80.0°C for
microbial diversity assessment. Urease (URE), alkaline phosphatase (ALP), and catalase activities
(CAT) were measured by sodium phenol-sodium hypochlorite colorimetric method, anddisodium
benzene phosphate method, and potassium permanganate titration method, respectively. SOM and
electrical conductivity (EC) were determined using K>Cr,O7-H2SOy titration and electrode method,
respectively. TN content was determined via the Kjeldahl method, while AP and AK contents
were evaluated using the sodium bicarbonate leaching molybdenum antimony spectrophotometry
and flame photometry methods, respectively. We determined these soil parameters according to the
methods described by Lu (2000) and Lin (2008).

2.3.3 Soil deoxyribonucleic acid (DNA) extraction and high-throughput sequencing

Soil DNA was extracted using the FastDNA SPIN Kit (MP Biomedicals, Irvine, USA) and
extracted DNA was evaluated using a Nano-Drop ND-1000 (Nanodrop, Thermo Fisher Scientific,
San Jose, USA), with the DNA 260/280 ratios of the samples falling within the range of 1.8-2.0,
and the 260/230 ratios ranging from 1.9 to 2.1. High-throughput sequencing was conducted on the
[llumina MiSeq platform to analyze bacterial and fungal communities, targeting 16S rRNA genes.
The bacterial V3-V4 region was partially amplified using the universal primers 338F
(5'-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3’), and
the fungal ITS1 region was amplified using the primers ITS1 (5'-CTTGGTCATTTAGAGGAA
GTAA-3") and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3"). Bioinformatics analysis was carried
out on BMKCloud (http://www.biocloud.net/). Raw sequences underwent filtering and analysis
using quantitative insights into microbial ecology2 (QIIME2). Microbial alpha-diversity was
estimated using the Shannon and Chaol indices, providing insights into the richness and evenness
of bacterial and fungal communities within soil samples.

2.3.4 Plant growth, yield, and physiological indicators

Net photosynthetic rate (P,) and transpiration rate (7;) during the blister period were measured on
corn spike leaves using the CIRAS-2 (Portable Photosynthesis (PP) Systems, Amesbury,
Massachusetts, USA) portable photosynthetic measurement system under clear weather
conditions, at 2-h intervals from 09:00 to 11:00 (LST), with three replicates per treatment. Corn
growth was monitored at specific stages: 6" leaf, 12" leaf, silking, blister, and maturity. At each
stage, three neighboring plants were analyzed for plant height (PH), leaf area, aboveground
biomass, 0-20 cm root biomass, root length (RL), and root surface area (RSA). At physiological
maturity, yield components (corn cob number (CCN), grain number per corn cob (GNCC), and
thousand grain weight (TGW)) were determined on 10 randomly selected plants from the central
portion of each plot.
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2.4 Statistical analyses

Data analysis was conducted using one-way analysis of variance (ANOVA) in SPSS v. 2022, with
least significant difference (LSD) for multiple comparisons. Spearman correlation and partial
least squares path model (PLS-PM) were used to explore relationships among soil, plant, microbe
properties, and yields. A random forest model in R software identified key factors affecting yield,
and all graphs were generated using OriginPro v.2021.

3 Results

3.1 Corn yield and its components

Different film-stalk spaced dual mulching treatments increased GY (grain yield) compared with CK
(Fig. 2a). BPSS exhibited optimal harmonization among yield components, including TGW (Fig.
2b), CCN (Fig. 2¢), and CNCC (Fig. 2d), resulting in a noteworthy yield increase of about 23.0%
in 2020 and 13.8% in 2021 compared with CK. Increased yield for the other cover treatments
followed this order: PSS (8.6%-19.8%), BSS (6.9%-17.6%), PSF (6.9%—-17.2%), and LSS
(5.29%-8.9%), with a greater increase observed in 2020 compared with 2021.
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Fig. 2 Variation in yield and its components under different film-stalk spaced dual mulching treatments in 2020
and 2021. (a), GY (grain yield); (b), TGW (thousand grain weight); (c), CCN (corn cob number); (d), GNCC
(grain number per corn cob). Different lowercase letters within the same year represent significant differences
among different treatments at £<0.050 level. The abbreviations are the same in the following figures.

