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Fly ash and bentonite, two abundant industrial by-products in China, offer
promising potential for ecological restoration in arid regions. In this study, we
conducted a factorial pot experiment with 24 treatment combinations (6 fly ash
levels: F0–F5 = 0–100%; 4 bentonite levels: P0–P3 = 0–70 g kg-1) to evaluate
their synergistic effects on two xerophytic shrubs, Lycium ruthenicum and
Ephedra intermedia. A total of 600 seeds per species were sown (5 seeds ×
5 replicates × 24 treatments), and plant performance was assessed based on
germination rate, survival rate, plant height, dry mass, and root morphological
traits. Results showed species-specific and dosage-dependent responses. For L.
ruthenicum, the highest germination rate (76%) was observed under 80% fly ash
without bentonite (P0F4), but biomass and root development declined under
higher fly ash or bentonite-only treatments (e.g., dry mass in P1F2: 10.40% ±
6.02%). In contrast, E. intermedia showed broader tolerance, with peak
germination (88%) under moderate bentonite and 60%–80% fly ash (P1F3/
P1F4), and optimal growth under P3F5 (root surface area: 10.18 ± 3.09 cm2;
dry mass: 33.76% ± 26.53%). Two-way ANOVA revealed significant main effects
and interactions between fly ash and bentonite on key traits (e.g., p < 0.001 for
germination and survival in E. intermedia). Moderate fly ash addition (F2–F3,
i.e., 40%–60%) with bentonite levels of 30–50 g kg-1 effectively enhanced soil
water retention and promoted early-stage growth, especially in E. intermedia.
This study highlights the importance of species-specific amendment strategies
and demonstrates the ecological benefits of valorizing industrial by-products for
arid-land revegetation.
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1 Introduction

Soil degradation in arid and semi-arid regions poses a major threat to vegetation
establishment and ecological sustainability. Poor soil structure, low fertility, and weak water
retention capacity hinder plant growth and exacerbate desertification (Ayub et al., 2020;
Naorem et al., 2023; Smith et al., 2016; Thomas et al., 2007; Yang et al., 2024). Traditional
soil management approaches, including conservation tillage and organic amendments,
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often fall short in rapidly restoring severely degraded lands,
particularly under extreme water scarcity (Lal, 2017; Sonderegger
and Pfister, 2021; Visser et al., 2004; Yang et al., 2019). Thus,
exploring cost-effective and resource-efficient solutions for soil
improvement in these fragile ecosystems remains an urgent
scientific and practical concern (Alotaibi and Schoenau, 2019;
Jiang et al., 2019; Mganga et al., 2015; Shao et al., 2024; Zhang
et al., 2019).

Industrial by-products such as fly ash and bentonite have
attracted growing attention for their potential use as soil
amendments in ecological restoration (Pal & Ghosh, 2014;
Usman et al., 2023). Fly ash, a residue from coal combustion, is
rich in minerals (e.g., SiO2, Al2O3, Fe2O3) and exhibits fine particle
size and porosity, which can enhance soil aeration and provide
essential nutrients (Luo et al., 2021; Cao et al., 2008; Wang et al.,
2019; Pandey and Singh, 2010). Bentonite, a natural clay mineral
with high swelling capacity, improves soil structure by increasing
water-holding capacity and cation exchange properties (Croker
et al., 2004; Mi et al., 2021). Despite their individual benefits,
each material has limitations: fly ash can lead to pH imbalance
and heavy metal risk at high doses, while bentonite may restrict
aeration and root penetration if applied excessively.

The rationale for combining fly ash and bentonite lies in their
complementary physical and chemical properties (Deka and
Sekharan, 2017; Gupt et al., 2021). Fly ash improves nutrient
availability and porosity, while bentonite enhances moisture
retention and mitigates toxicity by immobilizing harmful ions.
However, little research has evaluated the synergistic effects of
these amendments on plant performance, particularly in arid
ecosystems where soil limitations are multidimensional.
Furthermore, few studies have addressed species-specific
responses to different amendment combinations, which are
critical for optimizing ecological restoration strategies.

In this study, we designed a controlled factorial pot experiment to
assess the combined effects of fly ash and bentonite on two xerophytic
shrubs (Lycium ruthenicum and Ephedra intermedia), focusing on early-
stage germination, survival, biomass, and root traits.We hypothesize that
moderate application of fly ash and bentonite will improve soil quality
and promote plant growth, with optimal combinations varying between
species. Our findings aim to provide practical guidance for using
industrial by-products in vegetation restoration and contribute to the
sustainable management of arid land resources.

2 Methods

2.1 Materials

2.1.1 Soils
The base soil was collected from the surface layer (0–20 cm) near

an abandoned fly ash dump site in Toksun County, Xinjiang
(42°41′58″–42°42′07″ N, 88°38′18″–88°38′35″ E). The site is
characterized by extreme aridity (annual precipitation ~5.7 mm)
and coarse-textured sandy soils. Fly ash was obtained from a local
coal-fired power plant. It contains high levels of SiO2, Al2O3, and
Fe2O3, with a bulk density of 1.04 g/cm3 and pH of 8.22. Bentonite
(sodium-based) was purchased from Xinjiang Zhongfei Xazijie Co.,
with a cation exchange capacity of ~50 meq/100g and high swelling

capacity. Its pH was 8.62 and bulk density 2.13 g/cm3. The physical
and chemical properties of the experimental soils are shown
in Table 1.

