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Abstract

Open-pit coal mining has created spoil dumps with poor soil structure and nutrient defi-
ciency, challenging ecological restoration. This study developed a low-cost integrated reme-
diation strategy combining microalgae, organic fertilizer, and cold- and drought-tolerant
plants. First, local mine water was evaluated for microalgae cultivation. HS5 grew best
in untreated mine water supplemented with partial BG11, a 0.1 g L~! inoculation density,
and 25-50 ymol m~2 s7! light. Then, a 90-day field experiment was conducted, which
included a control (CK), microalgae (M), organic fertilizer (F), and combined microalgae
+ organic fertilizer (MF), all sown with Dahurian wildrye and sainfoin. Compared with
the CK, the M and F, both alone and combined, promoted plant growth and improved the
soil properties, with the MF performing best. Compared with the CK, the MF significantly
increased the total nitrogen content by 107.4%, soil organic matter by 89.5%, and available
phosphorus by 52.7%, and raised the fresh and dry weights of both plants by 759.4-1084.2%
and 660.6-891.7%, respectively. The MF also enriched the beneficial bacterial phyla, such as
Bacillota and Bacteroidota, while reducing Acidobacteriota. These findings indicate that mine
water-based microalgae cultivation is feasible, and that a microalgae—organic fertilizer—
herbaceous plants system is a promising low-cost and sustainable strategy for restoring
coal mine spoil dumps.

Keywords: open-pit coal mine; mine wastewater utilization; microalgae cultivation;
soil restoration

1. Introduction

Open-pit coal mining and associated dumping operations have led to extensive land
degradation, particularly in arid and semi-arid regions [1,2]. The soils in these mine spoil
heaps commonly suffer from low organic matter content, nutrient deficiency, high pH or
salinization, and poor water and nutrient retention capacity [3-5]. In the Xinjiang Uygur
Autonomous Region of China, the Heishan Coal Mine, a representative open-pit mine
located in a cold, high-altitude, arid zone, is characterized by intense solar radiation, scarce
precipitation, strong winds, and a short growing season, all of which collectively constrain
the ecological restoration of coal mine spoil heaps [6]. Therefore, developing low-cost
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restoration technologies that are well adapted to local environmental conditions is of great
significance for achieving sustainable rehabilitation of coal mine spoil heaps [7].

Current soil remediation techniques for mining areas can be broadly classified into
three categories: physical, chemical, and biological remediation [8,9]. Physical and chemical
amendments may produce relatively quick improvements in soil physicochemical proper-
ties, but these improvements are often temporary, and such methods alone generally fail
to restore a complete, self-sustaining soil ecosystem in the long term [10-13]. In contrast,
bioremediation has become an important approach for mine site restoration due to its
environmental friendliness, non-polluting nature, and relatively low cost [14,15]. However,
under the constraints of harsh natural environments, poor soil structure, and severe nutrient
depletion, these methods face significant practical limitations. Sole reliance on revegetation
often results in low seedling survival and slow growth due to insufficient nutrients and
water, while single bacterial inoculation frequently leads to poor colonization and rapid
functional decline owing to the lack of organic substrates and suitable microhabitats [16].
Consequently, there is an urgent need to integrate multiple remediation approaches, lever-
aging their respective advantages and compensating for each other’s weaknesses, to form a
synergistic comprehensive restoration strategy capable of addressing the complex challenges
of ecological restoration in cold and arid open-pit coal mine dumps [17].

Microalgae, particularly nitrogen-fixing cyanobacteria, play a pivotal role as pioneer
organisms in desertified soil restoration, owing to their strong environmental adaptabil-
ity, high photosynthetic activity, and rapid reproduction rates [18,19]. Nitrogen-fixing
cyanobacteria can survive and proliferate under extreme drought, intense light, and large
temperature fluctuations through stress resistance mechanisms, such as akinete forma-
tion and protective pigments [20,21]. During their growth, they convert atmospheric CO,
and N, into organic carbon and nitrogen, thereby enhancing soil carbon and nitrogen
pools [22,23]. Additionally, they increase plant-available phosphorus and potassium lev-
els through phosphate solubilization and potassium mobilization [24-26]. Cyanobacteria
also secrete phytohormone-like substances that enhance plant stress tolerance and growth
performance [27,28]. Most importantly, through the mechanical entanglement of filamen-
tous cells and the secretion of large amounts of extracellular polymeric substances (EPSs),
they improve soil aggregate stability, form stable biological soil crusts, reduce evaporation,
intercept condensate water, and ultimately enhance soil water and nutrient retention ca-
pacity [29-32]. These attributes make them particularly suitable for restoring mine dumps
with harsh environmental conditions and low soil nutrient content.

However, large-scale cultivation of microalgae requires not only substantial CO, but
also significant inputs of nitrogen, phosphorus, and trace elements to sustain normal growth
and metabolism, while the entire cultivation process consumes considerable freshwater
resources [33,34]. Under the extremely water-scarce conditions of northwestern China, this
requirement limits the widespread application of microalgae-based ecological restoration
technologies. Notably, coal mining operations in this region generate large volumes of mine
water, which can serve as an alternative water source for large-scale microalgae cultivation.
Moreover, mine water typically contains dissolved inorganic salts, trace metal elements and,
in some cases, nitrogen and phosphorus nutrients, which can partially reduce the demand
for exogenous nutrients in microalgae cultivation [35-37]. Nevertheless, systematic studies
on the effects of mine water from cold and arid open-pit coal mines on the growth and
physiological activity of nitrogen-fixing cyanobacteria remain lacking.

