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Abstract: Soil’s hydraulic properties are an essential characteristic that influences the hydrologic
cycle by influencing infiltration and runoff and the transport of soil water and salt in the process
of vegetation rehabilitation in coastal saline soils. To date, few studies have specifically addressed
the soil’s hydraulic properties and root–soil interactions of coastal saline soil under revegetation.
This study aimed to identify the unique hydraulic characteristics of soil, the pore size distribution
parameter, Gardner α, and the different contributions of soil’s physical properties and vegetation’s
root morphological characteristics with regard to soil infiltration. For this purpose, disc infiltration
experiments at different pressure heads were performed on three vegetation types, Salix matsudana
(SM), Hibiscus syriacus (HC), and Sabina vulgaris (SV), after two years of vegetation rehabilitation. The
results demonstrated that the initial and steady infiltration rate, Gardner α, and soil porosity fraction
exhibit significant differences among the three plant species. A correlation analysis indicated that the
soil water content, surface area, density, and dry weight of roots had inverse relationships with soil
infiltration at heads of pressure of 0 cm and 9 cm. The regulation of soil infiltration was influenced by
the root dry weight and root average diameter, which played crucial roles in determining the roots’
morphological properties and the formation of pathways and soil pores.

Keywords: disc infiltrometer; hydraulic conductivity; soil properties; saline soil; root morphological char-
acteristics

1. Introduction

Coastal ecosystems are unique due to their position in the land–sea transition zone.
The area of saline soils in the coastal zone increases continuously. The northern plain of
Jiangsu Province falls along the 852 km coastline of the Yellow Sea and has saline–alkali
soils covering an area of 6.53 × 105 ha, accounting for 25% of the saline land area in
China [1]. The great agricultural potential of the area can be attributed to its rich light
and heat resources. However, the excessive accumulation of salts and high exchangeable
sodium content have resulted in the deterioration of the structure and hydraulic properties
of this area, and the poor ventilation and water permeability of the soil in this area has
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increased its vulnerability to crusting and to the imbalance in nutrients that are available to
plants [2–4]. Consequently, the region only supports salt-tolerant plants.

Vegetation rehabilitation in saline lands is a commonly applied eco-engineering ap-
proach in agricultural and urban environments [5–7]. The above approach is regarded
as one effective solution to enhance soil’s structural quality and chemical and physical
characteristics [8,9]. While numerous past studies on the influence of vegetation types on
the functions of soil have been conducted, the results of these studies were largely reliant on
the structure of the soil and its hydraulic characteristics [10–13]. In addition, other studies
have explored the effects of the underground plant biomass on soil characteristics through
the use of species-based comparative approaches [14,15]. These approaches have been
shown to be effective in improving ecological rehabilitation. Many past investigations have
demonstrated that the rate of infiltration of soil water is generally affected by the soil’s char-
acteristics, as well as the plant root systems [16–20]. Among the various factors influencing
soil water infiltration, systems of plant roots are typically regarded as having a larger
potential for regulation of the infiltration of soil water compared to soil characteristics [21].
Vegetation has been shown to be an important driver of soil’s infiltrability [12,22,23]. How-
ever, a lack of consensus on the influences of different categories of vegetation roots on
soil structure remains. Previous studies have demonstrated that shrubs and trees result
in higher infiltration compared to grasses during extended periods of management and
rehabilitation [5,11,24]. Other studies have demonstrated that the rates of infiltration of
shrubland soils are lower than those of barren soils and grassland [16,25,26]. Roots have
generally been shown to promote infiltration [27–29], whereas other investigations have
found that increments in the density of root length always increase infiltration [16,30].
Consequently, Demenois et al. [31] and Wu et al. [28] found that the influences on soil’s
hydraulic characteristics by plant roots are highly reliant on the complex associations
between the soil characteristics and roots. However, there have been few experimental
studies on the relationships between soil’s infiltrability and roots’ morphological traits.

Measurements of the soil surface’s hydraulic properties are crucial to quantify soil
infiltration and the ability to transport water. The tension disc infiltrometer [32] has become
a widely use infiltration method due to its portability and its easy in situ applicability [33]. It
consists of a disc base attached to a water supply reservoir and a bubbling tower to impose
a negative pressure head (h) at the disc base. Thereby, methods based on the transient state
data analysis can be employed to calculate the hydraulic conductivity (Ks) and Gardner
constant α. Hydraulic properties such as soil’s water conductivity Ks and Gardner constant
α, which characterizes the soil pore size distribution, are major parameters reflecting soil’s
infiltration capacity [34].

