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Abstract: Soil compaction is a major environmental stress to root development and plant growth. Meanwhile,
drought always results in increasing soil mechanical impedance, which in turn aggravates soil compaction
stress. In this study, a column experiment with three levels of compaction stress (low, moderate, and severe,
respectively) and two levels of soil water content (well-watered and drought, respectively) was established to
investigate the effects of soil compaction combined with drought on soil pore structure, root development and
maize growth properties. Results showed that soil compaction combined with soil water stress significantly
affected the characteristics of soil pore structure. With the increase of soil compaction, the porosity, larger pores
(> 500 pm), and the maximum pore diameter significantly decreased (P < 0.05) regardless of soil water status.
Additionally, pore morphology and network parameters were also deteriorated under soil compaction with
drought conditions. Soil compaction substantially affected root length, root volume, root surface area and root
average diameter in the whole profile (p < 0.05). Compared to well-watered conditions, the effects of soil
compaction on root characteristics under drought conditions was more obvious, which indicated that
appropriate soil water content could alleviate compaction stress. Aboveground biomass and plant height
showed a consistent trend with root traits under soil compaction stress regardless of water status. Pearson’s
correlation analysis showed that there were significant correlations between most soil pore parameters and
maize growth traits. In addition, soil compaction showed a significant effect on stomatal conductance and
transpiration rate while soil water showed a significant effect on SPAD.

Keywords: maize; soil compaction; drought; X-ray computed tomography (XCT); soil pore characteristics

Introduction

Soil compaction is one of the physical forms of soil degradation, which plays a critical role in
many soil-related problems such as soil erosion, nutrient depletion, pollution, and greenhouse gas
emissions [1,1]. In agricultural systems, compaction frequently is the result of the use of heavy
machinery, human or livestock trampling, and improper farming or irrigation [2]. Due to its negative
impact on environment and agricultural sustainability, soil compaction in global farmlands has
emerged as a serious issue [3]. It is estimated that soil compaction has affected about 68 million ha of
the world’s farmlands [4], among them more than 32% of European subsoils are reported compacted
[5]. Given the demand for food escalating globally, there is an urgent need to understand the effects
of soil compaction on plants.

The most obvious effect of soil compaction on soil physical properties is a reduction in porosity
and an increase in bulk density and mechanical impedance, which ultimately leads to deterioration
of soil structure [6]. Soil pores are the main channel of water movement and root elongation. Hence,
to understand the effects of soil compaction on plant growth, it is necessary to analyze their pore
structure characteristics [7]. Compared to traditional methods such as breakthrough curves and the
mercury intrusion method, the development of non-destructive technologies, X-ray computed
tomography (XCT), has provided reliable technical methods for the rapid acquisition of the soil pore
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structure [8,9]. The XCT method provides the possibility of obtaining detailed spatial information on
pore size, connectivity, tortuosity and pore networks of soils [10,11].

In agricultural systems, increased mechanical impedance profoundly affect root growth and root
structure. Root structure, the spatial distribution and characteristics of root systems, determine soil
exploration and exploitation within the soil profile, and have a major impact on nutrient and water
uptake, stress tolerance and crop productivity [6,12]. Many previous studies have shown that high
soil compaction stress leads to root morphological modification, such as the decreased size of the root
system (including changes in root number and length) and a lower root elongation rate [13], swollen,
circular, or flattened root tips [14], smaller angular spread [15], and altered branching patterns
depending on plant species [16]. Meanwhile, the effect of soil compaction on root growth depends
on compactness degree and soil water status. Under moderate compaction conditions, the effect of
soil compaction may be positive. For example, Atwell (1990) observed that soil compaction increased
root biomass of wheat. Such discrepancies reflect that the relationship between soil compaction and
root growth remains unclear.

Soil compaction not only affects root growth, but also restrict shoot performance. Soil
compaction with 1.5 g cm? bulk density decreases aboveground dry weights of Scutellaria baicalensis
by 22.35% [17]. Root to shoot ratio and tiller number can decrease under compaction [12,18].
Aboveground plant growth is impacted as leaf elongation rate can be reduced [19] and the rate of
leaf appearance decreases [15,20] when roots experience soil compaction stress. In addition, response
of different crops to soil compaction varies widely. Studies showed that soil compaction has a greater
effect on seedling emergence of maize, barley, and soybean [21]. In the field, soil strength increases
rapidly as soil dries [18]. Therefore, revealing the effects of soil compaction combined with drought
on plant growth will provide guidance for improved technologies and methods to alleviate soil
compaction induced plant damage.

