
Academic Editors: Zhipeng Zhu,

Jianwen Dong, Jinda Qi, Xiong Yao

and Weicong Fu

Received: 29 June 2026

Revised: 17 July 2026

Accepted: 23 July 2026

Published: 24 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Water-Holding Characteristics of Forestry Residues for Urban
Bare Soil Mulching
Bingpeng Qu 1,2,† , Xinyuan Mo 1,2,†, Peisheng Ye 1,2, Yinjun Zhao 3, Liang Wei 4, Yanfei Wei 2,5, Ying Jiang 1,
Baopeng Lu 6,*, Wei Zhou 1, Gang Hu 1 and Xinyu Wang 1

1 School of Environmental and Life Sciences, Nanning Normal University, Nanning 530001, China;
qubingpeng@163.com (B.Q.); moxinyuan333@163.com (X.M.)

2 University Engineering Research Center of “Satellite +” Space AI Intelligent Governance of Natural Resources
in Guangxi, Nanning 530001, China

3 School of Geography Science and Planning, Nanning Normal University, Nanning 530001, China
4 School of Chemistry and Materials, Nanning Normal University, Nanning 530001, China
5 School of Natural Resources and Surveying, Nanning Normal University, Nanning 530001, China
6 Guangxi Jingpeng Technology Co., Ltd., Nanning 530200, China
* Correspondence: gerfect@163.com
† These authors contributed equally to this work.

Abstract

Objective: Forestry management produces abundant residues including wood chips, fallen
leaves and bark. Reusing them as urban organic mulches improves soil quality, mitigates
soil erosion and optimizes urban green space ecology. This study analyzed the water-
holding characteristics of four typical forestry residues to guide urban mulch selection.
Methods: Soaking lab tests were conducted on pine bark (PB), oak leaves (OLs), pine
needles (PNs), and fir wood chips (FWCs) to monitor dynamic variations in water-holding
capacity and absorption rate over soaking time, with data fitted by mathematical models.
Results: All forestry residues exhibited considerable water-holding capacity, with OLs
showing the highest water-retention performance (175.67 t/ha, 145.42%), effective inter-
ception capacity (119.83 t/ha) and interception rate (99.19%) among all tested materials,
followed by FWCs. The water-holding capacity increased rapidly and then leveled off with
prolonged soaking time, and this trend conformed to a logarithmic equation, expressed as
Q = a·ln(t) + b. Water absorption peaked at 15 min before declining slowly until equilib-
rium, and this dynamic process was well fitted by a power function, expressed as V = k·tn.
Conclusions: Given their superior water-holding characteristics, OLs and FWCs are highly
recommended as preferred organic mulches for urban soil applications.

Keywords: forestry residues; water-holding characteristics; organic mulch; urban soil

1. Introduction
Against the backdrop of rapid urbanization in many parts of the world [1], the de-

velopment and quality improvement of urban greening systems have attracted increasing
research and public attention. With the continuous expansion of urban green space coverage
and the diversification of greening layout modes, the daily management and conservation
of urban green ecosystems have grown increasingly complicated, which drives a steady
increase in financial expenditure on maintenance. During the construction and renovation
of urban green infrastructure, including urban forests, urban parks, and roadside green
belts, extensive soil surfaces are frequently disturbed and exposed, resulting in persistent

Forests 2026, 17, 866 https://doi.org/10.3390/f17080866

https://crossmark.crossref.org/dialog?doi=10.3390/f17080866&domain=pdf&date_stamp=2026-07-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-3615-6440
https://doi.org/10.3390/f17080866


Forests 2026, 17, 866 2 of 13

bare soil areas in urban landscapes. The widespread existence of bare soil in urban environ-
ments poses multiple ecological problems: it aggravates surface soil erosion, reduces soil
moisture content and soil water-holding capacity, and induces severe urban dust pollution,
which jointly degrade the overall ecological quality of urban green spaces [2–4].

