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Abstract

To investigate the effects of different tillage depths on flue-cured tobacco yield
and output value and to reveal the mechanisms through which deep tillage
increases yield and efficiency in tobacco fields, a field location experiment was
conducted using the flue-cured tobacco variety ‘K326’ as experimental material.
Three treatments were established: control tillage at 20 cm (GS20), tillage at
30 cm (GS30), and tillage at 40 cm (GS40), to examine the effects of different
tillage depths on leaf yield and output value, soil physical properties, and spatial
distribution characteristics of flue-cured tobacco roots. The results indicated
that deep tillage measures produced beneficial effects on improving soil structure,
promoting soil water storage, optimizing flue-cured tobacco root architecture,
and increasing leaf yield and output value. Deep tillage treatments significantly
reduced soil bulk density in the 20-40 cm subsurface layer while significantly
increasing both total porosity and capillary porosity in this horizon. Specifically,
compared with the GS20 treatment, GS30 and GS40 reduced soil bulk density
by 8.4% and 9.4%, increased total porosity by 15.6% and 13.1%, and increased
capillary porosity by 25.8% and 24.8%, respectively. Relative to the control
GS20, GS30 and GS40 significantly increased soil water content in the 0-20 cm
surface layer at the rosette stage and significantly enhanced soil water content in
the 20-40 cm subsurface layer during the vigorous growth and maturity stages.
Deep tillage treatments not only significantly increased the absolute quantity of
flue-cured tobacco roots but also promoted root growth into deeper soil strata,
thereby elevating the root depth index of flue-cured tobacco. Specifically, the
fresh weight of root biomass in GS30 and GS40 was 31.2% and 89.2% higher than
that in GS20, respectively, while the root depth index increased by 7.6% and
4.5%, respectively. Compared with the control GS20, GS30 and GS40 increased
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leaf yield by 7.0% and 27.3%, average price by 1.8% and 6.2%, the proportion of
high-grade tobacco by 10.4% and 24.4%, and output value by 9.0% and 35.1%,
respectively, with significant differences observed between GS40 and GS20. The
study revealed that deep tillage measures first modify soil physical structures
such as bulk density and porosity, subsequently influence soil water storage and
entropy in tobacco fields, promote early growth and rapid development of flue-
cured tobacco, optimize the spatial distribution architecture of tobacco roots,
then affect aboveground morphological establishment, and ultimately determine
leaf yield and output value.
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Abstract

To investigate the effects of different plowing depths on flue-cured tobacco yield
and output value and to reveal the underlying mechanisms of yield increase
and efficiency improvement through deep plowing in tobacco fields, a field ex-
periment was conducted using the flue-cured tobacco variety ‘K326" . Three
treatments were established: conventional tillage at 20 cm (GS20), deep tillage
at 30 cm (GS30), and deep tillage at 40 cm (GS40). The effects of different plow-
ing depths on tobacco leaf yield and output value, soil physical properties, and
spatial distribution characteristics of the flue-cured tobacco root system were
studied. The results demonstrated that deep plowing effectively improved soil
structure, enhanced water storage, optimized root system architecture, and in-
creased tobacco leaf yield and output value. Deep plowing significantly reduced
soil bulk density in the 20-40 cm subsurface layer while significantly increas-
ing total porosity and capillary porosity in this layer. Compared with GS20,
GS30 and GS40 reduced soil bulk density by 8.4% and 9.4%, increased total
porosity by 15.6% and 13.1%, and increased capillary porosity by 25.8% and
24.8%, respectively. Relative to GS20, GS30 and GS40 significantly increased
soil water content in the 0-20 cm surface layer during the rosette stage and
in the 20-40 cm subsurface layer during the vigorous growth and maturation
stages. Deep plowing not only significantly increased the absolute quantity of
tobacco roots but also promoted root growth into deeper soil layers, thereby
increasing the root depth index. Root fresh biomass weight under GS30 and
GS40 was 31.2% and 89.2% higher than under GS20, respectively, while the
root depth index increased by 7.6% and 4.5%, respectively. Compared with
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GS20, GS30 and GS40 increased tobacco leaf yield by 7.0% and 27.3%, aver-
age price by 1.8% and 6.2%, the proportion of high-quality tobacco by 10.4%
and 24.4%, and output value by 9.0% and 35.1%, respectively, with significant
differences observed between GS40 and GS20. The study revealed that deep
plowing first modifies soil physical structure such as bulk density and porosity,
which subsequently affects soil water storage and temperature, promotes early
and rapid tobacco seedling growth, optimizes the spatial distribution pattern
of the tobacco root system, influences aboveground morphological development,
and ultimately affects tobacco leaf yield and output value.