Dahurian wildrye (E. dahuricus), a cold- and drought-tolerant perennial grass, is widely
used in mine site restoration across northern and northwestern China due to its rapid estab-
lishment, high biomass production, and strong root system for soil stabilization [38—40].
The fibrous roots of Dahurian wildrye are fine and dense, with numerous branches that
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intertwine and penetrate the surface soil, forming a three-dimensional ‘reinforcing net-
work’. Soil containing Dahurian wildrye root systems exhibits a significant increase in
shear strength, with an improvement of approximately 23% [41]. As a legume, sainfoin
(O. viciifolia) employs rhizobium bacteria to fix nitrogen biologically, converting atmospheric
nitrogen into a form that can be utilized by plants. While supporting its own growth, this
nitrogen can be supplied in a slow-release manner to Dahurian wildrye and rhizosphere
microorganisms, providing a continuous nitrogen source for the entire mixed-sowing sys-
tem [42,43]. Chemical fertilizers can rapidly alleviate nutrient deficiency in mine soils, but
their benefits are short-lived and they supply neither organic carbon nor suitable micro-
habitats. Organic fertilizers and microalgae are therefore applied together: the organic
fertilizer provides a resource-rich substrate and microbial base, while microalgae confer the
decisive early-stage advantage by fixing carbon in situ, secreting EPSs that bind soil particles,
and stabilizing the surface and promoting biocrust formation before the added organic
matter is fully incorporated [44-46]. In this study, we propose a combined remediation
strategy integrating sainfoin and Dahurian wildrye, organic fertilizer, and nitrogen-fixing
cyanobacteria for mine soil restoration. Within this system, Dahurian wildrye provides
aboveground vegetation cover and belowground root reinforcement. Sainfoin with rhizo-
bium bacteria fixes nitrogen from the atmosphere. Organic fertilizer supplies a subsurface
nutrient reservoir and microbial substrate, and cyanobacteria contribute surface biological
crust protection along with sustained biological nitrogen fixation and carbon sequestra-
tion. The synergistic interaction among these three components is expected to establish a
three-dimensional remediation framework, namely crust formation for surface stabilization,
organic amendment for soil fertility improvement, and vegetation establishment, thereby
overcoming the limitations of individual techniques.

This study takes the Heishan Coal Mine spoil heaps in Xinjiang as the research object
and systematically investigates the following aspects. First, it evaluates the feasibility of
cultivating nitrogen-fixing cyanobacteria using mine water and optimizes the cultivation
conditions. On this basis, it examines the synergistic effects of combined application of
nitrogen-fixing cyanobacteria, organic fertilizer, sainfoin and Dahurian wildrye on the soil
physicochemical properties, nutrient status, microbial community structure, and vegetation
restoration performance in mine dumps, and further elucidates the key driving mechanisms
underlying the cyanobacteria—organic fertilizer-grass—combined remediation approach.
This study aims to provide theoretical foundations and technical support for low-cost,
sustainable ecological restoration of open-pit coal mine spoil heaps in cold and arid regions.

2. Materials and Methods
2.1. Experimental Setup and Cultivation Conditions of Mine Water
2.1.1. Experimental Cyanobacterial Strains and Mine Water

The mine water was sourced from the Heishan Coal Mine in Toksun County, Xinjiang,
China. As shown in Table S1, the mine water is weakly alkaline in nature. Two types of
water were used: raw mine water (XJ0) and flocculated water (X]J1). The XJO contained
0.078 mg L-! of arsenic, 16.3 ug L1 of selenium, 0.804 mg L1 of manganese, 15.0 mg L1
of iron, and 0.164 mg L~! of chromium. Flocculation was achieved by adding 0.1 g L~! of
polyacrylamide to the raw water based on the dosage used on-site at the Heishan Coal
Mine. The X]J1 showed a slightly higher total hardness, total soluble solids and SO,*~
than the X]J0, perhaps because some of the polyacrylamide that was added underwent
hydrolysis, which in turn promoted the dissolution of insoluble calcium and magnesium in
the water. The free polymers that did not participate in the flocculation remained in the
water, thereby increasing the content of soluble solids. Five microalgae strains were used, all
isolated from local soil samples at the Heishan Coal Mine: HS1-HS5. Inside a laminar flow
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hood, 2 g of soil from the Heishan Coal Mine was weighed and added to Erlenmeyer flasks
containing 80 mL of sterilized BG11 medium and BG11; medium, respectively. The flasks
were sealed with sealing film and incubated on an orbital shaker at 160 rpm, 25 °C, and
100 ymol m~2 s~1. The microalgal cells grown in the suspensions were then isolated and
purified, yielding the HS1-HS5 algal strains. HS1-2 were isolated from BG11 and HS3-5
were isolated from BG11,. Pre-culture was performed in bubble column photobioreactors
with 1% CO, at 100 pmol m~2 s~! and 25 °C. Cells were harvested during the logarithmic
growth phase by centrifugation.

2.1.2. Experimental Setup for Microalgae Cultivation Using Mine Water

The microalgae were cultured directly in mine water medium. The experiments in-
vestigated the effects of: (1) water type (XJO, XJ1), (2) inoculation concentration (0.05, 0.1,
and 0.2 g L71), (3) medium composition ratio (XJO diluted with BG11,, culture medium
to ratios of 1:0 (HS-O), 1:1 (HS-H), and 1:3 (HS-Q)), and (4) light intensity (25, 50, and
100 pmol m~=2 s~1). The culture parameters for different experimental conditions are shown
in Table S2. Cultivation was carried out in 100 mL conical flasks (80 mL working volume)
at 25 °C and 150 rpm min~! in a laboratory shaker. Samples were taken every two days
for analysis. Microscopic observation was conducted at the final sampling point using an
Olympus microscope (Olympus BX53, Olympus Corporation, Tokyo, Japan).

2.1.3. Analytical Methods

The pH was measured by using a pH meter (Mettler Toledo, Zurich, Switzerland).
The dry weight of microalgae (DW) was measured by filtering a 5 mL aliquot of the cul-
ture through pre-weighed Whatman GF/C filter paper (0.22 yum, Titan, Shanghai, China).
The filter papers were dried at 105 °C in a vacuum oven until constant weight and were
subsequently cooled down to room temperature in a desiccator before weighing. The chloro-
phyll content was determined by an ethanol-acetone extraction method according to the
agricultural industry standard of China (NY-T 3082-2017) [47], and the maximum chloro-
phyll fluorescence quantum yield (F,/F,,) were determined by a Hansatech Fluorescence
Monitoring System (FMS-2, Hansatech Instruments Ltd., Norfolk, UK).

2.2. Field Experiment on Ecological Restoration with Microalgae Biomass
2.2.1. Experimental Site

The experimental location was the Heishan Coal Mine in Toksun County, Xinjiang,
China. The climate is characterized by a continental arid and subarctic climate. The average
elevation is over 2200 m. The average annual temperature is 1.2-2.3 °C. The average annual
precipitation and evaporation are 150-160 mm and 1100-2100 mm, respectively. During the
90-day experimental period, the average temperature in this region ranged from 26 to 40 °C,
the average humidity was 30-40%, and the total precipitation was 51.3 mm. The soil had an
organic matter content (SOM) of 7.64 g kg~!, total nitrogen content (TN) of 0.26 g kg1,
alkaline-hydrolyzable nitrogen content (AHN) of 12.01 mg kg™, total phosphorus content
(TP) of 0.21 g kg™!, available phosphorus content (AP) of 1.46 mg kg~!, total potassium
content (TK) of 8.27 g kg~?, available potassium content (AK) of 85.58 mg kg~! and electrical
conductivity (EC) of 8.23 mS m~!. The soil showed a pH of 8.84 (soil:water = 1:2.5).