In order to better understand the microstructural characteristics of
these materials, scanning electron microscope (SEM, Hitachi SU8010,
Japan) images were taken at different magnifications (1000×, 6000×,
and 10000×). These high-resolution images allow for a detailed
observation of the microstructure of the two materials, which can
provide insights into the physical properties affecting their soil
remediation effects. As shown in Figure 1A, the fly ash consists of
porous spherical particles with irregular shapes and sizes. These
particles have a high surface area and porosity, which enhances the
ability to adsorb water and nutrients, enabling them to effectively
improve soil structure and water retention. Figure 1B shows that the
surface of fly ash spherical microbeads is relatively smooth with small
particles attached to it. These small particles aggregated together to form
larger agglomerates, which enhanced the adsorption capacity of the fly
ash, and was particularly beneficial in improving the water retention
and structure of the soil. Figure 1C shows the rough surface of the
porous particles, which contain a large number of pores that contribute
to the permeability and water-holding capacity of the soil.

In contrast, Figure 2A shows bentonite particles with irregular
shapes and sizes. Figure 2B further highlights the complex surface
characteristics of bentonite, exhibiting significant roughness and
abundant pore space. As shown in Figure 2C, the surface
morphology of bentonite shows high porosity, which greatly
improves its adsorption capacity and swelling capacity. These
properties are critical for enhancing water retention and
improving soil structure, especially in dryland environments, to
promote plant growth and overall soil fertility.

In addition, Figures 3A,B show the X-ray diffraction (XRD)
patterns of fly ash and bentonite, respectively. Figure 3A shows that
the fly ash exhibits obvious crystalline peaks, indicating a relatively high
degree of mineral crystallinity. The main mineral constituent of fly ash
is SiO2, with minor amounts of iron oxides and salts, which together
contribute to the physical and chemical properties of the soil. In
contrast, Figure 3B shows an XRD pattern of bentonite, which has a
higher degree of crystallinity than fly ash. The dominant mineral phase
in bentonite is quartz, highlighting the important role of quartz in soil
amelioration, especially in improving soil water retention and fertility.

2.1.2 Fertilizer
Phosphorus fertilizer (monopotassium phosphate, MKP) and

nitrogen fertilizer (urea) were used as basal fertilizers in the
experiment. Monopotassium phosphate (MKP) fertilizer provides
essential nutrients such as phosphorus, potassium and trace
elements to promote plant growth and disease resistance. Urea
provides nitrogen essential for photosynthesis and protein
synthesis to promote plant growth. Potassium monophosphate
was produced by Wal Group (USA) and urea (46.4% total
nitrogen) was provided by Kuitun Jinjiang Chemical Fertilizer Co.

2.1.3 Plants
The plants selected for this study included Central Asian

ephedra (Ephedra intermedia) and Lycium ruthenicum (Lycium
ruthenicum). Ephedra is a perennial shrub, adapted to arid and
semi-arid environments, with a deep root system and very strong
resistance; while Lycium ruthenicum has high medicinal value and
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strong tolerance to salinity and drought. The two test plants have
good ecological and economic significance, as well as the ability to
grow in arid and semi-arid environments. The two test plants were
selected in order to evaluate the plant growth promotion effect of
bentonite and fly ash.

2.2 Experiment design

2.2.1 Experiment design and treatment setup
This study employed a two-factor pot experiment design to

assess the effects of fly ash and bentonite on plant growth and soil
properties. The experiment started on 9 April 2023, and concluded
on 18 September 2023. We applied a two-factor completely

randomized design with six fly ash levels (0%, 20%, 40%, 60%,
80%, 100%) and four bentonite levels (0, 30, 50, 70 g kg-1), resulting
in 24 treatment combinations (Table 2). Each treatment was
replicated five times (n = 5) for two plant species. Each pot
(10 × 10 × 9 cm) was filled with a 1.0 kg mixture adjusted by
the corresponding fly ash and bentonite ratio. Germination was
conducted in trays, followed by transplantation to pots after seedling
stabilization. Plants were grown in a controlled climate chamber
(25/30 °C for Ephedra, 15/25 °C for Lycium, RH 75%, 12 h light/day).
Water was added to maintain 80% field capacity.

2.2.2 Experimental process and procedures
The experiment was conducted in two stages. The first stage

involved using seed trays for seed germination, with five seeds sown

TABLE 1 Physical and chemical properties of soil tested.

