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Abstract

Urban rocky desertification areas are characterized by shallow soils, rock-soil mosaics,
and strong human disturbance, so infiltration processes may differ from those in homo-
geneous soils. However, interactions among multiple controlling factors remain insuffi-
ciently quantified. This study compared soil infiltration under artificially restored vegeta-
tion (planted grassland (PG) and planted woodland (PW)), and natural secondary vege-
tation (secondary grassland (S5G) and secondary woodland (SW)). Saturated hydraulic
conductivity (Ks) and falling-head duration (T) were measured using falling-head tests on
undisturbed soil columns. Soil physical properties were then integrated with partial least
squares structural equation modeling (PLS-SEM) to assess the effects of rocky desertifica-
tion, soil aggregates, and porosity. Soil bulk density was significantly lower under artifi-
cially restored vegetation, whereas capillary porosity, non-capillary porosity, and water-
holding capacity were significantly higher (p < 0.05). Infiltration performance followed
PW > PG > SW > SG. PLS-SEM indicated that rocky desertification (=0.78), porosity (0.51),
and aggregates (-0.03) jointly regulated infiltration, with non-capillary porosity as the
dominant positive factor. Higher infiltration in artificially restored plots was mainly asso-
ciated with improved pore structure. These findings support vegetation configuration and
soil-water management in urban rocky desertification areas.

Keywords: vegetation restoration; soil infiltration characteristics; structural equations;
ecological restoration

1. Introduction

Karst regions are typically ecologically fragile areas characterized by severe soil ero-
sion, with significant vulnerability, hidden risks, and complexity [1,2]. Rapid urbanization
has triggered urban ecological degradation, characterized by exposed bedrock, soil ero-
sion, and an imbalance in the hydrological cycle [3]. Extensive impermeable surfaces se-
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verely impede the infiltration of surface water, disrupting the balance of the urban hydro-
logical cycle [4]. This region receives heavy rainfall that is unevenly distributed through-
out the year; intense or prolonged rainfall often exceeds the city’s drainage capacity, re-
sulting in severe flooding [5,6]. Frequent extreme precipitation events and unsustainable
human activities have accelerated rocky desertification in this region, resulting in a dis-
tinctive vegetation—soil-rock structure [7]. Within this structure, surface and subsurface
runoff converge, producing rapid and pronounced hydrological responses and exhibiting
typical yet complex dynamics of soil and water loss [8].

Hydrological processes are closely linked to vegetation cover and ecosystem produc-
tivity [9], and vegetation restoration is an effective strategy for reducing soil erosion and
protecting the ecological environment [10]. Both natural succession and afforestation are
important approaches for restoring ecologically fragile areas. Compared with natural veg-
etation, artificial vegetation restoration is generally more effective in improving soil prop-
erties and structure, while more complex vegetation structures are more favorable for en-
hancing soil infiltration performance [11]. Reseeding native plant species in degraded ar-
eas can rapidly accelerate vegetation establishment and increase biomass [12]. The result-
ing increases in vegetation cover and height may reduce soil erosion, enhance water infil-
tration, and improve soil water retention [13]. During precipitation events, vegetation reg-
ulates soil water infiltration through multiple pathways [14]. Canopy interception reduces
the direct impact of raindrops on the soil surface, thereby mitigating splash erosion, while
stems channel precipitation toward the roots through stemflow. Root penetration and lit-
ter decomposition jointly alter soil physicochemical properties, pore structure, and water-
holding capacity, thereby affecting the redistribution of precipitation [15,16]. As vegeta-
tion restoration progresses, soil structure gradually improves, porosity increases, and soil
infiltration capacity improves [17]. There are significant differences in the effects of differ-
ent vegetation types and restoration methods on soil infiltration [18,19]. Studies have
shown that various types of vegetation restoration (such as natural secondary forests and
planted ecological forests) have significantly different effects on deep soil water [20].
There are also significant differences in soil infiltration among different vegetation resto-
ration models [21]. Soil infiltration in planted forests is superior to that of natural grass-
lands, planted grasslands, and shrublands, and the higher infiltration rates help improve
water use efficiency and reduce soil erosion [11].

Soil infiltration is a hydrological property of soil primarily determined by its texture,
structure, and moisture content; it plays a significant role in soil water redistribution and
soil and water conservation [22,23]. Karst landscapes are characterized by a spatially mo-
saic distribution of soil and bedrock due to carbonate rocks, and exposed bedrock plays a
significant role in influencing soil water infiltration processes. The unique “rock-soil” in-
terface alters the physical structure of the soil and the pathways of water movement,
thereby affecting soil infiltration properties [24]. In rocky desertification areas, porosity
and clay content are the primary factors affecting soil infiltration [25]. Soil aggregates in-
fluence soil pore distribution through their particle-size distribution and stability; a well-
connected, large-pore structure reduces resistance to soil water movement and promotes
effective infiltration [26,27]. In addition, characteristics such as gravel content and particle
size have varying degrees of influence on water infiltration in soil [28]. Wu et al. found
that as the gravel content and particle size increase, the permeability of soil water de-
creases, while the water-holding capacity of gravelly soil increases [29]. Soil water-hold-
ing characteristics, such as capillary water-holding capacity, can further regulate the wa-
ter available to vegetation and the process of evapotranspiration [30].