The movement of soil moisture in coastal areas is closely related to the movement of
soil salinity. Studying the dynamic rule of soil moisture infiltration is of great significance for
improving the quality of coastal saline soil, accelerating the leaching process of saline soil,
providing the soil’s hydraulic parameters, and accelerating local agricultural development.
Our research group applied field experiments for ten years to select the best species of
landscape plants in coastal saline soils, and the results showed that among 30 species, the
survival rates of Salix matsudana, Hibiscus syriacus, and Sabina vulgari were up to 95% [3–5,9].
Thus, the present study assessed the soil’s rate of infiltration of three native vegetation types,
namely Salix matsudana+grass(SM), Hibiscus syriacus+grass (HC), and Sabina vulgaris (SV),
two years after water–salt regulation was applied. The aim of the current study, in which the
quaternary sediment was relatively developed, was to characterize soil infiltration for the
reclamation of coastal saline soils on the eastern coast of China, and the soil, with its parent
material mainly coming from the Huang-Huai alluvial, has common characteristics with
other coastal saline soils in that it is quite saline [16.7 dS/m < mean electrical conductivity of
saturated paste extracts (ECe) < 66.7 dS/m] and has the same ionic composition as sea water.
The objectives of the present study were to (1) compare temporal changes in infiltration
characteristics and hydraulic conductivity properties among different vegetation types;
(2) recognize the plausible concomitant alterations in the proportional contribution to flow
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by each class of soil pore size among different vegetation types; (3) identify the influences
of soil characteristics and root morphologic parameters on soil’s hydraulic conductivity (K)
and soil’s pore structure; and (4) further determine the dominant related factors influencing
the hydraulic conductivity of soil (K) and Gardner α.

2. Materials and Methods
2.1. Area of Study

Experiments were conducted between 2021 and 2022 in Xuwei New district, the
eastern coast of Lianyungang City, Jiangsu province (119◦17′–119◦38′ E, 34◦29′–34◦40′ N),
southeast China (Figure 1). The study area falls within a warm, temperate monsoon and
marine climate zone. The yearly mean temperature and yearly mean rainfall are 14.1 ◦C
and 900.9 mm, respectively, with 70% of rainfall falling from June to September. The mean
yearly potential evapotranspiration is 855.1 mm, and the frost-free period is 194 days. Prior
to the experiment, the perennial average soil groundwater depth in this area was 0.8–2.1 m.
The isolation layer was adopted because of the low groundwater depths and to reduce
the impact of salt returning to the plant roots as a result of the evaporation of shallow
groundwater. The native soil was placed above the isolation layer, which was 0.15 m deep
with a 0.1 m thick gravel layer on the bottom and covered by a 0.05 m thick sand layer.
Table 1 illustrates the chemical and physical characteristics of the assessed soil. According
to the United States Department of Agriculture (USDA) soil classification, the mean soil
texture at 0–40 cm and 40–60 cm was silt loam. The average EC, pH, SAR, and organic
matter in the 0–100 cm soil layer were 29.28 dS/m, 7.80, 20.54 (mmol/L)0.5, and 5.93 g/kg,
respectively, with the soil being classed as heavily saline soil.
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Table 1. Physical and chemical properties of experimental soil.

Soil Depth
(cm)

Particle Composition (%)
Soil Texture ECe

(dS/m)
pH SAR

(mmol/L)0.5
Organic Matter

(g/kg)<0.002 mm 0.002–0.05 mm 0.05–2 mm

0–10 0.11 74.43 25.46 Silt loam 27.05 7.79 19.48 11.00
10–20 0.11 77.41 22.48 Silt loam 29.30 7.80 22.01 10.22
20–40 0.08 75.05 24.87 Silt loam 32.65 7.75 21.27 7.37
40–60 0.08 75.22 24.70 Silt loam 27.10 7.80 19.03 4.52

60–100 0.15 75.66 24.19 Silt loam 30.30 7.89 20.93 2.79

2.2. Design of Field Experiments

The measurements were conducted in the field in an area containing SM, HC, and SV,
which were planted in 2021, and was applied by a method based on water–salt regulation
through drip irrigation during 2021–2022. SM is a major diffuse porous wood species, used
for shelterbelts and barren hill afforestation. Consequently, this hardy species dominates
the landscape and can flourish in saturated land, land with high salinity and alkalinity, and
arid areas. HC is a deciduous small tree with a dense crown and well-developed roots.
This species shows strong adaptability to soil in the region and is highly resistant to salt
and alkalinity. SV is classed as a coniferous evergreen creeping shrub that does not exceed
a height of 1.0 m. The stolon of this species runs along the ground and frequently produces
outward-radiating adventitious roots that form a single lamellar shrub layer.