Soil materials pH EC
(µs/cm)

Moisture (%) Bulk density
(g/cm3)

SOC
(g/kg)

TN
(g/kg)

TP (g/kg) Soil
texture

Native soil 7.35 1528.67 0.17 1.44 1.59 0.06 0.13 Sandy

Fly ash 8.22 1986.33 0.39 1.04 16.35 0.21 0.10 Sandy

Bentonite 8.62 1360.26 5.63 2.13 - - - -

FIGURE 1
SEM scan of fly ash. Note: (A) Porous spherical particles observed at 1000× magnification, enhancing adsorption. (B) Smooth surface with
aggregated particles at 6000×magnification, improving water retention. (C) Rough surface with pores at ×10000 magnification, increasing permeability
and water-holding capacity.

FIGURE 2
SEM scan of bentonite. Note: (A) Bentonite particles with irregular shapes and sizes at 1000× magnification. (B) Detailed surface features of
bentonite showing roughness and abundant pore spaces at 6000× magnification. (C) High porosity of bentonite surface enhancing its adsorption and
swelling capacity at ×10000 magnification.
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FIGURE 3
XRD Spectra of Fly Ash and Bentonite. Note: (A) X-ray diffraction (XRD) pattern of fly ash with high mineral crystallinity and SiO2 as the main mineral
component. (B) XRD pattern of bentonite, the main mineral phase is quartz.

TABLE 2 Different addition ratio of fly ash and bentonite.

Treatment Mass of Gobi soil (%) Mass of fly ash (%) Mass of bentonite (g·kg-1)

P0F0 (CK) 100 0 0

P0F1 80 20 0

P0F2 60 40 0

P0F3 40 60 0

P0F4 20 80 0

P0F5 0 100 0

P1F0 100 0 30

P1F1 80 20 30

P1F2 60 40 30

P1F3 40 60 30

P1F4 20 80 30

P1F5 0 100 30

P2F0 100 0 50

P2F1 80 20 50

P2F2 60 40 50

P2F3 40 60 50

P2F4 20 80 50

P2F5 0 100 50

P3F0 100 0 70

P3F1 80 20 70

P3F2 60 40 70

P3F3 40 60 70

P3F4 20 80 70

P3F5 0 100 70

Note: F0-F5 corresponding to fly ash addition rates of 0%, 20%, 40%, 60%, 80%, and 100%. P0-P3 corresponding to bentonite addition rates of 0 g kg-1, 30 g kg-1, 50 g kg-1, and 70 g kg-1.

Frontiers in Environmental Science frontiersin.org04

Wang et al. 10.3389/fenvs.2025.1571505

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1571505


per tray, and each plant species repeated five times. Starting from the
sowing date (9 April 2023), the number of germinated seeds was
recorded daily, and the germination rate was calculated until it
stabilized. The second stage involved transplanting the seedlings
(4 July 2023) into pots (10 × 10 × 9 cm) once the germination rate
had stabilized. Plant height was measured every 10 days during the
cultivation phase. At the end of the pot experiment (18 September
2023), the number of surviving plants was counted, and the survival
rate was calculated. All plants were harvested from the pots to
measure dry matter content and assess root development. Soil
moisture and plant growth conditions were monitored daily, and
irrigation was applied when the surface soil (0–2 cm) showed signs
of drying, such as when it could not form a cohesive
clump. Irrigation was conducted to maintain soil moisture at
approximately 80% of field capacity. When plants exhibited signs
of nutrient deficiency, such as leaf yellowing or wilting, fertilization
was applied with a 1:1000 ratio of phosphate fertilizer
(monopotassium phosphate) and nitrogen fertilizer (urea), each
at 15 mL per pot.

The plants were grown in a controlled environment using an
artificial climate chamber, with the temperature, humidity, light
duration, and sowing depth optimized for each plant species.
Ephedra intermedia seeds were subjected to alternating
temperatures of 25/30°C for germination, with a post-
germination temperature of 20/35°C. The humidity was
maintained at 75%, and plants received 12 h of light per day,
with a sowing depth of 1.5–2 cm. Lycium ruthenicum seeds were
pretreated at 15/25°C, with similar conditions for germination and
post-germination temperatures, humidity, and light.

2.2.3 Data collection and measurement methods
Throughout the experiment, multiple growth parameters were

measured periodically, including germination rate, plant height, root
growth, and dry matter content. The specific measurement methods
are as follows:

Germination Rate: The germination rate was determined by
calculating the ratio of germinated seeds to the total number of seeds
sown (Equation 1). The formula is:

Germination Rate � Number of Germinated Seeds
Total Number of Seeds

( ) × 100%

(1)
Plant Height: Plant height was measured every 10 days from the

collar to the tip of the highest leaf, beginning on Day 0 post-
transplantation and ending on Day 120.

Root Length and Volume: Roots were carefully washed and laid
flat. The root system was scanned using an HP Scanjet 8300 series
scanner, and the root images were analyzed using image analysis
software to calculate total root length (RL) and root volume (RV).