2.2.2. Experimental Design

The total area of the experimental plot was approximately 500 m?, divided into 12 equal-
sized subplots, each measuring approximately 42.5 m?. The experiment consisted of 4 treat-
ments, each with 3 replicates: (1) a control group receiving no treatment (CK); (2) mi-
croalgae treatment (M); (3) organic fertilizer treatment (F); and (4) microalgae + organic
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fertilizer treatment (MF). The diagram of experimental site division is shown in Figure S1.
Through laboratory pot experiments, the effects of microalgae application rates on soil
nutrients and the growth of Dahurian wildrye and sainfoin were investigated (unpublished
data), and the optimal dosage of the microalgae was determined to be 1.5 g m~2 (in dry
weight). The organic fertilizer used in this experiment was provided by Shenyang Agricul-
tural University, and the dosage of organic fertilizer was 6 kg m~2. The raw materials for the
organic fertilizer were hay and animal manure collected from the soil restoration area. The
raw materials were crushed and mixed with a microbial inoculant, fermented at 50-60 °C
for 30 days, and then naturally cooled before use. The main parameters of the organic
fertilizer were pH = 6.7, 456 g kg™! organic matter, 16.5 g kg~! total nitrogen, 6.1 g kg~!
total phosphorus and 20.8 g kg™ total potassium.

The plants used in this experiment were Dahurian wildrye and sainfoin, which were
sown as a mixture, with a total seeding rate of 15 g m~2, comprising 13 g m~2 of Dahurian
wildrye and 2 g m~2 of sainfoin. The organic fertilizer was evenly broadcast, and the top
20 cm of soil was then tilled with a rotary tiller to ensure thorough mixing of the fertilizer
with the soil. Then, seeds were uniformly broadcast, and the covered soil was lightly
raked. Subsequently, microalgae were inoculated. Algal cultures grown to the logarithmic
growth phase were uniformly sprayed onto the surface of the soil to be remediated using a
manual sprayer.

During the week before sowing, the plots were watered daily at approximately
0.25 L m~2. After the application of organic fertilizer, the first sprinkler irrigation was
performed using a high-pressure water gun, with an irrigation amount of approximately
15 L m~2. A second irrigation was conducted after 15 days, with the same irrigation amount
and method as the first irrigation. One month later, a third irrigation was carried out using
the same irrigation amount and method as the previous two irrigations. Subsequently, the
plots were watered daily with a watering can at approximately 0.25 L m~2.

2.2.3. Sampling and Measurements

At 45 and 90 days, soil samples were collected from the 0-20 cm plough layer us-
ing a five-point sampling method, and the subsamples were thoroughly mixed for the
analysis of soil physicochemical properties. Soil pH was measured using a pH meter at a
soil/distilled water ratio of 1:2.5 [48], and EC was measured using a conductivity meter at
a soil/distilled water ratio of 1:5 [49]. Soil organic carbon content was measured using the
Springer-Klee method [50] and converted to SOM using the van Bemmelen factor [51]. TN
was measured using the Kjeldahl method [52], AHN was measured using the method of
Roberts et al. [53], TP was measured using the alkali fusion-Mo-Sb anti-spectrophotometric
method [54], and AP was measured using the sodium hydrogen carbonate solution-Mo-Sb
anti-spectrophotometric method [55].

At 90 days, Dahurian wildrye and sainfoin were collected by a five-point sampling
method. The plant height (PH) and root length (RL) were measured using a tape mea-
sure. The samples were rinsed thoroughly, blotted to remove surface water, and weighed
to determine the fresh weight (FW). Then, the samples were oven-dried at 105 °C for
30 min, followed by drying at 75 °C to a constant weight, and weighed to determine the dry
weight (DW).

The surface soils were collected at 90 days. The soil microbial diversity assessment
was organized through PCR amplification, DNA extraction and high-throughput gene
sequencing. A blank control was used during PCR amplification. The soil microbial DNA
was extracted using a DNA extraction kit (Shanghai Major Yuhua, Shanghai, China). The
quality of DNA was measured by 1% (w/v) agarose gel, and the concentration and purity
of DNA were measured using a NanoDrop2000 (Thermo Fisher Scientific, Carlsbad, CA,
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USA). The V3-V4 variable regions of 16S rRNA genes were amplified using primers 338F
(5'-ACTCCTACGGGAGGCAGCAG-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3'),
and a 2% (w/v) agarose gel was used for verification. Sequencing was conducted using an
[lumina PE300 (Shanghai Majorbio, Shanghai, China). The operational taxonomic units
(OTUs) were clustered based on non-repetitive sequences (excluding single sequences)
with a 97% similarity threshold. Because the soil in coal mine heaps is characterized by low
biomass, 97% OTUs clustering was used. Data was analyzed using Majorbio Isanger Cloud
platform (Shanghai Majorbio, Shanghai, China).

2.3. Data Analysis

Data processing was carried out using Microsoft Excel 365. Statistical analysis was
carried out using IBM SPSS Statistics 27. Figures were generated using Origin 2019. One-way
ANOVA was used to assess differences among treatments, and Levene’s test was conducted
to verify homogeneity of variances (p > 0.05). When significant differences were observed,
LSD tests were employed for multiple comparisons (p < 0.05).

3. Results

3.1. The Impacts of Mine Water and Environmental Factors on Microalgae Cultivation
3.1.1. The Impacts of Different Types of Mine Water

To identify the suitable mine water type and algal strains, we investigated the effects
of raw mine water (X]J0) and flocculated mine water (XJ1) on the growth of five microalgal
strains. As shown in Figure S2A, the color of algal suspensions gradually changed from
blue-green to yellow-green over cultivation, with similar color profiles between the X]J0 and
XJ1 groups. HS4 and HS5 maintained long, intact blue-green filaments, and they exhibited
better morphological integrity and pigment deposition in the raw mine water than in the
flocculated mine water (Figure S2B).

