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Soil pore characteristics play a crucial role in determining soil hydrological processes. Plant diversity is recog-
nized as a key factor in regulating soil hydraulic conductivity. However, the mechanisms by which plant diversity
influencing soil pore characteristics and, consequently, hydraulic conductivity remain unclear. This study
investigated the effects of herbaceous plant species richness on soil pore structure and its influence on both

I;fy“: ngis: it saturated and near-saturated hydraulic conductivity. A controlled experiment was conducted with four levels of
nt aiversi! . . . . . . . .

CTa ersity herbaceous plant species richness (monoculture to four-species mixtures), coupled with soil pore analysis using
Soil structure X-ray computed tomography and measurements of saturated and near-saturated hydraulic conductivity. Our
Biopores results showed that increasing plant diversity significantly increased soil porosity, particularly at plant richness

levels of three and four species. This increase was primarily driven by an increase in connected porosity and a
decrease in isolated porosity. Furthermore, the fractal dimension of both total pores and connected pores
increased with increasing species richness. We found significant positive correlations between both near-
saturated and saturated hydraulic conductivity and several pore characteristics including total porosity, con-
nected porosity, connected pores, the fractal dimension, total biopores volume, and the specific characteristic of
biopores. In-depth analysis indicated that saturated hydraulic conductivity was positively influenced by species
richness, both directly through increased connected porosity and indirectly through changes in biopore volume,
shape factor, and equivalent diameter. Additionally, species richness enhanced near-saturated hydraulic con-
ductivity by increasing connected porosity and the shape factor of biopores. Our findings highlight the impor-
tance of plant diversity in regulating soil pore structure and enhancing hydraulic conductivity, contributing to a
better understanding of the coupled plant-soil-hydrology processes and suggesting implications for sustainable
ecosystem management.

Fractal dimension

1. Introduction diversity plays a crucial role in regulating water cycle processes,

including evapotranspiration, surface runoff, and soil infiltration

Plant diversity can enhance plant productivity and promote nutrient
accumulation, making it a critical component for achieving Sustainable
Development Goals (SDGs), particularly SDG 6 (Clean Water and Sani-
tation), SDG 13 (Climate Action), and SDG 15 (Life on Land) (Blicharska
et al., 2019; Isbell et al., 2011; Lange et al., 2019; Tilman, 2000). Plant

(Fischer et al., 2015; Liu et al., 2025; Ma et al., 2024b). Recent experi-
mental evidence demonstrates that multi-species cover crop systems can
significantly enhance soil hydraulic functions. For example, Haruna
et al. (2023) reported that a two-year mixed cover crop rotation
(wheat-clover-triticale-vetch) reduced bulk density by 17 % and
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increased macroporosity-driven saturated hydraulic conductivity (Ksat)
by 23-28 % compared to monoculture systems, though they cautioned
about temporal variability in these effects. Soil hydraulic conductivity
(the ability of soil to transmit water under unit hydraulic gradient) is a
fundamental property that governs key hydrological processes such as
infiltration (the process of water entry at the soil surface), while pref-
erential flow (channelized movement through macropores) operates
largely independent of matrix hydraulic conductivity and is instead
controlled by macropore characteristics and connectivity (Blanchy et al.,
2023; Hillel, 2003). Understanding how plant diversity influences soil
hydraulic conductivity is essential for sustainable water resource man-
agement and mitigating the impacts of climate change.

Plant diversity affects soil hydraulic conductivity through various
mechanisms that may regulate soil pore characteristics. Soil pore char-
acteristics, including volume, size, shape, and connectivity, play a
crucial role in determining the retention and transport of water
(Houston et al., 2017; Koestel et al., 2018; Schliiter et al., 2020; Zheng
et al., 2022). Underlying these characteristics is the soil pore system,
which refers to the interconnected network of pores of varying sizes and
shapes within the soil matrix (Wang and Zhang, 2024). The specific
arrangement and attributes of this network, known as pore structure,
describe the geometric arrangement and characteristics of these pores
(Rabot et al., 2018). The formation of soil pores is mainly affected by
plant growth (Lucas et al., 2022), soil fauna activities (Stolze et al.,
2022) and management practices (Ferreira et al., 2023). For example,
Bodner et al. (2023) demonstrated that transitioning from conventional
to soil-health-oriented farming systems can partially restore soil pore
characteristics by promoting biological agents of structure formation
and increasing the soil organic carbon to clay ratio. Previous studies
have reported that plant diversity affects plant growth and soil fauna
activity (Korboulewsky et al., 2016; Zhang et al., 2022b), which in turn
may influence soil porosity and pore characteristics, ultimately affecting
soil hydraulic conductivity.

Diverse plant communities exhibit a wide range of root architectures,
resulting in variations in root depth, density, and branching patterns
(Oram, 2018; Yang et al., 2022). This diverse root system architecture
can create complex networks of biopores that enhance soil aeration,
drainage, and water infiltration (Nespoulous et al., 2019; Zhang et al.,
2024). For example, species with deep taproots can create macropores
that facilitate rapid infiltration, while species with dense, fibrous root
systems can enhance the connectivity of smaller pores (Shao et al., 2024;
Tang et al., 2024). Wu et al. (2016) found that grass mixtures improve
soil infiltration rate due to their greater root biomasses. In grasslands
sown with multiple species, root channels increased soil infiltration
capacity (Wu et al., 2017). Besides live roots, decayed roots may also
play a significant role in increasing the soil water-holding capacity (Cui
et al.,, 2022). Furthermore, plant diversity can increase soil organic
matter content and composition, leading to improved soil aggregation
and enhanced water infiltration (Bucka et al., 2019; Gould et al., 2016;
Liu et al., 2024; Ma et al., 2023). Ma et al. (2024a) found that the effect
of mixed roots on saturated conductivity was mainly achieved by indi-
rectly affecting soil organic matter. These factors collectively influence
the relationship between plant diversity and soil hydraulic conductivity.
However, the literature also reports instances of no or negative effects of
plant diversity on soil hydraulic parameters (Gould et al., 2016; Ni et al.,
2018), potentially due to factors such as specific plant species combi-
nations, competition for resources, or environmental conditions. Unlike
root characteristics, soil organic matter, and soil structure indicators,
soil pore characteristics directly determine water retention and move-
ment within the soil.