Previous studies have largely focused on infiltration processes under a single vege-
tation type, a single soil physical factor, or relatively homogeneous soil conditions. In con-
trast, urban karst rocky desertification areas are characterized by shallow soils, rock-soil
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mosaics, high rock fragment content, and intense anthropogenic disturbance, and their
underlying surface heterogeneity may alter soil pore connectivity and water transport
pathways. Therefore, comparisons of infiltration among vegetation types alone are insuf-
ficient to explain the interactions among rocky desertification intensity, soil texture, pore
structure, and aggregate characteristics. Under two vegetation restoration modes, this
study examined planted grassland, planted woodland, natural secondary grassland, and
natural secondary woodland by combining falling-head permeability tests on undis-
turbed soil columns, measurements of soil physical properties, and PLS-SEM path analy-
sis. The objectives were to (1) compare soil infiltration characteristics among ecological
restoration modes; (2) identify the principal factors controlling soil infiltration; and (3)
quantify the direct and indirect pathways through which rocky desertification intensity,
pore structure, and aggregate characteristics affect infiltration performance. The findings
provide a basis for vegetation configuration and integrated soil-water management in ur-
ban karst areas.

2. Materials and Methods
2.1. Study Area

The study was conducted at the experimental site of Guizhou Minzu University in
Guizhou Province, China (106°37'13" E, 26°22'43" N). The region has a typical humid sub-
tropical monsoon climate, with concurrent warm and rainy seasons, a mean annual tem-
perature of 15.6 °C, and a mean annual precipitation of 1385 mm. Interannual variation in
precipitation is relatively small, and more than 80% of the annual rainfall occurs from May
to September [31]. Restoration modes were classified according to vegetation origin and
the degree of human intervention as artificially restored vegetation and natural secondary
vegetation. The former refers to vegetation established through artificial planting or sow-
ing and subsequently maintained, including planted grassland (PG) and planted wood-
land (PW); the latter refers to vegetation that regenerates naturally without intensive hu-
man intervention, including natural secondary grassland (SG) and natural secondary
woodland (SW) [32]. The four types of plots in the study area, classified by restoration
pattern and land use type, are shown in Table 1. The rock fragment content (RC, %) for
each soil layer under different vegetation cover is shown in Table 2.

Table 1. Basic information on substrate plots under different vegetation types.

Pl L Vi i
of Restoration Mode and Use egetation Dominant Plant Species
Number Type Structure
Artificially restored ) S
PG . Grassland Shrub, Grass  Pyracantha fortuneana (Maxim.) H. L. Li, Lolium perenne L.
vegetation
PW Artificially r.estored Woodland Tree, Shrub, Cinnamomum camphora (L.) |. Presl, Ginkgo biloba L., Cycas rev-
vegetation Grass oluta Thunb., Cynodon dactylon (L.) Persoon
Natural d
SG atuta sec.on Y Grassland Shrub, Grass  Coriaria nepalensis Wall., Arthraxon hispidus (Thunb.) Makino
vegetation
SW Natural secondary Woodland Tree, Shrub, Koelreuteria paniculata Laxm., Adenanthera microsperma Teijsm.,

woodland Grass Rubus idaeus L.

Note: PG and PW are collectively referred to as artificially restored vegetation, while SG and SW
are collectively referred to as natural secondary vegetation. The vegetation structure “trees-shrubs-
herbs” refers to a three-layer composite structure consisting of trees, shrubs, and herbs; “shrubs-

herbs” refers to a two-layer structure consisting of shrubs and herbs.
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Table 2. Rock fragment content (RC, %) at different soil depths under different vegetation covers.

Rock Fragment Content

Plot Number Restoration Mode 0-10 cm 10-20 cm 20-30 cm (RC. %)
, /0
PG Artificially restored vegetation 3.08 3.49 423 3.60
PW Artificially restored vegetation 2.86 3.40 3.81 3.36
SG Natural secondary vegetation 15.53 14.37 15.96 15.29
SW Natural secondary woodland 7.13 8.32 10.77 8.74

Note: RC = mass of gravel (>2 mm) in the soil sample/total mass of the soil sample x 100%.

2.2. Experimental Design and Investigation
2.2.1. Sample Plot Selection

Four types of plot categories were selected within the study area and classified ac-
cording to restoration mode into artificially restored vegetation (planted grassland (PG)
and planted woodland (PW)) and natural secondary vegetation (secondary grassland (SG)
and secondary woodland (SW)). Three 3 m x 3 m replicate plots were established for each
category, for a total of 12 survey plots, with a spacing of more than 20 m between plots to
ensure independence. The vegetation composition, soil depth, and rock fragment content
(RC) for each plot are shown in Table 1. Based on the measured RC values in the study
area and in accordance with the classification standards for rocky desertification in karst
regions, the degree of rocky desertification was categorized as no rocky desertification
(RC =0-5%), mild rocky desertification (RC = 5-10%), and moderate rocky desertification
(RC =10-15%).

2.2.2. Sample Collection and Measurement

All soil samples were collected in September 2024. Because karst areas are character-
ized by shallow soil layers, abundant rock fragments below a depth of 30 cm, and sub-
stantial spatial variation in soil thickness, samples were collected from three soil depths
(0-10, 10-20, and 20-30 cm) in each plot, with three replicates per depth, yielding a total
of 108 ring samples (3 rings x 4 restoration modes x 3 plots x 3 soil depths), which were
averaged to 36 independent plot—depth observations for PLS-SEM analysis. The soil sam-
ples were passed through a 2 mm sieve to remove rock fragments, plant roots, and other
debris, and each sample was divided into two subsamples for determining soil water con-
tent and physicochemical properties, respectively.

