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Abstract: Soil water infiltration is an important hydrological process influencing mountain
ecosystems' runoff and soil loss. Our study evaluates soil water infiltration characteristics and the
underlying mechanisms under Carya cathayensis plantations with different planting years: 6 (CCs
years)> 20 (CC20 years), and 50 (CCso years), and native forest was chosen as control (CCp year). The Philip,
Kostiakov, Kostiakov-lewis, and Horton models were selected to evaluate their applicability under
different planting years of Carya cathayensis plantations. The results showed that: (1) Converting
native forests to Carya cathayensis plantations significantly decreased soil water infiltration rates,
with average infiltration rate (4/R), initial infiltration rate (//R), and stable infiltration rate (SIR)
decreasing by 33.11% ~ 70.98%, 31.23% ~ 64.11%, and 40.13% ~ 75.01%, respectively; (2) Soil
water infiltration rates were improved with planting years, with the highest value shown under CCs
years; (3) The correlation and path analysis indicated that //R and SIR were mainly affected by soil
non-capillary porosity, while A/R was mainly influenced by 5-2 mm water stable aggregate fraction;
(4) The Kostiakov model is found to be the most appropriate for characterizing soil infiltration
characteristics in the study area. These findings shed insight into soil water infiltration processes
and regulating factors for preventing and controlling soil erosion and restoring soil health in land

use change, particularly forest cover conversion in the Dabie Mountains area.

Keywords: Economic forest; Different planting years; Path analysis; Soil erosion; Soil water

infiltration
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1. Introduction

Soil infiltration, which refers to the process of water entering the soil from the land
surface, is a crucial hydrological cycle in terrestrial ecosystems, serving as a bridge
between groundwater, surface water, and soil water (Lozano-Baez et al., 2019; Wang et
al., 2011). Soil infiltration impacts the formation of slope surface runoff, water
redistribution, nutrient transport, and soil erosion (Cui et al., 2019; Assouline and
Kamai., 2022; Wu et al., 2021). Therefore, studying water infiltration is of great
significance for gaining a deeper understanding of soil hydrological processes and
preventing soil erosion.

Carya cathayensis, a specific nut tree species in China, provides high-quality nuts
and oil product for human beings. Due to large-scale agricultural and forestry
development activities since the 1980s, many native forests in the Dabie Mountains
area have been extensively converted into Carya cathayensis plantations. Land use
change has caused adverse impacts on the environment due to the removal of native
vegetation (both aboveground and belowground biomass) and slope-based cultivation
without soil and water conservation management (Liu et al., 2018; Wu et al., 2013).
The soil disturbance during land consolidation, together with the decrease of vegetation
canopy and increase of bare soil surface exposed to raindrops, might have caused
deterioration of soil properties (Montgomery, 2007; Wang et al., 2017; Zhao et al.,
2013). Studies indicated that soil water infiltration rate is significantly influenced by
both plant root morphological traits and soil properties (Fischer et al., 2015; Wu et al.,
2021; Jiaetal., 2017; Molina et al., et al., 2006). Carya cathayensis plantations undergo
a series of intensive management activities after planting, such as weeding, pruning,
and harvesting, which would cause soil compaction and landcover decline. The change
in understory vegetation type and diversity will inevitably affect litter input, root
morphological traits, and soil properties such as soil porosity, aggregation, organic
matter, and bulk density (Kalhoro et al., 2019; Deuchars et al., 1999; Dexter., 2004),
thereby would affect the processes of soil water penetration, transportation, and even

the regional ecological environment (KODESOVA et al., 2011; Vizioli et al., 2021;
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Taboada et al., 1998).

Planting years were reported to have a direct or indirect effect on soil water
infiltration characteristics due to the influence on soil properties and vegetation root
distribution in forest ecosystems (Kurmi et al., 2020; Wang et al., 2018b; Das et al.,
2018). Long-term planting may lead to an increase in soil compaction and degradation
of soil structure, which would cause a decrease in soil infiltration capacity (Wang et al.,
2018b; Das et al., 2018). However, other studies pointed out that long-term planting did
not necessarily lead to a continuous escalation of soil susceptibility. Vegetation roots
gradually developed as increasing planting years and soil organic matter content
increased, promoting the formation of soil aggregate structure, which was beneficial for
increasing soil porosity and improving soil water infiltration capacity (Jiang et al., 2018;
Du et al., 2023). The interconnected soil pores, formed by soil aggregates, regulate the
movement and speed of water in the soil through pore structure and properties (Scholl
et al., 2014; Chivenge et al., 2011; Wang et al., 2023). Small pores are beneficial for
retaining water, whereas larger pores facilitate the movement of water through the soil.
In addition, the flow of water in soil pores affects the formation, connectivity, and
stability of soil aggregates through the transportation and migration of clay particles;
The creation of soil pore networks is fundamentally based on soil aggregates, and their
formation process is closely related to root activity (Wu et al., 2021; Liu et al., 2020;
Leung et al., 2015).