Soil compaction effects extend beyond root and shoot morphology, affecting general plant
physiology. Several authors have reported a decrease in photosynthetic activity due to a drop in
stomatal conductance in plants grown on compacted soils [22,23]. Other responses of plants to those
stresses are changes of tissues’ water content, membrane permeability, and chlorophyll content [24].
Plants adapt to hypoxia by metabolic processes such as maintaining carbohydrate content, avoiding
acidification of the cytoplasm and launching a defence antioxidant system.

Therefore, the aims of this study were to: (1) quantitatively assess the effects of soil compaction
combined with drought on soil pore structure parameters; (2) clarify the effects of soil compaction
combined with drought on root system development and maize growth; (3) explore the potential
relationship between soil pore structure and maize growth under soil compaction and soil water
stress.

Results

1.1. Soil Pore Characteristics

Figure 1 illustrated representative samples of 3D pore structure of different treatments. As
shown in Figure 1, the number of soil pores decreased significantly with increasing soil bulk density
under the same soil water status, while increased significantly with increasing soil water content
under the same bulk density. All the soil pores were irregular and lack of connectivity due to all the
columns packed with the sieved soils. The specific differences in pore characteristics among the
treatments were detailed in Table 1. Under well-watered conditions (W1), the C1W1 treatment
demonstrated significantly higher porosity, CLP, MAPD, and I, whereas lower CP than C3W1
treatment (P < 0.05). However, there was no significant difference in HR, DA, and SSA among
different soil compaction stress treatments. The similar trend was found under drought conditions
(W2). Under the same compaction stress, the means of porosity, CLP, and MAPD were higher under
well-watered conditions than under drought conditions. But there was no significant interaction
between C and W in terms of all soil pore characteristics parameters (P > 0.05) (Table 1).
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Soil pore size distributions under different treatments were shown in Figure 2. In terms of
compaction stress, for 10-200 um, 500-1000 um and > 1000 um pore classes, the porosity of all
treatments decreased with increasing soil bulk density regardless of soil water status. Regarding the
200-500 um pore class, there was no significant differences between C1W1 and C2W1. In terms of soil
water conditions, the porosity of 500-1000 pm and > 1000 um under well-watered conditions was
significantly higher than that under drought conditions (P < 0.05).

Table 1. Characteristics of total pores derived from XCT images.

Treatment o)\ HR (mm) DA CLP (%) l\éﬁ? CP r SSA (m)
25+ 042 0.015+0.004 78749 + 7.
ciwt P 5; 042 0.015 ; 0004 ) 25 4 0.03 a 28.69 +0.32 20.39 + 0.03 a 9.43 + 043 be 0.04+0.008a ~° 9a+ 03
C2W1 26'23]: 0.32 0.014 z 0004 534+ 0.02219.67+022b 0'33;30'03 10.27 + 0.43 be 0.02 = 0.005 b 781'%; 7.28
C3W1 13.93+0.19 ¢ 013 z 0003 ) 254003a 9.84+013c 0.26+0.02b 1440 +0.65b 0T ES‘OOZ 753‘59; 7.88
CIW2 31.97;) 0.35 0.012 z 0003 534 0.02219.67+023b0.38+0.03 a 8.56+ 048 c O'OOS;O‘OM 781'63; 7.08
oy 2131027 001240002 oo 0335003 o 0005+0.001 768.36+7.26
b a ab d a
012+0. 006 +0.001 745.01 +7.
C3W2 10,66+ 0.14 ¢ 0 ; 0003 ) 044003a 7.3840.09c 0.23+0.02b 30.75+0.13a 000 :1 0.001 745.0 a+ 53
C * NS NS * * * * NS
W . NS NS NS NS NS NS NS
C'W NS NS NS NS NS NS NS NS

Note: ¢: Porosity; HR: Hydraulic radius; DA: Degree of anisotropy; CLP: Connected largest porosity; MAPD:
Maximum pore diameter; CP: Compactness; I': Global connectivity; SSA: specific surface area. Means in columns
followed by different letters are significantly different at p < 0.05. * shows significant differences at p <0.05. NS,
not significant at p <0.05. Different letters indicate a significant difference between different treatments (p < 0.05).