Advances in X-ray computed tomography (XCT) have facilitated the
acquisition of 3D data on soil pore systems, providing more detailed
information about soil pore characteristics than traditional methods like
bulk density measurement and soil moisture characteristic curves
(Talukder et al., 2023; Zhang et al., 2023). While bulk density mea-
surements can estimate total porosity, they do not capture the
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complexity of pore morphology, which is crucial for understanding
water movement in soil. Different pore characteristics, as described by
morphology parameters (with their descriptions and calculation
methods detailed in Table 1), exhibit varying relationships and contri-
butions to soil hydraulic conductivity under different conditions. Soil
hydraulic properties are strongly influenced by the structure and con-
nectivity of soil pores, which can be affected by various biotic and
abiotic factors, such as root growth, soil compaction, and tillage prac-
tices (Qian et al., 2024). Within the complex soil matrix, the relationship
between pore characteristics and hydraulic conductivity is not always
consistent; while many studies link hydraulic conductivity to pore
connectivity (Casali et al., 2024; Chen et al., 2022; Vervoort and Cattle,
2003), others have found no such relationship, particularly regarding
preferential flow (Fukumasu et al., 2024). While previous studies have
investigated the effects of plant diversity on bulk soil properties (Fischer
et al., 2015), our understanding of how plant diversity influences the
detailed three-dimensional structure of soil pores remains limited. Non-
destructive techniques like XCT scanning can more accurately charac-
terize soil pore morphology, helping to elucidate the regulatory role of
these pores in the relationship between plant diversity and soil hydraulic
properties.

Therefore, the present study aims to elucidate how herbaceous plant
diversity modifies soil pore structure and, in turn, influences both
saturated and near-saturated hydraulic conductivity. We hypothesize
that increasing herbaceous plant diversity, through the development of
diverse root systems and increased biopore formation, will alter soil pore
characteristics and specifically enhance macropore connectivity and
create more tortuous flow pathways, leading to higher saturated and
near-saturated hydraulic conductivity. The findings of this study will
contribute to a better understanding of the coupled plant-soil-hydrology
processes and provide scientific evidence for the management of plant
diversity to improve ecosystem hydrological functions.

2. Materials and methods
2.1. Study sites

The experiment was conducted at the Soil and Water Conservation
Field Science Experiment Station (108°07'E, 34°20'N) in Yangling Dis-
trict, Shaanxi Province, China. The site exhibits a continental monsoon
climate, with an average annual temperature of 13 °C. Extreme tem-
peratures range from 42 °C in summer to -19.4 °C in winter, with an
average annual precipitation of 610.2 mm and evaporation of 1505.3
mm. The soil in the experimental area is composed of 28.73 % sand,
40.12 % silt, and 31.15 % clay, with a bulk density of 1.28 g cm™>.

2.2. Experiment design

In March 2022, 36 experimental plots (2x1 m) were established,
each equipped with two tubes for measuring soil moisture using a
portable time domain reflectometer sensor (Trime-pico IPH/T3) during
sampling (Liu et al., 2024). The experiment involved four common
forage species: Medicago sativa (M), Astragalus adsurgens (A), Elymus
dahuricus (E), and Bromus inermis (B), which were planted in different
combinations: single species (M, A, E, B, denoted as T1), two species
(M+E, M+B, A+E, A+B, T2), three species (B+A +E, B+M+E, T3), and
four species (M+A+E+B, T4), as well as a control treatment (CK) with
no planting. The selection of species was based on the following criteria:
1) priority was given to native plants with strong adaptability and
excellent ecological restoration functions; (2) species were reasonably
matched based on morphological, phenological, and physiological
characteristics to promote complementary advantages; (3) seed avail-
ability and suitability for large-scale cultivation were also considered.
Each treatment had three replicate plots, resulting in a total of 36 plots.
The target planting densities were as follows: M: 1.5gm ™2 A: 1.5gm 2,
E: 3 g m 2, and B: 3 g m~2. The seeding densities were referenced from
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Table 1

Descriptions of the pore characteristics.

Pore Description and calculate Function related to soil

characteristics method hydraulic

Porosity The percentage of total pore Total porosity positive
space volume relative to the correlated with K, (An
total volume of the region of et al., 2022; Vervoort and
interest (Larsbo et al., 2014). Cattle, 2003).

Connected Percentage of pore space that Connected porosity, which

porosity is interconnected and allows has the greatest impact on

Isolated porosity

Global
connectivity

Critical pore
diameter (dc)

Length

Width

EqDiameter
(EqD)

Thickness

Area

Volume

Fractal
dimension
(FD)

Shape_VA3d

(Shape)

Hydraulic radius
(HR)

fluid flow (Larsbo et al., 2014).

Percentage of pore space that
is isolated and does not
contribute to fluid flow (
Larsbo et al., 2014).

The ratio of the connected
porosity and the total porosity
(Naveed et al., 2016).

The largest sphere that can
pass through the pore system
form top to bottom (Jarvis

et al., 2017).

Maximum of the ferret
diameters (Fang et al., 2024).
Minimum of the ferret
diameters (Fang et al., 2024).
Equivalent diameter
represents the diameter of the
shape of the same volume (
Herlinger and Vidal, 2022).
Thickness of pores in 3D space.
Reflects pore geometry (Luo
et al., 2010).

Area of the object boundary (
Herlinger and Vidal, 2022).

The number of voxels of the
object multiplied by the
volume of a single voxel.
Measure of the complexity and
self-similarity of the pore
network (Rieu and Sposito,
1991). FD increases with the
complex of structure (Wang
et al., 2019).

Shape_VA3d is shape factor
described as sphericity™> (
Herlinger and Vidal, 2022).
The value of Shape_VA3d is
computed using the formula
A3/(367V?), a value of 1
corresponds to a perfect
sphere. In contrast, larger
values suggest less compact
objects.

The hydraulic radius is
calculated as the ratio of the
pore volume to the pore

permeability (Ling et al.,
2022), has been positively
correlated with both K, (An
etal., 2022) and Kysae (Miiller
et al., 2018).

Pore connectivity, especially
global connectivity,
contributes to increased
hydraulic conductivity (
Kloffel et al., 2024) and is
crucial for estimating Ksa¢
and near-saturated hydraulic
conductivity (Kpsa, Larsbo
et al., 2014; Zhang et al.,
2019).

The critical pore diameter
has been shown to be a
strong predictor of
permeability (Qian et al.,
2024) and is positively
correlated with K, (Kloffel
et al., 2024; Koestel and
Schliiter, 2019).