The typical positive feedback between aggregates and plant roots is as follows:
Firstly, plant roots foster aggregate formation through several mechanisms, including
the enhancement of wet-dry cycles, exerting physical stress as they grow, secreting
phenolic compounds in root exudates, and contributing to the SOM (Jegou et al., 2001;
Scholl et al., 2014); Additionally, certain root-associated microorganisms, including
soil fungi, can aid in aggregate formation by strengthening the binding between soil
particles and small organic compounds (Liu et al., 2015; Luna et al., 2018). Thus, under
the background of long-term plantations of Carya cathayensis, the alterations in soil
water infiltration with changes in plant roots and soil characteristics are influenced by

numerous factors over planting time, which is worth further studies.



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Establishing a suitable soil infiltration model is crucial for accurately quantifying
soil infiltration potential, which is essential for a deeper comprehension of hydrological
cyclesand predicting future soil infiltration processes and ecological effects (Liu et al.
2019; Lipiec et al., 2006; Hafiz et al., 2019). Several theoretical models have been
proposed to characterize the soil infiltration process (Al-Azawi, 1985; Mao et al., 2011),
including the Kostiakov model, the Horton model, the Philip model, and the Kostiakov-
Lewis model (Musa and Adeoye., 2010). These models have undergone extensive
validation and are commonly applied in field testing and indoor analysis. However, the
applicability of soil infiltration models varies in different regions and situations
(Mahapatra et al., 2020; Gundalia, 2018; Umar Farid et al., 2019).

This study aimed to examine soil infiltration characteristics under different Carya
cathayensis planting years (CCég years, CC20 years, and CCso years) and select corresponding
quantitative models suitable for the Dabie mountainous area. Taking the native forest
(CCoyear) as the reference (control), we hypothesized that (i) converting the native forest
to Carya cathayensis plantations weakened soil infiltrability; (ii) soil infiltrability
would be enhanced with the increase of planting years; (ii1) the impacts of root
morphological traits on soil infiltrability could be contingent upon soil properties. The
results will be helpful to the planting and effective management of Carya cathayensis

for sustainable forest soil and water conservation.

2. Materials and Methods

2.1 Research area

The research area is located in the transition zone between the north and south
climates, belonging to the humid monsoon climate of the northern subtropical zone. It
is greatly affected by the monsoon, with distinct four seasons, abundant rainfall,
concentrated summer rainfall, and significant regional differences and vertical changes.
The precipitation is mainly concentrated in summer, with an average annual
precipitation of over 1300 mm. Summer rainfall is the most concentrated, accounting
for 40% to 50% of the annual precipitation. There are significant spatial differences in

rainfall, with more precipitation in mountainous areas compared to hilly areas. The
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annual average temperature is 15.3 °C, with an average temperature of 3 °C in January
and 27.9 °C in July. The soil mainly consists of coarse bone soil, yellow brown soil,
mountain brown soil, purple soil, and other soil types.
2.2 Experiment design

Carya cathayensis is one of the important economic forest species in Guanmiao
Town, Jinzhai County. Prior to the experiment, on-site inspections should be conducted
to obtain relevant data from the local government on the establishment and management
of Carya cathayensis plantations since February 2023. Three different years of Carya
cathayensis plantations-6 years (CCe years), 20 years (CC20years), and 50 years (CCso years),
and a native forest nearby (control) were selected in this study (Fig. 1). Three sampling
plots (10 m % 10 m) were set up as replication under each year, and totally 12 sampling
plots were employed. The basic information of the sampling plots is summarized in
Table 1. Soil management mainly involves weeding and tillage while tree management
includes pruning and pecan harvesting. In addition, since the research area is a typical
rocky mountainous area with shallow soil layers, the Carya cathayensis plantations had
a significant impact on the surface soil layer (Zhu et al., 2025). Accordingly, the 0~20

cm soil layer was selected for testing in this study (Niu et al., 2023; Liu et al., 2015).
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2.3 Soil sampling and analysis

Soil samples were collected at the vertical projection position of the tree crown
projection edge. At each sampling plot, undisturbed soil cores were collected with 100
cm’ stainless steel cylinders from 0~20 cm soil depth to measure soil water infiltration
characteristics, bulk density (BD), and soil porosity. Three undisturbed soils were
collected to measure mechanical-stable and water-stable aggregates. To avoid
disturbing on soil structure, samples were stored in rigid plastic boxes (17 cm x 11 cm
x 7 cm) and carefully delivered to the lab, which were then air-drying immediately and
hand-break along natural cracks. Additionally, mixed soil samples were collected with
soil auger for analyzing soil organic matter (SOM).