3.2 Corn growth

Different film-stalk mulching treatments significantly affected PH of corn, which increased by
7.9%-13.8% compared with CK, and the order of PH was as follows: BPSS>BSS>
PSS>PSF>LSS>CK (Fig. 3a). The most significant accumulation of DMM (dry matter mass)
occurred at silking and blister stages, with BPSS leading to a remarkable 17.4% increase (Fig. 3b).
RL (Fig. 3c) and RSA (Fig. 3d) increased from 66.0% to 135.0% and from 66.0% to 95.0%,
respectively, with BPSS showing the greatest increases (Fig. 3d).

3.3 Factors affecting corn yield

Soil temperatures were consistently higher under film-stalk dual mulching treatments than under
CK (Fig. 4), showing a 0.3°C—2.5°C increase in daily mean soil temperature at the 6™ and 12
leaf stages and a 0.7°C—1.0°C increase at silking stage.



CAO Jinjun et al.: Effects of film-stalk spaced dual mulching system on corn growth and yield 1719

400
= (a) CJPSF PSS [CIBPSS
E 3001 EEBSSEELSSTICK ikiigc badacec
T 200 -
= baba a dec
150 [TITEN

§ 1 cbabb
= 300 - o Sl d
2 200 e S
g 100 befed., ‘

7500 4 (c) a .
= d
5 5000 A . B_all_ab o] o
=7 Al Dt

dabcde &
0 =T e—— L
d)
30004 ¢ a
5 arhy ¢
S 2000 - bl b
< abb aab =
£ 10004 ibcee coc
0 i e ]
6" leaf 12" leaf Silking Blister

Growth stage

Fig. 3 Growth dynamics of plants at different growth stages under different film-stalk dual mulching treatments
in 2021. (a), PH (plant height); (b), DMM, (dry matter mass); (c), RL (root length); RSA, (root surface area).
Different lowercase letters within the same stage represent significant differences at P<0.050 level. The
abbreviations are the same in the following figures.
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Fig. 4 Changes in soil temperature at 0-20 cm depth at different growth stages under different film-stalk dual
mulching treatments in 2021. Different lowercase letters within the same stage represent significant differences at
P<0.050 level. The gray area represents the suitable temperature range for corn root growth.

Film-stalk dual mulching treatments resulted in 6.0% and 13.0% increase in soil water content
at 60 cm depth at the 6™ and 12 leaf stages, and 6.0% and 13.0% increase at 40 cm depth at the
silking and blister stages, respectively (Fig. 5). PSS and BSS were the most effective mulching
measures, increasing soil water content by 55.0% and 33.0% at 0—100 cm depth, respectively.
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Fig. 5 Dynamics of soil water content at different growth stages under different film-stalk spaced dual mulching
treatments in 2021. (a), CK; (b), PSF; (¢), PSS; (d), BPSS; (e), BSS; (f), LSS.

Leaf 7; exhibited a parabolic trend, peaking at 12:00. Daily mean leaf 7; was higher under
mulching treatments than under CK, with a notable 16.9% increase under BPSS treatment,
significantly surpassing the increases under PSF, PSS, BSS, and LSS treatments (1.5%, 3.2%,
6.8%, and 4.9%, respectively) (Fig. 6al). Diurnal variations in corn leaf P, under film-stalk space
dual mulching treatments displayed a bimodal curve (Fig. 6a2), with peaks around 12:00 and
16:00. Daily average P, was higher under all mulching treatments compared with CK, showing
increases of 10.1% (PSF), 6.8% (PSS), 12.4% (BPSS), 9.0% (BSS), and 3.4% (LSS).

Film-stalk spaced dual mulching treatments led to a significant reduction in BD (bulk density)
at 020 cm depth compared with CK, with reductions of 4.3% for BPSS and 3.9% for BSS (Fig.
6b1). After corn was harvested, high SOM and low EC values were observed for film-stalk spaced
dual mulching treatments compared with CK, with the higher SOM content under LSS and PSS
treatments and the higher AK content under PSF treatment, as well as the higher AP and TN
contents under BPSS treatment (Fig. 6b2-b6).

Soil enzyme activities, such as ALP, CAT, and URE, were significantly improved under
film-stalk spaced dual mulching, with BPSS being the most effective (Fig. 6¢c1—c3). Diversity of
bacteria and fungi was notably higher under PSS treatment compared with CK and the other
mulching treatments (Fig. 6c4 and c¢5). Dominant bacterial phyla were Acidobacteria,
Proteobacteria, Gemmatimonadetes, Chloroflexi, Actinobacteria, and Bacteroidetes, while fungal
phyla included Ascomycota, Basidiomycota, and Mortierellomycota. BDSS treatment markedly
increased Bacteroidetes and Proteobacteria abundance and fungal Ascomycota, while reducing
Acidobacteria and Basidiomycota abundance.