Pore size affects water flow
in soil (Yu et al., 2019).
Pore size affects water flow
in soil (Yu et al., 2019).
EqDiameter based pore size
significantly affect
permeability (Luo et al.,
2024).

Pore size affects water flow
in soil (Yu et al., 2019).

The results of permeability
simulations showed the
permeability increased with
the increase of 2D/3D pores
size (Yu et al., 2019).

Fractal dimension is
significantly positively
correlated with both K, (Ju
et al., 2024) and solute
preferential transport (
Fukumasu et al., 2024; Luo
et al., 2024).

The air-water flow rate
decreases as the shape factor
decreases(Chen et al., 2022).

Hydraulic radius positive
with permeability (Ju et al.,
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Table 1 (continued)

Function related to soil
hydraulic

Pore Description and calculate
characteristics method

surface area (HR = Pore
Volume / Pore Surface Area) (
Larsbo et al., 2014).

2024; Larsbo et al., 2014;
Qian et al., 2024).

Multifractal Quantify spatial heterogeneity =~ Singularity spectrum width
parameter via singularity spectrum negative with Kgae (Ju et al.,
(Ax) width. 2021).

the densities widely used for these species in local agricultural practices.
To achieve these densities, seeds of each species were weighed and
carefully distributed within each plot to ensure even spacing. Each
treatment had three replicates. Seeds were sown at the end of April
2022. No fertilization or irrigation was applied during the experiment.
Weeds were manually removed as needed to maintain the desired spe-
cies composition in each plot.

2.3. Soil sampling and laboratory analysis

Soil samples were collected in April 2024. Soil samples for physi-
cochemical analyses were collected form 0-20 cm depth using a soil
auger with a 5 cm diameter. These samples were sieved to 2 mm and air-
dried prior to physicochemical analyses. For saturated hydraulic con-
ductivity measurements, one undisturbed soil cores were collected from
each plot at a depth of 5-10 cm using cutting rings (100 cm®). The soil
cores were carefully extracted to minimize disturbance and were
transported to the laboratory in sealed plastic bags to maintain their
moisture content. For XCT scanning, undisturbed soil cores (5 cm
diameter and 7 cm height) were collected using PVC pipes. The cores
were carefully trimmed to fit the sample holder of the XCT scanner,
ensuring minimal disturbance to the soil structure. One soil core was
collected from the center of each plot at a depth of 3-10 cm. As each
species and species combination treatment had three replicate plots, this
resulted in 3, 12, 12, 6, and 3 measurement points for CK, T1, T2, T3,
and T4 treatments, respectively.

Soil organic carbon was determined using the dichromate oxida-
tion-reduction colorimetric method. Total nitrogen content (TN) was
measured using the Kjeldahl method. Soil ammonium nitrogen (NH-N)
and nitrate nitrogen (NO3-N) were analyzed using a flow analyzer.
Dissolved organic carbon (DOC) was extracted with distilled water in a
5:1 soil: water ratio and measured using a Shimadzu TOC analyzer
(TOC-V, Shimadzu, Japan) (Zhang et al., 2022a).

2.4. X-ray CT measurement, image processing and analysis

The undisturbed soil columns were scanned using a Nano Voxel 1280
industrial CT imaging scanner (Tianjin Sanying Precision Instruments
Co., Ltd., China). The peak voltage was set to 80 kV, and the maximum
resolution was 40 pm with an exposure time of 0.2 s. The samples were
fixed on the sample stage and rotated 360° horizontally, with a total of
1,280 projection images collected for each soil column with resolution
of 47.4356 pm. The CT software was used to eliminate ring artifacts and
reconstruct the images.

After the XCT tests, raw images were processed using a combination
of VoxelStudioRecon, Avizo and Fiji software. First, raw CT scan data
were reconstructed using VoxelStudioRecon software, and ring artifacts
were removed during this step. After reconstruction, images were im-
ported into Avizo software where the following sequential steps were
applied: (1) Crop Editor [cropping to 800° voxel cubes]; (2) Filter [a)
Non-Local Means Filtering (spatial standard deviation of 1, intensity
standard deviation of 0.3, search window of 10 voxels, and local
neighborhood of 5 voxels); b) Ring Artifact Removal (radius of 400); c)
Unsharp masking (radius of 4 voxels, edge contrast of 0.7, and bright-
ness threshold of 0)] (Ferreira et al., 2022); (3) Interactive Thresholding
[threshold was based on the peak values in the image’s gray value
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distribution histogram]; (4) Interactive Top-Hat [Black Top hat type and
3D Connectivity of 26]; (5) And Image [combined both segmentation
images]; (6) Label Analysis [Porosity, morphological features (as listed
in Table 1), and connectivity of the segmented pores were calculated
using Avizo software]; (7) 3D Gray Multifractal analysis Boxing count-
ing [the segmented pore images were processed using the Multifractal
plugin in Fiji software to calculate multifractal parameter; (8) Extrac-
tBiopores [the segmented pore images were processed using the SoilJ
plugin in Fiji software to calculate critical pore diameter and identify
biopores (Koestel, 2018)]; (9) Label Analysis [Porosity and morpho-
logical features of the biopores were calculated]. The test and analysis
flow are shown in Fig. 1.

2.5. Soil saturated and near-saturated hydraulic conductivity

Soil saturated hydraulic conductivity was measured constant water
head method described by Wang et al. (2018). Rings collected from filed
were slowly saturated over a 48 h period, then put it into a permeameter
and recorded water volume drop form cutting ring per 30 min until it
stable. K4 values were calculated using Eq (1).

10 x Q, x L

:tar1><S><(h+L) 0

sat

where, Ky is the soil saturated hydraulic conductivity (cm min’l); Qnis
stable water volume (cm_s); tan is the interval of water samples (min); S
is the cross-sectional area of ring; h is water head (cm); L is soil layer
(cm).

Near-saturated hydraulic conductivity was determined using a ten-
sion infiltrometer (Meter Group® Mini Disk infiltrometer) under the
tension of 0.02 m (Webb et al., 2022), which is commonly used in field
measurement (Quigley et al., 2021; Zhao et al., 2014). Field measure-
ments followed the same experimental design and replication scheme as
the soil sampling detailed in Section 2.3. One measurement point was
selected in the center of each plot. At each point, we recorded water
level every minute until the values stable.