C1wW2 C2w2 C3W2

Figure 1. Representative 3D images of soil cores under different treatments, the side length of the
cubic is 30 mm. Note: in the 3D pore structure images, red represents soil pores.
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Figure 2. Pore size distribution of soil pores under different treatments. Note: Different letters indicate
the significance of difference among treatments (P <0.05).

1.2. Biomass Accumulation and Plant Height

As presented in Figure 3, compaction stress combined with soil water stress generally had a
significant impact on aboveground biomass, root biomass and plant height throughout the growth
period. For aboveground biomass, C1W1 and C2W1 treatments had significantly higher values than
that of other treatments from 22 DAS to 46 DAS (P < 0.05). The order of aboveground biomass under
all treatments was CI1W1>C2W1>C3W1>C1W2>C2W2>C3W2 from 28 DAS to 46 DAS (Figure 3a).
Similar to aboveground biomass, the root biomass of C1W1 was also highest among all treatments
(Figure 3b). The root biomass of treatments under well-watered conditions was significantly higher
than that under drought conditions (P < 0.05). For plant height, there was generally no significant
difference among different compaction stress treatments under the same soil water status throughout
the growth period (Figure 3c).
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Figure 3. Dynamic changes in (a) aboveground biomass, (b) root biomass, and (c) plant height of
maize during the entire growth period. Note: Different letters indicate the significance of difference

among treatments (P < 0.05).
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1.3. Leaf Photosynthetic Characteristics

Under well-watered conditions, compaction stress gradually decreased stomatal conductance
(Gs) and transpiration rate (Tr), which was 59.26% and 60.00% lower under C3W1 treatment than
under C1W1 treatment (Table 2). However, SPAD responses to compaction stress were not significant
or inconsistent with Gs and Tr. Under drought conditions, Gs and Tr were also showed a decline
trend with the increase of compaction stress though the differences among treatments were not
statistically significant. In terms of soil water stress, the SPAD values of treatments under well-
watered conditions were generally higher than those under drought conditions. But soil water stress
didn’t show significant effects on Gs and Tr and there were no significant interactions between soil
compaction and soil water content.

1.4. Root Structure Characteristics

Overall, the ANOVA results (Table 3) showed that both soil compaction and soil water content
had significant differences in root surface area, root volume, root length, and root average diameter.
Specifically, the means of root surface area, root volume and root length in CIW1 treatment decreased
by 9.87%, 6.35% and 15.50% in comparison to those in C2W1 treatment, and significantly decreased
by 16.50%, 6.98% and 26.94% in comparison to those in C3W1 treatment (P < 0.05). Additionally, root
average diameter of C1W1 treatment was significantly lower than that of C3W1 treatment (P < 0.05).
There was a significant interaction between C and W in terms of root average diameter. The similar
trend was also found under drought conditions (W2). With the increase of compaction stress, root
surface area, root volume, and root length significantly decreased and root average diameter
significantly increased (P < 0.05).

The root length density is a crucial metric in water and nutrient uptake. The dynamic change of
root length density under different compaction and soil water content stress from 16 DAS to 46 DAS
was shown in Figure 4. It could be seen from the figure that the distribution of root length density
among treatments was similar and the rooting depth of treatments under well-watered conditions
was basically greater than those under drought conditions. Furthermore, the root length density of
C1W1 and C3W?2 treatment was the highest and the lowest among all treatments during most growth
stages in the soil profile, which was consistent with root biomass and root length.

Table 3. Root structure characteristics under different treatments on 46 DAS.