Figure 1 presents the temporal variations in pH, maximum PSII quantum yield (F, /F,,),
dry weight (DW), and chlorophyll a (Chl a) of five strains (HS1-HS5) cultured in X]JO or
X]J1 for six days. The pH rose from 8.5 to 11 across all treatments. Naturally alkaline coal
mine water, rich in bicarbonate, favors inorganic carbon utilization by photoautotrophs. The
XJ1 treatments generally had a higher pH than the X]J0, indicating superior photosynthetic
activity of microalgae in raw mine water. Among the strains, HS4 and HS5 yielded signif-
icantly higher pH values than HS1-HS3. The F, /F,, ranged from 0.2 to 0.6 and declined
over time. Relatively high values persisted from day 2 to day 4, followed by sharp decreases
on day 6 for all groups. The dry weight increased steadily (0.3-1.1 g L™1), with XJ0-HS5
obtaining the maximum final biomass, which reflected the combined advantages of low
turbidity and strain-specific tolerance. The biomass of XJ1-HS1 in our study agrees with the
published data for mine water-cultivated cyanobacteria. The Chl a content varied greatly
(0.3-4 mg L), and was significantly influenced by both the mine water type and strain.
XJ0-HS5 had the highest Chl a from day 4 to day 6, demonstrating strong photosynthetic
capacity, whereas the XJ1 and sensitive strains (HS1HS3) showed poor Chl a accumulation.
In the later phase, the DW and Chl a were decoupled: DW kept increasing while Chl a
plateaued or decreased.

The combination of untreated raw mine water (XJ0) with strains HS4 and HS5 rep-
resented the optimal system, balancing efficient light utilization and sufficient nutrient
supply. This combination was therefore selected as the experimental material for subsequent
experiments.
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Figure 1. Changes in pH (a), F, /F,, (b), DW (c) and chlorophyll (d) in different treatments. Numbers
15 represent different microalgae; XJO is raw water and X]J1 is flocculated water. Error bars represent the
standard errors of the triplicate bottles. The different letters above the columns indicate a significant
difference (p < 0.05) based on the analysis of variance.

3.1.2. The Impacts of Initial Biomass Concentration

Building on the findings from the previous Section 3.1.1, where raw water supported
better physiological activity compared to flocculated water, and HS4 and HS5 demon-
strated greater adaptability, this section examines the effect of initial biomass concentration
(inoculum density) on microalgal growth. This parameter plays a fundamental role in
establishing the initial conditions of culture growth and can significantly affect the dynamics
of all growth phases from lag to stationary. Representative experimental and microscopic
images are provided in Figure S3. The visual and microscopic inspection indicated that
HS5-0.1 maintained a comparatively better physiological state.

Figure 2 shows temporal changes in strains HS54 and HS5 cultured for six days at three
initial inoculum densities (0.05, 0.1, and 0.2). No day 6 measurements were collected for HS4-
0.2 due to severe algal mortality. Across all treatments, pH rose from approximately 9.0-10.0
(day 2) to 10.0-11.5 (day 6). HS5 generally yielded higher pH than HS4, and the highest-
density groups (HS4-0.2, HS5-0.2) consistently maintained maximum pH (Figure 2a).
F,/F, ranged from 0.15 to 0.55 and declined over time. HS4 retained relatively high F, /F
(approximately 0.5-0.55) on day 2, whereas HS5-0.2 reached only around 0.35. Sharp
F,/F,, drops occurred on days 46, especially under 0.2 inoculum density. Dry weight
increased steadily in most groups from day 2 to day 6. By contrast, HS4-0.2 peaked on
day 2 and then declined rapidly, with H54-0.1 surpassing it on day 4. On day 6, HS5-0.2
reached its maximum dry weight value, while the lowest inoculum density (0.05) generally
produced the lowest final biomass. Chl a concentrations varied widely (0.55.0 mg L™!) and
diverged from dry weight trends. HS4-0.2 exhibited an extremely high Chl a peak (around
5.0 mg L™1) on day 2, followed by a gradual decrease. In comparison, HS5-0.2 displayed a
continuous upward trend and attained approximately 3.2 mg L~! at day 6.
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Figure 2. Changes in pH (a), F, /F,,, (b), DW (c) and chlorophyll (d) in different treatments. The
0.05, 0.1 and 0.2 represent different initial inoculum densities. Error bars represent the standard
errors of the triplicate bottles. The different letters above the columns indicate a significant difference
(p < 0.05) based on the analysis of variance.

Taken together across all measured parameters, strain HS5 at a moderate inoculum
density (0.1) generally achieved a favorable balance between rapid biomass build up and
sustainable growth.

3.1.3. The Impacts of Different Medium Composition Ratios

As shown in Figure 54, the microalgae in the high-inoculation treatment (0.2 g L7!)
exhibited more pronounced cellular damage during the late growth stage compared to the
other treatments.

During cultivation, the pH increased in all treatments, ranging from 9.0 to 11.0
(Figure 3a). On day 2 and day 6, the pH rose significantly with increasing medium addition
volume, with the HS5-H group showing the highest pH (10.5) and the HS5-O group the
lowest (9.5). However, the HS5-Q group reached the maximum pH of 11.23 on day 4,
which was significantly higher than the other two groups, while HS5-O still maintained the
lowest pH. The maximum quantum yield of PSII (F, /F,,) exhibited an overall downward
trend, decreasing from around 0.41 on day 2 to roughly 0.30 on day 6. On day 2, HS5-Q
obtained the highest F, /F,, (0.41), whereas HS5-H had the lowest value (0.34). By day 4
and day 6, the F, /F,, values became comparable across the three groups. The dry weight
biomass increased significantly over time (Figure 3c). All groups yielded a low biomass
(0.2-0.35 g L71) on day 2. The HS5-O group reached the highest dry weight (0.56 g L=!) on
day 4. At day 6, no significant difference was observed between HS5-O and HS5-Q), and both
were significantly higher than HS5-H (0.55 g L~!). Chlorophyll a (Chl a) concentrations
showed dynamic variation. On day 2, HS55-Q and HS5-H were significantly higher than
HS5-0. HS5-Q peaked at approximately 4.55 mg L~! on day 4, which was markedly higher
than the other two groups. No significant difference was detected on day 6, although HS5
Q still had the highest Chl a content among the three treatments. So, adding 1/4 of BG11 is
more likely to promote the growth of microalgae.

https://doi.org/10.3390/w18212790


https://doi.org/10.3390/w18212790

Water 2026, 18, 2790

9 of 26

a b 0.5
12 a
a  ¢pig D a a
c b e i ¢ b 0.4 aIb 2 a a
91" 2 l a % ag,
£0.3 1 1 o I
e &
2 6 z
0.2 1
31 0.1
T 0.0 - . .
H 2d 4d 6d 2d 4d 6d
N Time d g Time
0.8
a a a
ety | I lf
: 041
57¢ 1 ab L | S a
2 I b e i
2 a s 4 a c a
R041 ab 3 I z iy &
b 21 b
0.2 I !
0.0 : : : 0 - : ;
2d 4d 6d 2d 4d 6d
Time Time
HS5-0 HS5-Q HSS5-H

Figure 3. Changes in pH (a), F, /F,, (b), DW (c) and chlorophyll (d) in different treatments. HS5-O,
HS5-H and HS5-Q represented the XJ0 diluted with BG11, culture medium to ratios of 1:0 (HS-O),
1:1 (HS-H), 1:3 (HS-Q). Error bars represent the standard errors of the triplicate bottles. The different
letters above the columns indicate a significant difference (p < 0.05) based on the analysis of variance.