Keywords: Deep plowing; Flue-cured tobacco; Soil physical characteristics;
Spatial distribution of root system; Yield and output value

Introduction

Flue-cured tobacco is an important economic crop in Yunnan Province, with
its planting area and production accounting for more than one-third of the na-
tional total, occupying a significant position in China’ s tobacco (Nicotiana
tabacum L.) industry. Currently, farmland in Southwest China primarily relies
on small-power machinery for shallow plowing at 15-25 cm depth, with an av-
erage tillage layer thickness of 18.2 cm—nearly 5 cm shallower than during the
second national soil survey period and far from the 35 cm tillage thickness typi-
cal of U.S. farmland [1]. Similar conditions exist in Yunnan’ s tobacco-growing
soils, where long-term single shallow plowing has led to increasingly prominent
structural problems: a markedly shallow tillage layer, significantly reduced ef-
fective tillage soil volume, soil compaction, and a thickened and upward-shifted
plow pan [2]. Imbalanced tillage structure severely constrains water and nutri-
ent storage capacity in tobacco fields, affects early and rapid root development
after transplanting, hinders root distribution in deep soil layers, and impacts
field tolerance during later growth stages. Xu et al. [3] identified shallow tillage
layers and inadequate root development as primary reasons for lower tobacco
quality in Southwest China compared to high-quality foreign tobacco.

Crop root size and spatial distribution architecture are closely related to the
ability of crops to absorb soil water and mineral elements [4-6]. Modern tillage
practices such as deep plowing or subsoiling can break plow pan barriers, reduce
soil bulk density, regulate soil solid-liquid-gas phase ratios, increase effective soil
pores, and improve water storage capacity, creating a coordinated soil environ-
ment for root growth [7]. Previous research has extensively investigated crop
growth and development, but most studies have focused on soil physicochemical
property improvement or aboveground growth [8-9], with limited quantitative
research on horizontal extension and vertical growth of underground roots un-
der deep tillage conditions. The root system is the primary organ for tobacco
to absorb soil water and nutrients and to synthesize plant hormones, nicotine,
and some amino acids, making it a crucial contributor to tobacco leaf yield and
quality formation. Tobacco root growth, development, and spatial architecture
are closely related to the tillage layer soil environment [10]; however, quanti-

chinarxiv.org/items/chinaxiv-201711.01888 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.01888

ChinaRxiv [$X]

tative research in this area remains scarce. Based on field experiments, this
study investigated the effects of different tillage depths on soil physicochemi-
cal properties, root spatial distribution characteristics, and flue-cured tobacco
growth, development, yield, and output value. From the perspective of the to-
bacco root-soil system, we explored the yield-increasing and efficiency-enhancing
mechanisms of deep plowing in tobacco fields to provide a theoretical basis for
efficient tobacco cultivation.

1.1 Study Area Overview

The experiment was conducted in 2015 at the Jiuxi Tobacco Experimental Base
in Jiangchuan County, Yuxi City, Yunnan Province (24°18 N, 102°38 E). The
experimental area has an average annual temperature of 14.3-16.6°C, average
annual precipitation of 706.3-1,088.3 mm, and annual sunshine hours of 2,075.2
h. The experimental site practiced a flue-cured tobacco-rice rotation with winter
fallow. The soil type was light loam, and basic physicochemical properties before
plowing are shown in .