Root surface area Root volume Root length Root average diameter
Treatments
(cm?) (cm?) (cm) (mm)
Ciw1 8974.3 £863.0 a 945+50a 74163.4 +5876.7 a 0.46 +0.03 be
C2W1 8088.9 +348.9b 88.5+59 a 62671.7 +1339.4 b 0.45 +0.01 bc
C3W1 7493.0£237.6 b 879+21a 54187.5 +5616.6 b 0.51+0.01a
C1w2 6449.2 +260.4 c 613+12b 57180.5 +2819.8 b 0.39+0.01d
C2W2 5111.6 +158.6 d 509+03c 43150.4 + 16404 c 0.44+0.01c
C3W2 42242 +169.6 e 439+37d 25719.9 +235.8 d 0.47+0.02b
C * * * *
W * * * *
C*W NS NS NS *

Means in columns followed by different letters are significantly different at p < 0.05. * shows significant
differences at p < 0.05. NS, not significant at p < 0.05. Different letters indicate a significant difference between
different treatments (p < 0.05).
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Figure 4. Dynamic changes in root length density of maize during the entire growth period.

1.5. Relationship between Soil Pore Characteristics and Maize Growth Characteristics

Pearson’s correlation analysis showed that there were significant correlations between most soil
pore parameters and maize growth traits (Figure 5). Among them, ¢, CLP, MAPD, SSA, I, and HR
were all significantly positively correlated with root biomass (RB) (P <0.05, P <0.01, or P <0.001), but
CP was negatively correlated with RB (P < 0.05). In addition, CP was not significantly correlated with
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aboveground biomass (AB) and plant height (PH) (P > 0.05). In addition, there was an obvious
correlation between soil growth traits.

0.94

* * *%
0.98 0.86 MAPD|

-0.79 -0.67 -0.84 CP .

— 0.2
0.97 091 096 -0.85 SSA o

-0
0.88 094 082 -054 078 I &

—-0.2
093 094 087 -0.54 084 0.96 HR

095 091 091 -0.71 086 0.93 0.96
095 094 094 -0.86 097 0.84 0.83

0.96 096 090 -0.79 097 0.83 0.88
Fp<=0.05 ** p<=0.01 *** p<=0.001

Figure 5. Correlation analysis among the parameters of soil pore, maize growth, and soil water
storage. Note: * indicates significant correlation at the 0.05 level (P < 0.05); ** at the 0.01 level (P <0.01);
and *** at the 0.001 level (P < 0.001). ¢: Porosity; HR: Hydraulic radius; DA: Degree of anisotropy;
CLP: Connected largest porosity; MAPD: Maximum pore diameter; CP: Compactness; I': Global
connectivity; SSA: specific surface area.

Discussion

2.1. Effects of Soil Compaction Stress Combined with Drought On Soil Pore Structure

Soil pores are a key attribute of the soil structure and greatly influence many soil processes and
functions, such as water permeability, gas diffusivity, and microbial activity [25,26]. In this study, we
observed that compaction stress combined with drought had a substantial impact on soil pore
characteristics. With an increase of soil bulk density, the porosity significantly decreased from 35.25%
to 13.93% under well-watered conditions, from 31.97% to 10.66% under drought conditions (Table 1),
where 10% was generally assumed to be the critical value for root elongation and crop growth [13,27].
From the 3D visualization of the XCT detected pore systems, we also could clearly find that the soil
pores decreased with the increase of bulk density (Figure 1). The observation aligned with many
previous studies that have reported the impact of compaction on soil pore characteristics [28,29]. In
addition, the porosity of W1 treatment was a bit higher than that of W2 treatments under the same
compaction stress (Table 1). This might due to that W1 treatments had more root elongation thanW2
treatments (Table 3, Figure 4).

The decrease in porosity with compaction stress was mainly in larger pores (>500 um) (Figure
2). The ratio of larger pores (>500 um) to total pores decreased from 36.24% under C1W1 treatment
to 14.28% under C3W1 treatment. The maximum pore diameter (MAPD) also decreased significantly
with the increase of bulk density whether under well-watered conditions or under drought
conditions (Table 1). Besides porosity and pore size distribution, the effect of soil compaction on pore
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morphology and network properties was also significant. The values of DA in the soil columns were
around 0.25 (Table 1), indicating that the pores were anisotropic in all directions. The hydraulic
radius, compactness, and fractal dimension showed a significant increase with the increase of
compaction stress. These results indicated that bulk density played a vital role in modifying soil
macropore morphology. Soil pore is a complex network of interconnected, rather than isolated, voids,
with different shapes and sizes [30]. Our findings showed that the global connectivity, connected
largest porosity, and specific surface area were all the largest in CIW1 treatment (Table 1). The result
implied that proper compaction and sufficient soil water content enhanced the connectivity of
macropores.