Forestry residues refer to renewable organic by-products generated during routine for-
est cultivation, logging, and wood processing procedures, mainly including tree branches,
fallen leaves, bark, sawdust, and other forest-derived organic materials. On a global scale,
approximately 0.23 × 109 tons of forestry residues are produced annually, with East Asia
recording the highest yield, followed by South America and North America [5]. Despite
the huge annual output of forestry residues, their resource utilization efficiency remains
low worldwide. At present, the mainstream disposal methods for surplus forestry residues
primarily include biofuel combustion, direct incineration, and landfill stacking. These tradi-
tional disposal approaches not only cause serious secondary pollution to soil environments
and atmospheric ecosystems but also result in the massive waste of valuable organic forest
resources. To date, only a small fraction of forestry residues have been effectively recycled
and applied in soil improvement and industrial production fields [6,7]. In this context,
reusing forestry residues as organic mulch to cover urban bare soil provides a sustainable
and eco-friendly disposal pathway. This innovative utilization mode can effectively solve
two prominent environmental problems simultaneously: it mitigates soil erosion of exposed
urban bare soil and avoids environmental pollution caused by improper residue disposal,
while realizing the high-value resource recycling of waste forestry organic materials [8].

Organic mulching has been widely recognized as a beneficial and sustainable soil
improvement technology for optimizing soil quality and stabilizing ecosystem functions in
urban green areas. A large number of previous studies have confirmed the positive effects
of forestry residues on the ecological restoration of urban bare soil. As an effective surface
covering material, forestry residues can form a protective layer on the soil surface, which
buffers the destructive impact of raindrops on topsoil, reduces soil surface evaporation,
and consequently alleviates soil erosion and improves the soil water-retention capacity [9].
Relevant studies have verified that straw-based organic mulch can effectively reduce runoff
shear stress, thereby significantly decreasing the probability of soil erosion [10]. This theo-
retical basis was further supplemented through simulated rainfall experiments, proving
that forestry residue-derived organic mulch possesses excellent water absorption and water-
retention performance. The mulch layer can stabilize the soil surface structure, inhibit
surface runoff generation, and ultimately achieve efficient soil erosion control [11]. Beyond
hydrological regulation functions, forestry residue mulching also exerts positive effects
on soil biological properties. The incorporation of forestry residues into urban soil can
activate soil microbial metabolic activity, optimize the community structure of beneficial
microorganisms in urban forest ecosystems, and accelerate the cycling processes of soil
carbon and nitrogen elements. It was found that organic mulching treatment significantly
improved rhizosphere soil enzyme activity, increased the accumulation of soil microbial
carbon and nitrogen, and further promoted the turnover and cycling of soil carbon and
nitrogen pools [12]. Consistently, it has been reported that herbaceous and wood biochar
derived from agricultural and forestry residues can significantly enhance carbon sequestra-
tion, pollutant removal, and soil health in green infrastructure systems [13]. In addition,
the ecological regulation effects of organic mulching exhibit obvious spatial heterogeneity
under different environmental conditions and habitat backgrounds. Field experiments on
the Loess Plateau demonstrated that straw organic mulching could effectively alleviate soil
temperature fluctuations, sustain soil moisture retention, and thereby significantly improve
regional crop yield and ecological stability [14].
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Although existing studies have confirmed the multiple ecological benefits of organic
mulching, systematic comparative analysis on the water-holding and hydrological reg-
ulation performance of different types of forestry residues remains insufficient. This
knowledge gap not only restricts the targeted application and popularization of residue
mulch in urban green space management but also highlights the necessity of experimental
investigations into the hydrological characteristics of forestry residues. Given that water-
holding capacity is governed by morphological and physicochemical properties [15,16],
we hypothesized that the four common residue types—wood chips, bark, broadleaf litter,
and coniferous needle litter—would exhibit significant differences in their hydrological
responses, owing to their contrasting structural complexity. Therefore, this study selected
these four types of forestry residues to systematically investigate their water-holding char-
acteristics and hydrological performance differences, with the objective of clarifying their
varying regulation characteristics when used as mulches for urban bare soil remediation.
By comparing the water-holding performance of the four forestry residues, this study aims
to identify the most effective materials and thereby recommend optimal organic mulches
for urban bare soil application. The research results are expected to supplement the re-
search system of water conservation function evaluation for urban soil ecosystems, enrich
the theoretical basis for the resource utilization of forestry waste residues, and provide
practical data support and scientific references for the formulation of targeted urban forest
restoration, green space maintenance, and ecological management measures.