1.2 Experimental Design

The test material was the local conventional cultivar ‘K326’ . A single-factor
randomized block design was employed, with three tillage depth treatments es-
tablished by controlling moldboard plow height via tractor hydraulics: 20 cm
tillage depth (control, GS20), 30 cm tillage depth (GS30), and 40 cm tillage
depth (GS40). Each treatment had three replications, totaling nine plots, with
each plot area of 192 m? (9.6 m x 20 m). Plant and row spacing were 0.5 m
and 1.2 m, respectively. Tobacco seedlings were transplanted on April 24. Be-
fore transplanting, compound fertilizer (300 kg + hm~2) and calcium-magnesium
phosphate fertilizer (375 kg - hm~2) were applied in planting holes. Ten days
after transplanting, nitrogen-potassium fertilizer (150 kg -hm~=2) and boron-zinc
fertilizer (3 kg« hm™2) were applied with water. Thirty days after transplant-
ing, compound fertilizer (300 kg - hm~2), nitrogen-potassium fertilizer (150 kg -
hm~2), and potassium sulfate (150 kg - hm~2) were applied with water. In-
tertillage and hilling were performed 35 days after transplanting, with a ridge
height of 35 cm. Pest and disease control and other field management practices
followed local high-quality tobacco production management protocols.

1.3.1 Leaf Area Index and Yield

During the rosette stage (30 days after transplanting), early vigorous growth
stage (45 days after transplanting), late vigorous growth stage (60 days after
transplanting), and early maturation stage (75 days after transplanting), one
representative plant was selected in each plot for full-leaf labeling. Leaf area
index was calculated according to the China Tobacco Industry Standard (YC/T
142—1998) as: Leaf Area Index = Leaf Length (cm) X Leaf Width (em) x
0.6345 / (120 cm x 50 cm). After tobacco leaves matured, they were harvested
and cured separately by plot. Cured leaf yield was recorded, and leaves were
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professionally graded according to the National 42-Grade Standard for Flue-
Cured Tobacco (GB 2635—92) to determine output value, average price, and
proportion of high-quality tobacco.

1.3.2 Soil Water Content

Using a soil auger, one sampling point was established between two representa-
tive tobacco plants in each plot during the rosette stage (30 days after trans-
planting), early vigorous growth stage (45 days), late vigorous growth stage (60
days), and early maturation stage (75 days). Soil samples were collected from
depths of 0-10 ¢m, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm, and 50-60 cm. Soil
gravimetric water content was determined using the 105°C oven-drying method,
with three replications per treatment.

1.3.3 Soil Physical Properties

During the vigorous growth stage (54 days after transplanting), one sampling
point was established between two representative tobacco plants in each plot.
Soil bulk density, total porosity, capillary porosity, and non-capillary porosity
were measured at depths of 0-10 ¢cm, 10-20 c¢m, 20-30 cm, 30-40 cm, 40-50 cm,
and 50-60 cm using the core method [11], with three replications per treatment.

1.3.4 Root Spatial Distribution

During the squaring stage (65 days after transplanting), root samples were col-
lected using a small cubic in-situ root-soil sampler [12] based on the “3D mono-
lith” stratified spatial sampling method [13-14]. Sampling was conducted at 10
cm intervals to a depth of 60 cm, with nine soil blocks collected per layer cen-
tered on the tobacco plant. Each sampling unit consisted of a 10 cm x 10 cm X
10 cm soil block. White, fresh tobacco roots were manually extracted from each
unit block, washed with static water, and weighed fresh. One representative
plant was selected per plot for root sampling.

Root Depth Index (cm) = X[Average Depth of Each Layer (cm) x Percentage
of Root Dry Weight in That Layer Relative to Total Root Weight] [15].

1.4 Data Processing and Analysis

Data processing and graphing were performed using Microsoft Excel 2007. Sta-
tistical analysis and significance testing (P < 0.05) were conducted using SPSS
17.0. SURFER 8.0 software was used for grid processing to generate contour
maps and 3D wireframe diagrams.
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2.1 Changes in Tobacco Leaf Area Index and Yield Under
Different Tillage Depths

Flue-cured tobacco is a leaf-economic crop, and leaf area significantly influences
yield. shows that during the rosette stage, leaf area index followed the order
GS40 > GS30 > GS20, with significant differences among treatments, indicat-
ing that deep plowing importantly promoted early and rapid seedling growth.
During the vigorous growth stage, the leaf area index remained GS40 > GS30
> GS20, but no significant difference existed between GS30 and GS20. As
the growth stage progressed, differences in leaf area index among treatments
gradually diminished.