3.1.4. The Impacts of Different Light Intensity

In this section, the effect of light intensity (25, 50 and 100 ymol m~2 s~1) on microal-
gae growth was investigated. As shown in Figure S5A,B, exposure to high light inten-
sity (100 pmol m~2 s71) caused visible cell damage, which was detrimental to microalgae
growth.

The changes in physiological parameters under different light intensities are presented
in Figure 4a—d. During cultivation, the pH increased in all treatments (Figure 4a), ranging
from 9.5 to 10.9. On day 2, the pH showed no significant difference among the three groups
and was positively proportional to the light intensity. On day 4 and day 6, HS5-50 and
HS5-100 exhibited significantly higher pH than HS5-25, reaching approximately 10.5-10.9.
The F, /F,, declined over time across all treatments (Figure 4b), indicating progressive
deterioration of photosynthetic performance. On day 2, HS55-25 and HS5-50 maintained
high F, /F_, values (0.41), whereas HS5-100 was significantly lower (0.35). At day 4 and
day 6, HS5-25 retained an F, /F , of 0.44, while HS55-50 and HS5-100 decreased markedly to
0.220.29, suggesting that high light intensity induced photoinhibition and cellular stress
responses. The dry weight biomass accumulated significantly over time and displayed a
strong positive correlation with the light intensity (Figure 4c). On day 2 and day 4, the
dry weight increased significantly with elevated light intensity, with HS5-100 yielding
the highest values (0.48 g L~! on day 2 and 0.70 g L~! on day 4). By day 6, H55-50 and
HS5-100 were statistically comparable, and both were significantly higher than HS5-25
(0.45 g L71). This result implies that higher light intensity accelerates earlyphase growth,
yet the differences diminish in the later phase due to nutrient limitation. The chlorophyll
a (Chl a) concentration was negatively correlated with light intensity and followed first a
rise and then fall trend over cultivation. No significant inter-group difference was observed
on day 2. On day 4 and day 6, Chl a increased markedly in HS5-25 (4.8 mg L~!), whereas
HS5-50 and HS5-100 maintained relatively low levels. This demonstrates that cells acclimate
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to low light conditions by elevating pigment content to enhance light-harvesting capacity.
Therefore, a light intensity range of 25-50 pmol m~2 s~! is suitable for microalgae cultivation

under the studied conditions.
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Figure 4. Changes in pH (a), F,/F,, (b), DW (c) and chlorophyll (d) in different treatments. The
25, 50 and 100 represent alight intensity of 25, 50 and 100 pmol m~2 s~!, respectively. Error bars
represent the standard errors of the triplicate bottles. The different letters above the columns indicate
a significant difference (p < 0.05) based on the analysis of variance.

3.2. Field Performance of Microalgae Biomass for Ecological Restoration
3.2.1. Soil Physicochemical Properties

The TN contents showed significant differences between treatments and at different
time stages (Figure 5a). At the middle experiment stage, the TN contents in the three
treatments showed a certain degree of increase compared to the control group. The MF
treatment had the highest value at 0.695 g kg~!, representing a 52.8% increase compared to
the CK (0.455 gkg~!). The TN in the M and F were slightly lower than that in the MF, at 0.639
g kg~! and 0.662 g kg™, respectively. The MF had a further increase in TN content to 0.695
g kg1, representing a 52.8% increase compared to the CK. By the end of the experiment,
the TN content in all treatments had decreased to some extent compared with those at the
mid-experiment stage. In particular, the greatest decrease was observed in the CK, which
reached 41.8%. The TN in the M also decreased to 0.435 g kg~!, while the MF maintained a
relatively high TN content (0.549 g kg~!), which was 107.4% higher than that of the CK
treatment. However, the AHN exhibited an accumulation trend different from that of TN
(Figure 5d). At the middle experimental stage, the AHN in the M and F (15.32 mg kg™!
and 17.78 mg kg1 respectively) were slightly higher than that in the CK (9.44 mg kg~!),
while in the MF treatment, the AHN increased significantly to 46.49 mg kg™, representing
an increase of 392.5% compared with the CK. At the end of the experiment, the AHN in
F and MF increased significantly, reaching 48.22 mg kg~! and 53.08 mg kg !, respectively.
Though the AHN in the M was lower than that in the F and MF, it also increased markedly
to 31.45 mg kg~!, which was significantly higher than that in the CK (12.75 mg kg™1).
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Figure 5. Soil physicochemical properties: Changes in TN (a), TP (b), TK (c), AHN (d), AP (e), AK
(f), SOM (g), pH (h) and EC (i) at middle and end stages of the experiment. Error bars represent
the standard errors of the triplicate parallel samples. The different letters above the columns indicate
a significant difference (p < 0.05) based on the analysis of variance.

At the middle experimental stage, the individual application of microalgae or or-
ganic fertilizer increased the TP content to a certain extent, though this was not significant
(Figure 5b). The TP in the M was 0.173 g kg~!, which was 66.3% higher than that in the
CK (0.104 g kg~!). However, the combined application of cyanobacteria and organic fertil-
izer significantly increased the TP content to 0.399 g kg~!, representing a 283.7% increase
compared to the CK. The TP content continued to increase gradually over the whole ex-
periment’s duration. By the end of the experiment, the TP in all three treatments was
significantly higher than that in the CK. The TP in the M was 0.393 g kg~!, which was 94.6%
higher than that in the CK, while the MF treatment had the highest TP, reaching 0.550g kg~?,
an increase of 172.68% over the CK. The AP and TP exhibited different trends (Figure 5e).
At the middle experimental stage, there were no significant differences in the AP among
these treatments, and the AP in the M treatment was slightly lower than that in the CK. In
the end stage of the experiment, all three treatments showed varying degrees of increase
compared to the CK. The AP in the M increased to 2.377 mg kg~!, representing an increase
of 44.9% compared with the CK, while the AP in the MF was 52.7% higher than that in the
CK, slightly exceeding the increase observed in the group treated with microalgae alone.