The studied areas of SM, HC, and SC were 76 m × 30 m, 76 m × 38 m, and 76 m× 8 m,
with row spacings of 3 m × 3 m, 1.5 m × 1.5 m, and 1.3 m × 1.3 m, respectively. The turf
was laid on both the SM and HC areas to reduce interplant evaporation. Each treatment
comprised three replicate plots, set according to a random stratified pattern, leading to nine
treatments in total. The plots and rows were separated by 2 m, respectively. The regulation
of water and salt was achieved by drip irrigation, with the scheduling of the drip irrigation
and mode of regulation of water and salt described in Li et al. [3].

2.3. Measurements of Soil’s Hydraulic Properties

Considering the possibility of hydraulic properties changing due to rainfall, three sets
of disc infiltration measurements 30 cm away from the trunk were completed for one day
in each vegetation type, with five replicate sequences of infiltration rates being performed
for each treatment. At each measuring point, a disc infiltration test was implemented in the
order of water supply pressure head (−9 cm, −6 cm, −3 cm, and 0 cm). For the infiltration
measurements, an unsmeared cleared soil surface within a radius of 20 cm around the
sample point was prepared, and the weeds on the soil surface were scraped with a knife
while ensuring that the root system remained undamaged. The soil surface was tiled with
1 mm sieved sand with a thickness of 1 cm. This ensured that the sand had good contact
with the semi-permeable membrane of the infiltration disc.

Cumulative infiltration was recorded every 60 s for each infiltration measurement up
until steady infiltration. Considering the variabilities in the infiltration rate across spatial
scales, 5 repeated experiments were performed for each treatment. Based on the consecutive
measurement results, the average infiltration rate for the initial 3 min and the final 5 min
were identified as the initial infiltration rate (IIR) and the steady infiltration rate (SIR),
respectively. Hydraulic properties such as the soil’s water conductivity K and Gardner
constant α, which characterizes the soil’s pore size distribution, are major parameters that
reflect the soil’s infiltration capacity [34]. Nonlinear regression analysis [35] was used to
calculate the water conductivity K and the Gardner α constant:

i
(

h f

)
= Ksexp(αh) +

4KSexp(αh)
ΠRα

(1)

where i(hf) represents the stable infiltration rate under the pressure head of hf, cm/s; R is
the infiltration radius of the disk, cm; Ks is the saturated water conductivity, cm/s; and α is
the characterized soil pore size distribution, cm−1.
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Substituting the fitted saturated conductivity Ks and α into the Gardner exponential
equation, we obtain the following:

K f = Ksexp(αh) (2)

According to the theory of capillary water, infiltration at −3, −6, and −9 cm pres-
sure heads excludes water flows with equivalent radii greater than 0.5, 0.25, and 0.1 mm,
respectively. Therefore, the pores are divided into 4 grades: macropores (pore half
diameter > 0.5 mm), medium pore 1 (pore radius >0.25~0.5 mm), medium pore 2 (pore
radius 0.1~0.25 mm), and small pore (pore half diameter <0.1 mm). The contribution rate
of different levels of pores to water flow indicates the water conductivity of each level of
pores, which is denoted as φ [36]:

φ =
K
(

h f

)
− K

(
h f−1

)
KS

× 100%, ( f = 1, 2, · · · , n) (3)

where f denotes the numerical value of the order of measurement, and K (hf) and K(hf−1)
are the soil’s water conductivity under 2 continuous pressure heads, cm/s.

In this experiment, the inner diameter of the infiltration disc was 200 mm; the inner
diameter and height of the water storage pipe were 60 mm and 1.07 m, respectively; the
height of the negative pressure pipe was 0.7 m; and its inner diameter was 60 mm.