3.4 Relationships of yield with plant, soil, and microbial factors

Under film-stalk spaced dual mulching treatments, corn yield positively correlated with several
factors, including soil properties (TN, AP, AK, and SWC), plant growth and physiological
indicators (Py, Tr, PH, and DMM)), soil microbial indicators (CAT and fungal diversity), and yield
components (GNCC and TGW). Conversely, BD, EC, and CCN exhibited significant negative
correlations (Fig. 7a). Random forest regression ranked the contributions of these factors as



CAO Jinjun et al.: Effects of film-stalk spaced dual mulching system on corn growth and yield 1721

follows: PH, AP, DMM, P,, fungal diversity, TN, TGW, SWC, and GNCC (Fig. 7b). Validation
using PLS-PM modeling confirmed that a combination of soil physical-chemical, biological,
botanical, and key enzyme activities collectively explained 75.8% of the variations in maize yield
due to mulching (Fig. 7c). Impact of film-stalk spaced dual mulching treatments on soil nutrients
and traits were reflected in direct (path coefficient=0.731) and microbial indirect effects (path
coefficient=0.545), which regulated plant growth and yield.

(al) (a2)

732
e 309
S 124§
TR § 0 &
& 1120
S CQ Ne K Ig*
A | NS e
i N ESELAE N
o NV PO X = S 8 S
{,6 S \,O‘J;(\& «@g\ RN RS «@%\

Plant physiology
(b1) (b2)

(b3)
1.4 80
o c b 3 2200 a £ ?
£ $hdd L (=St N A SR b e
E 137 2 % 704, b
\DE/ B N S 100 S; 2 b 2
. < 2 AEMAR
b4y 12 ; (b5) b6) % :
o~ a . ab ~ 2072 1.64b B b b ¢
o0 be = be ) = =
Y] ¢ T [ R a oo
=4 = | 4 . &
& 95 2 ab b B
= £ 104 ab ¢| 2 0.8
5 = A
172} <
Treatment Treatment Treatment
Soil property
(cl) (c2) (c3)
§ = 400 % 5 §400 a
= <=
& 0.3 T a & D 3 3l ©
CYYEL < S 300 < 300- d d
) c C g C g
g & d =
& 031 ﬂﬁ = [l 2 HF
- < 200 5 200
= P R 2 R Y S Ly U N M P R R Y
A oA A M AAAMA A A AmA
m m M
(c4) (c5)
& 100 o
éo/ [ Others X [ Others
3 — [ Verrucomicrobia & [ Mucoromycota
= N || ] Rokubacteria 2 [ Basidiobolomycota
3 | ] Firmicutes < [ Olpidiomycota
=] [ Nitrospirae 'g [ Glomeromycota
3 50 [ Bacteroidetes =] [ Neocallimastigomycota
b s o
< [ Actinobacteria < [ Rozellomycota
= —HN— b——1T | [_] Chloroflexi = [ Chytridiomycota
5 ] Gemmatimonadetes  &f 10+ [ Mortierellomycota
5 [ Proteobacteria g [ Basidiomycota
Cg oA AP P TP Acidobacteria e oL I IE L [ Ascomyeota
PR R R Y L M
SRS e SRS
Treatment Treatment
Soil microbe

Fig. 6 Alterations in plant and soil factors impacting corn yield under different film-stalk spaced dual mulching
treatments. (al and a2), 7 (transpiration rate) and Pa (net photosynthetic rate); (b1-b6), BD (bulk density), AK
(available potassium), EC (electrical conductivity), SOM (soil organic matter), AP (available phosphorus), and
TN (total nitrogen); (cl1-c5), ALP (alkaline phosphatase), CAT (catalase), URE (urease), bacterial, and fungal
abundances. The abbreviations are the same in the following figure. Different lowercase letters represent
significant differences among different treatments at P<0.050 level.
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Fig. 7 Relationships of yield with plant, soil, and microbial factors. (a), Spearman correlation among corn yield,
soil, plant growth, and soil microbial property; (b), random forest analysis of factors affecting corn yield; (c),
partial least squares path model (PLS-PM) showing relationships among microbial community composition, soil
nutrients, and microbes. In Figure 7c, dashed lines denote positive correlations and solid lines denote negative
correlations, with line thickness indicating strength. Numbers above lines are correlation coefficients. FunD,
fungal diversity; BacD, bacterial diversity; IncMSE, increase of mean square error; GOF, goodness-of-fit. *,
P<0.050 level; **, P<0.010 level; *** P<0.001 level.