(1) Soil bulk density (BD), total porosity (TP), capillary porosity (CP), non-capillary po-
rosity (NCP), maximum water-holding capacity (wmax), capillary water-holding ca-
pacity (wcr), non-capillary water-holding capacity (wncr), and initial soil water con-
tent (SWC) were determined using the cutting-ring method. The cutting rings were
5.05 cm in diameter and 5 cm in height, with a volume of 100 cm?®. Undisturbed soil
cores were collected from each soil depth, transported to the laboratory, and weighed
to determine their fresh mass. The soil cores were then placed in flat-bottomed
enamel trays, and deionized water was added until it reached the upper surface of
the cores. The samples were allowed to absorb water for 12 h until saturation. After
saturation, the cores were removed, allowed to drain freely under gravity for 2 h, and
weighed; they were subsequently drained for an additional 6 h and weighed again.
Finally, the samples were oven-dried at 105 °C for 72 h to constant mass, after which
their dry mass was recorded [33].

(2) The particle-size distribution of water-stable aggregates was determined using the
wet-sieving method [34]. Air-dried soil samples were gently broken along natural
planes of weakness into aggregates approximately 1-2 cm in diameter. A 50 g sub-
sample was placed on the uppermost sieve of a nested sieve set with mesh sizes of 5,

https://doi.org/10.3390/hydrology13070197



Hydrology 2026, 13, 197

5 of 17

©)

(4)

3,2,1,0.5, and 0.25 mm. After soaking in deionized water for 5 min, the sieve set was
vertically oscillated at a frequency of 30 cycles min™ for 5 min. The aggregates re-
tained on each sieve were collected, oven-dried at 60 °C to constant mass, and
weighed. The mass percentage of aggregates in each size fraction (Ri) and the mean
weight diameter (MWD) were calculated using the following equations [35]:

R; = m;/200 1)
n

MWD = z W, @)
i=1

Ri: mass percentage of aggregates of a given particle size (%); mi: dry mass of aggre-
gates of a given particle size (g); xi: average diameter of aggregates of a given particle
size (mm); wi: mass percentage of soil aggregates of a given particle size (%).

The rock fragment content (RC, %) was determined gravimetrically. Air-dried soil
samples were passed through a 2 mm sieve, and the rock fragments retained on the
sieve (>2 mm) were collected and weighed (Wr). The total mass of each soil sample
was recorded as Ws. RC was calculated using the following equation:

RC = Wy /Ws 3)
Whk: mass of stones in soil samples (g); Ws: total mass of soil samples (g).

Saturated hydraulic conductivity (Ks) was determined using the falling-head perme-
ability method. A TST-55 falling-head soil permeameter (Nanjing Soil Instrument
Factory, China) was used, consisting mainly of a permeameter cell containing a cut-
ting ring, porous stones, a collar, and upper and lower caps, together with a falling-
head tube, water-supply bottle, stopwatch, and thermometer. Undisturbed soil col-
umns with an inner diameter of 5.05 cm and a height of 5.00 cm were installed in the
permeameter in their original vertical orientation. The upper and lower surfaces were
trimmed level, and filter paper and porous plates were placed at both ends to mini-
mize soil-particle loss and ensure uniform flow. The sidewalls of the soil columns
were sealed to prevent preferential flow along the wall. Before measurement, water
was supplied slowly from the bottom upward to gradually expel entrapped air. After
continuous outflow without visible bubbles was observed at the top, saturation was
continued to ensure that the soil columns reached a nearly completely saturated state.
During the test, the lower end of each soil column was connected to the falling-head
tube, whereas the upper end was maintained as a free-drainage boundary open to
atmospheric pressure; water flowed upward under one-dimensional saturated con-
ditions. The falling-head tube was filled to an initial hydraulic head difference, k1,
and a stopwatch was started to record the time, At, required for the head to decrease
to h2. Five consecutive falling-head measurements were conducted for each soil col-
umn, and the arithmetic mean of the five measurements was taken as the saturated
hydraulic conductivity of that column. Three parallel undisturbed soil columns were
tested for each plot-soil-depth combination. There were no significant variations in
water temperature recorded during the experiment. Saturated hydraulic conductiv-
ity at the experimental water temperature was calculated according to Darcy’s law
as follows [36]:

_al hy

Ks = dat h,

Ks: saturated hydraulic conductivity (cm-s™); a: cross-sectional area of the falling-
head tube (cm?); A: cross-sectional area of the soil column (cm?); L: length of the soil
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column (5 cm); At: elapsed time required for the hydraulic head to decrease from h1
to h2 (s); h1 and h2: initial and final hydraulic head differences, respectively (cm).

2.3. Statistical Analysis

Replicate measurements obtained within the same plot and soil depth were first av-
eraged, and each plot-soil-depth combination was treated as the statistical unit. Linear
mixed-effects models were used to evaluate the effects of vegetation restoration type, soil
depth, and their interaction. Normality and homogeneity of variance were assessed using
the Shapiro-Wilk and Levene tests. When significant effects were detected, pairwise com-
parisons of estimated marginal means were performed with a Tukey adjustment. Rela-
tionships among variables were evaluated using Pearson correlation analysis according
to the data distribution. Statistical significance was set at p < 0.05, and data are presented
as means * standard errors. Partial least squares structural equation modeling (PLS-SEM),
which is suitable for small samples and non-normally distributed data, was applied in this
study [11]. For PLS-SEM, the three ring samples from each plot-depth combination were
averaged, yielding 36 independent observations (4 restoration modes x 3 plots x 3 soil
depths), using the R package “plspm” (v0.60). The goodness-of-fit (GOF) index and coef-
ficients of determination for endogenous variables (R2) were used to evaluate the overall
predictive performance of the model. Statistical analyses and figure preparation were per-
formed using SPSS 27 and Origin 2024.