From the perspective of economic indicators including yield, average price, out-
put value, and proportion of high-quality tobacco, the order was GS40 > GS30
> (GS20, with significant differences between GS40 and GS20 (). The output
values under GS30 and GS40 reached 7.91 x 10* ¥ - hm2 and 9.81 x 10* ¥ -
hm~2, respectively, representing increases of 9.0% and 35.1% compared with
(GGS20. Yield increased by 7.0% and 27.3%, average price by 1.8% and 6.2%,
and the proportion of high-quality tobacco by 10.4% and 24.4% relative to GS20.
Deep tillage effectively improved both tobacco leaf yield and quality, increasing
land productivity.

2.2 Soil Physical Properties Under Different Tillage Depths

Deep plowing effectively improved soil physical properties in the 0-40 cm layer
of tobacco fields, with better amendment effects in the 20-40 cm subsurface
layer than in the 0-20 cm surface layer, and essentially no effect on the 40-
60 cm deep layer ([Figure 1: see original paper]). In the 20-40 cm subsurface
layer, soil bulk density under GS30 and GS40 was 1.372 g-cm 2 and 1.356
g+ cm ™3, respectively, representing decreases of 8.4% and 9.4% compared with
GS20. Total porosity and capillary porosity under GS30 and GS40 were signif-
icantly higher than under GS20, with total porosity increasing by 15.6% and
13.1%, and capillary porosity increasing by 25.8% and 24.8%, respectively. Soil
physical properties showed increasing or decreasing trends along the soil profile:
bulk density and non-capillary porosity increased with soil depth, while total
porosity and capillary porosity decreased with depth.

[Figure 1: see original paper]

2.3 Changes in Soil Water Content Under Different Tillage
Depths

Different tillage depths significantly affected the vertical distribution of soil
moisture in tobacco fields. With few exceptions across growth stages and soil
layers, soil water content followed the order GS40 > GS30 > GS20 ([Figure
2: see original paper]). Deep plowing significantly increased soil water content
in the 0-20 cm surface layer during the rosette stage, with GS30 and GS40
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showing increases of 7.2% and 14.0% compared with GS20. Deep plowing also
significantly increased soil water content in the 20-40 cm subsurface layer dur-
ing early vigorous growth, late vigorous growth, and early maturation stages.
During early vigorous growth, GS30 and GS40 increased soil water content by
7.2% and 18.7% compared with GS20; during late vigorous growth, increases
were 10.2% and 24.3%; and during early maturation, increases were 17.9% and
27.8%. Deep plowing enhanced soil water storage. During the rosette stage,
soil water content decreased with depth; during early vigorous growth, it first
increased then decreased with depth; during late vigorous growth and early mat-
uration, water content across different soil layers was relatively similar among
treatments. As the tobacco growth progressed, soil water content in the 0-20
cm layer showed a decreasing trend across treatments, while 20-30 cm layer
water content first increased then decreased. Changes in 30-60 cm layer water
content showed no clear pattern.

[Figure 2: see original paper]

2.4.1 Horizontal Distribution of Roots in Different Soil Lay-
ers

Different tillage depths significantly affected the spatial distribution characteris-
tics of flue-cured tobacco roots. In the 3D wireframe diagram shown in [Figure
3: see original paper], the height of each point on the upper surface represents
the magnitude of root fresh weight at different positions within the same soil
layer. The diagram reveals that root fresh weight showed a single peak in the
0-30 cm soil layer and multiple peaks in the 30-60 c¢m layer. Across the 0-60
cm soil profile, total root fresh weight under GS30 and GS40 was 31.2% and
89.2% higher than under GS20, respectively, indicating that deep plowing pro-
moted absolute root biomass increase. The effect of deep plowing on root fresh
weight varied among soil layers, with greater differences observed in the 20-40
cm subsurface layer than in other layers. During the tobacco squaring stage,
root fresh weight in the 20-30 cm layer under GS30 and GS40 was 88.6% and
130.9% higher than under GS20, respectively, while in the 30-40 cm layer, it
was 211.3% and 238.9% higher.