4 Discussion

4.1 Impact of different film-stalk spaced dual mulching treatments on yield

Film-stalk spaced dual mulching technology exerted a profound influence on soil moisture
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retention, soil temperature increase, and soil fertility enhancement (Li et al., 2023). This method
also improved crop yield (Li et al., 2020), as demonstrated by Zhang et al. (2023), who found that
the combined application of whole stalk and mulching cover increased yield by 4.1%-9.5%
compared with non-mulching cultivation in arid areas of Northwest China. In this study, we found
that the synergistic impact of stalk and film spaced dual mulching serves to insulate the soil,
reduces water evaporation, and preserves soil moisture (Fig. 4), thus resulting in optimal yields.
Moreover, our study indicated that BPSS treatment outperformed PSF or PSS treatments in terms
of yield (Fig. 2). The observed disparity in crop yield may be attributed to the tendency of
transparent film mulching to increase soil temperature excessively during summer, potentially
leading to early corn senescence (Hu et al., 2023). Conversely, the hydrothermal conditions in
BPSS may have contributed to creating optimal conditions for crop growth and increased
aboveground dry matter accumulation, consequently boosting yields (Fig. 2). However, LSS
treatment exhibited the lowest yield, likely due to the formation of surface cracks in the liquid
film, which compromised air tightness, thermal insulation, and moisture retention. Although BSS
treatment demonstrated a similar impact on corn yield as traditional PSF or PSS treatment, it
offered the added benefit of mitigating soil environmental pollution. From the perspectives of
ecological safety and agricultural production efficacy, degradable film presents a viable alternative
to conventional polyethylene film (Chen et al., 2021a). Nonetheless, concerns regarding the
application of degradable films need to be persisted. For instance, Song et al. (2023) have
suggested that the immediate effects of microplastics, additives, monomers, and potentially
hazardous intermediates released during biodegradable film degradation may be negligible
although their long-term implications could intensify over time, potentially impinging upon
ecosystem productivity (Madin et al., 2024). Consequently, comprehensive and long-term
assessments of ecotoxicology are imperative prior to the widespread adoption of biodegradable
mulching.

4.2 Driving factors influencing yield

4.2.1 Soil temperature

Previous research has shown that transparent film mulching can raise the average ground
temperature at 0—20 cm soil depth by 3.0°C—6.0°C and increase the effective cumulative
temperature by 200.0°C—300.0°C during the reproductive phase of crops (Ikeda and Bao, 1978;
Subrahmaniyan and Zhou, 2008; Zhao et al., 2012; Chen et al., 2021a). Consequently, this method
promotes early germination and rapid crop growth, ultimately resulting in a higher yield (Khaeim
et al., 2022). In this study, film-stalk spaced dual mulching demonstrated a slight increase in the
average ground temperature within 0—20 cm soil depth, ranging from 0.9°C to 2.2°C (Fig. 4b).
Moreover, this increase was lower compared with the effect observed with single ground film
mulching (Zhao et al., 2012), which can be primarily attributed to the cooling effect exerted by
stalk mulching on the ground temperature during spring (Subrahmaniyan and Zhou, 2008). In this
study, BPSS, BSS and LSS treatments exhibited limited warming effects due to factors such as
reduced light transmittance, diminished radiant heat transmission, and compromised airtightness
resulting from degradation (Hu et al., 2020; Chen et al., 2021a). Consequently, these mulching
practices led to increases in average ground temperatures ranging from 1.2°C to 2.1°C, 1.1°C to
1.6°C, and 1.0°C to 1.4°C, respectively, under BPSS, BSS, and LSS treatments (Fig. 4b).
Interestingly, our analysis revealed that the increase in soil temperature did not exhibit a
significant correlation with yield (Fig. 5a), with the highest yields observed in BPSS treatment.
This result suggested that although traditional transparent film mulching enhanced hydrothermal
conditions and favored corn germination, sustained high soil temperatures, particularly on sunny
days (even above 40.0°C) may be detrimental to corn root growth and induce premature during
subsequent seedling stage, thereby impacting corn development and morphogenesis, as well as
yield (Khaeim et al., 2022). Consequently, the relatively low soil temperature conditions produced
by BPSS treatment may be more favorable for sustained corn growth in the study area relative to
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traditional PSF or PSS.
4.2.2 Soil water content