Dry Matter Content: At the end of the experiment, plants were
harvested and dried to a constant weight in an oven. The dry matter
content was calculated using the formula (Equation 2):

DryMatter Content � DryWeight of Plant
FreshWeight plant

( ) × 100% (2)

Soil Properties Analysis: Physical and chemical properties of the
soil were measured at both the start and end of the experiment,

including soil moisture (Equation 3), bulk density (Equation 4), pH,
and electrical conductivity. Particle size distribution was analyzed
using a laser diffraction instrument (Microtrac Bluewava), while
electrical conductivity and pH were measured with an electrical
conductivity meter and pH meter. Soil moisture and bulk density
were determined through the drying method and calculated using
the formulas:

SoilMoisture � DryWeight of Soil
WetWeight Soil

( ) × 100% (3)

Soil Bulk Density � DryWeight of Soil
Volume of Soil

g/cm3( ) (4)

Additionally, soil moisture retention capacity was evaluated by
measuring field capacity and permanent wilting point, which are
critical for understanding plant available water under different
treatments.

Water Management and Fertilization: The soil moisture status
was carefully monitored during the experiment. When surface soil
(0–2 cm) dried or plants showed signs of water stress, irrigation was
provided. Soil moisture for all treatments was maintained at around
80% of field capacity to simulate natural conditions. Field capacity
(Equation 5) was calculated as:

Field Capacity FC( ) �
Water Content at Saturation −Water

Content atWilting Point
Dry SoilWeight

⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠ × 100%

(5)
Fertilization was applied when plants exhibited signs of nutrient

deficiency (e.g., yellowing leaves), with 15 mL of a 1:1000 mixture of
monopotassium phosphate and urea solution applied per pot.

2.2.4 Data statistics and analysis
To ensure statistical transparency and methodological rigor, we

clarify the experimental replication structure and data size as
follows. For each plant species, 24 treatment combinations (6 fly
ash levels × 4 bentonite levels) were established, each with five
replicate pots, resulting in 120 pots per species and 240 in total. At
the germination stage, each replicate pot received five seeds (n =
25 seeds per treatment, or 600 seeds per species). Germination,
survival, and subsequent growth indicators were recorded for all
surviving individuals, and all analyses were based on pot-level
replicates (n = 5 per treatment), unless otherwise specified. In
addition, survival rate was defined as the proportion of
germinated seedlings that remained alive and physiologically
active at the end of the experiment (i.e., retained green leaves, no
wilting or senescence).

Statistical analyses were primarily conducted using one-way and
two-way analysis of variance (ANOVA) for treatment comparisons,
with n = 5 replicates per treatment (unless otherwise specified),
assuming normal distribution and homogeneity of variance. Where
significant differences were detected, Tukey’s HSD post hoc test was
applied at p < 0.05. Descriptive statistics (mean ± SE, min, max,
median) are explicitly reported in the Results section for key
indicators such as germination rate, plant height, root length,
and dry biomass, enabling readers to assess effect sizes and
variability. All data were processed using SPSS 23.0 and
visualized in Origin 2024.
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3 Results

3.1 Germination rate and survival rate

A total of 600 seeds per species were used for the germination
experiment (25 seeds × 24 treatments), and all treatments were
replicated five times (n = 25 per treatment). Germination was
recorded daily, and survival was evaluated at day 162
(18 September 2023) by counting the number of seedlings that
remained viable and growing.

For Lycium ruthenicum, germination rates ranged from 28%
(P2F2, P2F5, and P3F5; seven seeds germinated out of 25) to 76%
(P0F4; 19 out of 25), with a median value of 11.5 germinated seeds
per treatment (Figure 4). The highest survival rate (100%) was
observed in several moderate treatments (e.g., P0F0, P0F1, P0F3,
P1F1, P1F2, etc.), indicating stable establishment under low to
moderate amendment levels. In contrast, the lowest survival rate
(12.5%) was recorded under P3F0 (only 1 out of 8 germinated
seedlings survived). Median survival rate across all treatments was
approximately 87.3%.

Statistical analysis (Table 3) showed a significant main effect of
fly ash addition on germination rate (p < 0.01), and a highly
significant interaction between fly ash and bentonite (p < 0.001).
Survival rate was also significantly influenced by both fly ash and the

interaction term (p < 0.05), while bentonite alone did not show a
significant effect.

For Ephedra intermedia (Figure 5), germination rates exhibited
a broader distribution, ranging from as low as 8% (P1F1) to as high
as 88% (P1F3 and P1F4; 22 out of 25). However, the survival rate was
more variable, with values from 0% (P3F1) to 78.6% (P2F5), and a
median of 42.0%. This species generally responded positively to
higher fly ash concentrations, but survival was more sensitive to
specific treatment combinations.

3.2 Plant height

Plant height was measured every 10 days post-transplantation
on all surviving individuals in each treatment group. Due to
differences in germination and survival rates, the number of
measured plants varied across treatments, ranging from 1 to 25.
Unless otherwise specified, the statistical analysis was performed
using the mean value per treatment per species (n = 5 replicates).