Soil BD, capillary porosity (CP), non-capillary porosity (NCP), and total porosity
(TP) were determined using the water suction method (Wang et al., 2008). Briefly,
soaking the soil cores (V,, 100 cm?) in purified water they reached a consistent weight
(m1) and the water depth did not exceed the bottom cover. Saturating the samples in
water for 24 hours until a constant weight (m2) was obtained. Then, the soil cores were

dried at 105 ° C for 24 hours and weighed (m3). The calculation formulas refer to Eq.
(D-(4):

CP =" % 100 (1)
Ve
NCP = @ x 100 (2)
t

TP = CP + NCP 3)
mg

BD = — 4

7 (4)

Soil organic matter (SOM) was analyzed using the dichromate oxidation method
(Bao., 2000). Undisturbed soils were carefully sifted through an 8 mm sieve to measure
soil aggregates. The size distribution of mechanical-stable aggregate was measured
using dry sieving, and the wet sieving method was used for soil water stable aggregates
fractionation with a soil aggregate analyzer (SAA08052, Shanghai) (Su et al., 2010).
Soil aggregates stability (including the mean weight diameter (MWD), geometric mean
diameter (GMD), and fractal dimension (D)) were determined based on Eq. (5)-(7)

(Kemper and Rosenau, 1986) to assess the effects of Carya cathayensis planting years
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on the soil structure:

MWD = Z x;W; (5)
GMD = exp [ ST (6)
log hadd
lOg(dmtzx)

Where: w, is the total mass of soil, d; is the mean diameter of the particle sizes
between two sieves, dqy 1S the mean diameter of the largest soil particle size, w; is
the cumulative weight of soil particles smaller than d;, wy is the sum of the weight of
each soil particle size, w; is the mass percentage (%) of the i particle size aggregate,
and x; refers to the average particle size of the two adjacent size classes (mm).

In practical operation, we attempted to use the double ring method to measure
water infiltration in the field. However, due to the large slope of the experimental fields
(> 20°), the water surface could not maintain balance, which greatly affected the soil
infiltration characteristics data. Secondly, the experiment was conducted in March, and
the temperature difference between day and night caused significant changes in soil
temperature and humidity throughout the day, significantly affecting water infiltration.
Therefore, based on the research of Zhang (2020) and Gan (2023), we chose the indoor
cutting infiltration method to measure soil infiltration. An empty ring was placed on top
of the collected soil core, the junction sealed with tape and hot wax, and the samples
subsequently arranged on a glass funnel with a beaker placed beneath it. Purified water
was added into the empty ring placed atop each collected soil core, and timing
commenced upon the appearance of the first water drop. The volume of water in the
beaker was recorded using a graduated cylinder at intervals of 1, 2, 3, 5, 10, 15 minutes
and so on, until three consecutive measurements yielded constant values. Throughout
the measurement period, the water level within the ring was maintained at 5 mm by
adding purified water as needed, and the water temperature was continuously monitored.

The soil infiltration characteristics were described with three indicators: initial
infiltration rate (/IR, cmemin™'), stable infiltration rate (SIR, cmemin'), and average

infiltration rate (4/R, cmemin™). The /IR refers to the infiltration rate before 3 minutes;
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The SIR is the infiltration rate at which the infiltration amount per unit of time tends to
be stable; The A/R is the average rate of the entire infiltration process, which is the ratio
of the total infiltration amount to the time consumed (Green and Ampt., 1911). The
infiltration rate of all soil cores reached stability within 70 minutes.
2.4 Plant root sampling and analysis

Plant roots were obtained with the root drilling method (Ciro et al., 2022). At each
sampling plot, 4 soil samples were taken with a soil auger and delivered to the
laboratory for root morphological traits measurement. Roots were carefully separated
from the soil and repeatedly rinsed with distilled water. Root images were captured with
Epson Perfection V750 Photo Scanner and preceded with Win-Rhizo 2009 software to
obtain root morphological traits diameter (including average diameter (AD), root length
(RL), root surface area (RSA), root length density (RLD), and root volume (RV)
(Himmelbauer, Loiskandl, and Kastanek, 2004). Afterward, plant roots were dried at
75°C for 48 h to obtain root biomass (RB) (Liu et al., 2020).
2.5 Soil water infiltration model

Hortonmodel: A= q + (p — q)e™ (8)

where A is the infiltration rate (mm-min'), p is the initial infiltration rate, q is the

stable infiltration rate, and k is the empirical parameter (Horton 1940).
1 1
Philip: A = Emt 24+n 9

where m is the infiltration coefficient, n is the stable infiltration rate and t is the

infiltration time (min). (Dunn and Philip., 1958; Philip, 1957).

Kostiakov:A = at™® (10)
where a and b are empirical parameters, where a is equivalent to the initial
infiltration rate. (Naeth et al., 1991; Kostiakov, 1932).

Kostiakov — lewis:A=at™ + b (11)

Where a, b, n are all empirical parameters, where b is equivalent to the stable
infiltration rate (Lewis, 1937).