Near-saturated hydraulic conductivity was calculated based on the

XCT scan

Raw XCT image

0ZINY

)

Biopores and Multifractal Total Pores

A4 Vizg
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cumulative infiltration data using Zhang (1997)’s theoretical framework
(Egs. 2-4). The van Genuchten-Mualem model, fitted via Levenberg-
Marquardt algorithm in an Excel macro (Ramos et al., 2006), repre-
sents the standard analytical for tension disk infiltrometer data pro-
cessing. Although root-induced pore rearrangement may challenge the
assumption of spatially random pore distribution(Wang et al., 2025), we
prioritized this established methodology because Mualem’s model is a
well-established and widely adopted method for estimating hydraulic
conductivity in both bare and rooted soils (Gregory et al., 2010; Rujner
et al., 2018). Its use in numerous studies facilitates direct comparison
with existing literature.

I=Ct? 4 Cyt @

where, I is the cumulative infiltration rate (cm); t is time (min); C; is the

correlation coefficient of soil hydraulic conductivity (cm min~%%); Cy is
the soil water sorptivity coefficient (cm min~ D).
C
Kmat = Xz (3)
11.65 01 _ 1 (7.50(n—1.9) ahg) 1.9
Ao (n Jexp - ,n < @
(ar)™

where, Ko is near-saturated hydraulic conductivity (cm min~1), which
can be converted to mm min~! by multiplying the value by 10; A is a
dimensionless coefficient; r is the radius of the disk (cm); n and a are the
van Genuchten moisture retention parameters; and hg is the applied
pressure head at the disk (cm). We use values of 1.31 and 0.019 cm’l,
respectively, for N and a, as these parameters were obtained from the
instrument manual based on the soil types.

2.6. Statistical analysis

To account for the nested structure of our experimental design
(species combinations nested within species richness levels), we used
mixed-effects models for analyzing the data. We performed analysis of

Crop Editor

Al

Percolating Pores Isolated Pores

Fig. 1. Flowchart of XCT data processing and analysis.



H. Liu et al.

variance (ANOVA) using the aov(Y ~ SR/Species, data) function in R,
where Y represents the analyzed variable (e.g., porosity, morphological
parameters), SR represents species richness levels, and Species repre-
sents the specific species combinations nested within each richness level.
Additionally, non-parametric Kruskal-Wallis test was used to evaluate
the effect of species richness on soil pore properties, hydraulic conduc-
tivity and soil organic physicochemical properties. Correlations between
species richness and soil pore properties and hydraulic conductivity
were also evaluated using pearson correlation.

Piecewise structure modeling was used to analyze the effect of spe-
cies on soil pore properties and hydraulic conductivity (Lefcheck, 2016).
For structural equation modeling, we used the nlme’ package in R to
construct a mixed-effects model with the same nested structure as
described above (José et al., 2024). This approach allowed us to account
for the potential dependence of observations within each species rich-
ness level.

All analyses were performed in R version 4.3.1 (R Development Core
Team, 2023), Other R packages used for data analysis and visualization
included ‘ggplot2’ (Wickham et al., 2024), 'ggpubr’ (Kassambara, 2023),
and 'Hmisc' (Frank and Charles, 2024).

3. Results
3.1. Soil porosity characteristics measured by X-ray CT

The effects of species richness on soil porosity, fractal dimension, and
other properties are shown in Fig. 2 and Table 2. After the herbaceous
plants were planted, regardless of the number of species, soil total
porosity and connected porosity increased, while isolated porosity
decreased. Additionally, the fractal dimensions of both total pores and
connected pores increased. The bare soil treatment had a total porosity
of 10.36 %, with fractal dimensions of 2.39. For varying levels of species
richness, total porosity and connected porosity increased with
increasing species number. Among the treatments, the highest values for
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Table 2

Soil characters under different treatments. The data are presented as mean
values with standard deviations in parentheses. The treatments include mono-
cultures (T1), two-species mixtures (T2), three-species mixtures (T3), four-
species mixtures (T4), and no planted bare land (CK).

Variable T1 T2 T3 T4 CK
SOC (gkg™)  4.38 4.03 4.46 4.80 4.70
(0.60) (0.65) (0.69) (0.76) (0.71)
TN (gkg ™) 0.50 0.48 0.52 0.53 0.48
(0.05) (0.04) (0.06) (0.07) (0.05)
CNR 8.95 8.39 8.66 9.09 9.76
(1.34) (0.93) (1.14) (0.46) (0.79)
DOC (mg 7.52 5.38 4.94 5.80 6.12
kg™h) (3.34) (3.83) (2.36) (1.77) (3.05)
NH4-N (mg 1.09 1.08 1.17 1.56 0.99
kg™h) (0.47) (0.53) (0.67) (0.63) (1.06)
NN5-N (mg 1.45 0.91 0.69 0.49 0.25
kg ") (1.04) (0.76) (0.41) (0.34) (0.10)
SWC (v/v) 16.21 19.27 14.47 19.23 10.20
(5.13) (4.61) (2.91) (1.23) (2.32)

total porosity and connected porosity were observed with three species,
reaching 19.20 % and 18.55 %, respectively, representing increases of
85.33 % compared to the single-species treatment. The lowest isolated
porosity was also observed with four species, at 0.63 %, a decrease of
47.37 % compared to monoculture treatment. The fractal dimensions of
both total pores and connected pores in different species richness
treatments showed a slight increasing trend.

The vertical distribution of soil porosity within the soil columns is
presented in Fig. 3A. For all treatments, total porosity and connected
porosity exhibited similar patterns. After the establishment of herba-
ceous plant communities, total porosity and connected porosity in the
0-4 cm depth, with the increase becoming more pronounced with
increasing species richness. Conversely, isolated porosity showed an
opposite trend. Figs. 3B, 3D, and 3F illustrate the distribution of porosity
across different equivalent diameters, lengths, and widths of connected

Total pores Connected pores Isolated pores

A) a a 55 B) a a 20 a a C)
20 Q Q
X
= b * 16 b * e
20 oy
g b ﬁ b | 10 R
o 12 Eéﬂ i c | 12 E%ﬂl*ll-

+ os| |
2.2
b
5 250] ") s 250( B) s &= 2w a ap)
g b E* Qi 2.1
€ 245 c |2451 ¢ b #
524 M
© 2.0 € bc
3 2.40 $ 2.40 $ E*
o
L
2.35 2.35 L .