For Lycium ruthenicum, plant growth was more moderate, and
the overall plant height was lower than Ephedra intermedia
(Figure 6). The maximum height at day 120 was recorded under
treatment P0F3 (60% fly ash, no bentonite) at 93.60 mm, followed by
P0F4 (72.09 mm) and P1F4 (80.00 mm). Control treatment

FIGURE 4
Effect of fly ash and bentonite on germination rate and survival rate of Lycium ruthenicum. Note: The letters “a”, “b”, “c”, “A”, “B”, etc. in the graphs
indicate significant differences, and differences between different letters indicate statistical significance based on ANOVA and Tukey’s HSD test (p < 0.05).
Each subplot (A–D) demonstrates the variation in germination and survival of Lycium ruthenicum at different fly ash and bentonite concentrations and
their corresponding statistical results.
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P0F0 resulted in a much lower height (34.55 mm). Notably, the
application of bentonite alone (e.g., P1F0–P1F5) without fly ash did
not yield substantial increases in plant height. Two-way ANOVA
(Table 4) confirmed that fly ash had a significant effect on plant
height (p < 0.01), whereas the bentonite main effect and its
interaction with fly ash were not statistically significant (p > 0.05).

Two-way ANOVA (Table 4) confirmed that fly ash had a
significant effect on plant height (p < 0.01), whereas the
bentonite main effect and its interaction with fly ash were not
statistically significant (p > 0.05).

In contrast, Ephedra intermedia exhibited a steady increase in
plant height over time across treatments, with marked differences
due to fly ash and bentonite concentrations (Figure 7). By day 120,
the tallest plants were observed under treatment P3F5 (100% fly ash
and 70 g kg-1 bentonite), reaching a mean height of 138.33 mm,
followed by P3F4 (125.14 mm) and P3F3 (97.00 mm). In contrast,
control treatment P0F0 yielded significantly shorter plants with a
final mean height of 83.86 mm. Treatments with 0% bentonite
(P0F*) also showed a clear gradient, where moderate fly ash addition
(e.g., P0F4, 119.76 mm) significantly enhanced plant height. Two-

TABLE 3 Two-way variance analysis of fly ash and bentonite on germination rate and survival rate of plants.

Species Item Significance test

Bentonite Fly ash Bentonite × Fly ash

Ephedra intermedia Germination rate *** *** ***

Survival rate *** *** **

Lycium ruthenicum Germination rate ns ** ns

Survival rate *** * *

Note: * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001ns denotes p > 0.05 and the difference is not significant. Same below. Fly ash was applied at six levels (0%–100%) and bentonite

at four levels (0–70 g kg-1). Each treatment included 25 seeds, replicated five times (n = 25 per treatment).

FIGURE 5
Effect of fly ash and bentonite on germination rate and survival rate of Ephedra intermedia. Note: Letters (a, b, c, A, B, etc.) indicate significant
differences based on ANOVA and Tukey’s HSD test (p < 0.05). Each subplot (A,B,C,D) shows the variation in germination and survival of Ephedra
intermedia at different fly ash and bentonite concentrations.
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way ANOVA results (Table 4) indicated that fly ash had a highly
significant effect on Ephedra intermedia height (p < 0.001), and the
interaction with bentonite was also significant (p < 0.05), while the
bentonite main effect alone was not statistically
significant (p > 0.05).

3.3 Dry mass

Figure 8 shows the dry matter content (%) of Lycium
ruthenicum and Ephedra intermedia under various
combinations of fly ash and bentonite. For Lycium ruthenicum,
dry mass varied considerably across treatments, with the highest
value observed in the control group P0F0 (44.13% ± 21.7%).
Compared to this, the addition of either amendment generally
led to a decrease in dry matter content. In particular, high-dose
treatments such as P0F5 (13.8% ± 10.74%) and P1F2 (10.4% ±
6.02%) significantly suppressed biomass accumulation, while
moderate fly ash levels (e.g., P0F2: 40.22% ± 1.67%) still
supported relatively high biomass. Interestingly, certain

treatments under high bentonite levels (e.g., P3F1: 33.05% ±
19.88%) partially restored dry mass, suggesting a possible
mitigating effect under specific conditions. However, extreme
reductions were still noted under P3F0 (7.58% ± 13.12%).

In contrast, Ephedra intermedia exhibited a more moderate
response. The highest dry mass was found under the control P0F0
(52.34% ± 19.53%), followed by P0F2 (41.79% ± 13.35%) and P3F3
(33.76% ± 26.53%). Unlike Lycium, some treatments with higher
bentonite levels (e.g., P2F3: 39.85% ± 18.92%, P2F5: 34.19% ±
3.63%) yielded relatively stable or even improved dry mass.
Notably, bentonite-alone treatments (P1F*) consistently resulted
in lower dry mass, with values ranging from 19.62% to 30.14%.
Among all combinations, the extreme case of bentonite-only plus no
fly ash (P1F2: 19.62% ± 4.24%) showed marked suppression,
indicating that bentonite by itself was not beneficial.

According to the two-way ANOVA (Table 5), bentonite
addition had a statistically significant main effect on dry matter
content for both species (p < 0.01), whereas fly ash addition alone
and its interaction with bentonite were not statistically
significant (p > 0.05).

FIGURE 6
Effect of fly ash and bentonite on plant height of Lycium ruthenicum. Note: The x-axis represents time (days) and the y-axis represents plant height
(mm). Each curve corresponds to a treatment group (e.g., P0F0, P0F1, P0F2), differentiated by symbols and line styles. Error bars show data variability, and
different letters (A–D) indicate significant differences between treatments based on ANOVA.