The suitability of these models was assessed through metrics such as the

correlation coefficient (r), root mean square error (RMSE), and coefficient of
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determination (R?) based on the simulated and measured data (Nash et al., 1970).
2.6 Statistical analysis

One-way analysis of variance (ANOVA) was conducted to assess differences in
soil water infiltration characteristics, root morphological traits, and soil properties
among various treatments, while pearson correlation analysis was employed to
investigate the relationships among soil water infiltration characteristics, root
morphological traits, and soil properties. Stepwise multiple regression analysis was
used to select the most important predictors of soil infiltration characteristics. This
iterative approach adds or removes variables based on statistical criteria (e.g. F- or
t-tests), resulting in a streamlined model of significant predictors. Based on the
regression findings, path analysis partitions each predictor’s total effect into direct
effects and indirect effects, thus dissect the underlying causal mechanisms. Data were
analyzed with SPSS 20.0. The Taylor diagram and infiltration curve fitting were
implemented using MATLAB. All results were considered statistically significant if p-

values were below the 0.05 level.

3. Results

3.1 Soil water infiltration characteristics

Soil infiltration rates decreased sharply within the first 10 mins and then
progressively approached stability over time (Fig. 2a). Native forests (CCo year) had the
highest AR (20.54 (mm-min™')), ZIR (20.03 (mm-min™)), and SIR (15.2 (mm-min™")).
The conversion of native forests to Carya cathayensis plantations decreased the AIR,
IIR, and SIR by 33.11%~70.98%, 31.23%~64.11%, and 40.13%~75.01%, respectively.
However, with the increase of planting years, the AIR, IIR, and SIR of Carya
cathayensis plantations increased significantly with the highest soil infiltration rates

ShOWIl ln CCSO years (Flg.2b, C, and d).

3.2 Soil properties
3.2.1 Soil organic matter, bulk density, and porosity

The conversion of native forests to Carya cathayensis plantations significantly
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increased SOM and BD by 52.63%~97.96% and 22.11%~60%, respectively.
Additionally, land use change markedly decreased soil porosity, with the lowest TP
shown in CCé years, followed by CCz0 years and CCso years. With the increase of planting
years, soil BD was significantly decreased, while CP and TP were significantly
increased (p < 0.05). Soil NCP was not different between Carya cathayensis with
different planting years. Carya cathayensis plantations cultivated for 20 years have the
highest SOM, which was 105 g-kg™.
3.2.2 Soil aggregate-size distribution and Stability

The size distribution of mechanical stable aggregates significantly changed after
converting native forests to Carya cathayensis plantations (p < 0.05; Fig.3a). Land use
change significantly decreased the proportion of > 5 mm and 5-2 mm aggregate
fractions, while increasing the proportion of small aggregate fractions, such as 0.5-0.25
mm fraction, which was 1.5 times higher in CCo year than CCé years (p < 0.05). With the
increase of planting years, Carya cathayensis plantations significantly decreased the
proportions of 0.5-0.25 mm aggregate fractions while increasing the proportions of

other fractions (p < 0.05; Fig.3a).

The soil mechanical stable aggregates (MWD and GMD) were markedly
decreased by land use change. Although soil MWD and GMD were both increased with
cultivation years, the values were still significantly lower than that under native forests.
(Fig.3b and c). The fractal dimension (D) was lowest in CC year and highest in CCg years.
The fractal dimension was gradually decreased with the increasing planting years of

Carya cathayensis.

The size distribution of water stable aggregates was significantly altered by land
use change (p <0.05; Fig. 4a). The <2 mm aggregate fractions were significantly higher
in CCé years than CCo year, While > 2 mm aggregate fractions showed the opposite trend.
With the increase of planting years of Carya cathayensis, the < 2 mm aggregate
fractions tend to decrease while the > 2 mm aggregate fractions tend to increase.

After the native forests were developed into Carya cathayensis plantations, the
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MWD and GMD of water stable aggregates were decreased to 1/3 and 1/5 in CCé years
when compared with that in CCo year, respectively,. The fractal dimension of water stable
aggregates in the CCg years increased to 2 times of that in the CCo year (p < 0.05; Fig. 4b,
¢, and d). Soil MWD and GMD increased, but D decreased significantly with the

increasing planting years of Carya cathayensis (p < 0.05).

3.3 Root morphological traits

The root morphological distribution under different treatments was shown in
Fig.5a. The RB, RL, AD, RV, RLD and RSA, which were extracted from Fig. 5a, were
shown in Fig. 5b, c, d, e, f and g. The ranges were 7.98~33.65 t-hm™, 289.87~1420.72
cm, 0.25~0.67 mm, 0.56~4.87 cm®, 0.29~1.38 cm-cm™, and 38.91~289.2 cm?
respectively. The RB, RL, AD, RV, RLD and RSA all decreased due to land use changes.
With the years of Carya cathayensis plantation increase, the RB, RL, AD, RV, RLD and
RSA were significantly increased (p < 0.05). However, even after 50 years of Carya
cathayensis planting, the values of RB, RL, AD, RV, RLD and RSA in native forests

were comparatively higher than those observed.