3. Results
3.1. Characteristics of Changes in Soil Physical Properties

The analysis of soil texture on the surface beneath different vegetation types is shown
in Figure 1. There were significant differences in soil water infiltration and redistribution
among soils of different textures. According to the Standard for Geotechnical Testing
Methods (GB/T 50123-2019) [37], soil particle sizes are classified as sand and gravel (1-
0.05 mm), silt (0.05-0.002 mm), and clay (<0.002 mm). The mass fractions of sand and
gravel in the PW, PG, SW, and SG soils were 70.96%, 64.83%, 58.53%, and 53.05%, respec-
tively; silt values were 20.00%, 15.00%, 18.33%, and 18.33%, respectively; and clay values
were 9.67%, 20.77%, 23.10%, and 28.00%, respectively.

100

/ 40 /Sandy Clay

Sandy Clay Loam
30 SOG

SW.
PG 9

10 ]3” Silty Loam 90
Sandy Loam Silt

100

100 90 80 70 60 50 40 30 20 10

<—Sand (%) @ Soil Samples

Figure 1. Soil texture type in the study area.
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An analysis of the physical properties of the soil subsurface under different vegeta-
tion types is shown in Tables 3 and 4. Under different vegetation types, the bulk density
(BD) of the underlying soil generally increased with depth, with the mean values showing
PW (1.08 g-cm™) < PG (1.13 g-em™3) < SW (1.25 g-em™) < SG (1.33 g-cm). Total porosity
(TP), capillary porosity (CP), non-capillary porosity (NCP), maximum water-holding ca-
pacity (wmx), and capillary water-holding capacity (wcr) all decreased with increasing
depth. For corresponding vegetation types, the mean soil bulk density (BD) values in PW
and PG were significantly lower than those in the natural secondary vegetation types, SW
and SG, by 13.60% and 15.04%, respectively. Compared with SW, the mean total porosity
(TP), capillary porosity (CP), non-capillary porosity (NCP), maximum water-holding ca-
pacity (wma), and capillary water-holding capacity (wcr) in PW increased by 4.46%, 3.05%,
32.62%, 11.78%, and 14.82%, respectively; the corresponding increases in PG relative to
SG were 4.30%, 2.39%, 33.33%, 2.90%, and 5.56%. Vegetation type was the principal factor
influencing NCP, while woodland vegetation significantly affected soil CP and wmax (p <
0.05).

Table 3. Soil bulk density and porosity of substrates under different vegetation types.

Soil Depth BD

Plot Number TP cp NCP
(cm) g-cm
0-10 1.00 £0.04 Cc 51.94+£2.99 Aa 4758 +2.20 Aa 4.35+0.79 Aa
PW 1020 1.05+0.01 Db 50.61 +2.01 Aa 47.77 +1.72 Aa 2.84 £ 0.30 Aab
20-30 1.18 £+ 0.01 Ca 48.47 +0.37 Aa 46.40+0.30 Aa 2.07 +0.07 Aa
0-10 1.03+0.05Cb 52.07+2.70 Aa 47.73+2.42 Aa 4.33+0.33 Aa
PG 1020 1.14+0.01 Cab 49.72 +1.70 Aa 46.72 +1.45Aa 3.00+0.26 Ab
20-30 1.23+0.02 Ca 47.38+0.67 Aa 45.58 +0.54 Aa 1.80+0.16 Ac
0-10 1.19£0.01 Bb 48.62+0.53 Aa 4599 +0.51 Aa 2.63+0.03 Ba
SW 10-20 1.23+0.01Bb 4724 +1.84 Aa 44.74+1.07 Aa 2.50+0.77 Aa
20-30 1.32+0.03Ba 48.70+0.35 Aa 46.82+0.30 Aa 1.87+0.04 Aa
0-10 1.30+0.01 Ab 47.16+0.89 Aa 44.47 +0.84 Aa 2.69+0.05Ba
SG 1020 1.31+0.02Ab 47.44+299 Aa 44.65+2.62 Aa 2.79+0.37 Aa

20-30 1.39+0.01 Aa 48.40+1.11 Aa 47.04+1.39 Aa 1.36+0.43 Ab
Note: BD represents soil bulk density, TP represents total porosity, CP represents capillary porosity,

and NCP represents non-capillary porosity. Data are presented as mean + standard error; different
uppercase letters indicate significant differences among land use types (p <0.05); different lowercase

letters indicate significant differences among vegetation structures (p < 0.05).

Table 4. Soil water-holding capacity of the substrate under different vegetation types.

Plot Number Soil Depth (cm) Wmax Wep
0-10 49.74 +2.17 Aa 4574+ 091 Aa
PW 10-20 49.57 +1.77 Aa 43.05 +0.36 Aa
20-30 50.03 +2.44 Aa 47.38 +1.99 Aa
0-10 50.18 £2.92 Aa 49.38 +2.37 Aa
PG 10-20 47.25+0.78 Aa 45.35 +0.36 Aa
20-30 48.21 +2.48 Aa 4486 +1.92 Aa
0-10 46.34 +1.05 Aa 41.09 +1.84 Aa
SW 10-20 45.09 + 3.88 Aa 3721 £2.30 Ba
20-30 4217 +0.32 Aa 40.28 + 0.46 Aa
0-10 46.12 +4.02 Aa 4413 +3.71 Aa
SG 10-20 49.55+1.74 Aa 4499 +1.58 Aa
20-30 45.87 +5.16 Aa 43.11+4.73 Aa
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Note: wmax denotes the maximum water-holding capacity, and wce denotes the capillary water-hold-
ing capacity. Data are presented as mean + standard error; different uppercase letters indicate sig-
nificant differences among land-use types (p < 0.05); different lowercase letters indicate significant

differences among vegetation structures (p < 0.05).