Different from nitrogen and phosphorus, the microalgae and organic fertilizer had
relatively weak effects on the soil potassium content (Figure 5¢,f). The TK fluctuated during
the middle experimental stage, exhibiting the highest values in the CK (9.16 g kg~!). The
TK in the M was slightly lower than that in the CK, while the TK in the F and MF was
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significantly lower than that in the CK. By the end of the experiment, the TK in all groups
tended to converge, ranging from 7.67 g kg~! to 8.37 g kg~!, with no significant differences
among groups. The M and MF showed a slight increasing trend compared with the CK
at both sampling stages. At the end of the experiment, the AK in the M (104.54 mg kg~)
exhibited the highest increase, representing a 20.93% increase compared to the CK.

The SOM contents in all three treatments increased relative to the CK at the middle
stage of the experiment; however, there were no differences observed between these four
treatments (Figure 5g). The MF reached the highest SOM at 12.93 g kg™!, while the SOM in
the M and F treatments was slightly lower than the combined application treatment, with
values of 11.24 g kg~! and 11.73 g kg™!, respectively. At the end of the experiment, the SOM
in the F and MF was significantly higher than that in the CK, with the highest value in the
MF at 15.12 g kg~!, which was 89.5% higher than that in the CK. The SOM in the M was
11.77 g kg~!, which also increased after the midpoint of the experiment and was higher
than that of CK.

Figure 5h shows that the soil pH in all groups remained within the alkaline
range (8.3-8.84) throughout the experimental period, without significant differences among
groups. At the middle stage of the experiment, the highest pH was observed in the CK, with
the other three treatments slightly lower than it (8.58-8.63). By the end of the experiment,
the pH in the three treatments showed a slight downward trend. The EC also showed
no significant differences among all groups during the experiment (Figure 5i). At the
middle stage of the experiment, the EC increased in the M and MF, as both treatments were
inoculated with microalgae. By the end of the experiment, the EC decreased in both the M
and MF treatments, with the greatest decrease observed in the MF, which was the lowest
value among all groups at 3.36 mS m~1.

3.2.2. Plant Growth

The results of the growth parameters for sainfoin are shown in Figure 6a—d. The
application of cyanobacteria and organic fertilizer significantly promoted the growth of
sainfoin. In terms of fresh weight and dry weight (Figure 6a,b), the fresh weight and
dry weight in the M, F, and MF treatments were significantly higher than those in the CK.
Among them, the MF showed the highest performance, with the fresh weight (2.437 g) and
dry weight (0.523 g) increasing by 1084.2% and 891.7%, respectively, compared with the
CK. The plant height and root length are shown in Figure 6¢,d; there were no significant
differences among all treatments. However, the MF still had the highest plant height and
root length numerically, followed by F, while the plant height in the M was lower than that
in the F and MF.

The results of the growth parameters for Dahurian wildrye (Elymus dahuricus) are
shown in Figure 6e-h. The fresh weight and dry weight of Dahurian wildrye differed
significantly among treatments. The CK exhibited the lowest fresh weight and dry weight
(0.078 g and 0.022 g, respectively). The M significantly increased the fresh weight and dry
weight, while the F and MF further enhanced the fresh weight and dry weight, with the
highest values recorded in the MF (0.671 g and 0.164 g, respectively). In terms of plant
height, the CK was significantly lower than the F and MF, while plant height in the M was
intermediate and showed no significant differences from the CK, F, or MF. There were no
significant differences in root length among all treatments, although root length in the MF
was slightly higher than with the other treatments.
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Figure 6. Plant growth changes: Sainfoin fresh weight (a), dry weight (b), plant height (c), and root
length (d); Dahurian wildrye fresh weight (e), dry weight (f), plant height (g), and root length (h).
Error bars represent the standard errors of the triplicate parallel samples. The different letters above
the columns indicate a significant difference (p < 0.05) based on the analysis of variance.

3.2.3. Microbiological Diversity

Figure 7a presents the results of alpha diversity analysis. The median Shannon index
was relatively high in the CK and M, with a low degree of dispersion, indicating higher
species richness and community evenness in the CK and M and a relatively stable microe-
cosystem. Compared with the CK and M, the F treatment showed a slight decrease in the
median Shannon index, and its box was significantly wider. This suggests that the addition
of organic fertilizer caused a sharp decline in microbial diversity in some samples, thereby
increasing the within-group variation.

The principal coordinate analysis (PCoA) revealed that PC1 and PC2 explained 50.89%
and 16.16% of the community variation, respectively (Figure 7b), indicating differences in
the soil bacterial communities among treatments. The sample points of CK and M showed a
high degree of overlap and were mainly concentrated in the negative region of PC1, whereas
those of F and MF shifted toward the positive direction of PC1 and exhibited low overlap
with the CK and M. The variation represented by the PC1 axis was mainly associated
with changes in the soil nitrogen, phosphorus, and organic matter contents resulting from
the addition of cyanobacteria and organic fertilizer. In contrast, the vertical dispersion
along the PC2 axis was considerable within treatments. The pronounced dispersion of
samples from the same treatment on PC2 indicates that the spatial heterogeneity of the
soil microenvironment (e.g., local micro-oxic conditions, the uniformity of cyanobacterial
community distribution, and the degree of degradation of organic fertilizer particles) was
an important source of PC2 variation.

In Figure 7c, the Venn diagram reveals that 489 genera were shared among the four
treatments, accounting for 58.28% of the total genera. The highest number of unique genera
was observed in the F treatment (59), whereas the lowest was found in the CK (18).

Figure 7d shows the relative abundance at the phylum level. The dominant phyla were
Actinomycetota, Chloroflexota, Pseudomonadota, Bacillota, and Acidobacteriota, which accounted
for the vast majority of the total community; the remaining taxa, such as Gemmatimonadota
and Bacteroidota, were secondary groups. Among them, Actinomycetota had the highest
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relative abundance, ranging from 32.5% to 38.5%. The abundance of Actinomycetota was
approximately the same in the CK and M, decreased in the F, and was the lowest in the MF.
As the second most abundant phylum, Chloroflexota increased in the F and MFE. Meanwhile,
the abundance of Pseudomonadota decreased in the M and MF. The abundance of Bacillota
showed an increasing trend in the M, F, and MF, with a significant increase in the MF. In
contrast, the abundance of Acidobacteriota decreased in the M, F, and MF, with the most
pronounced decrease observed in the MF.
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Figure 7. Shannon index of species level (a), principal coordinate analysis (PCoA) of microbial
communities (b), Venn diagram of shared and unique genera (c), and relative abundance of bacterial
phyla among different groups (d).