Correlation analysis showed that root morphological traits were all positively
correlated with SOM, CP, NCP, TP, M>smm, Ms-2mm, MMmwbp, Mamp, W>5mm, W5-2mm,

Wwmwp, and Wawmp, while negatively correlated with BD, Mp, and Wp (p < 0.05; Fig.6).

3.4 The correlation between soil infiltration characteristics and environmental
factors
The correlation analyses showed that soil infiltration characteristics (/IR, SIR, and
AIR) had a significant positive correlation with SOM, CP, NCP, TP, M>5mm, Ms-2mm,
Mmwb, Mamp, W>5mm, W5-2mm, Wmwp, Wamp, RV, RSA, RL, RB, AD and RLD, while

a significant negative correlation with BD, Mp, and Wp (p < 0.05; Fig.7).

Regression analysis was conducted with /IR, AIR, and SIR selected as dependent
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variables Y;, Y, and Y3, respectively, There were a total of 28 factors that were selected
as independent variables: SOM (X;), BD (X2), CP (X3), NCP (X4), TP (X5), M>5mm (X5),
Msomm (X7), Ma-imm (Xs), Mi1-0.5mm (X9), Mo.5-0.25mm (X70), M<0.25mm (X17), Mmwp (X12),
Maowmp (X73), Mb (X14), Wasmm (X75), Ws2mm (X16), Wa-1mm (X77), Wi-05mm (X18), Wos-
0.25mm (X19), Wmwp (X20), Mamp (X21), Mb (X22), RV (X23), RSA (X24), RLD (X25), RL
(X26), AD (X27), and RB (X2s). Multivariate stepwise regression identified the key and
independent factors affecting soil /IR, AIR, and SIR. Further path analysis was
conducted to assess their direct and indirect impacts on the extent of soil infiltration.
The coefficients of R? for soil /IR, AIR, and SIR were 0.992, 0.981, and 0.993,
respectively (Table 3). Regression analysis indicated a substantial relationship among
the variables, and the resulting model had statistical significance. At the same time, the
stepwise multiple regression revealed that soil BD, NCP, Ws.mm, and RB were the
primary determinants influencing soil infiltration characteristics (/IR, AIR, and SIR) in
the study area. In order to determine the degree of influence of the selected factors on

soil infiltration rates, path analysis was conducted.

Soil NCP, Ws.mm, and RB had direct positive impacts on /IR, SIR, and AIR, while
BD had a direct negative impact on infiltration characteristics (Table 4). The direct
influencing factors of water infiltration characteristics were NCP and Ws.mm. The
overall indirect influence of BD and RB on soil infiltration characteristics exceeded
their direct effects, and the indirect effects affected soil water infiltration characteristics
mainly through NCP and Ws.omm. According to the determination coefficients in Fig. 8,
the factors affecting /7R and SIR followed the order: NCP > Ws.omm > BD > RB, while
the ranking of factors affecting the 4/R was Ws.omm > NCP > BD > RB.
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3.5 Fitting and accuracy evaluation of soil infiltration models

Correlation coefficient (r), root mean square error (RMSE), coefficient of
determination (R?), standard deviation, and empirical parameters were used to evaluate
the applicability of four infiltration models in simulating soil infiltration processes
under different planting years. In the Taylor diagram, each model is plotted as a point,
and the closer that point lies to the observational reference, the greater the overall
agreement in correlation, variability, and precision. According to the statistical
parameters simulated by different infiltration models (Fig. 9), it can be seen that all four
infiltration models can simulate the infiltration process of soil under different planting
years well, with a correlation coefficient between 0.85 and 1.00 and a determination
coefficient > 0.84. Among them, the Kostiakov model has the highest » (> 0.95), R* (>
0.91), and minimum RMSE value at different experimental points (Fig. 10 and Table
5), indicating that the Kostiakov model is most suitable for simulating the infiltration
process, while Philip model was poor (with the lowest » and standard deviation, and the
highest RMSE). In the Kostiakov-Lewis model, the b-value represents SIR, and the
simulation results were intermediate between -37.740 and 3.709. The b-values of CCo
year, CC20 years, and CCso years Were negative, inconsistent with the actual infiltration
theory (Table 5). In summary, the Kostiakov model is the most suitable for describing

the infiltration process under different planting years in Carya cathayensis plantation.
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4. Discussion