The particle-size distribution characteristics of soil aggregates and the RC values of
the substrate under different vegetation types are shown in Figure 2A,B. Soil aggregates
at different depths were predominantly composed of particles smaller than 0.25 mm; for
particles < 0.25 mm, the distribution was SG (25.95%) > PW (23.42%) > SW (23.14%) > PG
(19.06%); MWD exhibits a trend of first decreasing and then increasing with depth, with
average MWD values showing SW (2.12 mm) > PW (2.03 mm) > PG (1.89 mm) > SG (1.82
mm); The average RC was SG (15.29%) > SW (8.74%) > PW (3.87%) > PG (3.44%). Specifi-
cally, the mean RC for PW was 1.26 times lower than that for SW (p <0.05), and the mean
RC for PG was 3.44 times lower than that for SG (p < 0.01).

Across different vegetation structures, compared with PG, the proportion of PW1o-20
and PW20-s with Re<0.2s increased significantly by 46.41% and 46.17%, respectively; further-
more, the Roso-025 for PWio20 was significantly higher than that for PGio-2o by 73.98%. The
MWD value for PW was the highest, showing a significant increase of 7.45% compared
with that of PG (p < 0.05). In natural secondary vegetation, the proportion of SGo-10 with
R<025 increased significantly by 15.32% compared to SWo-10, and the proportion of SGio-2o
with R«.2s increased significantly by 63.99% compared to SWio-2o (p < 0.05).

For different land-use types, there were significant differences between artificially
restored vegetation and natural secondary vegetation. The Ri.00-0.50 value for PGo-10s0il
was significantly higher than that for SGo-10, being 1.77 times greater; the Roso-0.25 value
for PWio-20 increased by 47.37% compared to that for SWioo (p < 0.05). The Ra.00-025 value
for soils under artificially restored vegetation was significantly influenced by vegetation
type (p <0.05), and soil depth significantly affected the MWD value, with an interaction
effect with vegetation type; the RC of naturally regenerated vegetation was generally
higher than that of artificially restored vegetation and showed an increasing trend with
increasing soil depth.

A B

Soil depth / Cem)

0-10 10-20 20-30 <0.25mm 20
100 3.0 0.25mm

0-10 em
0.5mm B 1020 cm Ba

Imm 18 4 20:30em B
2mm Ba
80 3mm 16 -
ll .5 Smm
—e— MWD 144
2 =2
N 124
g e = 2 5
~ = S 10
Z d20 ~
Z =5 D Ab
= 2 S ] A

40 F =

SW SG

Ca Ca
Ca T Cab
20k C b
: _J I
0+
PW [ PG [

T T T T T T T T T T
PW PG SW SG PW PG SW SG PW PG SW SG

Land use types
Land use types

Figure 2. Characteristics of soil aggregates and rock content under different land-use types: (A) soil
aggregate particle-size distribution and mean weight diameter (MWD) at soil depths of 0-10, 10-20,
and 20-30 cm; (B) rock content (RC) at the three soil depths. Different uppercase letters indicate
significant differences among land use types (p <0.05); different lowercase letters indicate significant

differences among vegetation structures (p < 0.05).
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3.2. Soil Infiltration of the Substrate Under Different Vegetation Types

The soil infiltration characteristics of different vegetation subplots are shown in Fig-
ure 3. The SWC and Ks of soils under artificially restored vegetation were both signifi-
cantly higher than those under natural secondary vegetation, while T was significantly
shorter (p < 0.05). As the soil depth increased, SWC and Ks showed a decreasing trend,
while T correspondingly increased; furthermore, the average SWC, Ks, and T across dif-
ferent soil layers were significantly influenced by vegetation type (p < 0.05).

Artificial vegetation restoration measures significantly improved soil moisture reten-
tion and infiltration capacity. Specifically, the average SWC for PW and PG increased by
55.68% and 67.96%, respectively, compared to natural secondary vegetation. The topsoil
layer (0-20 cm) of PG showed the greatest increase in SWC, reaching 1.19 times and 2.10
times that of SG, respectively. Within the same land-use type, forestland exhibited supe-
rior soil infiltration compared to grassland. The Ks values for each soil layer in PW in-
creased by 83.10%, 64.89%, and 43.14% compared to PG, respectively; the Ks values for
SWio-20 and SW20-30 increased significantly by 38.62% and 35.71%, respectively, compared
to SGio-20and SGzo-30. Under the same vegetation structure, the Ks values of each soil layer
in PW were 1.29 times, 0.85 times, and 0.15 times those of SW, respectively, while the Ks
values of PGo-10 and PGio-20 were 0.25 times and 0.55 times those of SGo-10and SGio-, re-
spectively. The average T range for soils in areas with artificially restored vegetation was
17.15-64.29 s, while that for soils in areas with natural vegetation was 34.25-213.51 s; com-
pared with SW and SG, the average T for PW and PG decreased by 55.54% and 61.08%,
respectively.

28 — 250
26 - Aa Aa K

22 2 Aa /200

: : Bb
18 ~
- B,b - 150

($) L

« CBCa - - 100
10 ar Ca c /

1 ‘ Ab -2 'Ca
8- I dC oo G\ LN |
' \ A " Db
63 BCbCa T ¢ - S0
4 | B AC Aa |

SWC (%) . K, (10%cm's™)
=

PW PGSW SG PW PGSW SG PW PGSW SG
0-10 cm 10-20 cm 20-30 cm

Figure 3. Soil moisture content, average infiltration coefficient, and falling-head duration of various
soil layers under different vegetation covers. Different uppercase letters indicate significant differ-
ences among land use types (p < 0.05); different lowercase letters indicate significant differences

among vegetation structures (p < 0.05).