A redundancy analysis (RDA) revealed the macro-scale associations between environ-
mental factors and sample community structure, with RDA1 and RDA2 explaining 73.61%
and 6.30% of the variation, respectively (Figure 8a). The AHN, TP, SOM, AP were the main
environmental factors associated with community differentiation. The F and MF samples
were distributed on the right side of the RDA axis and were positively correlated with the
AHN, TP, SOM, and AP, and the MF showed stronger correlations with these nutrients. The
CK samples were mainly distributed on the left side of the RDA1 axis and were negatively
correlated with the AHN, TP, SOM, etc., showing the greatest community differences from
the F and MF treatments. For the M treatment, some sample points were close to those of
CK, whereas the others were close to the F and MF treatments. The Mantel test in Figure 8b
reveals the correlations between soil bacterial communities and soil physicochemical fac-
tors under different treatments. Similarly, the species-level communities in the F and MF
treatments exhibited highly positive correlations with the TN, AHN, TP, AP, and SOM.

Figure 8c shows a heatmap of correlations between environmental factors and soil
microbial communities at the phylum level, revealing significant differentiation in the
responses of different bacterial phyla to soil nutrients. Acidobacteriota, Methylomirabilota,
Myxococcota, Gemmatimonadota, and Actinomycetota were negatively correlated with soil
nutrients, with significant negative correlations with the TP and AHN. In contrast, Bacillota
and Deinococcota were highly significantly positively correlated with the TP and AHN, while
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Chloroflexota, Planctomycetota, and Bacteroidota also showed positive responses to increased
nutrient levels. Cyanobacteriota was significantly positively correlated with the SOM.
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Figure 8. Redundancy analysis (RDA) of microbial communities and environmental factors (a),
Mantel test network and correlation heatmap of environmental factors (b), correlation heatmap
between bacterial taxa and environmental factors at phylum level (c). Asterisks indicate significant
correlations (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion
4.1. Different Factors Influence the Growth of Microalgae

The enhanced growth in raw water is likely attributable to its nutrient concentrations,
shown in Table S1, as some of them are essential nutrients for microalgae. Carbon, nitro-
gen, and phosphorus in wastewater play critical roles in microalgal metabolism: carbon
supplies the structural skeleton, nitrogen supports amino acid synthesis, and phosphorus
is essential for ATP production and energy metabolism [56,57]. The elevated pH observed
across treatments originated from a typical feature of cyanobacterial photosynthetic carbon
fixation that consumes dissolved CO,/HCO;~ [58-60]. However, as the training period
lengthened, the F, /F,, value gradually decreased. This trend likely resulted from nitrogen
and phosphorus depletion without exogenous nutrient input [61,62]. Phosphorus limita-
tion impairs photosynthetic phosphorylation and the Calvin cycle, thereby lowering F, /F ..
Most X]JO cultures maintained higher F, /F, values than their XJ1 counterparts, which was
also linked to nutrient limitation [61]. In the late phase, the DW and Chl a were decoupled:
the DW kept increasing while the Chl a plateaued or decreased. Such divergence suggests
that later stage biomass gain was partially caused by extracellular polymeric substance
(EPS) accumulation and polysaccharide-driven adsorption of suspended solids in raw mine
water. Cyanobacteria secrete EPS as a primary protective barrier under nutrient and metal
stress [63,64]; enhanced EPS synthesis has been documented in salt-tolerant nitrogen-fixing
cyanobacteria under salinity and metal stress [65].

The initial biomass concentration of microalgae strongly affects lag-phase duration,
specific growth rate, and biomass accumulation dynamics [66]. The highest density groups
(HS4-0.2, HS5-0.2) consistently maintained maximum pH, suggesting that an elevated initial
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cell density accelerates photosynthetic activity and nutrient consumption [58]. However,
the F, /F,, ranged from 0.15 to 0.55 and sharp F, /F,, drops occurred on days 46, especially
under 0.2 inoculum density, reflecting nutrient depletion and impaired photosynthetic
performance [67,68]. For H54-0.2, biomass decreased markedly after day 2. This may be
attributable to an excessively high inoculum concentration, which consumed excessive
nutrients from the medium during early growth, causing extensive algal cell death and
decomposition (Figure S3) and thus leading to a pronounced decline in biomass after
day 2. This phenomenon indicates that although high initial cell density confers an early-
phase growth advantage, it aggravates self-shading and impedes light penetration, thereby
reducing photosynthetic efficiency and specific growth rate [66,69]. The similar decoupling
of dry weight (DW) and Chl a in later cultivation phases implies that under nutrient limited
or high density conditions, carbon flux may shift away from pigment synthesis toward
the production of storage compounds such as polysaccharides or extracellular polymeric
substances, reflecting a physiological reprogramming of algal cells [70,71].

Light intensity acted as a critical modulator shaping the growth and photosynthetic
physiology of microalgae [72]. In this study, we found that although high irradiance
(100 umol m~=2 s71) promoted early phase biomass accumulation, it triggered obvious
photoinhibition, as reflected by the sharp drop in F, /F, at the later stage [73]. Under high
light stress, cells consume substantial metabolic resources for PSII-repair machinery, which
partially offsets the growth advantages [74].

This study also investigated the growth and photosynthetic responses of the dia-
zotrophic cyanobacterium HS5 cultivated in XJO (HS5-O), X]J0 diluted with BG11 culture
medium to ratios of 1:3 (HS5-Q), and X]J0 diluted with BG11 culture medium to ratios of
1:1 (HS5-H). Raw mine water contained trace-level phosphorus (TP < 0.01 mg L) as well
as metals such as As and Se. Although the mine water favoured microalgal growth in the
early phase, it exerted certain stress effects over long-term cultivation [75]. Overall, HS5-Q
exhibited higher F, /F, and chl a concentrations than HS5-O and HS5-H, demonstrating that
moderate nutrient supplementation with a small amount of BG11 could sustain favourable
photosynthetic performance in the mine-water matrix. By comparison, supplementation
with more BG11 (HS5-H) failed to further improve photosynthetic capacity and triggered
more severe cellular damage at the later growth stage (Figure S4). Raw mine water is rich
in total soluble solids, SO,>~ and heavy metals [76]. When combined with nutrients from
the added medium, even increased macronutrient supply imposes metabolic pressure on
microalgae, impairs cellular integrity, and diverts carbon flux away from growth towards
stress-defense metabolism [70].