T1 T2 T3 T4 CK
Species richness

T1 T2 T3 T4 CK
Species richness

T1 T2 T3 T4 CK
Species richness

Fig. 2. Soil porosity and fractal dimension in different treatments. The boxplots illustrate the variation in (A) total porosity (%), (B) connected porosity (%), (C)
isolated porosity (%), (D) fractal dimension of total pores, (E) fractal dimension of connected pores, and (F) fractal dimension of isolated pores across different levels
of species richness. The treatments include monocultures (T1), two-species mixtures (T2), three-species mixtures (T3), four-species mixtures (T4), and no planted
bare land (CK). Different letters above the boxes denote significant differences among treatments for each parameter (p < 0.05). Red dots represent the mean values.
For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.
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Fig. 3. Soil pore characteristics across different plant species richness treatments. Depth profiles of (A) total porosity (B) connected porosity, and (C) isolated
porosity, respectively, with solid lines representing treatment means and shaded areas indicating standard error bands. Probability density distributions of (D)
equivalent diameter, (E) length, and (F) width of soil pores, with inset cumulative distribution curves. The treatments include monocultures (T1), two-species
mixtures (T2), three-species mixtures (T3), four-species mixtures (T4), and no planted bare land (CK).

pores, respectively. The distribution patterns are similar across different
treatments, with most connected pores falling within the ranges of 1-5
mm for equivalent diameter, 2-16 mm for length, and 2-8 mm for
width. However, within these ranges, treatments with higher species
richness exhibit higher porosity values.

Tables 3 and 4 presents the connected pore characteristics for five
different treatments. Four species treatment had the highest biopores
(0.71 %), however, it is not statistically different from T1-T3. Three
species exhibited the highest critical pore dimeters (8.44 mm). Similar, 3
species treatment showed the highest value of EqDiameter, length,
Width, Thickness, Area, and volume with 3.84 mm, 11.71 mm, 5.40 mm,
4.62 mm, 892.50 mrnz, and 29.30 mms, respectively. However, these
indices showed no significant differences among the five treatments.

3.2. Soil saturated and near-saturated hydraulic conductivity in different
treatments

Fig. 4 illustrates the effect of species richness on near-saturated and
saturated hydraulic conductivity in the soil. The CK treatment exhibited
the lowest near-saturated values of 0.067 mm min~! and the lowest
saturated hydraulic conductivity values of 0.113 mm min !, respec-
tively. As species richness increased, near-saturated hydraulic conduc-
tivity generally increased. The four-species mixture exhibited the
highest Kygqe value of 0.169 mm min~}, marking a statistically signifi-
cant increase of 125.4 % compared to the unplanted control. Although
T4 showed a 74.23 % increase compared to monoculture, this difference
was not statistically significant. Similarly, the three-species mixture
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Table 3
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Soil pore characteristics and hydraulic conductivity by species and functional group. Values are means with standard deviations in parentheses. Different lowercase
letters indicate significant differences among species within rows (ANOVA, p < 0.05).

Index Medicago sativa (M) Astragalus adsurgens (A) Elymus dahuricus (E) Bromus inermis (B) Legume Grass
Porosity (%) 11.5(0.39) b 13.7 (0.33) a 12.0 (0.75) ab 12.8 (0.029) ab 12.58 (1.31) a 12.39 (0.98) a
Fractal dimension 2.39 (0.01) a 2.41 (0.00) a 2.40 (0.01) a 2.43 (0.02) a 2.40 (0.01) a 2.41 (0.03) a
(FD, %)
Connected porosity 10.01 (0.62) a 12.55 (0.54) a 10.43 (1.80) a 11.70 (0.31) a 11.28 (1.48) a 11.06 (1.35) a
(CP, %)
CP_FD 2.35(0.01) b 2.39 (0.01) ab 2.38 (0.02) ab 2.41 (0.03) a 2.37 (0.02) a 2.40 (0.03) a
Isolated porosity 1.46 (0.16) a 1.13 (0.08) a 1.10 (0.81) a 1.10 (0.19) a 1.30 (0.21) a 1.10 (0.53) a
(IP, %)
IP_FD 2.05 (0.25) a 2.00 (0.01) a 2.01 (0.11)a 2.03 (0.53) a 2.02 (0.03) a 2.02 (0.08) a
Biopores (%) 0.35 (0.04) a 0.31 (0.05) a 0.38 (0.12) a 0.41 (0.17) a 0.36 (0.08) a 0.36 (0.12) a
dc (mm) 5.34 (0.88) ab 5.34 (0.88) ab 5.34 (0.88) ab 6.62 (1.01) a 6.23 (3.46) a 4.44 (2.52) a
EqDiameter (mm) 3.33 (0.06) a 3.87 (0.20) a 3.78 (0.61) a 3.83(0.17) a 3.60 (0.32) a 3.81 (0.41) a
Length (mm) 9.70 (0.67) a 11.38 (0.79) a 12.15(2.67) a 11.65 (0.63) a 10.54 (1.13) a 11.90 (1.75) a
Width (mm) 4.45(0.31) a 5.39 (0.42) a 5.77 (1.80) a 5.65 (0.76) a 4.92(0.61) a 5.71(1.24) a
Thickness (mm) 3.84 (0.30) a 4.57 (0.43) a 4.96 (1.58) a 4.95 (0.71) a 4.21 (0.52) a 4.96 (1.10) a
Area (mm?) 175.57 (41.94) a 271.62 (58.06) a 342.12 (239.04) a 316.48 (194.61) a 223.59 (49.42) a 329.30 (161.53) a
Volume (mm®) 28.77 (2.50) a 43.58 (5.43) a 38.81(17.87) a 41.02 (7.96) a 36.17 (8.64) a 39.92 (12.43) a
Shape 94.61 (55.12) a 118.00 (53.03) a 322.50 (349.86) a 195.36(57.70) a 106.30 (50.04) a 258.93 (234.82) a
HR 015 (0.02) a 015 (0.01) a 013 (0.02) a 0.13 (0.01) a 0.15(0.13) a 0.13 (0.02) a
Multifractal 0.07 (0.08) a 0.33(0.10) a 0.28 (0.14) a 0.14 (0.02) a 0.20 (0.18) a 0.21 (0.17) a
Kgat 0.17 (0.04) a 0.14 (0.04) a 0.17 (0.03) a 0.16 (0.04) a 0.15 (0.05) a 0.16 (0.03) a
Khsat 0.08 (0.03) a 0.09 (0.04) a 0.12 (0.05) a 0.10 (0.03) a 0.08 (0.02) a 0.11 (0.04) a
Table 4 = ~0.25
Characteristics of the connected pores. The data are presented as mean values £ A) T: B) a
with standard deviations in parentheses. Different lowercase letters indicate = € ab
statistically significant differences among treatments for each parameter (p < = € ab ab
0.05). The treatments include monocultures (T1), two-species mixtures (T2), \E/ I 0.20-
three-species mixtures (T3), four-species mixtures (T4), and no planted bare 2 0.2' : '
land (CK). = =
() =
Index 1 T2 T3 T4 CK = S °
= °
Biopores (%)  0.36 0.41 0.41 0.71 - ) = 0.151 B
(0.029) ab (0.038) ab (0.10) ab (0.27) a Ee) o
de (mm) 5.34(0.88)  6.62 8.44 7.84 - Q2 0.1 3
ab (1.0l a 0.75) a 097 a o =
EgDiameter 3.70 (0.34) 3.43 3.84 3.49 3.44 % é 0.10-
(mm) a (0.22) a (0.24) a (0.20) a 0 ((/g .
Length (mm) 11.22 10.78 11.71 10.64 12.29 © ; y y ; y g y y ; y
(1.58) a (0.98) a (0.95) a (0.1.69) a % Té T2 T3 T4 CK T T2 T3 T4 CK
Width (mm)  5.31(1.02)  4.81 5.40 4.87 5.98 pecies richness Species richness
a (0.44) a (0.48) a (0.48) a
Thickness 458(0.91) 412 4.62 4.18 5.04 Fig. 4. Near-saturated and saturated hydraulic conductivity. The treatments
(mm) a 0.41) a (0.39) a (0.28) a include monocultures (T1), two-species mixtures (T2), three-species mixtures
Area (mm?) 276.45 232.02 892.5 219.69 349.39 (T3), four-species mixtures (T4), and no planted bare land (CK). Different letters
(130.76) a (64.45) a (70.68) a (47.69) a above the boxes denote significant differences among treatments for each
V°1“m§ 23.51 24.22 29.30 23.05 19.88 parameter (p < 0.05). Red dots represent the mean values. (For interpretation
(mm) (5.43)a (4.83) a (515 a (4.62) a of the references to color in this figure legend, the reader is referred to the web
Shape 182.62 140.85 157.25 115.57 575.66 version of this article.)
(180.43) a (58.64) a (61.69) a (35.45) a
HR 014 (0.02) 0.12 0.13 0.13 0.08
a (0.01) a (0.02) a (0.01) a correlated with porosity, fractal dimension, connected porosity, con-
Multifractal 0.20(0.05)  0.16 0.20 0.12 0.04 nected pores fractal dimension and shape factor of biopores, while
a (0.44) (0.34) (0.14) a