2.4. Soil Sampling

Five replicate samples were collected along an “X”-shaped area in each plot. Soil cores
were obtained from each plot using an auger (2.0 cm diameter and 15 cm depth). The
vertical sample depths were all the same: 0–10, 10–20, 20–30, and 30–40 cm(Figure 2). The
five replicated soil samples were mixed into one sample per treatment in this experiment.
The soil bulk density (BD) and soil water content were determined using the soil core
method using a cutting ring [37]. All soil samples were air-dried and passed through a
2 mm sieve. The samples were made into an extract of a saturated soil paste by a standard
method [38]. The Ece and pH were determined by a conductivity meter (DDSJ-3F; Shanghai
Instrument and Electrical Science Instrument Co., Ltd. Shanghai city, China) and a pH
meter (PHSJ-3F; Shanghai Instrument and Electrical Science Instrument Co., Ltd. Shanghai
city, China), respectively. The average ECe and pH of the whole profile was a weighted
average value that took the distance and area as weight factors [39].
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Figure 2. Plan view of the sample plot, including information on the soil and root core collection
locations (a); a three-dimensional view of subplot a, including information on the sample plot survey
and sampling depth (b).

2.5. Root Parameters

Four sampling points were set up at a distance of 30 cm from the plant trunk, and the
lines of each adjacent sampling point to point (O) were perpendicular to each other, with
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the location of the trunk as the center point (O) (Figure 2a). Root cores were taken from four
soil depths (0 to 10 cm, 10 to 20 cm, 20 to 30 cm, 30 to 40 cm) by using a 10 cm diameter root
auger (Figure 2b), and then, the mixed root cores from 4 sample points were placed at the
same depth, and 240 root cores were collected. The rhizome samples were rinsed to remove
excess soil, followed by a washed sample placed in a ventilated area for drying. After no
water droplets were observed on the surfaces, they were used for laboratory determination
of rhizome parameters. The rhizome image analysis system Win RHIZO was used to scan
and analyze the root parameters of each root sample (including the diameter of a root
and root length, surface area, volume, and length density). After scanning, the roots were
over-dried at 75 ◦C to a constant weight, and a tray balance measured the dry weight.

2.6. Statistical Assessment

ANOVA was applied to compare the soil’s porosities, rates of infiltration, and root
morphological characteristics under the different treatments. When the data demonstrated
variance homogeneity, post hoc Tukey HSD tests were applied to assess multiple pairwise
associations among all treatments. Nonlinear regression was applied to assess the associa-
tion between the infiltration rate and infiltration time. Relationships between the soil water
rate of infiltration and root morphological characteristics, between the soil characteristics
and root biomass, between the soil water rate of infiltration and soil characteristics, and
between the soil characteristics and root volume were assessed using Pearson’s correlation
analysis. The present study applied stepwise multiple regression analysis to determine the
dominant factors affecting the relationships between the soil’s rate of infiltration and root
parameters and the properties of the soil. All statistical assessments were conducted in
IBM SPSS Statistics 20.0, with significance assumed at p ≤ 0.05 or p ≤ 0.01.

3. Results
3.1. Characterization of Soil

Table 2 summarizes the main properties of soil at varying depths and under different
vegetation types. The BD and SWC were significantly affected by the soil depth and
vegetation type (p < 0.05, Table 2), respectively, and the EC was significantly influenced
by the vegetation type and soil depth (p < 0.05). Also, there were significant effects of
the depth and vegetation types on the EC (p < 0.05). The SWC in SM exceeded those in
HC and SV at different soil depths. The lowest value of BD was 1.17 g/cm3, identified in
SV at a depth of between 0 and 20 cm. The EC in HC exceeded those in other vegetation
types, whereas lower EC values were observed in SM. Except for SV, the SWC value was
gradually increased at a 0–40 cm soil depth, and its values of SM and HC increased at a
depth of soil of 0–30 cm and then declined with increasing depth, decreasing by 12.93%
and 48.02%, respectively. It should be noted that the BD and EC in the three vegetation
types were higher below a depth of 30 cm and that the SWC values at a depth of soil of
20–30 cm in the two vegetation types of SM and HC were higher than those at the other
three soil depths. The highest SWC (0.43 cm3/cm3) and the lowest EC (1.86 dS/m) were
observed in SM at 20–30 cm and 0–10 cm, respectively. Increasing the depth resulted in
increases in the EC values of the three vegetation types. This observation was particularly
clear in SV, with a significantly higher value than those in other vegetation types. After
two years of water and salt regulation, the average pH increased at all depths, although it
was not significantly influenced by the soil depth or vegetation types.

Table 2. Characteristics of soil at different depths and for different vegetation types.