2. Materials and Methods
2.1. Research Objects

This study was carried out in 2025 at the University Engineering Research Center of
“Satellite +” Space AI Intelligent Governance of Natural Resources in Guangxi, Nanning
Normal University, China. For the experiments, four typical forestry residues—pine bark
(PB), oak leaves (OLs), pine needles (PNs), and fir wood chips (FWCs)—were selected
as organic mulch materials to systematically compare their water-holding performance
(Figure 1). Pine (Pinus massoniana Lamb.), oak (Quercus palustris Münchh.), and fir trees
(Abies fabri (Mast.) Craib) are widely cultivated across China, and substantial volumes of
residues are produced during the processes of seedling cultivation, pruning, and wood
processing. These residual materials are highly representative and can well characterize the
main types of forestry residues in China. Furthermore, oak leaves and pine needles were
specifically chosen to represent residues from broad-leaved and coniferous tree species,
respectively, enabling a comprehensive comparative analysis of the hydrological properties
of different forest residue types.

2.2. Data Collection

This study adopted a single-factor completely randomized experimental design with
four types of forestry residues as experimental treatments, and each treatment was set
with three replicates to ensure experimental repeatability and data reliability. The forestry
residues were prepared as organic mulches for application and evenly laid on the surface
of urban soil in the experiment. All residue samples were trimmed to a uniform size of
20 cm × 20 cm × 5 cm, placed in numbered nylon mesh bags, and weighed to record their
initial fresh mass. Each mesh bag was clearly labeled with the corresponding residue type
and replicate number for subsequent identification.
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Figure 1. Four types of forestry residues as organic mulches: (a) pine bark (PB); (b) oak leaves (OLs);
(c) fir wood chips (FWCs); (d) pine needles (PNs).

2.3. Laboratory Analyses

In this study, laboratory immersion experiments were conducted to determine the
water-holding capacities of forestry residue samples. This experimental methodology has
been widely applied in previous studies on the water-holding characteristics of forest
litter [17]. All fresh samples were weighed using a high-precision electronic balance (Wuyi
Zhuheng Electronics Co., Ltd., Jinhua, China). Subsequently, the samples were placed in
labeled envelope bags and dried in a constant-temperature oven at 105 ◦C until a constant
weight was obtained (Shanghai Aixi Aijie Instrument Co., Ltd., Shanghai, China). The stable
dry weight was recorded to calculate the natural moisture content of the forestry residues.

For the water-holding characteristic tests conducted at room temperature (approxi-
mately 25 ◦C), the fully dried residue samples were sealed in nylon bags with a mesh size
of 0.1 mm and completely immersed in purified water. The samples were taken out at
predetermined time intervals of 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h. After natural drainage
until no further water dripping occurred, the samples were weighed to obtain their wet
weight values. The measured weight data were adopted to calculate multiple hydrological
indices, including the maximum water-holding capacity, maximum water-holding amount,
effective water-retention rate, effective water-retention amount, dynamic water-holding
capacity, and water absorption rate. The relevant calculation formulas are presented as
follows [18,19]:

R0 =
m1 − m0

m0
× 100%

Q = (m24 − m0)/m0

Snt =
mnt − m(n−1)t

m0
/t

Wm = m24 − m0

Rm =
m24 − m0

m0
× 100%

Rsv = 0.85 × Rm − R0

Wsv = Rsv × m0
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v =
mnt − m0

t
where m1 represents the fresh weight of the forestry residues; m0 represents the weight of
the residues after oven drying; m24, mnt, and m(n−1)t denote the weight of residues soaked
for 24 h, n hours, and (n − 1) h, respectively (all measured in grams); R0, Rm, and Rsv

indicate the mean moisture content, maximum water-holding rate, and effective water-
retention rate, respectively (all measured as percentages); Wm and Wsv refer to the mean
maximum water-holding capacity and effective water-retention amount, respectively (all
measured as t/ha); Q is the mass water absorption ratio of the forestry residues (measured
as t/t); t denotes the soaking time of forestry residues (measured in h); Snt represents the
mass water absorption rate of the forestry residues; v is the water absorption rate of forestry
residues after soaking for t hours (both the Snt and v values are measured as t/h).