Mulching can elevate the relative water content of tilled soil by 2.0%—5.0% (Gholamhoseini et al.,
2019; Hossain et al., 2022). In this study, mulching soil did not exhibit higher soil water content
compared with non-mulching soil throughout reproductive period. For instance, surface soil water
content within 020 cm depth appeared lower in mulching plots than in CK at various growth
stages, such as the 6" leaf, 12" leaf, and silking stages. This phenomenon may be attributed to the
increased soil temperature induced by mulching measures during this period, leading to enhanced
plant uptake of soil moisture. Additionally, the reduced soil moisture content in mulching soil
may also be related to barrier effect of film, which reduces the replenishment of soil moisture by
rainwater or snowmelt. This effect is likely the main reason for the lower soil moisture content
under fall film cover compared with spring film cover. The rise in temperature could have
intensified moisture evaporation from non-mulching surface soil, although stalk mulching
between rows in our study might have mitigated water loss through this pathway (Zribi et al.,
2015). Nonetheless, mulching measures significantly augmented soil water content by
1.8%—4.0% across the entire 0-100 cm soil depth. Comparative analysis of different mulching
materials revealed that BPSS treatment exhibited the most pronounced increase in soil water
content. Specifically, BPSS treatment enhanced soil water content by approximately 4.0%
compared with CK treatment, surpassing increases observed with PSF, BSS, and LSS treatments by
approximately 1.5%, 2.1%, and 2.2%, respectively (Fig. 4b). The superior water retention
capacity of BPSS treatment compared with traditional PSF treatment may be attributed to the
reduced evaporation intensity resulting from lower soil temperatures under black mulching.
Conversely, its significantly higher soil water content compared with liquid and biodegradable
mulching under BSS and LSS treatments may be attributed more to its intact confinement,
facilitating enhanced soil moisture retention (Yu et al., 2018; Zheng et al., 2020; Zhang et al.,
2022). Therefore, for dryland corn cultivation, which demands increased water availability during
later growth stages, black films with superior water retention capabilities may be more suitable
than liquid and biodegradable films.

4.2.3 Soil nutrient and microbes

Numerous studies have demonstrated a significant increase in soil nutrient accumulation due to
mulching measures (Zhang et al., 2023; Campanale et al., 2024). However, there have been
reports indicating a tendency for continuous mulching to diminish soil moisture and fertility (Lee
et al., 2019; Yin et al., 2022). In this study, as anticipated, mulching practices led to a notable
enhancement in soil nutrient effectiveness (Fig. 4b). When comparing different mulching
materials, LSS and BSS treatments exhibited superior improvement in SOC, AP, and TN (Fig. 4b).
The remarkable enhancement of SOM under LSS treatment can be attributed to several factors.
Firstly, liquid mulching possesses inherent fertilizing properties, and its degradation product and
high-quality humic acid organic fertilizer enriches the soil (Javed et al., 2019). Secondly, it
improves soil hydrothermal conditions, thereby enhancing the diversity and abundance of bacteria
and fungi in the rhizosphere, as well as the activities of soil urease, phosphatase, and sucrase
enzymes (Neuweiler et al., 2003). This result, in turn, accelerates the decomposition rate of stalk
and soil mineralization, consequently releasing more nutrients (Liao et al., 2023). It is noteworthy
that BPSS treatment may exhibit the highest decomposition rate of stalk due to its superior
hydrothermal conditions, thereby intensifying its stimulatory effect on stalk debris decomposition
upon return to the field (Li and Zhong, 2021). In summary, the combined application of mulching
and stalk return, particularly the utilization of black mulching, may significantly promote stalk
decomposition, enhance soil fertility (Zhang et al., 2023; Visconti et al., 2024), mitigate the
excessive depletion of soil nutrients caused by continuous mulching application, and contribute to
the sustainable development of dryland agriculture.
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4.2.4 Corn agronomic and physiological performance