TABLE 4 Two-way variance analysis of fly ash and bentonite on plant height.

Species Item Significance test

Bentonite Fly ash Bentonite × Fly ash

Ephedra intermedia Plant height ns *** *

Lycium ruthenicum Plant height ns * ns
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3.4 Root characteristics

The root traits of Lycium ruthenicum exhibited notable
variations across treatments with different fly ash and bentonite
combinations (Figure 9). The control treatment (P0F0) showed a
moderate root length of 25.41 ± 9.60 mm, surface area of 2.06 ±
0.57 cm2, and volume of 0.026 ± 0.01 cm3.Moderate fly ash additions
(e.g., P0F2 and P0F4) significantly enhanced root development.
Specifically, P0F2 achieved the highest values for both root
surface area (14.21 ± 13.07 cm2) and root volume (0.359 ±

0.401 cm3), while P0F4 promoted the longest roots (138.53 ±
40.77 mm). However, excessive fly ash (P0F5) and high bentonite
treatments (e.g., P3F0–P3F3) suppressed root traits, with minimum
root length observed under P3F0 (4.45 ± 1.71 mm) and the lowest
root volume (0.001 ± 0.000 cm3). In treatments combining fly ash
and bentonite (e.g., P1F3 and P2F5), root traits showed moderate
recovery, with P3F5 recording root length of 68.45 ± 2.92 mm,
surface area of 5.53 ± 0.54 cm2, and volume of 0.082 ± 0.004 cm3.

Ephedra intermedia showed a more stable response across
treatments, with less pronounced suppression under bentonite-

FIGURE 7
Effect of fly ash and bentonite on plant height of Ephedra intermedia. Note: Plant height trends over time under different treatments. Each subplot
(A–D) corresponds to a different experimental group (P0, P1, P2, P3). The x-axis represents time (days), and the y-axis represents plant height (mm). Each
curve represents a treatment group, with error bars indicating data variability.

FIGURE 8
Effect of fly ash and bentonite on dry mass content of Lycium ruthenicum and Ephedra intermedia. Note: Bars represent the mean ± SE. Different
letters indicate significant differences (ANOVA, Tukey’s HSD test, p < 0.05).
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only treatments (Figure 10). The control group (P0F0) had root
length, surface area, and volume values of 35.24 ± 20.49 mm, 4.55 ±
4.32 cm2, and 0.099 ± 0.134 cm3, respectively. Root development
generally improved with increasing fly ash concentration, especially
under P0F3 (88.55 ± 82.74 mm, 7.37 ± 4.23 cm2, 0.155 ± 0.09 cm3)
and P0F4 (68.10 ± 44.08 mm, 9.34 ± 8.70 cm2, 0.233 ± 0.298 cm3).
The best overall performance was observed under P3F5, where root
surface area and volume reached 10.18 ± 3.09 cm2 and 0.200 ±
0.130 cm3, respectively. In contrast, bentonite-only treatments
(P1F0, P2F0, P3F0) completely suppressed root growth
(all values 0).

Two-way ANOVA results (Table 6) showed that for Lycium
ruthenicum, fly ash, bentonite, and their interaction all had
significant effects on root length and surface area (p < 0.01 for
main effects; p < 0.05 for interaction). Root volume was mainly
influenced by fly ash (p < 0.01), with bentonite and the interaction
showing weaker or non-significant effects. In contrast, for Ephedra
intermedia, fly ash significantly affected all root traits (length and
surface area: p < 0.01; volume: p < 0.05), while bentonite had
significant effects on root length and surface area (p < 0.05), but
not on volume. The interaction term was not statistically significant.

4 Discussion

4.1 Effect of fly ash and bentonite on
plant growth

This study revealed distinct species-specific responses to fly ash
and bentonite during germination. For Lycium ruthenicum, fly ash
had a significant main effect on germination rate (p < 0.01), while
bentonite and its interaction with fly ash were not significant (p >
0.05; Table 3). Germination peaked at moderate fly ash levels (e.g.,
P0F4: 76%) but declined under high concentrations (e.g., P2F2,
P2F5, P3F5: all 28%), likely due to heavy metal toxicity or
pH imbalance. These results align with previous findings that
moderate fly ash improves soil porosity and nutrient availability,
enhancing germination (Pani et al., 2015), whereas excessive doses
may induce physiological stress. Contrary to studies suggesting
bentonite enhances germination via improved water retention
and ion immobilization (Abdurakhimov et al., 2023), we found
no significant effect of bentonite alone on L. ruthenicum.
Treatments with bentonite but without fly ash (e.g., P1F0–P1F5)
showed no consistent improvement over the control, suggesting that
L. ruthenicum is more sensitive to fly ash than to bentonite during
early growth. In contrast, Ephedra intermedia responded more
favorably. Germination was significantly influenced by both
amendments and their interaction (p < 0.001; Table 3), with the
highest rates (88%) under combined treatments (e.g., P1F3, P1F4),

indicating synergistic effects. This species appears more tolerant to
high amendment levels, likely due to its inherent stress resilience.
These results underscore the importance of species-specific
amendment strategies.