3.3. Impact Mechanisms on Soil Infiltration Characteristics in Areas Affected by
Rocky Desertification

A correlation analysis was conducted between the physical properties of the soil sub-
strate under different vegetation types and wma, Ks, and T, as shown in Figure 4. RC
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showed a highly significant positive correlation with BD and T (p < 0.01), a significant
negative correlation with NCP (p <0.05), and a highly significant negative correlation with
Ks (p < 0.01), indicating that as the degree of rocky desertification increases, the combina-
tion of soil gravelization and compaction inhibits water infiltration. BD was significantly
negatively correlated with CP and wmax (p < 0.05), extremely significantly and negatively
correlated with NCP and Ks (p < 0.01), and extremely significantly and positively corre-
lated with T (p < 0.01). NCP was extremely significantly and positively correlated with Ks
(p < 0.01), extremely significantly and negatively correlated with T (p <0.01), and signifi-
cantly positively correlated with wma (p <0.05).
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RC RC Kk * ok ok 1
BD [081 BD * # wE ok — 0.8
CP |-0.19 -035 CP | ** * i
NCP |-036 -0.70 0.46 NCP * P
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Figure 4. Correlation analysis of underlying surfaces, soil physical properties, and infiltration pa-
rameters under different vegetation; 5 mm, 3 mm, 2 mm, 1 mm, 0.5 mm, and 0.25 mm denote the
WSA particle sizes; * indicates a significant correlation (p < 0.05), ** indicates a highly significant

correlation (p <0.01).

To elucidate the direct and indirect pathways through which rocky desertification
intensity, soil aggregates, and soil porosity influence soil infiltration properties, partial
least squares structural equation modeling (PLS-SEM) was used for path analysis, as
shown in Figure 5A,B. The sample size used for model analysis was n = 36 (4 restoration
modes x 3 plots x 3 soil depths), with each plot-depth combination representing an inde-
pendent statistical unit. The three ring samples within each plot-depth combination were
averaged prior to analysis to avoid pseudoreplication. The model comprised four latent
variables; soil porosity and soil infiltration properties were specified as reflective (Mode
A) constructs. Soil aggregates were specified as formative (Mode B) because the mass per-
centages of different aggregate size fractions are compositional variables that collectively
form the aggregate characteristics construct. Rocky desertification intensity was specified
as a reflective construct represented by RC and BD. Rocky desertification intensity was
reflected by the rock-to-soil ratio (RC) and soil bulk density (BD); soil aggregates were
reflected by the mass percentages of water-stable aggregates in the 5, 3, 2, 1, 0.5, and 0.25
mm size classes (Rs mm—Ro.25 mm); s0il porosity was reflected by capillary porosity (CP) and
non-capillary porosity (NCP); and soil infiltration properties were reflected by maximum
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water-holding capacity (wma), saturated hydraulic conductivity (Ks), and falling-head du-
ration (T). The measurement model was evaluated in terms of reliability and validity. For
the formative construct (soil aggregates), composite reliability and AVE are not applicable;
instead, we assessed the significance and relevance of each indicator weight. Based on the
outer loadings, composite reliability (CR), and average variance extracted (AVE) of each
latent variable, the standardized loadings of the observed variables ranged from 0.61 to
0.94 and were all significant (p < 0.05), with NCP (0.94) and T (-0.88) showing the highest
loadings. The CR values of the latent variables ranged from 0.78 to 0.92, all exceeding the
acceptable threshold of 0.70, while AVE values ranged from 0.52 to 0.73, all exceeding the
criterion of 0.50, indicating satisfactory internal consistency and convergent validity. Dis-
criminant validity was assessed using the Fornell-Larcker criterion. The variance inflation
factors (VIFs) of all predictor variables ranged from 1.21 to 3.45, well below the threshold
of 5.0, indicating no serious multicollinearity in the model.

As shown in Figure 5A, model evaluation was conducted using 500 bootstrap
resamples. The goodness-of-fit (GOF) index was 0.48. Rocky desertification intensity had
a significant negative direct effect on soil infiltration properties, with a path coefficient of
-0.78 (p < 0.01). Soil aggregates exerted only a weak direct effect on soil infiltration prop-
erties, with a path coefficient of -0.03 (p > 0.05). Soil porosity had a significant positive
direct effect on soil infiltration properties, with a path coefficient of 0.51 (p < 0.05). Rocky
desertification intensity had a weak negative direct effect on soil porosity, with a path
coefficient of —0.16; its indirect negative effect mediated through soil infiltration properties
was —0.40, resulting in a total effect of —0.56. Thus, rocky desertification intensity primarily
inhibited the development of soil porosity through an indirect pathway. The model ex-
plained 62% and 43% of the variance in soil infiltration properties and soil porosity, re-
spectively (R?2=0.62 and 0.43). These results identified rocky desertification intensity, rep-
resented primarily by RC and BD, as a key variable associated with variation in soil infil-
tration properties. Soil infiltration properties were reflected by T (=0.88), Ks (0.84), and wumax
(0.51), with their contributions ranked as T > Ks > wmax. Soil porosity was reflected by NCP
(0.94) and CP (0.74), while the direct contribution of Ru.o0-025 to the soil aggregate construct
was greater than that of Rz.00-5.00.
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Figure 5. The effects of soil aggregates, rocky desertification degree, and porosity on soil infiltration
characteristics were analyzed based on the SEM model. (A) Relationships among the latent and ob-
served variables in the structural equation model. Orange solid arrows indicate positive effects,
whereas blue dashed arrows indicate negative effects. Values beside the arrows represent standard-
ized path coefficients. * and ** indicate significant effects at p < 0.05 and p < 0.01, respectively. (B)
Standardized direct, indirect, and total effects of soil aggregates, rocky desertification, and soil po-
rosity on soil water infiltration. The latent variables include rocky desertification, soil aggregate, soil
porosity, and soil water infiltration, while the observed variables include RC, BD, Rs mm~-Ro.2s mm,
CP, NCP, Wpax, K5, and T.
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4. Discussion
4.1. The Effect of Different Vegetation Covers on Soil Physical Properties