2.4. Data Analysis

All statistical analyses were performed using IBM SPSS Statistics 23 and OriginPro
2024 SR1 software. One-way analysis of variance (ANOVA) with Duncan’s multiple range
test was employed to examine significant differences in the average moisture content and
mass water absorption ratio among different forestry residue types. Nonlinear regression
analysis was applied to fit the dynamic curves of the water-holding process and water
absorption rate, and the corresponding fitting coefficients of determination (R2) and cor-
relation significance were obtained. A significance level of p < 0.05 was adopted for all
statistical tests.

3. Results
3.1. Water Absorption Capacity

The average moisture content differed significantly among the four types of forestry
residues (p < 0.05) (Table 1). The average moisture content ranged from 6.82% ± 1.29%
to 26.94% ± 1.64%, following the order of PNs > OLs > PB > FWCs. Among all residue
types, FWCs exhibited the lowest average moisture content (6.82% ± 1.29%), whereas
PNs showed the highest value (26.94% ± 1.64%). No significant difference was observed
between the average moisture content of PNs (26.94% ± 1.64%) and OLs (24.41% ± 4.32%).
The moisture content of PNs was approximately four times that of FWCs and 1.4 times that
of PB. In addition, a significant difference existed in average moisture content between PB
(18.81% ± 3.16%) and FWCs (6.82% ± 1.29%) (p < 0.05), with the moisture content of PB
being nearly three times higher than that of FWCs.

Table 1. Average moisture content of four types of forestry residues (means ± standard error, n = 3).

Variable PB OLs FWCs PNs

Average moisture content (%) 18.81 ± 3.16 b 24.41 ± 4.32 a 6.82 ± 1.29 c 26.94 ± 1.64 a
Notes: Different lowercase letters indicate significant differences among the four forestry residue types (p < 0.05).

As shown in Figure 2, the mass water absorption ratio differed significantly among
the four types of forestry residues (p < 0.05). The values of the mass water absorption
ratio ranged from 0.3 ± 0.006 t/t to 1.45 ± 0.037 t/t, and the overall ranking was OLs
(1.45 ± 0.037 t/t) > FWCs (1.22 ± 0.046 t/t) > PNs (0.68 ± 0.035 t/t) > PB (0.3 ± 0.006 t/t).
All four forestry residues exhibited distinct fluctuating characteristics in their mass water
absorption ratios throughout the test. OLs presented the highest mass water absorption
ratio, which was 4.8 times that of PB and 2.13 times that of PNs. In contrast, PB had the
lowest mass water absorption ratio, and significant differences were detected between PB
and the other three residue types (p < 0.05).

https://doi.org/10.3390/f17080866

https://doi.org/10.3390/f17080866


Forests 2026, 17, 866 6 of 13

Figure 2. Mass water absorption ratios of four types of forestry residues. Different lowercase letters
indicate significant differences among the four forestry residue types (p < 0.05).

The mass water absorption rates of the four types of forestry residues exhibit similar
trends (Figure 3): all four types of forest residues achieved their maximum mass water
absorption rates within the first 0.25 h of soaking. The absorption rates decreased rapidly
during the period of 0.25–1 h after immersion. A slight but statistically insignificant increase
in water absorption rates was observed from 1 h to 10 h of soaking, and all forest residues
reached water absorption saturation after 10 h of immersion. At the soaking duration
of 0.25 h, OLs exhibited the highest mass water absorption rate, which was significantly
greater than that of the other three residue types. Specifically, the mass water absorption
rate of OLs was approximately 10-fold that of PB, threefold that of PNs, and twofold that
of FWCs. Among all tested residues, the water-absorption process for different forestry
residues decreased in the order OLs > FWCs > PNs > PB; PB showed the lowest mass water
absorption rate.