4.2 Plant survival

The survival pattern of Lycium ruthenicum closely mirrored its
germination response. Survival was significantly affected by fly ash
and its interactionwith bentonite (p < 0.05), while bentonite alone had
no significant effect (p > 0.05; Table 3). Highest survival rates (up to
100%) occurred under moderate fly ash levels, including P0F0, P0F1,
and P0F3. In contrast, excessive amendments (e.g., P3F0) drastically
reduced survival, with only 1 of 8 seedlings (12.5%) surviving. These
results support previous findings that moderate amendment levels can
improve early seedling establishment, whereas excessive inputs may
cause abiotic stress due to heavy metals or altered pH (Krzaklewski
et al., 2012; Pietrzykowski et al., 2015). By contrast, Ephedra
intermedia showed significant responses to all three factors:
bentonite (p < 0.001), fly ash (p < 0.001), and their interaction
(p < 0.01; Table 3). Survival varied widely, from 0% (P3F1) to
78.6% (P2F5). Several moderate-to-high combined treatments (e.g.,
P1F3, P2F5, P3F3) enhanced survival, indicating a greater tolerance to
soil amendments. This may reflect adaptive traits enabling E.
intermedia to exploit improved soil aeration and nutrient supply,
even under higher amendment stress. Overall, these results emphasize
the need for species-specific amendment strategies. L. ruthenicum
requires more cautious application rates to avoid stress, while E.
intermedia exhibits broader tolerance and benefits from combined
treatments at higher dosages.

4.3 Plant height and dry matter
accumulation

Plant height responses differed markedly between Lycium
ruthenicum and Ephedra intermedia, with fly ash being the
primary influencing factor (Gupta et al., 2002; Usman et al.,
2023). For L. ruthenicum, two-way ANOVA showed a significant
effect of fly ash on height (p < 0.01), while bentonite and its
interaction were not significant (p > 0.05; Table 4). The tallest
plants were observed under moderate fly ash without
bentonite—P0F3 (93.60 mm) and P0F4 (72.09 mm). Treatments
with bentonite alone (P1F0–P1F5) showed minimal height gains,
and the control group (P0F0) had the lowest height (34.55 mm).
These results suggest that moderate fly ash promotes vertical growth,
while bentonite alone may hinder it. In contrast, E. intermedia
exhibited greater and more consistent height increases across a

TABLE 5 Two-way variance analysis of fly ash and bentonite on plant dry matter content.

Species Item Significance test

Bentonite Fly ash Bentonite × Fly ash

Ephedra intermedia Dry matter content ** ns ns

Lycium ruthenicum Dry matter content ** ns ns
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broader amendment range. Plant height was significantly affected by
fly ash (p < 0.001) and its interaction with bentonite (p < 0.05), but
not by bentonite alone (p > 0.05; Table 4). Maximum heights were
observed under high-dose combinations: P3F5 (138.33 mm), P3F4
(125.14 mm), and P3F3 (97.00 mm). Even without bentonite, height

increased with fly ash concentration, peaking at 119.76 mm (P0F4),
indicating synergistic effects and a higher tolerance in E. intermedia
(Yu et al., 2019).

Dry mass patterns also revealed species-level differences. For L.
ruthenicum, bentonite significantly affected biomass (p < 0.01),

FIGURE 9
Effect of fly ash and bentonite on the root characteristics of
Lycium ruthenicum. Note: Bars represent the mean ± SE. Different
letters indicate significant differences (ANOVA, Tukey’s HSD test,
p < 0.05).

FIGURE 10
Effect of fly ash and bentonite on the root characteristics of
Ephedra intermedia. Note: Bars represent the mean ± SE. Different
letters indicate significant differences (ANOVA, Tukey’s HSD test,
p < 0.05).
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while fly ash and the interaction were not significant (Table 5). The
highest biomass occurred in the control (P0F0: 44.13% ± 21.70%)
and declined under bentonite-only or high fly ash treatments (e.g.,
P0F5: 13.80% ± 10.74%; P1F2: 10.40% ± 6.02%). Moderate fly ash
doses (e.g., P0F2: 40.22% ± 1.67%) maintained relatively high
biomass, suggesting tolerance to limited amendment inputs
(Pandey et al., 2009). For E. intermedia, dry mass also peaked in
the control (P0F0: 52.34% ± 19.53%) but remained stable across a
wider treatment range. Bentonite significantly influenced biomass
(p < 0.01), while fly ash and the interaction had no significant effects.
High bentonite treatments (e.g., P2F3: 39.85% ± 18.92%; P2F5:
34.19% ± 3.63%) supported comparable or improved biomass, likely
due to enhanced water retention and nutrient buffering. However,
extreme bentonite-only treatments (e.g., P1F2: 19.62% ± 4.24%)
suppressed growth, underscoring the importance of dose
optimization.