Depth (cm) Plant Species BD (g/cm3) SWC (cm3/cm3) EC (dS/m) pH

0–10 SM 1.29 (0.03)cA 0.37 (0.02)bA 1.86 (0.11)cB 8.302 (0.29)aA
HC 1.21 (0.02)cAB 0.26 (0.03)bB 3.24 (0.12)cA 8.218 (0.31)aA
SV 1.17 (0.05)cAB 0.21 (0.03)bC 2.79 (0.25)cB 8.176 (0.21)aA

10–20 cm SM 1.32 (0.03)cA 0.40 (0.04)abA 2.07 (0.24)bcB 8.278 (0.34)aA
HC 1.24 (0.03)cAB 0.31 (0.05)abB 4.56 (0.62)bcA 8.17 (0.26)aA
SV 1.21 (0.05)cB 0.28 (0.03)abC 3.03 (0.10)bcB 8.026 (0.32)aA
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Table 2. Cont.

Depth (cm) Plant Species BD (g/cm3) SWC (cm3/cm3) EC (dS/m) pH

20–30 cm SM 1.38 (0.03)bA 0.43 (0.02)aA 3.27 (0.27)abB 8.188 (0.20)aA
HC 1.37 (0.04)bAB 0.41 (0.06)aB 6.56 (0.27)abA 8.028 (0.21)aA
SV 1.26 (0.06)bB 0.30 (0.03)aC 3.31 (0.14)abB 8.066 (0.37)aA

30–40 cm SM 1.43 (0.05)aA 0.42 (0.02)abA 3.56 (0.11)aB 8.284 (0.23)aA
HC 1.39 (0.04)aAB 0.38 (0.05)abB 6.99 (0.40)aA 8.034 (0.15)aA
SV 1.35 (0.03)aAB 0.31 (0.02)abC 3.54 (0.25)aB 8.036 (0.42)aA

Summary of ANOVA (p values)
Depth 0.001 ** 0.112 0.000 ** 0.805
Vegetation types 0.027 0.000 ** 0.000 ** 0.338
Depth × vegetation types 0.090 0.718 0.000 ** 0.719

Note: Entries in bold indicate the highest value among three vegetation types. The underlined entries indicate
the highest value among the four depths. Different capital letters in the same column under the same vegetation
type indicate a significant difference at p < 0.05. Different lowercase letters in the same column under the same
depth indicate a significant difference at p < 0.05. ** means significant differences at the level of 0.01; BD, soil bulk
density; SWC, soil water content; EC, soil electric conductivity.

3.2. Infiltration Rate of Soil Water under Different Types of Vegetation

As illustrated in Figure 3, the initial infiltration rate rapidly decreased, followed by
stabilization after 15 min. The present study further calculated the IIR and STR for an
improved assessment of the capacity for infiltration under different high-pressure heads
and types of vegetation, as illustrated in Figure 4. There were significant differences in
the rates of infiltration among different types of vegetation (p < 0.05). The ranking of the
decrease in IIR and STR was 0, −3, −6, and −9 cm. The IIR and STR of SV were higher
in higher heads of pressure of 0 cm than in higher heads of pressure of −9 cm by 710 and
721% (p < 0.01), respectively. The IIR and STR in SV exceeded those in SM and HC. In
comparison with those in SV for high-pressure heads of 0 cm, IIR and STR increased by
23.37% (p < 0.01) and 56.52% (p < 0.01) (p < 0.01) in SM and by 8.81% (p < 0.01) and 31.87%
(p < 0.01) in HC, respectively.
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Figure 4. Comparison of different infiltration parameters among Salix matsudana-grass (SM), Hibiscus
syriacus-grass (HC), and Sabina vulgaris (SV). Different lower-case letters above bars indicate significant
differences (p < 0.01) among plant species under the same negative pressure.

3.3. Hydraulic Conductivity

The three sets of measurements were pooled for each treatment for the analyses of
the possible influences of vegetation types on Gardner α and K. Table 3 shows the soil’s
water conduction characteristics under different vegetation types. The soil’s hydraulic
conductivity decreased with decreasing heads of pressure. Meanwhile, a Cv value of be-
tween 2.6% and 18.19% indicated that the soil’s hydraulic conductivity presented moderate
spatial heterogeneity. The average Ks values of SM, HC, and SV exceeded the initial value,
reaching 0.12, 0.14, and 0.20 cm/min, respectively. The outcomes of the one-way ANOVA
showed significant differences in Gardner α and K (at heads of pressure of 0, −3, −6, and
−9 cm) between the three vegetation types. K at higher heads of pressure (0, −3, −6, and
−9 cm) increased in the order of SM, HC, and SV, and Gardner α increased in the order of
HC, SV, and SM. Furthermore, the mean values for Ks, K3, and K6 for the three types of
vegetation exceeded those of K9 by factors of 7.58, 3.84, and 1.96, respectively.