Figure 3. Mass water absorption rates of four forestry residues over 24 h of immersion.
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3.2. Maximum Water-Holding Capacity

The maximum water-holding capacity of the four types of forestry residues ranged
from 32.83 ± 0.76 to 175.67 ± 3.39 t/ha, with the corresponding maximum water-holding rate
varying between 29.87% ± 0.74% and 145.42% ± 4.52% (Figure 4, Table 2). The maximum
water-holding capacity was ranked as OLs (175.67 ± 3.39 t/ha) > FWCs (83.33 ± 2.16 t/ha)
> PB (40.83 ± 1.77 t/ha) > PNs (32.83 ± 0.76 t/ha), while the maximum water-holding
rate followed a different order: OLs (145.42% ± 4.52%) > FWCs (122.03% ± 5.58%) > PNs
(68.00% ± 3.50%) > PB (29.87% ± 0.74%). Significant differences in both maximum water-
holding capacity and maximum water-holding rate were detected among the four forestry
residue types (p < 0.05). Specifically, OLs exhibited significantly higher values for both
water-holding indices than the other three residue types. Quantitatively, the maximum
water-holding capacity of OLs was twice that of FWCs, approximately four times that of
PB, and five times that of PNs. Additionally, FWCs had a maximum water-holding capacity
1-fold and 1.5-fold higher than that of PB and PNs, respectively.

Figure 4. Maximum water-holding capacities and maximum water-holding rates of four types of
forestry residues. Different lowercase letters indicate significant differences among the four forestry
residue types (p < 0.05).

Table 2. Water-holding characteristics of four types of forestry residues (means ± standard error, n = 3).

Types Maximum Water-Holding
Capacity/t/ha

Maximum
Water-Holding Rate/%

Effective
Water-Retention Rate/%

Effective Water-Retention
Capacity/t/ha

PB 40.83 ± 1.77 c 29.87 ± 0.74 d 6.58 ± 3.51 d 9.05 ± 4.77 d
OLs 175.67 ± 3.39 a 145.42 ± 4.52 a 99.19 ± 5.85 a 119.83 ± 5.90 a

FWCs 83.33 ± 2.16 b 122.03 ± 5.58 b 96.90 ± 6.25 b 66.16 ± 2.80 b
PNs 32.83 ± 0.76 d 68.00 ± 3.50 c 30.86 ± 4.58 c 14.88 ± 1.80 c

Notes: Different lowercase letters within the same column in the above table indicate significant differences in
each parameter among various types of forestry residues (p < 0.05).

3.3. Temporal Changes in Water-Holding Characteristics
3.3.1. Water-Holding Capacity

The relationship between the water-holding capacity of forestry residues and immer-
sion time is illustrated in Figure 5. All four types of forestry residues exhibited consistent
dynamic trends in water-holding capacity with prolonged immersion time. The water-
holding capacity increased sharply within the initial 0.25 h of immersion and continued to
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rise steadily from 0.25 h to 8 h. Subsequently, the growth rate of water-holding capacity
gradually decreased from 8 h to 24 h, and the water absorption process eventually reached
a saturated state. Fitting analysis revealed a significant logarithmic correlation between
the water-holding capacity of the four forestry residues and immersion time, which con-
formed to the equation Q = a·ln(t) + b, with all coefficients of determination, R2, being
greater than 0.88 (Table 3), suggesting a good fit [20]. In the formula, Q represents the
water-holding capacity of forestry residues (t/ha), t denotes the immersion time (h), a is
the fitting coefficient, and b is the constant term of the equation.

Figure 5. Water-holding capacities of four forestry residues over 24 h of immersion.

Table 3. The fitting equations for water-holding capacity and water absorption rate with respect to
soaking time.

Types Water-Holding Capacity Water Absorption Rate

PB Q = 5.34ln t + 20.31, R2 = 0.93 V = 19.80·t−0.79, R2 = 0.999
OLs Q = 7.81ln t + 155.63, R2 = 0.88 V = 155.08·t−0.95, R2 = 0.999

FWCs Q = 8.17ln t + 54.68, R2 = 0.94 V = 53.95·t−0.87, R2 = 0.999
PNs Q = 3.04ln t + 21.96, R2 = 0.93 V = 21.793·t−0.88, R2 = 0.999

3.3.2. Water Absorption Rate

As presented in Figure 6, the water absorption rates of the four forestry residues
exhibited essentially identical temporal variations. The water absorption rate declined
rapidly within the first 2 h of immersion, followed by a moderate decreasing trend from 2 h
to 8 h. The absorption rate gradually stabilized and approached an equilibrium state during
the immersion period of 8 h to 24 h. Fitting analysis demonstrated a robust power-function
correlation between the water absorption rate and immersion time, expressed as V = k·tn,
with all coefficients of determination, R2, exceeding 0.99 (Table 3), indicating excellent
goodness of fit. In this formula, V is the water absorption rate of forestry residues (t/h), t
refers to immersion time (h), k represents the fitting coefficient, and n denotes the exponent
of the power function.
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Figure 6. Water absorption rates of four forestry residues over 24 h of immersion.