Note: CK values represent single observations due to limited connected pore
formation in unplanted soil; statistical comparisons were therefore not feasible
for this treatment.

achieved the highest Ko value of 0.172 mm min~ !, indicating a 129.3 %
increase compared to CK, while the 8.18 % increase compared to T1 was
not statistically significant.

3.3. Soil pores and hydraulic conductivity relationship and species
richness effect

Fig. 5 shows the correlation of soil pore parameters and their rela-
tionship with both near-saturated and saturated hydraulic conductivity.
Near-saturated hydraulic conductivity was significantly positively

negatively correlated with isolated porosity and fractal dimension of
isolated pores. However, saturated hydraulic conductivity was nega-
tively correlated with EqDiameter, volume, width and hydraulic radius
of biopores.

The structural equation model revealed that species richness influ-
enced saturated and near-saturated hydraulic conductivity through
distinct pathways (Fig. 6). Species richness directly increased connected
porosity led to increased Kg,¢. Additionally, the shape factor and volume
of biopores indirectly affected Kgy. For Kpgy, species richness had a
directed positive effect on connected porosity and an indirect positive
effect on the shape factor of biopores, ultimately leading to greater near-
saturated hydraulic conductivity. Fig. 6 C and D shown the standardized
effect size of different factor on Kgyr and Kygat.
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Fig. 5. Correlation heatmap and connecting lines between soil pore characteristics and hydraulic conductivity parameters. The heatmap matrix displays Pearson
correlation coefficients (r) among all pore characteristics, with color intensity indicating correlation strength (red = negative, blue = positive). Connecting lines link
pore characteristics to hydraulic parameters (Kg,: saturated hydraulic conductivity; Kysae: near-saturated hydraulic conductivity). Line thickness represents corre-
lation strength (|r| = 0.1, 0.2, 0.3, 0.4), line type indicates correlation direction (solid = r > 0, dashed = r < 0), and line color denotes statistical significance (blue =
p < 0.05, gray = p > 0.05). Variables include: porosity, fractal dimension (FD), Euler number, gamma, critical diameter, biopores, connected porosity (CP), connected
porosity fractal dimension (CF), isolated porosity (IP), isolated porosity fractal dimension (IF), and 3D pore descriptors prefixed with C (connected pores) or B
(biopores). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

4. Discussion
4.1. Effect of plant species richness on soil pores characteristics

Our findings indicated that increasing plant diversity led to a sig-
nificant increase in soil porosity, particularly at plant richness levels of 3
and 4, where total and connected porosity were significantly greater
than in monoculture treatments. This result aligns with the findings of
Kravchenko et al. (2019) and Wright et al. (2017). Kravchenko et al.
(2019) reported that soil pores with diameters between 30-150 pm were
more abundant in diverse communities compared to monocultures.
Although different pore sizes were detected due to the varying XCT
resolution between our study and that of Kravchenko et al. (2019), the
results consistently showed higher porosity in diverse plant commu-
nities. However, Kravchenko et al. (2021) conducted short-term exper-
iments investigating the effects of different species mixtures on soil pore
characteristics, finding that porosity was determined by species identity,
rather than diversity level.