Table 3. Soil’s water conduction characteristics under different vegetation types.

Vegetation Types K Minimum Value Maximum Value Mean Value CV %

SM

Ks 0.1387 0.1688 0.1495c 8.11
K3 0.0649 0.0782 0.0720c 8.00
K6 0.0283 0.0404 0.0349c 12.34
K9 0.0124 0.0208 0.0169b 18.19
α 0.2204 0.2764 0.2434a 9.84

HC

Ks 0.1522 0.1917 0.1707b 9.16
K3 0.0856 0.1035 0.0924b 7.49
K6 0.0481 0.0559 0.0501b 6.55
K9 0.0256 0.0302 0.0272a 6.70
α 0.1920 0.2138 0.2040b 4.71

SV

Ks 0.2175 0.2421 0.2317a 4.41
K3 0.1113 0.1177 0.1153a 2.60
K6 0.0543 0.0637 0.0574a 6.54
K9 0.0261 0.0345 0.0287a 11.65
α 0.2046 0.2436 0.2326a 6.91

Note: Different lowercase letters in the same column indicate a significant difference at p < 0.05.
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3.4. Impacts of Classes of Pore on Flow

The alterations in K can primarily be attributed to changes in the volume of the soil’s
pores and geometry [40]. The influence of each class of pore on the flow of water can
also change under different treatments. Figure 5 shows the temporal changes in the con-
tributions of the four classes of pores to the flow of water in the soil for the three types
of vegetation, including macropores (>0.5 mm), mesopores 1 (0.5–0.25 mm), mesopores
2 (0.25–0.1 mm), and micropores (<0.1 mm). All three treatments showed similar trends of
contributions of proportional classes of pores, i.e., the mean relative proportional contribu-
tion of the four pore classes to flow was 4 (macropores): 2 (mesopores1): 1 (mesopores2):
1 (micropores). This indicates a relatively high total flow of water in the macropores,
accounting for half of all flow. During the measurement period, the contributions of the
macropores and mesopores1 generally decreased in the order of SM, SV, and HC, except for
the slight decrease in the contributions of mesopores 2 and micropores in the order of HC,
SV, and SM. Post hoc assessments only identified significant differences in the contributions
of classes of pores.
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3.5. Distribution of Roots and Roots’ Morphological Properties under Different Types of Vegetation

Changes in roots’ morphological properties (root surface area, root mean diameter,
density of root length, root volume, and root dry weight) of different vegetation types
at different depths of soil are illustrated in Figure 6. The results demonstrated that the
root surface area, density of root length, volume of roots, and dry weight of roots showed
inverse relationships with the soil depth for all treatments (except for the root average
diameter, which was higher at a 20–30 cm soil depth than at 0–20 cm and 30–40 cm). The
average root volume and average root dry weight at a depth of soil of 0–20 cm accounted
for 68.26% of the total root volume and 61.02% of the total root dry weight, respectively.
The outcomes of the one-way ANOVA demonstrated that the vegetation types of HC
treatments had higher values of root mean diameter, root surface area, and root volume
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than the vegetation types of SM and SV treatments at each soil depth interval. The density
of the root length for SM exceeded those of the other two types of vegetation (p < 0.05)
(Table 4).

Figure 6. Changes in root characteristics of different vegetation types at different soil depths. (a) root
surf area; (b) root average diameter; (c) root length density; (d) root volume; (e) root dry weight.

Table 4. Root-related parameters of different vegetation types at different soil depths.

Types Depth
(cm) SA (cm2) AD (mm) LD (cm/cm3) RV (cm3) DW (Kg/m3)

SM

0–10 42.2 ± 7.7a 0.4 ± 0.1a 0.5 ± 0.0a 0.4 ± 0.1b 0.4 ± 0.1a
10–20 42.2 ± 8.5a 0.3 ± 0.1a 0.6 ± 0.0a 0.3 ± 0.1b 0.3 ± 0.0b
20–30 30.2 ± 5.4a 0.4 ± 0.1b 0.3 ± 0.0a 0.3 ± 0.1a 0.4 ± 0.1a
30–40 15.7 ± 1.3b 0.3 ± 0.0a 0.2 ± 0.0b 0.1 ± 0.0b 0.2 ± 0.0a

HC

0–10 49.5 ± 8.3a 0.4 ± 0.1a 0.5 ± 0.0a 0.5 ± 0.1a 0.3 ± 0.0b
10–20 46.6 ± 5.6a 0.5 ± 0.2a 0.4 ± 0.0b 0.6 ± 0.1a 0.4 ± 0.0a
20–30 27.5 ± 5.5a 0.5 ± 0.1a 0.3 ± 0.0b 0.3 ± 0.1a 0.2 ± 0.0b
30–40 20.4 ± 4.3a 0.3 ± 0.1a 0.3 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.1b