[Figure 3: see original paper]

2.4.2 Root Distribution in the Soil Vertical Profile

Within the 0-60 cm vertical soil profile of tobacco fields, flue-cured tobacco root
fresh weight first increased then decreased ([Figure 4: see original paper]). Over
98.2% of roots were distributed in the 0-40 cm soil layer, with 59.4%-69.3% of
roots concentrated in the 10-20 cm layer. Compared with GS20, the iso-mass
distribution lines under GS30 and GS40 were wider and deeper, encompassing
larger areas. Root depth indices under GS20, GS30, and GS40 were 16.71 cm,
17.98 cm, and 17.47 cm, respectively, demonstrating that deep plowing not only
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significantly increased absolute root biomass but also promoted root growth into
deeper soil layers, increasing the proportion of roots in lower soil layers.

[Figure 4: see original paper]

3.1 Effects of Deep Plowing on Soil Physical Properties

Shallow tillage layers, increased bulk density, reduced effective tillage soil vol-
ume, and thickened, upward-shifted plow pans have become major constraints
to high yield and efficiency in Chinese crop production [16]. Long-term applica-
tion of small-power shallow tillage machinery has increased soil bulk density in
Southwest tobacco fields, reduced soil porosity and pore continuity, destroyed
vertical uniformity of soil structure, decreased exchange values of soil water, nu-
trients, and oxygen, and delayed soil biological processes [17]. Soil tillage is the
most common agricultural practice for optimizing soil physicochemical prop-
erties, creating favorable habitats for underground growth and aboveground
morphological development [18]. Deep plowing functions to turn, loosen, mix,
and break up soil. Proper deep plowing can break through compacted plow pan
barriers [19], maintain a relatively loose and uniform state in the 0-35 cm soil
layer [20], promote downward root elongation, and thereby create a suitable soil
environment for crop growth and yield formation [21]. Additionally, deep plow-
ing significantly increases water infiltration, reduces soil water evaporation, and
enhances soil water storage [22]. In soils with thickened, upward-shifted plow
pans, low porosity limits vertical water movement; deep tillage breaks plow pan
barriers, increases effective pores, improves soil solid-liquid-gas phase ratios, and
consequently enhances water infiltration and storage. This study demonstrated
that deep plowing to 30-40 cm significantly reduced soil bulk density in the 20-
40 cm subsurface layer by 8.4%-9.4% while significantly increasing total poros-
ity and capillary porosity by 13.1%-25.8%. It also significantly increased soil
water content in the 0-20 cm surface layer during the rosette stage and in the
20-40 cm subsurface layer during vigorous growth and early maturation. Ji et
al. [23] reported that deep plowing significantly reduced soil penetration resis-
tance and bulk density while markedly increasing soil water content and root
length density in loam soils, consistent with our findings. Deep plowing in to-
bacco fields should be adapted to local conditions, gradually increasing tillage
depth according to the thickness of the mature topsoil layer, while avoiding
turning up subsoil into the tillage layer. In tobacco fields under tobacco-rice
rotation, excessively deep plowing in a single operation should be avoided, as
completely breaking the plow pan may cause water and nutrient leakage during
the rice season.