The impact of plant diversity on soil porosity can be attributed to
three primary, interconnected mechanisms: (1) enhanced soil aggrega-
tion, (2) accelerated nutrient cycling, (3) increased biopore formation
through root growth (bio-tillage). Firstly, plant diversity promotes soil
aggregate stability (Gould et al., 2016). Diverse plant communities,
through a wider variety of root architectures and increased root
biomass, enhance the production of root exudates (e.g., sugars, organic
acids, and amino acids, Eisenhauer et al., 2017; Fujii, 2024). These ex-
udates, along with increased soil fauna activity and improved soil
moisture conditions associated with higher plant diversity, stimulate the
growth of mycorrhizal fungi (Hallett et al., 2009; Mueller et al., 2024;
Wu et al., 2014). Mycorrhizae, in turn, produce glomalin-related soil

protein, a “sticky” substance that binds soil particles together (Yang
et al., 2024). However, it is important to recognize that microbial ac-
tivity can have complex, sometimes counteracting effects. For instance,
certain microbial communities, fueled by root exudates, can produce
hydrophobic compounds that may lead to soil water repellency, poten-
tially impeding infiltration in the uppermost soil layers (Goebel et al.,
2011). These processes contribute to the formation and stabilization of
soil aggregates (Pohl et al., 2009), leading to a shift in pore size distri-
bution, often characterized by a decrease in micropores and an increase
in macropores (Bodner et al., 2014; Lu et al., 2020; Lucas et al., 2022).

Secondly, plant diversity accelerates soil nutrient accumulation,
further influencing soil structure and pore characteristics. The presence
of multiple plant species with different resource uptake strategies leads
to through complementary resource utilization, nutrient enrichment and
facilitation among species (Barry et al., 2019; Zhao et al., 2022). As
demonstrated in our previous study, plant species richness can alter
microbial network characteristics, leading to increased plant-derived
carbon and microbial necromass carbon in the short term (Liu et al.,
2024). This enhanced nutrient availability, particularly organic matter
input, promotes a more favorable soil structure by providing the “glue”
that further stabilizes aggregates and influences pore formation (Bucka
et al., 2019).

Thirdly, and perhaps most directly, plant diversity influences bio-
pore formation through root growth and activity—a process termed
“bio-tillage” (Lucas et al., 2019, 2022). Diverse plant communities
exhibit a wider range of root architectures, including variations in root
depth, diameter, branching patterns, and lifespan (Ma and Chen, 2016;
Oram, 2018). This diversity in root systems leads to the creation of a
complex network of biopores as roots penetrate the soil, creating
channels as they grow and decompose (Jin et al., 2022). Our findings
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Fig. 6. Structural equation model depicting the direct and indirect effects of plant species richness (SR) on saturated hydraulic conductivity (Ksas) and near-saturated
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illustrates the standardized path coefficients for each significant pathway (p < 0.05).

support this, demonstrating that plant species richness increased con-
nected porosity and decreased isolated pores. Moreover, we specifically
observed an increase in biopore characteristics with higher species
richness, as detailed in our results. These biopores, formed by both living
and decaying roots, are crucial for enhancing soil hydraulic conductiv-
ity, as they provide preferential pathways for water movement (Gould
et al., 2016). The decomposition of roots, which is often faster in diverse
communities, leaves behind root channel that contribute to the biopore
formation (Oram, 2018). Additionally, higher porosity can facilitate soil
nutrient accumulation (Lucas et al., 2023). Furthermore, the continuous
wetting and drying cycles near roots, especially pronounced in regions
like the Loess Plateau (Ding et al., 2024), contribute to the formation of
cracks and fissures that further enhance pore connectivity (Nong et al.,
2023; Rasse et al., 2000). These biopores not only facilitate water
movement but also improve aeration and provide habitats for soil or-
ganisms, further influencing soil structure development (Pires et al.,
2017). Although bio-tillage through root growth creates beneficial
macropores, soil fauna activity presents contrasting effects. While
earthworms create macropore networks, their burrowing can simulta-
neously compact adjacent soil matrices, reducing porosity in burrow
walls through mucus secretion and mechanical compression (Bottinelli
et al., 2015; Capowiez et al., 2009). Similarly, while root channels
enhance connectivity, excessive fine root density can reduce macro-
porosity through space occupation and local compaction (Ma et al.,
2024a).

4.2. Effect of plant species richness on soil hydraulic conductivity

Previous studies have reported inconsistent results regarding the
effect of plant species richness on soil hydraulic conductivity. While
some studies have shown no significant effect or even negative

relationships (Blanco-Canqui, 2024), our findings demonstrate that
plant species richness significantly increased both saturated and near-
saturated hydraulic conductivity. These results align with a growing
body of empirical evidence from studies by Wu et al. (2016), Liu et al.
(2019) and Ma et al. (2024a), which have also reported positive effects
of plant diversity on various measures of soil hydraulic properties.

Wu et al. (2016) found that in artificial grasslands, mixed species
plots improved soil infiltration capacity compared to monocultures,
primarily due to increased root biomass. Similarly, in a long-term nat-
ural restoration grassland, Liu et al. (2019) observed that plant species
richness enhanced soil infiltration capacity by increasing soil organic
carbon, improving soil aggregate stability and enhancing porosity. Ma
et al. (2024a) measured saturated hydraulic conductivity in mono-
culture and mixed plots of herbs and shrubs and demonstrated that
mixed plots exhibited higher hydraulic conductivity. Interestingly, they
also found a non-linear relationship between root density and saturated
hydraulic conductivity, with an initial decrease and then another
decrease as root density increased, suggesting that optimal root density
may exist for maximizing hydraulic conductivity.

However, it is important to acknowledge that the relationship be-
tween plant diversity and hydraulic conductivity is complex and can be
influenced by factors beyond species richness alone. For example, a
mechanistic experiment conducted by Gould et al. (2016) in the Jena
grassland experiment found that functional group composition, rather
than species richness per se, was the primary driver of changes in hy-
draulic conductivity. They observed that plots dominated by legumes
had greater hydraulic conductivity and soil strength compared to those
dominated by grasses or forbs, which they attributed to differences in
root architecture, such as larger root diameter and greater rooting depth
(Gould et al., 2016; Ma et al., 2024a). Our functional group analysis
revealed no statistically significant differences between legumes and
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grasses in monocultures for key hydraulic parameters, suggesting that
species-specific traits within functional groups may be more influential
than broad functional classifications. This highlights that species iden-
tity and functional complementarity, rather than richness alone, deter-
mine net hydraulic outcomes (Bardgett et al., 2014). Furthermore,
abiotic factors like temperature can also significantly modulate soil
hydraulic properties. Our site experiences a wide annual temperature
range. Such temperature extremes are known to influence soil water
retention, hydraulic conductivity, and gas permeability, particularly in
rooted soils, through effects on water viscosity, soil structure (e.g.,
freeze-thaw cycles), and root growth dynamics (Wang et al., 2023,
2024). While our findings demonstrate a positive effect of herbaceous
species richness on K under the specific climatic conditions of our
study, the magnitude of this effect could potentially be modulated by the
prevailing temperature regime.