2.2. Effects of Soil Compaction Stress Combined with Drought on Root System Development

Roots are critical for plants to acquire water and nutrients from soil. Soil compaction and water
content are the two important factors for root system development. It is widely reported that rooting
depth and root length are generally limited by a combination of mechanical impedance and water
stress [16,27]. In our study, the rooting depth was greatly reduced under severe compaction and
drought stress (Figure 4), which was in agreement with many other observations [31]. Compaction
altered root length distribution, generally shifting root length distribution to shallower layers (Figure
4). Multiple studies have described similar redistributions of roots under impeded field conditions
for various crops including maize [31,32]. Furthermore, root biomass showed an overall decrease
trend with the increase of soil bulk density whether under well-watered conditions or under drought
conditions (Figure 3b). The possible reason is that soil compaction modified the pore size and porosity
and decreased the unsaturated hydraulic conductivity substantially, which ultimately confined root
growth [33]. The significant correlations between soil pore characteristics parameters and root
biomass further confirmed this inference (Figure 5).

Besides root length density and rooting depth, the effect of soil compaction stress combined with
drought on root morphological traits was also significant (Table 3). Our results show that root surface
area and root volume decreased gradually with the increase of soil bulk density, especially under
drought conditions, which was in compliance with the findings of Lipiec et al. [14]. On the contrary,
root average diameter increased with the increasing compaction stress, especially under drought
conditions. As the level of soil bulk density increased, the root cells became deformed, and the cell
edges were blurred [27]. These changes in the morphology of roots induced by soil compaction
limited the plant’s access to nutrients and water in the soil [34].

2.3. Effects of Soil Compaction Stress Combined with Drought on Maize Growth

Biomass is an important indicator for measuring the accumulation of organic matter and
nutrient content in plants. In the present study, we found that soil compaction caused visible negative
effects on aboveground biomass (Figure 3), especially after 28 DAS. Similarly, Tubeileh et al. [33] also
found that the shoot biomass and shoot to root ratio were lower in the case of soil compaction stress.
However, in our study, the plant height was mainly affected by soil water status. This might be
attributed to the large differences of water supply between W1 and W2. The response of cereals
species to the combined effect of different soil compaction with drought depends on the level of soil
compaction and soil water content [28].

Photosynthesis is the most basic life activity of plants, and it is one of the physiological processes
most sensitive to abiotic stress [35]. Ripley et al. [24] found that the first response of plants to soil
compaction and drought are changes of tissues’ water content, chlorophyll content and gas exchange
parameters. Our results also showed that stomatal conductance (Gs) and transpiration rate (Tr)
decreased significantly with the increase of compaction regardless of soil water status (Table 2). Soil
water content had a significant effect on SPAD values. These results are similar to those of Tubeileh
et al. [33].
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Table 2. Stomatal conductance (Gs), transpiration rate (Tr), and chlorophyll content index (SPAD)

under different treatments on 46 DAS.

Treatments SPAD Gs (mol m2s7) T: (mmol m2s?)
Ciwi 37.9+1.90 ab 0.54£0.07 a 0.05+0.005 a
C2W1 35.8+2.83 ab 0.51+0.11 ab 0.04£0.01 ab
C3W1 39.7+1.78a 0.22+0.06 b 0.02+£0.005b
Ciw2 33.5+1.99b 0.46 £ 0.29 ab 0.04 £0.02 ab
C2w2 352+1.15ab 0.41+0.11 ab 0.03£0.01 ab
C3w2 35.3+3.95ab 0.30£0.19 ab 0.03£0.01 ab

C NS * *
W * NS NS
C*'W NS NS NS

Means in columns followed by different letters are significantly different at p < 0.05. * shows significant
differences at p < 0.05. NS, not significant at p < 0.05. Different letters indicate a significant difference between
different treatments (p < 0.05).