4.1 Soil infiltration characteristics as affected by land use change

Changes in land use can alter stand structure, understory vegetation diversity, and
soil structure, thereby affecting soil water infiltrability (Wang et al., 2018a; Fischer et
al., 2015). In this study, converting the native forests to Carya cathayensis plantations
significantly decreased soil infiltration characteristics (Fig. 2). This result was
consistent with previous findings regarding the effects of land use change on soil
infiltration capacity (Neris et al., 2012; Ma et al., 2007). According to the field survey,
there was higher vegetation coverage, litter, and thicker humus layer under native
forests than Carya cathayensis plantation (Table 1). Vegetation coverage and litter
could intercept rainfall in the vertical direction and block slope runoff in the horizontal
direction (Li et al., 2016; Himmelbauer et al., 2004). At the same time, the higher
amount of litter would lead to a higher soil organic matter content, which fosters soil
aggregates, further improving soil structure, increasing soil porosity, and enhancing soil
water infiltration performance to avoid soil erosion (Sun et al., 2018; Yimer et al., 2008;
Tu et al., 2023). The composition of plant species under Carya cathayensis plantation
is relatively simple due to land management, such as weeding might lead to a drastic
decline in aggregate stability in the soils after planting Carya cathayensis (Table 1,
Fig.3 and 4). We found that some of the large aggregates (> 2 mm) are destroyed to
form smaller aggregates after land use change which would easily lost with surface
runoff (Fig.3 and 4), consistent with Casermeiro et al. (2004) and Bruno et al. (2021).
Meanwhile, soil compaction (higher BD under Carya cathayensis plantation) caused
by harvest activity would destroy the soil aggregation structure, change the number and
size of large pores, make the soil denser, and weaken the water permeability (Watanabe
et al., 2017). Additionally, the formed small soil aggregates by destroying large
aggregates (Ws.omm) might block large pores to hinder water penetration (Gong et al.,
2018). The dispersed clay particles may also form a dense layer on the soil surface,
decreasing infiltration capacity (Wu et al., 2016a). Our result demonstrated that soil

infiltration characteristics were correlated with CP, NCP, TP, SOM, M>5mm, M5.2mm,
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Mmwp, Momp, W=smm, Ws2mm, Wmwp, and Wawmp, similar to Zhong et al (2017) and
KODESOVA R et al (2011) (p < 0.05; Fig. 8). It is generally believed that soil organic
matter can promote the formation of soil aggregate structure, increase the stability of
aggregates, improve soil pore structure, and thereby promote soil water infiltration
(Mailapalli 2012; Edmondson et al., 2014; Wu et al., 2021).

It is worth noting that our findings showed that forest soils exhibit infiltration rates
2~4 times higher than those in agricultural or grassland systems under different land
use types, consistent with observations by Wilpert (2022). The enhanced infiltration in
forested terrain primarily results from:1) surface cover, such as litter layers and
understory vegetation, which buffer raindrop impact, reduce compaction, and enable
more effective water entry (Kalhoro et al., 2019); 2) extensive root systems, especially
mature tree roots, which create stable macropores that act as rapid water conduits into
the soil profile (Ghestem et al., 2011; Zhao et al., 2013). Yet high infiltration does not
automatically eliminate erosion risk. In our study area, short-term, high-intensity
rainfall during the plum-rain (June~July) and typhoon (July~September) seasons can
temporarily surpass infiltration capacity, particularly on bare or disturbed surfaces.
Under such conditions, slope gradient, vegetation cover, surface sealing, and antecedent
soil moisture interact to influence runoft and erosion potential. For example, steep
slopes shorten residence time for surface water, increasing overland flow risk; shallow
soils or exposed bedrock restrict vertical infiltration and encourage lateral subsurface
flow. Meanwhile, the infiltration rates measured in this study were derived under
controlled laboratory conditions, where surface heterogeneity and compaction are
minimized. Field conditions often feature crust formation, variable surface roughness,
or localized compaction, which can reduce actual infiltration efficiency.

4.2 Soil infiltration characteristics as affected by planting years of Carya
cathayensis plantations

Changes in planting years alter understory vegetation diversity, litter, and root
morphological traits, resulting in changes in soil porosity, aggregates, organic matter,
and soil bulk density, which in turn affect soil infiltrability (Vizioli et al., 2021; Vivoni

et al., 2008; Zheng et al., 2022). Our study showed that long-term (> 50 years) planting
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of Carya cathayensis improved soil structure, the finding aligned with the results
reported by Wu et al. (2013). The increased MWD and GMD enhanced its erosion
resistance, which benefits soil infiltration characteristics (Fig. 2, 3, and 4). Compared
to the old Carya cathayensis forests, the newly planted Carya cathayensis forests had
more human cultivation operations, such as pesticide application and continuous use of
heavy machinery, which leads to soil compaction and degradation, thereby reducing
soil water infiltration. However, Sone et al. (2019) demonstrated that long-term
continuous cropping degrades soil hydraulic properties by compromising aggregate
structure, reducing porosity, and depleting organic matter. These effects are intensified
by diminished root density and litter inputs in croplands relative to agroforestry systems.
This mechanistic pathway—structural deterioration due to biogenic resource loss—
underpins the observed reductions in soil water infiltration characteristics. With the
increase of planting years, the canopy in the Carya cathayensis plantations increased
gradually, and plant residues (litter) and also increased (Table 1; Fig. 5 and 6). Larger
canopy can intercept more rainwater, buffer the impact of rainwater on the soil, avoid
the destruction of soil aggregate structure, and reduce soil erosion (Tu et al., 2023;
Noellemeyer et al., 2008). In addition, plant roots also have an impact on soil /IR, AIR,
and SIR (Ghestem et al., 2011; Zhao et al., 2013; Leung et al., 2018), which was
supported by our results (Fig. 7). The root system serves as the main pathway for the
material connection between soil and plants, and the main initial source of soil organic
matter (Cui et al., 2019; Zhao et al., 2013; Wu et al., 2021), as supported by a significant
positive correlation between plant roots and SOM (Fig.6; Wu et al., 2016a; Guo et al.,
2019b). Root residues could increase SOM, fostering soil aggregates and improving
soil porosity and aeration (Zhang et al., 2019). Therefore, the increased root with time
provided more binding agent to form aggregates, thereby increasing soil aggregate
stability and porosity (Table 2; Fig.3 and 4), and correspondingly enhancing water
infiltration capacity (Fig.6; Poulenard et al., 2001; Zhu et al., 2020).