4.3. Mechanisms linking plant species richness, soil pore characteristics
and hydraulic conductivity

The observed positive effects of plant species richness on hydraulic
conductivity in our study can be explained by the changes in soil pore
characteristics driven by increased plant diversity, as discussed in Sec-
tion 4.1. While soil pores are essential for various soil functions,
including water retention and transport, the complex geometry and
structure of pores in natural soils make it challenging to establish clear
relationships between pore characteristics and hydraulic conductivity.
Nevertheless, a systematic review conducted by Basset et al. (2023)
revealed that significant correlations between hydraulic conductivity
and soil structure are commonly observed, although these relationships
can be modified by factors such as soil amendment, crop management
and tillage.

Our findings demonstrate that soil hydraulic conductivity was
significantly correlated with several pore characteristics, consistent with
many previous studies, such as Casali et al. (2024), Ju et al. (2024) and
Qian et al. (2024). However, the influence factors of soil pore charac-
teristics on hydraulic conductivity varied across different studies.
Porosity, number of macropores, macropores diameter, biopores and
connectivity have all been identified as determining factors of hydraulic
conductivity. For example, different sizes of soil pores provide varying
functions: micropores will regulate carbon sequestration and water
retention, while macropores control water transport (Bodner et al.,
2023; Li et al., 2024). Additionally, well-connected pores are the pri-
mary pathway for water transport, and not all the pores contribute to
water movement. Differences in experiment treatment, XCT resolution,
and soil texture may be the primary reason for the varying results.

Our findings demonstrate that plant species richness improved hy-
draulic conductivity by altering pore characteristics, including increased
total porosity, connected porosity, biopore formation, and pore fractal
dimension. These results are consistent with those of Fischer et al.
(2015), who reported that increased porosity and earthworm activity
(which can create biopores) were associated with enhanced infiltration
capacity in more diverse plant communities. The structural equation
modeling results further support the mechanistic link between plant
species richness, changing in pore characteristics, and increased satu-
rated and near-saturated hydraulic conductivity.

Consistent with other studies (Casali et al., 2024; Ju et al., 2024;
Qian et al., 2024), we found significant correlations between soil hy-
draulic conductivity and several pore characteristics. However, the
specific pore characteristics that most strongly influence hydraulic
conductivity can vary across studies, likely due to differences in exper-
imental treatments, soil textures, and the resolution of XCT imaging
(Schliiter et al., 2020). For example, while total porosity is often a good
predictor, pore connectivity, the presence and characteristics of bio-
pores (e.g., length or tortuosity), and pore size distribution, particularly
the proportion of macropores, have also been identified as key factors
controlling water movement (Bodner et al.,, 2023; Fukumasu et al.,

10

Journal of Hydrology 663 (2025) 134218
2024; Ling et al., 2022).
4.4. Implications and limitation

The findings of this study have important implications for sustain-
able ecosystem management, particularly in addressing environmental
challenges such as water scarcity, flooding and climate change (Jung
et al., 2021; Leal Filho et al., 2019). By demonstrating that increased
plant diversity significantly enhances soil porosity, connectivity, and
hydraulic conductivity, this research provides scientific evidence for the
role of biodiversity in regulating factors related to the hydrological
cycle. These improvements in soil infiltration capacity and water
transport under higher plant diversity directly contribute to achieving
SDG 6 (Clean Water and Sanitation). Enhanced soil water storage and
reduced surface runoff can help ensure the availability and quality of
freshwater resources, especially in water-limited regions (Hector, 2022;
Keesstra et al., 2012). Furthermore, the positive effects of plant diversity
on soil pore structure and hydraulic properties can indirectly support
SDG 13 (Climate Action) by enhancing the ability of soil to sequester and
store carbon, thereby contributing to climate change mitigation
(Kravchenko et al., 2019). Additionally, our findings align with the
objectives of SDG 15 (Life on Land) by highlighting the importance of
maintaining and restoring terrestrial ecosystems through the conserva-
tion of plant biodiversity. The enhanced soil hydrological functions
facilitated by diverse plant communities can help sustain the overall
health and productivity of land-based ecosystems (Brauman et al.,
2007), contributing to their resilience in the face of environmental
change (Gao et al., 2023).

However, it is important to acknowledge the limitations of this study
and identify areas for future research. The experiment was conducted
under controlled field conditions, which may not fully capture the
complexity of natural ecosystems, where numerous other biotic and
abiotic factors can interact. Additionally, the relatively short-term na-
ture of the study (two growing seasons) means that the long-term effects
of plant diversity on soil pore characteristics and hydraulic conductivity
remain to be elucidated. Future research should focus on investigating
these relationships in more natural field settings over longer time scales
(e.g., multiple years to decades), as well as exploring the role of different
plant functional groups and their specific traits in driving these pro-
cesses. Incorporating other factors, such as varying climate conditions,
different soil type, and different land management practices, into the
experimental design would also provide a more comprehensive under-
standing of the coupled plant-soil-hydrology system. Furthermore,
investigating the potential feedback mechanisms between plant di-
versity, soil pore structure, and hydrological processes would be valu-
able for predicting the long-term consequences of biodiversity changes
on ecosystem functioning.

5. Conclusion

Using X-ray computed tomography for comprehensive soil pore
characterization, we quantified the effects of herbaceous species di-
versity on soil pore structure and hydraulic properties across experi-
mental treatments ranging from monocultures to four-species mixtures.
Our results demonstrate that increasing herbaceous plant species rich-
ness significantly alters soil pore structure and enhances both saturated
and near-saturated hydraulic conductivity through measurable changes
in porosity. Specifically, three-species mixtures exhibited the highest
total porosity and connected porosity, while simultaneously achieving
peak saturated hydraulic conductivity. Conversely, four-species mix-
tures showed maximal near-saturated hydraulic conductivity. These
findings support our hypothesis that increasing herbaceous plant di-
versity enhances hydraulic conductivity, though the specific physio-
logical and structural mechanisms require further direct investigation.
This suggests that managing plant diversity can be a valuable tool for
improving soil water storage, reducing surface runoff, and potentially
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enhancing carbon sequestration.
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