Mulching enhances plant photosynthesis, nutrient uptake, and biomass accumulation by altering
soil conditions such as water, heat, and nutrients (Thidar et al., 2020; Zhang et al., 2023). This
study corroborated these findings, as mulching treatments significantly improved photosynthesis
parameters, plant height, dry matter accumulation, and root parameters compared with CK
treatment (Fig. 3). Furthermore, PH, biomass, and photosynthesis exhibited significant and
positive correlations with yield, with the highest contribution to yield observed (Fig. 5). Among
various mulching practices examined, BPSS treatment demonstrated superior performance,
exhibiting the highest biomass, PH, leaf P,, and T:, as well as the highest yield and quality.
However, it was observed that BPSS treatment exhibited lower biomass than PSF treatment
during the early growth stage of corn. This disparity may be attributed to the more favorable soil
hydrothermal conditions under transparent film mulching, which promotes corn growth (Zhang et
al., 2023). Conversely, during the late growth period, excessive soil temperature induced root
senescence under transparent film mulching, leading to a significant reduction in RL and RSA
(Fig. 3). In contrast, no apparent signs of root senescence were observed under BPSS treatment.
This phenomenon is consistent with the findings by Hu et al. (2020), who reported a similar trend
in dry matter accumulation in corn under black mulching treatment compared with traditional
transparent mulching treatment. However, yield rapidly increased and ultimately surpassed that of
mulching treatment during mid- to late-growth stage. These findings suggested that black
mulching was more suitable for corn cultivation in this area, facilitating the growth and yield
(Liao et al., 2023). Nevertheless, if superior soil hydrothermal conditions similar to transparent
mulching are provided during pre-growth stage, yields might be further improved.

4.3 Limitation and recommendation

There are several potential challenges to consider the impact of film-stalk spaced dual mulching
technology on corn yields. One potential issue is the potential hindrance of gas exchange in the
soil caused by stalk accumulation, which may in turn affect the growth of plant root system
(Minhas et al., 2023). Thus, variables such as the amount of stalk mulching and the width of the
mulching layer are crucial factors that may influence the efficacy of this technology in specific
environments. It is recommended to implement appropriate control measures, taking into account
local soil structure and other characteristics, to ensure proper stalk mulching quantity, uniformity,
and mulching width-to-row ratio, thereby mitigating ventilation issues. Secondly, the film-stalk
spaced dual mulching technology has the potential to alter soil microbial communities and the
population structures of pests and diseases over time, consequently impacting the stability of soil
ecosystem (Wang et al., 2020; Mudare et al., 2023). For instance, prolonged use may lead to
changes in pest species such as grubs and two-pointed leaf moths (Ruidisch et al., 2013). Thus,
monitoring and managing these changes are necessary to mitigate any undesirable environmental
feedbacks. Adjusting fertilizer management practices can help promote the balance of soil
ecosystem and mitigate potential disruptions caused by shifts in microbial communities (Li et al.,
2022; Han et al., 2025). By implementing these recommendations, we can further optimize the
combined stalk and mulching technology, enhance its effectiveness in increasing corn yields, and
ensure its sustainability and suitability in agricultural practices. Regular monitoring and adaptive
management strategies will be key in addressing the potential challenges and maximizing the
benefits of this innovative approach.

5 Conclusions

This study effectively optimized corn cultivation technology in semi-arid areas through mulching
techniques. The results demonstrated that film-stalk spaced dual mulching significantly enhanced
corn growth and yield under drought conditions by altering soil hydrothermal conditions,
regulating soil microbial structure and composition, and improving soil nutrient effectiveness.
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However, the impact of this combined approach on yield varied depending on mulching cover
materials, with BPSS treatment yielding the highest increase. The yield increase of BPSS over
other mulching materials was mainly due to the cooling effect on soil and the enhancement of soil
water content at 0—100 cm depth during hot season. These factors led to increased availability of
nutrient in the soil by mediating soil microbial activity, ultimately delaying senescence in corn
plants. Nevertheless, the ratio of covered stalk amount to covered mulching area may impact corn
growth and yield by affecting soil gas exchange. Therefore, further in-depth studies are warranted
to optimize this ratio and achieve additional yield enhancements. By addressing these factors, we
can continue to refine corn cultivation techniques in semi-arid or arid areas and maximize crop
productivity while ensuring sustainability.
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