Materials and Methods

3.1. Soil Column Experiment

The soil was sampled at a depth of 0-20 cm soil layer under a continuous maize cropping system
at Hailun (47°26'N, 126°47'E), Heilongjiang Province in Northeast China. The soil is typical black soil
(Mollisols in USDA classification), composed of 67.62 g kg organic matter, 1.83 g kg total nitrogen,
0.74 g kg total phosphorus, 17.29 g kg! total potassium, and pH 6.79 (0-20 cm soil layer). The particle-
size distribution of the soil included 14.2% of sand, 59.4% of silt, and 26.4% of clay. The soil was air-
dried and sieved to <2 mm for the column experiment. Columns made of PVC pipe were 53 cm high
and 20 cm in diameter, and a total of 120 columns were used in the experiment. At the beginning of
the experiment, each column was cleaved vertically into two halves, then the cleaved columns were
stuck together and all the columns were sealed with PVC back covers at the bottom. Each column
was packed with the sieved soils up to 50 cm. In this study, we considered two factors: compaction
stress and soil water content. Considering the Proctor reference bulk density of the sampled soils was
about 1.61 g cm and the local bulk density after harvest was about 1.24 g cm?, three levels of bulk
density (i.e. 1.1, 1.3, and 1.5 g cm) were chosen to represent low, moderate and severe compaction
(hereafter referred to as C1, C2, and C3, respectively).

Maize seeds (Demeiya3) were germinated on wet filter paper at 30 °C for 48 h and then planted
3 mm below the soil surface in the columns. The experiment lasted for 46 d (from Jun. 1, 2022 to Jul.
16, 2022) from sowing to jointing stages of maize. At the soil surface in each column, 3 cm of fine
quartz sand were filled to reduce soil surface evaporation on Jun. 10, 2022 (10 days after sowing, 10
DAS). Until Jun. 16, 2022 (16 DAS), all the seedlings in the columns were irrigated sufficiently. Two
soil water content treatments (referred to as W1 and W2, representing well-watered and drought
conditions), were set on 16 DAS with maize irrigated every 6 d using different amount of water. The
W1 treatments were maintained with an average soil water content in the root zone of no less than
80% of field water capacity by weighting. The irrigation volume for the W2 treatments was half that
of the W1 treatments. Together with the compaction treatments, this study involved 6 treatments:
C1W1, C2W1, C3W1, C1W2, C2W2, and C3W2, respectively. One column for each treatment was
selected to install EC-5 sensors (Meter Inc., USA) at 5, 10, 15, 25, and 35 cm depth from the soil surface
to monitoring soil water content of the columns (Figure 6). All the columns were placed under natural
conditions with a rain shelter and arranged in a completely random manner.
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Figure 6. Experimental devices and soil water content monitoring.

Sampling work was conducted every 6 d and 6 times in total from 16 DAS to 46 DAS. At each
sampling time, three columns were selected randomly to cut down the shoots of maize and opened
to sample roots. The shoots collected from each seedling were measured for plant height and then
dried for 48 h to a constant weight at 70°C and weighed. The opened soil columns were cut into 5-cm
soil layers from the soil surface to rooting depth. The soil of each layer was put into a mesh with grids
of 0.05 cm in diameter, the soil was carefully washed away, and the roots in each soil layer were
picked out. The collected roots were then scanned with a scanner (Snapscan 1236, AGFA, Dusseldorf,
Germany), and analyzed with the WinRHIZO Pro software package (Regent Instruments Inc.,
Quebec, QC, Canada) for root morphological traits. The dry weight of roots was also measured in the
same way as shoots. In addition, three plants of each treatment were selected to measure leaf
photosynthesis indexes and chlorophyll content index (SPAD) on 46 DAS. According to Ren et al.
[36], the photosynthetic indexes including stomatal conductance (Gs) and transpiration rate (Tr) were
measured at 9:00~11:00 a.m. by Li-600 portable photosynthesis system (LI-COR, Lincoln, NE, USA).
To determine the leaf SPAD value, the SPAD values of three fully unfolded leaves from the top were
recorded using a Minolta SPAD-502 chlorophyll meter manufactured in Japan [37].