3.2 Influence of Soil Physical Properties on Root Spatial
Distribution

Among soil physical properties, soil bulk density reflects soil compactness and
is closely related to water permeability, aeration, and root elongation resis-
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tance [24]. Mechanical resistance from compacted soil slows cell division in root
meristematic tissue and shortens cell length, thereby affecting root growth and
extension in soil, resulting in shorter, thicker roots that limit effective distri-
bution in deep soil layers and reduce water and nutrient absorption [25-26].
Soil pores serve as migration channels, storage reservoirs, and activity venues
for soil water, nutrients, air, and microorganisms. Greater total porosity indi-
cates looser soil structure, better aeration, and more favorable conditions for
root extension and distribution [13]. Capillary pores are sites of strong water
storage and movement; higher capillary porosity enhances soil water-holding
capacity and facilitates adequate water and nutrient absorption by roots [27].
Our results showed that compared with GS20, GS30 and GS40 significantly
increased tobacco root biomass in the 20-40 cm subsurface layer by 103.5%
and 144.0%, respectively, likely due to effective improvement of soil physical
properties including bulk density, total porosity, and capillary porosity in this
layer. Previous studies indicated that deep plowing and subsoiling break soil
plow pans, aerate deeper soil layers, promote root elongation into deep soil, in-
crease the number of primary lateral and adventitious roots, enhance utilization
of deep soil water and nutrients, and consequently improve crop yield [2].

In the root-soil system, root development is a dynamic process of continuous re-
sponse and adjustment to the external environment, closely related to soil bulk
density and water-nutrient distribution [28]. As the primary organ for water
absorption, roots must elongate toward moist soil to access more water; high
water infiltration and storage in deep soil layers promote vertical root growth
[29]. Our results demonstrated that deep plowing significantly increased soil wa-
ter content in the 0-20 cm surface layer during the rosette stage, promoting early
and rapid seedling growth. Simultaneously, deep plowing significantly increased
soil water content in the 20-40 cm subsurface layer during vigorous growth and
maturation stages, which facilitated downward root growth, increased the root
depth index, alleviated root crowding in upper soil layers, and was important
for optimizing root distribution in the soil vertical profile.

3.3 Influence of Root Spatial Distribution on Aboveground
Growth and Development

Crop root size and spatial architecture determine the ability to explore and
absorb dynamically variable soil resources, including mobile and immobile re-
sources, and to compete for soil space, water, and nutrients [30]. The root system
serves as a bridge between agricultural tillage practices and aboveground growth
changes: tillage first affects soil structural characteristics and water-nutrient con-
tent, then influences root growth, spatial distribution, and physiological activity,
subsequently affecting aboveground morphological development, and ultimately
impacting crop yield and quality [31]. A well-developed, deeply and widely dis-
tributed root system forms the foundation for high photosynthetic efficiency,
yield, and quality in crop populations. Root extension into deep soil layers fa-
cilitates absorption of deep soil water and nutrients, enhances root vigor, delays
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root senescence, and maintains water and nutrient supply to aboveground parts
[32]. Our results indicated that deep plowing positively influenced tobacco leaf
yield, average price, proportion of high-quality tobacco, and output value, likely
by improving tobacco field soil quality, optimizing root spatial distribution, and
promoting water-fertilizer absorption by tobacco plants.

Conclusion

The effects of tillage practices on the root-soil system and crop yield have been
a research hotspot in recent years. This study demonstrated that deep plow-
ing effectively improved soil physical properties, optimized flue-cured tobacco
root spatial distribution, and increased tobacco leaf yield and output value in
Southwest tobacco fields. Deep plowing significantly reduced soil bulk density
in the 20-40 cm subsurface layer while significantly increasing total porosity
and capillary porosity. Compared with conventional tillage, deep plowing sig-
nificantly increased soil water content in the 0-20 cm surface layer during the
rosette stage, facilitating early and rapid growth after transplanting. Addition-
ally, deep plowing effectively increased underground root biomass, optimized
root spatial architecture, increased the root depth index, and enhanced tobacco
leaf yield and output value.

These findings indicate that deep plowing is a suitable tillage method for to-
bacco production in Southwest China. However, practical application should
be adapted to local conditions, gradually increasing tillage depth based on the
thickness of the original mature topsoil layer while avoiding turning up sub-
soil. In tobacco fields under tobacco-rice rotation, excessively deep plowing in
a single operation should be avoided, as completely breaking the plow pan may
cause water and nutrient leakage during the rice season. This study provides
guidance for understanding the mechanisms of deep plowing in tobacco fields
and for scientific tillage management.
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