Soil texture, as a key factor influencing water movement, is closely related to physical
properties such as soil pore structure and water-holding capacity [38]. This study found
that the four combined vegetation types differed not only in vegetation establishment
origin and vegetation structure but also significantly in soil particle-size composition (p <
0.05). Artificially restored vegetation had higher sand contents and lower clay contents,
whereas natural secondary vegetation had relatively higher clay contents. Soil texture can
regulate water movement by affecting soil matrix pore size, pore-size distribution, and
resistance to water flow. In general, coarse-textured soils have larger matrix pores,
whereas higher clay contents may increase flow resistance and reduce the hydraulic con-
ductivity of the soil matrix. These findings are consistent with those reported by Li et al.
[39,40]. Sand and clay contents are important variables for predicting near-saturated hy-
draulic conductivity. In this study, artificially restored vegetation exhibited higher satu-
rated hydraulic conductivity, which was partly associated with its coarser soil texture and
thus could not be attributed solely to the effect of vegetation restoration [41]. Water con-
duction under saturated and near-saturated conditions is governed not only by particle
size composition but also by soil structure and the number and connectivity of
macropores [42]. Soil porosity can be characterized by total porosity, capillary porosity,
and non-capillary porosity. Changes in soil porosity may affect soil water pathways and
are closely related to soil infiltration capacity [43]. NCP primarily reflects macroporosity,
CP primarily reflects microporosity, and BD primarily reflects total porosity. Research by
Zeng et al. indicates that total porosity is the primary factor influencing the steady-state
infiltration rate in karst regions [44]. In this study, compared with natural secondary veg-
etation, artificially restored vegetation exhibited significantly lower soil bulk density (BD)
and markedly improved pore structure, with significant increases in total porosity (TP),
capillary porosity (CP), and non-capillary porosity (NCP) (p < 0.05). In particular, NCP
increased by 32.62-33.33%, substantially enhancing soil water-holding and infiltration ca-
pacities. These findings are consistent with those reported by Fu et al. [40]. Changes in soil
moisture affect soil infiltration capacity by altering the volume of soil aggregates, which
in turn changes soil porosity and connectivity [45]. The R<.25 particle size fraction is a di-
rect factor affecting soil structure, and the distribution of soil pore sizes influences water
movement [46]. Root growth, litter inputs, and soil biological activity may enhance soil
hydraulic conductivity by improving aggregate structure and promoting the formation of
continuous macropores, thereby increasing soil resistance to erosion and improving soil
infiltration properties [47]. Previous studies on vegetation restoration have shown that
restoration-induced changes in soil porosity, macroporosity, and organic matter can
jointly enhance soil infiltration capacity. Under near-saturated conditions, the effects of
land use, soil compaction, and management practices on hydraulic conductivity may be
comparable in magnitude to those of soil texture. Therefore, the effects of soil texture and
vegetation are not mutually exclusive; rather, they may jointly regulate water transmis-
sion through two types of flow pathways: matrix pores and structural macropores [43]. In
addition, this study found that RC affected soil bulk density, pore conditions, and soil
water movement. Artificially restored vegetation effectively exhibited lower RC values,
thereby alleviating the adverse effects of compression at the rock-soil interface on soil
pores, prolonging water retention, and enhancing soil infiltration properties in karst areas.

4.2. The Effect of Different Vegetation Covers on Soil Infiltration Characteristics

Differences in vegetation-covered land surfaces affect the vertical distribution of soil
water, which is a major factor influencing soil infiltration and evapotranspiration [21]. In

https://doi.org/10.3390/hydrology13070197



Hydrology 2026, 13, 197

13 of 17

this study, artificially restored vegetation areas generally exhibited higher saturated hy-
draulic conductivity and shorter falling-head durations; however, these differences were
more likely associated with root-induced improvements in soil physical properties. Pre-
vious studies have shown that a tree-shrub-herb structure can effectively regulate soil
pore structure through the distribution of roots at different depths [48]. Roots under a
shrub-herb structure can reduce surface soil bulk density (BD) and increase soil water-
holding capacity and water infiltration. Moreover, a complex vertical vegetation structure
can attenuate the negative effects of BD, RC, and soil depth on soil water content (SWC).