3.4. Water-Holding Characteristics

The four types of forestry residues exhibited similar variation patterns in effective
water-retention capacity (Table 2). Their effective water-retention capacity and effective
water-retention rate ranged from 9.05 ± 4.77 to 119.83 ± 5.90 t/ha and 6.58% ± 3.51% to
99.19% ± 5.85%, respectively. The effective water-retention rate of OLs was 1.02 times that
of FWCs, approximately 3.21 times that of PNs, and 15.07 times that of PB. In addition, the
effective water-retention capacity of OLs was 0.81-, 7.05-, and 12.24-fold greater than that
of FWCs, PNs and PB, respectively. Furthermore, there exist significant differences in both
effective water-retention capacity and effective water-retention rate among various types
of forestry residues (p < 0.05). The ranking of both effective water-retention capacity and
rate was consistent across the four residues, following the order: OLs (119.83 ± 5.90 t/ha,
99.19% ± 5.85%) > FWCs (66.16 ± 2.80 t/ha, 96.90% ± 6.25%) > PNs (14.88 ± 1.80 t/ha,
30.86% ± 4.58%) > PB (6.58 ± 3.51 t/ha, 9.05 ± 4.77%). This ranking was identical to that
of the maximum water-holding rate for different forestry residues.

4. Discussion
4.1. Water Absorption Capacity

According to the measurement results, all four types of forestry residues possess water
absorption capacity. This phenomenon is mainly attributed to the chemical composition
of woody plant cell walls, which are predominantly composed of cellulose, hemicellu-
lose, and lignin. These three components constitute the primary chemical framework
of forestry residues and fundamentally govern their hydrophilicity [21,22]. Cellulose
and hemicellulose contain abundant hydroxyl groups that readily form hydrogen bonds
with water molecules, while lignin, a cross-linked phenolic polymer, is intrinsically hy-
drophobic [23,24]. Accordingly, residues with higher cellulose-to-lignin ratios typically
demonstrate superior water absorption capacities. Among the four tested forestry residues,
OLs exhibit the highest gravimetric water absorption rate, demonstrating superior water
absorption capacity, followed by FWCs. In comparison, PB shows the lowest gravimetric
water absorption rate, corresponding to a relatively inferior water absorption performance
relative to the other three residues. The differential water absorption capacities observed
among different forestry residues in this study are consistent with those in a previous
study [25], which confirmed significant variations in moisture uptake behavior across
different wood species. The excellent water absorption performance of OLs and FWCs may
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stem from their advantageous cellulose/hemicellulose-to-lignin ratios [26,27]. By contrast,
PB may have a relatively high lignin proportion, which could explain its weaker water
absorption capacity relative to OLs and FWCs.

4.2. Water-Holding Capacity

It has been documented that the water-holding capacity of litter is closely related to
its decomposition degree, where a higher decomposition degree corresponds to stronger
water-holding performance [28,29]. In this study, OLs and FWCs exhibited higher water-
holding capacities than PB and PNs, which can be primarily explained by their higher
decomposition degrees. The inherent porous capillary structure of wood enables water
retention in cell lumens and intercellular spaces via capillary action [30]. OLs and FWCs
have loose, porous internal structures that facilitate capillary water retention. In contrast,
PB has a smooth surface as well as a hard and thick texture, and PNs feature an elongated
and rigid structure. These morphological characteristics cause most water to drain through
the gaps between PB and PN particles during water infiltration, ultimately leading to their
inferior water-holding capacities. Furthermore, the present results verified that broadleaf
litter possesses a greater water-holding capacity than coniferous litter, which is in good
agreement with previous research conclusions [16,31]. The superior maximum water-
holding capacity of FWCs over PB is mainly attributed to the thinner texture of FWCs.
Moreover, PB has a harder texture and larger particle size than FWCs, which reduces its
contact area with water and further weakens its water-retention performance.