Path analysis indicated that soil BD, NCP, Wsomm, and RB are the main
influencing factors, directly or indirectly affected soil /IR, AIR, and SIR (Table 4). The

physical entanglement effect of roots in soil caused entanglement and rearrangement of
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soil particles, would lead to changes in soil aggregate structure (Huang et al., 2017;
Bronick and Lal., 2005). The macroaggregates are mainly formed by the entanglement
and cementation of microbial secretions and organic binders (Guo et al., 2019a; Elliott,
E., 1986). With the increase of the content of Ws.omm, when raindrops hit the soil, the
dispersion and damage rate of water stable aggregates decreased, and soil stability
aggregates were enhanced. The stronger the soil's erosion resistance, the more favorable
it was for water infiltration (Gong et al., 2018; KODESOVA R et al., 2011). We found
that NCP had a more direct impact on soil infiltrability, similar to the results reported
by Kabir et al (2020) and Wu et al (2016b). The decay of the root system changed
the soil pore structure of the soil (Leung et al., 2015; Sun et al., 2018; Hudek et al.,
2010). With the increase in soil NCP, the longitudinal and transverse water infiltration
rates in the soil significantly increased, and the infiltration time was relatively short,
which provided a good premise for soil water infiltration within a certain range (Jiang
et al., 2018; Bronick and Lal, 2005; Jergensen et al., 2002).
4.3 Evaluation of the Applicability of Infiltration Models

Compared with most models that only use the coefficient of determination (R*) or
other single overall goodness of fit evaluation indicators to evaluate the goodness of fit,
this study simultaneously uses correlation coefficient (), root mean square error
(RMSE), and standard deviation to verify and evaluate the simulation goodness of fit
and the adaptability of each model. The nonlinear regression analysis indicated that the
Kostiakov-lewis and Kostiakov models had better fitting effects. The Kostiakov model
had the highest prediction accuracy and was deemed the most appropriate for
simulating the water infiltration process (Table 5; Fig. 9 and 10), consistent with Silva's
research results (2007). The Kostiakov model belongs to the empirical model, and the
model parameters have no clear physical meaning. Its simple model form can
effectively describe the short-term infiltration process, which is the case for our
experiment. However, the Kostiakov-lewis model has higher prediction accuracy for
long-term water infiltration (Silva., 2007). In addition, Philip model is a physical model
that generally has a good fitting effect on the one-dimensional infiltration of

homogeneous soil. In contrast, the Horton model takes actual infiltration values for
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simulation, which is less applicable than the Kostiakov model due to the influence of
soil structure (Flerchinger. et al., 2006). On the contrary, Madab et al (2019) showed
that the Kostiakov and Philip models had the lowest accuracy in predicting water
infiltration before and after rice planting. This is mainly because the selected soil
infiltration models are all derived under specific applicable conditions, which, to some
extent, reflect the infiltration laws and do not have universal applicability. Future
attention should be paid to studying soil infiltration processes in different regions and

research objects.

5. Conclusion

Land use change from native forests to Carya cathayensis plantations decreased
soil water infiltration characteristics, which supports our first hypothesis. The decreased
infiltration performance was due to the decreased proportion of >2 mm aggregate
fractions, NCP and RB, and increased BD. With the increase of planting years, soil
infiltrability would be enhanced as the formation of large aggregates, the decreased soil
compaction, the improved soil aggregate stability, and enhanced root biomass, which
might be beneficial for preventing soil erosion. Soil NCP and Wsomm were the
predominant factors directly influencing soil infiltrability. Root affected soil
infiltrability primarily through NCP and Ws.2mm which support our third hypothesis.
Soil properties exerted a more significant influence on soil water infiltration capacity
compared to root system characteristics, and the NCP and Ws.mm can be selected as
indicators for evaluating and analyzing the soil infiltration characteristics of Carya
cathayensis plantations in the Dabie Mountains area. The most suitable soil infiltration
model for our research area is the Kostiakov model, succeeded closely by the Horton

model.
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Fig. 1. The geographical location and on-site photographs of the study sites.
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Table 1. the detailed information of sampling sites under different planting years

. ) ) Crown . Litter
Planting Slope Slope Slope Altitude  Tree height ) Row and plant Diameter at breast ~ Canopy
- width ] ] coverage
years grade(®) aspect position (m) (m) spacing (m) height (cm) (%)
(m) (%)
North- 400-
CC o year 25 Down NA NA NA NA 40 100
east 600
200-
CC 6 years 37 North Down 3.5 3X3.5 10X6 30 20 95
400
200-
CC 20 years 32 North Down 4.2 7X17.5 10X 10 60 25 100
400
North- 600-
CC 50 years 20 Up 9 7X9.5 6X6 75 15 90
west 800
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Table 2. Basic soil properties under under different treatments.