Significant differences in Ks and T were observed among the four underlying-surface
types. Artificially restored vegetation exhibited greater infiltration capacity than natural
secondary vegetation, and its T was significantly shorter than that of natural secondary
vegetation (p < 0.05). Within the same restoration mode, Ks at all soil depths was signifi-
cantly higher in PW and SW than in PG and SG, respectively, while SWC in the 20-30 cm
soil layer was higher in PW and SW than in PG and SG, respectively. These results further
indicated a positive association between vegetation restoration and improved soil infiltra-
tion performance. Overall, artificially restored vegetation plots exhibited lower BD, higher
NCP, and greater infiltration capacity. Moreover, woodlands with a tree-shrub-herb
structure performed better than grasslands with a shrub-herb structure, suggesting that
greater complexity of the vertical vegetation structure may favor improvements in soil
infiltration properties [49]. From the perspective of soil physical properties, BD and SWC
jointly regulate pore connectivity and the initial soil water status, thereby directly affect-
ing Ks and T. An increase in BD reduces soil pore connectivity, significantly decreases Ks,
and restricts water infiltration, thereby prolonging T. In contrast, higher SWC brings the
soil column closer to saturation and consequently shortens T. Mean SWC, Ks, and T across
soil depths were significantly affected by vegetation type (p < 0.05). Both SWC and Ks de-
creased with increasing soil depth, whereas T showed the opposite trend. Surface soils
exhibited greater water infiltration capacity and storage potential, possibly because of root
distribution and organic matter accumulation, whereas increased compaction in deeper
soils increased resistance to water movement. In addition, T varied widely among the un-
disturbed soil columns examined in this study, suggesting that BD and SWC may exhibit
threshold effects. T may increase markedly when BD exceeds a critical value or when SWC
falls below a certain level. Future studies could further verify these threshold characteris-
tics by conducting gradient experiments using repacked soil columns.

4.3. Analysis of the Mechanisms Affecting Soil Infiltration Properties

Vegetation restoration mode is generally considered a major factor influencing soil
infiltration properties because it alters soil physical and chemical characteristics [50]. Us-
ing structural equation modeling (SEM), Eldridge et al. analyzed the effects of different
vegetation restoration modes on soil water infiltration and found that shrubs exerted an
indirect mediating effect on cumulative infiltration by modifying the surface litter layer
and its incorporation into the soil [51]. In this study, PLS-SEM was further used to evaluate
the effects and relative importance of rocky desertification intensity, soil porosity, and soil
aggregates on soil infiltration properties. As a key external driver, rocky desertification
intensity exerted the strongest negative direct effect on soil infiltration properties (-0.78)
and was primarily represented by the two observed variables BD and RC [52]. Increasing
rocky desertification intensity is often accompanied by reduced soil porosity and in-
creased compaction, which in turn constrain soil water-holding and infiltration capacities.
This is consistent with the high loading of T as a major response indicator of rocky deser-
tification intensity (—0.88). The quantity and composition of soil pores exerted a dominant
positive influence on infiltration properties. Among the pore-related indicators, NCP (0.94)
made the greatest contribution to the formation of rapid water-flow pathways and served
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as a key mediating variable for enhancing overall infiltration capacity. CP primarily pro-
motes capillary water retention, whereas NCP provides storage space and preferential
flow pathways for gravitational water infiltration [40]. Together, they regulate soil water
retention and hydraulic conductivity, with the direct effect exceeding the indirect effect.
Soil aggregates mainly regulated Ks, and the 1.00-0.25 mm aggregate fraction contributed
more to structural stability than the larger aggregate fractions. This fraction directly af-
fected soil water-holding and water-transmission capacities and indirectly influenced in-
filtration by modifying pore-size distribution and pore dimensions, with the direct effect
again exceeding the indirect effect. In the integrated representation of infiltration proper-
ties, T (-0.88), Ks (0.84), and wmax (0.51) jointly reflected soil water infiltration characteris-
tics, with their contributions ranked as T > Ks > wwmax. This indicates that Ks and T are the
core indicators determining the rate of soil water movement.

This study has several limitations. It was conducted at a single site with limited rep-
lication (three plots per vegetation type), based on a space-for-time design without pre-
restoration data, and sampling was restricted to one season. Consequently, observed dif-
ferences between vegetation types may partly reflect initial soil conditions, texture, and
rock fragment content rather than vegetation effects alone. Additionally, the observational
PLS-SEM analysis does not establish causation [53]. Future studies with long-term moni-
toring, controlled experiments, or paired-site designs are needed to further separate veg-
etation effects from legacy effects of site history.

5. Conclusions

(1) Soil physical properties differed significantly among vegetation-covered land sur-
faces in the urban rocky desertification area. Soil bulk density (BD) was lower in ar-
tificially restored vegetation plots (PG and PW) than in natural secondary vegetation
plots (SG and SW), whereas capillary porosity (CP), non-capillary porosity (NCP),
and water-holding capacity were higher. Soils under artificially restored vegetation
were predominantly sandy loam, whereas those under natural secondary vegetation
were predominantly clayey. Differences in sand and clay contents between the two
restoration types were consistent with the observed differences in infiltration perfor-
mance.

(2) Soil infiltration performance varied markedly among vegetation-covered land sur-
faces, following the order PW > PG > SW > SG. Saturated hydraulic conductivity (Ks)
was higher, and falling-head duration (T) was shorter under artificially restored veg-
etation than under natural secondary vegetation. In addition, woodlands with a tree—
shrub-herb structure exhibited better infiltration performance than grasslands, sug-
gesting that greater vertical structural complexity may favor improvements in soil
infiltration properties.

(3) The PLS-SEM model further revealed that soil infiltration properties were jointly rep-
resented by T, Ks, and wmax. These variables were jointly regulated by rocky deserti-
fication intensity (-0.78), soil porosity (0.51), and soil aggregates (-0.03). Rocky des-
ertification intensity was the principal factor limiting T; NCP (0.94) was the key me-
diating variable governing soil water storage and transport pathways; and the 1.00-
0.25 mm aggregate fraction contributed more to soil structural stability than the
larger aggregate fractions.
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