SV

0–10 21.8 ± 5.3b 0.4 ± 0.1a 0.2 ± 0.0b 0.3 ± 0.1c 0.1 ± 0.0c
10–20 20.2 ± 4.9b 0.5 ± 0.1a 0.2 ± 0.0c 0.2 ± 0.1b 0.1 ± 0.0c
20–30 8.8 ± 1.1b 0.4 ± 0.1ab 0.1 ± 0.0c 0.1 ± 0.0b 0.1 ± 0.0c
30–40 6.2 ± 0.7c 0.4 ± 0.1a 0.1 ± 0.0c 0.1 ± 0.0c 0.1 ± 0.0c

Note: Different lowercase letters in the same column under the same depth indicate a significant difference at
p < 0.05. SA, root surface area; AD, root average diameter; LD, root length density; RV, root volume; DW, root
dry weight.
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3.6. Relationships between Soil’s Rate of Infiltration and Soil and Root Properties

The results of the correlation analyses indicated that under two rates of infiltration at
heads of pressure of 0 cm (IIR0 and SIR0), two hydraulic conductivity properties (Ks and
α) were primarily negatively correlated with the average values of soil and root properties
at depths of soil of 0–40 cm (Figure 7). More specifically, IIR0, SIR0, and Ks showed
negative correlations with the SWC, SA, LD, and DW (p < 0.01). In addition, SIR0 and Ks
demonstrated inverse correlations with the BD (p < 0.01) and RV (p < 0.05), while α showed
inverse relationships with the EC (p < 0.01) and AD (p < 0.05). Except for pH, the soil
properties were primarily positively related to root characteristics (p < 0.01). To be specific,
the correlations between the SWC, BD SA, LD, and DW were significantly positive. Notably,
the EC presented a positive relationship with the SA and AD. In order to further clarify
the main factors influencing the soil infiltration process, stepwise multiple regression was
applied and showed that the average root dry weight (DW) at depths of soil of 0–40 cm
was the most critical factor influencing IIR0, SIR0, and Ks.
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Figure 7. Pearson correlations for infiltration rates, soil physical properties, and plant root character-
istics. IIR0 and IIR9, initial infiltration rate at pressure heads of 0 cm and 9 cm, respectively; SIR0 and
IIR9, steady infiltration rate at pressure heads of 0 cm and 9 cm, respectively; Ks, saturated hydraulic
conductivity; K9, hydraulic conductivity at pressure heads of 9 cm; BD, soil bulk density matter;
SWC, soil moisture content; EC, soil electric conductivity; SA, root surface area; AD, root average
diameter; LD, root length density; RV, root volume; DW, root dry weight. Indicated values represent
the correlation coefficients. The blue color indicates a positive correlation, and the red color indicates
a negative correlation at significant levels of * p < 0.05, ** p < 0.01, and *** p < 0.001.

4. Discussion

Vegetation rehabilitation is regarded as the primary factor influencing soil’s infiltration
properties by altering soil’s physical characteristics [12,41]. Among these, soil’s water
content is considered one of the key factors limiting the effects of ecological rehabilitation
in saline regions [42]. The results showed the highest content of soil water under trees due
to the high-frequency and continuous drip irrigation, resulting in a large total irrigation
depth. Additionally, turf protects the surface of soil beneath Salix matsudana, reducing
interplant evaporation and increasing the capacity for soil infiltration. Vegetation types
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have a significant influence on soil’s hydraulic properties, with higher infiltrability under
Salix matsudana than under Hibiscus syriacus+grass and Sabina vulgaris +grass (Figure 4).
This could principally be attributed to a reduction in the hydraulic gradient by a higher
density of bulk soil and increased soil water, thereby decreasing the force driving water
infiltration into the soil [43].

All vegetation significantly enhanced the soil-saturated hydraulic conductivity in
comparison with initial values. In addition, the initial and steady infiltration rate under dif-
ferent negative pressures varied consistently among the three treatments (Figures 2 and 3).
Because of the large gradient of the soil’s matrix potential, the soil’s rate of infiltration
remained high during the initial infiltration stage. With the progression of infiltration, the
soil’s matrix potential gradient continuously decreased, and the influence on infiltration by
the gravity potential gradually increased. The soil’s rate of infiltration showed a significant
downward trend and gradually stabilized. At this point, the soil’s matrix potential gradient
approached zero, and the soil’s rate of infiltration could be regarded as a stable rate of
infiltration of the soil [44]. The initial infiltration rate typically has the highest impact on the
leaching stage during initial irrigation stages, and the steady rate of infiltration indicates
soil infiltration and soil infiltrability at later states of irrigation [45].