Overall, E. intermedia demonstrated greater plasticity and
resilience in height and biomass accumulation, while L.
ruthenicum was more sensitive and favored moderate fly ash
levels with minimal bentonite.

4.4 Root development and water retention

Root traits responded significantly to fly ash and bentonite
amendments in a species- and treatment-specific manner (Gupta
et al., 2002). For Lycium ruthenicum, two-way ANOVA showed that
root length and surface area were significantly affected by both fly
ash and bentonite (p < 0.01), with interaction effects also significant
(p < 0.05); root volume was primarily influenced by fly ash (p < 0.01;
Table 6). Moderate fly ash treatments, especially P0F2 and P0F4,
enhanced root traits markedly—P0F4 achieved the greatest length
(138.53 ± 40.77 mm), and P0F2 yielded the largest surface area
(14.21 ± 13.07 cm2) and volume (0.359 ± 0.401 cm3). Conversely,
excessive amendments (e.g., P3F0) severely inhibited root growth
(length: 4.45 ± 1.71 mm, surface area: 0.22 ± 0.07 cm2, volume:
0.001 ± 0.000 cm3). Notably, partial recovery in high-dose
combinations (e.g., P3F5) suggests bentonite may mitigate fly ash
toxicity (He et al., 2017). Ephedra intermedia exhibited more stable
root development across treatments. Root length and surface area
were significantly influenced by both amendments (p < 0.05), while
root volume was affected by fly ash only (p < 0.05); interaction
effects were not significant (Table 6). Compared to the control

(P0F0: 35.24 ± 20.49 mm, 4.55 ± 4.32 cm2, 0.099 ± 0.134 cm3),
substantial improvements occurred under P0F3 and P0F4, and
peaked at P3F5 (10.18 ± 3.09 cm2 surface area, 0.200 ±
0.130 cm3 volume). However, bentonite-only treatments (e.g.,
P1F0–P3F0) completely suppressed root development (all traits =
0), indicating that fly ash presence is essential for root formation in
E. intermedia.

These results confirm that while both species benefit from
moderate fly ash additions, E. intermedia is more resilient under
high-dose amendments, especially when bentonite co-applies. In
contrast, L. ruthenicum shows stronger sensitivity to amendment
extremes and performs best under moderate, balanced applications.

4.5 Practical applications and
research outlook

Although Lycium ruthenicum and Ephedra intermedia reach
full maturity over several years, early-stage traits—such as
germination rate, seedling height, root development, and
biomass—are widely recognized as effective indicators of plant-
soil interactions and adaptive potential under restoration treatments
(Szerement et al., 2021; Wasilkowski et al., 2019). Our 5-month
controlled experiment provides valuable insights into species’ early
ecological responses to fly ash and bentonite, serving as a proxy for
long-term restoration success.

The results highlight the synergistic benefits of combining fly ash
and bentonite, which improved soil structure, nutrient availability,
and water retention, thereby enhancing seedling establishment. These
improvements have promising implications for both ecological
restoration and sustainable agriculture in arid regions, potentially
accelerating land recovery and reducing external inputs (Abulimiti
et al., 2023).Moreover, repurposing fly ash supports circular economy
goals by transforming waste into a valuable soil amendment with
additional contributions to carbon sequestration and soil health.

However, the reduced plant performance at high amendment
levels indicates species-specific tolerance thresholds and potential
trade-offs, such as heavy metal toxicity or nutrient imbalances. This
underscores the need for optimized dosage strategies and tailored
applications. Future research should expand to diverse plant
functional types, incorporate multi-season field trials, and assess
environmental risks to ensure ecological efficacy and long-
term safety.

TABLE 6 Significance test of fly ash, bentonite and their interaction on plant roots.

Species Item Significance test

Bentonite Fly ash Bentonite × Fly ash

Ephedra intermedia Total Root Length * ** ns

Total Root Surface Area * * *

Total Root Volume * ns ns

Lycium ruthenicum Total Root Length *** ** *

Total Root Surface Area *** ns ns

Total Root Volume *** ns ns
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5 Conclusion

This study examined the effects of fly ash and bentonite
amendments on early-stage growth of two desert shrubs, Lycium
ruthenicum and Ephedra intermedia, under controlled pot
conditions. The results revealed distinct species-specific responses
to amendment regimes. L. ruthenicum showed optimal germination,
survival, and growth under moderate fly ash application (40%–60%)
without bentonite, while higher amendment levels—particularly
bentonite alone or excessive fly ash—significantly suppressed
biomass and root traits. In contrast, E. intermedia exhibited greater
tolerance and plasticity, maintaining stable growth and even enhanced
performance under combined high-dose treatments, especially in root
development. However, bentonite alone consistently inhibited root
formation in both species. These findings highlight the necessity of
species-specific amendment strategies: moderate fly ash rates with
minimal bentonite are preferable for sensitive species like L.
ruthenicum, whereas more resilient species such as E. intermedia
can benefit from synergistic amendment combinations. Importantly,
excessive amendment levels reduced performance in both species,
underscoring the need for careful dosage calibration to optimize
restoration outcomes in arid and degraded environments.
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