. SOM BD
Planting years . 3 CP (%) NCP (%) TP (%)
(g'kg) (mg-m~)
CC o yeal0 21.66+1.27b  0.95+0.07d  43.024342a  13.10£1.88a  56.12+1.54 a
CC 6 yearsO 15.50+2.55¢  1.52+0.12a  25.56+1.74d 6.66+0.60 b 32.22+1.14d
CC 20 years20 3591£393a  1.31+0.06 b  32.68+0.12 ¢ 5.44£1.65b 38.12+1.53 ¢
CC 50 yearsS0 26.10+1.83b  1.16£0.08 ¢  38.12+0.61 b 8.40+£1.56 b 46.52+1.96 b

Note: SOM, soil organic matter; BD, bulk density; CP, capillary porosity; NCP, non-capillary

porosity; TP, total porosity. Different lowercase letters represent statistical differences at 0.05 level.



896 Table 3. Regression equation of soil infiltration rates and influncing factors.

Kolmogorov-Smirnova Shapiro-Wilk Stepwise Multiple Regression

R2
Statistics df P Statistics df P Equation

Y/=-3.341-2.873BD +0.879  ( og

OR 0151 12 0200° 0910 12 0219  NCP+0.629 Wsamm— 0.062
RB 9
Y>=-19.584+4.683 BD +1.298 (96

AR 0.150 12 0200 0917 12 0328 NCP+0.874 Ws.omm + 0.182
RB 7
Y5=-20.872+4.032 BD +1.302 5 9g

SIR  0.153 12 0200° 0923 12 0293  NCP +0.529 Ws.omm +0.206
RB 4

897 Note: /IR, initial infiltration rate; AIR, average infiltration rate; SIR, stable infiltration rate; BD,
898  bulk density; NCP, non-capillary porosity; Ws.omm, Water aggregate 5-2 mm; RB, root biomass. *

899  represents a significant correlation at the p = 0.05 level.



900 Table 4. Path coefficients between environmental factors and soil infiltration characteristics.

Soil infiltration Correlation Direct Path Indirect Path Coefficients
Independent Variable
characteristics Coefficient Coefficient BD NCP Ws.2mm RB Total
BD -0.941 -0.181 / -0.598 -0.353 0.191 -0.760
NCP 0.895 0.521 0.156 / 0.298 -0.080 0.374
1IR
Wsomm 0.828 0.389 0.186 0.342 / -0.089 0.439
RB 0.905 0.169 0.138 0.233 0.365 / 0.736
BD -0.932 -0.214 / -0.435 -0.346 -0.063 -0.718
NCP 0.907 0.608 -0.064 / 0.312 0.051 0.299
AIR
Ws.2mm 0.872 0.583 -0.080 0.341 / 0.028 0.289
RB 0.951 0.126 -0.178 0.518 0.485 / 0.825
BD -0.916 -0.201 / -0.608 -0.412 -0.097 -1.117
NCP 0.923 0.759 -0.148 / 0.287 0.025 0.164
SIR
Ws.2mm 0.805 0.314 -0.176 0.552 / 0.115 0.491
RB 0.945 0.102 -0.231 0.573 0.501 / 0.843

901  Note: /IR, initial infiltration rate; 4/R, average infiltration rate; SIR, stable infiltration rate; BD, bulk density; NCP, non-capillary porosity; Ws.omm, Water aggregate 5-

902 2 mm; RB, root biomass.



903 Table 5 Fitting and accuracy evaluation of soil infiltration models under different planting years

Soil infiltration models Parameters CC o year CC 6 years CC 20 years CC 50 years
m 32.578 16.949 21.725 25.778
Philip n 14.697 2.924 6.429 9.116
R? 0.942 0.977 0.844 0.885
a 31.340 11.523 17.532 22.287
Kostiakov 0.168 0.283 0.216 0.195
R? 0.986 0.940 0.911 0.930
a 35.390 7.499 21.076 59.932
Kostiakov-lewis n 0.143 0.658 0.125 0.057
b -4.069 3.709 -5.453 -37.740
R? 0.930 0.984 0.905 0.935
P 32.298 19.006 16.550 21.506
Horton q 16.166 4.625 5.048 8.705
k -0.103 -0.663 -0.038 -0.050
R? 0.914 0.927 0.847 0.866
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