The plant root characterization and water and salt transport mainly influence the
hydraulic properties of soil by promoting the development of soil macropores [46]. It is
necessary to identify the correlation between the roots’ morphological parameters and soil’s
water conductivity in coastal saline areas. The current study found that the rates of the
contribution of soil macropores (>0.5 mm) to the flow of water under the three vegetation
types, Salix matsudana, Hibiscus syriacus, and Sabina vulgaris, were approximately 50% and
exceeded those of other levels of pores (Figure 4). It is confirmed that soil macropores
are the preferred channels for the roots of plants [44,46]. Plant roots act precisely on soil’s
infiltration capacity by creating macropores of different lengths, architectures, densities,
connectivities, and diameters [47]. Roots’ morphological traits such as the density and
diameter appear more relevant in their direct effect on runoff, erosion, and drainage via
changes in soil’s hydraulic properties [24]. This study drew the same conclusion as the
aforementioned one and found that the surface area of roots (SA), the density of root length
(LD), and the dry weight of roots (DW) had inverse relationships with the initial infiltration
rate at saturated hydraulic conductivity (Ks) (p < 0.01), and the root average diameter (AD)
illustrated a positive relationship with the water conductivity at the lower head (Figure 7).
Nevertheless, Chen et al. [48] held the view that Ks was significantly correlated with the
density of root length but not the root diameter in the acid soil.

Meanwhile, the different effects of the soil’s salinity on the root system determine
whether the root diameter is related to the hydraulic conductivity. In the current experiment,
the relationship between the root diameter and soil salinity was further explored, and it was
found that the soil’s salt content (ECe) could promote the increase in plant root diameter
within a certain range (Figure 7). The outcomes of the present study showed that the
investigated plants contributed to the restoration of saline soils by increasing the soil’s
infiltrability and improving the leaching effect over the entire period.

In conclusion, the coastal saline soil in the experiment is susceptible to clay dispersion
and swelling induced by a high SAR, and under the fast wetting by rain or irrigation, it
completely seals the soil surface, restricting salt leaching. To create a favorable environment
for plant growth, tillage was carried out before the start of the experiment, and we planted
suitable halophytes. During the vegetation growth, an increase in the volume of macropores
in the soil but a reduction in the volume of mesopores and micropores in the soil were
observed, leading to increases in the water content, saturated hydraulic conductivity, soil
water diffusivity, and infiltration capacity. While the roots of these halophytes absorb
salt ions and reduce the soil’s matrix potential, their growth in the soil also ensures good
connectivity of the soil’s macropores and improves the soil’s hydraulic characteristics.
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5. Conclusions

In this study, three vegetation types (Salix matsudana, Hibiscus syriacus, and Sabina
vulgaris) were examined to assess their impact on the soil characteristics in coastal saline
soils. The research focused on differences in K, Gardner α, and vegetation responses to
soil properties, as well as the contribution of various pore size classes to water flow. The
findings revealed that the soil depth had a significant influence on the bulk density and
EC, while the vegetation types played a key role in determining the soil’s water content
and EC levels in coastal saline soils. Salix matsudana demonstrated higher infiltration rates
compared to Hibiscus syriacus+grass and Sabina vulgaris+grass under varying pressure
conditions. When compared to Salix matsudana+grass, both Hibiscus syriacus+grass and
Sabina vulgaris showed increased initial and steady infiltration rates at higher pressures. The
order of pore classes based on their impact on the water flow was found to be macropores
> mesopores1 > mesopores2 > micropores. There was a decrease in root morphological
properties with increased soil depth, with these properties being negatively influenced by
the soil’s infiltrability. Nevertheless, the weight of the dry roots, density of root length, and
root mean diameter were the main factors influencing the soil’s infiltrability. The outcomes
of this study can increase our comprehension of the influence of plant roots’ morphological
properties on processes of infiltration in vegetation rehabilitation. This study can also
increase our understanding of the influence of plant roots on water and salt regulation in
the re-vegetation of saline soils through the regulation of salt by drip irrigation. Future
studies should focus on other locations and systems to further examine the influences of
root properties on soil infiltration.
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