To investigate the soil pore structure of each treatment, the intact soil cores were collected from
the upper layer using PVC cylinders (6 cm in height, 5 cm in inner diameter) on 46 DAS. The PVC
cylinders were gently pushed into the topsoil with a metal handle, and the surrounding material was
removed step by step. Then, the extracted soil cores were immediately wrapped with plastic films to
prevent water loss and transported to the laboratory carefully to avoid disturbance. The soil cores
were stored in a refrigerator at 4 °C before measurements. Each treatment was replicated three times,
resulting in a total of 18 intact soil cores.

3.2. XCT Imaging and Data Processing

The soil cores were scanned using an industrial X-ray computed tomography (Skyscan1172,
Germany) at an energy level of 80 kV and a current is 100 pA. The digital images processing and
quantification of soil pore characteristics were done using Image]J software [25]. To remove the PVC
wall effect, a region of interest (ROI) of 30 mm in diameter and 30 mm in height was carefully selected
from the central part. After reducing image noise with a median filter (2 x 2 x 2 pixels), image
segmentation was performed using auto locally adaptive segmentation method to identify soil pore
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and matrix. Subsequently, image analysis was conducted using the processed binary images. The 3D
pore structure images were visualized using the Image] Bone-] plugin [38].

The porosity (¢) was defined as the percentage of the CT-derived pore (> 10 pm) volume to the
total volume of the ROI [39]. In this study, the hydraulic radius (HR), compactness (CP), degree of
anisotropy (DA), connected largest porosity (CLP), global connectivity (I'), specific surface area (SSA)
and maximum pore diameter (MAPD) of soil pores were employed to represent pore characteristics.
HR was computed as the ratio of the volume and surface area of the macropores in the soil. The larger
the hydraulic radius, the greater the capacity of water and air conduction [39]. CP was a pore shape
factor, whose value increased as the pore deviated more from a sphere [40]. The porosity roundness
was represented by DA, and the closer DA was to zero, the closer the porosity was to the circle. Pore
morphology was also more regular [41].

The volume of pores was calculated using the “particle analyzer” by the Bone-J plugin. CLP was
the volume of the largest interconnected macropore network in the soil as a percentage of the ROI
volume [41]. Before connectivity analysis, the binary image should be applied “purify” in the Bone-J
plugin to obtain the largest interconnected macropores network [42,43]. It was measured using the
“particle analyzer” plugin in Image]. SSA was the ratio of pore surface area to total volume of the
ROIL. When the SSA of pores was larger, the connectivity of pores would also increase, which was
conducive to hydraulic conduction [39]. MAPD was obtained by using “Thickness” function in Bone-
J plugin. In this study, four pore size classes (10-200 pm, 200-500 pum, 500-1000 pm, and >1000 pm)
were chosen based on the variation trends of pore size distributions among the treatments [44].

3.3. Statistical Analysis

The statistical analysis was conducted using the software package IBM SPSS Statistical 26.0. The
effects of compaction stress combined with drought on soil pore structure, root system development
and maize growth were analyzed by one-way ANOVA. The least significant difference (LSD) was
used to determine significant differences among means at the P < 0.05 level. Pearson’s correlation
analysis was used to evaluate the relationship between soil pore characteristics and maize growth
parameters with 95% confidence (« = 0.05).

Conclusions

Our study indicated that soil compaction combined with soil water stress significantly affected
the characteristics of soil pore structure, root system development and maize growth under soil
column experiment. With the increase of soil bulk density, the porosity, larger pores (> 500 um), and
the maximum pore diameter significantly decreased (P < 0.05) regardless of soil water status. In
addition, pore morphology and network parameters (including HR, CP, DA, I, CLP, etc.) were also
significantly deteriorated under soil compaction combined with drought. Soil compaction combined
with drought consistently exhibited decreased root length, root surface area and root volume and
root surface area, as well as shoot biomass and root biomass. However, no significant interaction was
found in most root structure traits between soil compaction and water content, with an exception of
root average diameter. Pearson’s correlation analysis showed that there were significant correlations
between most soil pore parameters and maize growth traits. Furthermore, soil compaction showed a
significant effect on stomatal conductance and transpiration rate while soil water showed a
significant effect on SPAD. The results will provide a better understanding on the effect of soil
compaction on soil pore structure and plant growth. Future experimental field work is essential to
determine whether similar results will be achieved by soil compaction combined with drought.
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