The water-holding capacity of forestry residues increased logarithmically with soaking
time (Figure 5), while their water absorption rate decreased following a power function
trend with the extension of soaking duration (Figure 6). These two functional fitting models
are consistent with previous findings [32,33]. The initial low moisture content of forestry
residues creates a large water potential gradient between the residues and free water.
Driven by this gradient, forestry residues absorb water rapidly at the initial soaking stage
with a high water uptake rate. As soaking time increases, the water absorption amount
gradually approaches the maximum water absorption limit of the residues, leading to a
saturated state. After saturation, the water absorption potential of the residues declines,
and the water absorption rate decreases continuously. This dynamic variation pattern is
consistent with the results of a previous study [34]. Within the first hour of soaking, the
water-holding capacity of all forestry residues increased rapidly, with oak leaves showing
the most prominent variation. This indicates that oak leaves can effectively intercept
precipitation during short-duration heavy rainfall events, thereby alleviating soil erosion.

4.3. Water-Retention Capacity

Effective water-retention capacity comprehensively considers topographic conditions
and the inherent moisture content of forestry residues, providing a more accurate character-
ization of the actual rainfall interception performance of forestry residues [29,35,36]. In the
present study, all four types of forestry residues exhibited distinct effective water-retention
capacities. This discrepancy is mainly attributed to the relatively loose internal structure
of OLs and FWCs, which confers superior water absorption and retention capabilities. In
contrast, PB features a thick texture and a smooth surface, which hinders water infiltration.
Meanwhile, PNs present an elongated morphological structure. When surface water flows
through PB and PNs, the majority of runoff directly drains through internal gaps or slides
off their smooth surfaces, resulting in inferior water-retention performance. Additionally,
PNs have a limited water-contact area, further causing substantial water loss through gap
drainage and thus poor water-retention capacity. Furthermore, this study demonstrated
that leaf litter exhibits stronger rainfall interception capacity than bark materials.
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The water-holding characteristics of forestry residues are not merely material prop-
erties; they also play a positive role in urban landscape management. Mulches with high
water-holding and effective retention capacities can reduce surface runoff, mitigate soil
erosion, and decrease irrigation frequency in urban green spaces, thereby enhancing the
ecological functionality and sustainability of urban landscapes [20,37]. In the present study,
OLs and FWCs exhibited the best overall water-holding performance among the four tested
residues. From a practical standpoint, these two materials are therefore recommended
as priority choices for mulching urban bare soil. Their widespread availability and high
annual production volumes make them low-cost and readily accessible organic resources.
Using them as mulch offers a dual benefit, as it enables the efficient recycling of forestry
by-products while simultaneously improving soil moisture regulation and potentially re-
ducing soil erosion on exposed urban lands. These findings provide a scientific basis for
selecting forestry residue mulches in urban greening projects, offering a practical strategy
to enhance urban soil hydrological functions while simultaneously recycling forestry waste
materials. However, it should be acknowledged that these findings are derived from labora-
tory immersion experiments and may not fully capture the complex hydrological processes
under actual urban conditions. Therefore, future field studies are necessary to verify the
practical effectiveness of forestry residues when applied as mulch on real urban bare soil.

5. Conclusions
All four tested forestry residues presented measurable water absorption and retention

capacities with consistent performance trends. The maximum water-holding capacities
followed the order of OLs > FWCs > PB > PNs, while the maximum water-holding rates
ranked as OLs > FWCs > PNs > PB. Similarly, the effective water-retention capacity and
rate shared the same trend: OLs > FWCs > PNs > PB.

Statistical analysis revealed that the water-holding capacity of the four residues had
a significant logarithmic correlation with soaking time, while the water absorption rate
exhibited a significant exponential correlation with soaking time. In conclusion, OLs
exhibited optimal water-retention performance, followed by FWCs, whereas PB showed
the weakest water-retention capacity among the four materials.

Considering the comprehensive performance of water absorption rate, maximum
water-holding capacity, and effective water-retention ability, OLs and FWCs are highly
recommended as preferred organic mulches for urban soil applications. Given their superior
water-holding properties, these two forestry residues may contribute to reducing surface
runoff and mitigating urban soil erosion during short-duration and high-intensity rainfall.
Moreover, they may gradually release the absorbed water into the soil over time, thereby
effectively replenishing soil moisture and contributing to improving urban soil water
regulation capacity.
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