4.2. Effects of Microalgal Biomass on Soil Physicochemical Properties, Plant Growth, and
Soil Microorganisms

The soil organic matter (SOM) is a core indicator for evaluating soil fertility, and
changes in its content can reflect the accumulation and mineralization dynamics of the soil
carbon stock following exogenous organic matter [77,78]. The application of cyanobacteria
alone was able to increase the SOM content. The cyanobacterial biomass itself contained
large amounts of intracellular organic carbon; after inoculation in the soil, part of it was
rapidly decomposed and released as organic matter, supplementing the SOM in the short
term [79-81]. However, due to the much lower application amount compared to organic
fertilizer, the cyanobacteria had a limited effect on increasing the soil organic matter. In
contrast, the combined application of cyanobacteria and organic fertilizer further increased
the SOM content compared with cyanobacteria or organic fertilizer alone. This is attributed
to the combined effects of cyanobacteria and organic fertilizer. The organic fertilizer pro-
vided humus as a carbon source, while the cyanobacteria supplied an active carbon source
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for soil microorganisms, stimulating microbial proliferation [82,83]. Therefore, at the late
stage of the experiment, the SOM content in the M treatment remained comparable to that
at the mid-experiment stage due to the limited amount of cyanobacteria inoculated. In the
MF treatment, however, recalcitrant components in the organic fertilizer were decomposed
by microorganisms to provide organic matter to the soil [84]. Meanwhile, extracellular
polysaccharides (EPSs) secreted by the cyanobacteria bound organic fertilizer particles with
fine soil particles, forming stable aggregates that physically protected the organic carbon
from rapid mineralization [85-87].

There were no significant changes in the pH; this may have been because the experiment
lasted only 90 days and the relatively short experimental period did not exert a significant
effect on the pH. In the middle stage of the experiment, the EC of the M, F, and MF groups
increased, possibly because the nutrients released from the microalgal cells and organic
fertilizer into the soil increased the soil EC. However, in the late stage of the experiment, the
EC of the F and MF groups decreased markedly. This may have been because the addition
of organic fertilizer increased the soil porosity and leaching during irrigation, causing ions
to migrate to deeper soil layers, while the extracellular polysaccharides produced by the
cyanobacteria acted as binders that reduced soil porosity and thereby decreased the leaching
losses of soil components.

Soil nitrogen (N) and phosphorus (P), as core nutrient elements, are the primary
limiting nutrients affecting plant growth [88,89]. At the middle experimental stage, mi-
croalgae application increased the soil N and P contents. Cyanobacterial biomass is rich
in components such as proteins, phospholipids, and polyphosphates [90,91]. After ap-
plication to soil, cyanobacteria can fix nitrogen from the air and convert it into biomass,
and some cyanobacterial cells are rapidly decomposed by microorganisms, releasing am-
monium nitrogen and bound phosphorus through ammonification, thereby increasing
the soil total nitrogen (TN), available nitrogen (AN), total phosphorus (TP), and avail-
able phosphorus (AP) contents [80,92]. However, on the one hand, the N and P contents
within microalgae are limited; on the other hand, the ammonium nitrogen produced by
mineralization is at risk of volatilization or leaching, and the released phosphorus can
chemically bind with calcium, iron, and aluminum ions in the soil [93-95]. In the combined
application of microalgae and organic fertilizer (MF treatment), the soil N content was
higher than that under microalgae or organic fertilizer alone, indicating a complementary
and combined effect between the two [96,97]. The organic fertilizer continuously supplied
organic N and P, while the cyanobacteria stimulated microbial proliferation, promoting N
and P mineralization and the activation of the inherent insoluble phosphorus in the soil,
thereby achieving the simultaneous accumulation of N and P [98,99]. At the late stage of
the experiment, the recalcitrant organic matter in the soil was continuously decomposed
and mineralized, and the AHN content continued to increase [100,101]. However, the TN
content decreased in all treatments. First, the soil pH ranged from 8.3 to 8.8, indicating an
alkaline environment in which NH,* readily combined with OH~ to form free ammonia,
leading to ammonia volatilization [102]. Simultaneously, nitrification occurred in the soil, in
which NH,;* was converted to NO;~, and NO;~ was reduced to N, by denitrifying bacteria
and escaped [101]. In the CK group, plant growth consumed soil nitrogen, while ammonia
volatilization and leaching further reduced the soil nitrogen content. Moreover, unlike the
M, E and MF groups, the CK group received no additional nitrogen input; therefore, the
nitrogen content in the CK group declined markedly in the late stage of the experiment.
Although the extracellular polymeric substances (EPSs) produced by microalgae contain
acidic functional groups that can release protons and lower the pH of alkaline soils, the
short-term treatment did not significantly reduce soil pH. The potential reduction in soil
pH following long-term cyanobacterial application needs to be considered, as lowering
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the soil pH can shift the NH,* /NH; equilibrium and reduce ammonia volatilization. In
addition, drip fertigation is the single most effective management improvement measure; it
has been reported that, in alkaline soils, cumulative NH; emissions under drip fertigation
are 55.93% lower than under furrow irrigation. These strategies are proposed based on
existing evidence; however, their effectiveness under the specific cold and arid irrigated
conditions of this experiment remains to be verified [103,104]. In contrast, the phosphorus
content increased because the organic fertilizer continuously input organic phosphorus,
which slowly decomposed to release phosphorus [105]. Moreover, the organic acids and
phosphatases secreted by cyanobacterial metabolism effectively promoted the activation
and release of sparingly soluble phosphorus by competing for adsorption sites on soil
colloids and chelating metal ions (e.g., Ca?* and Fe®"), thereby increasing both the TP and
AP [106,107]. Compared with nitrogen and phosphorus, the soil potassium pool was larger
and had a strong buffering capacity for potassium; therefore, the effects of the treatments
on soil potassium were less pronounced than those on nitrogen and phosphorus. In the F
and MF, plant growth, particularly that of Dahurian wildrye, was considerably greater than
that in the CK group, and this growth consumed soil potassium.

The growth trends of sainfoin and Dahurian wildrye were generally consistent with
the variation trends of soil organic matter and soil nutrients. The growth parameters
of both species were highest in the MF treatment, lower in the M treatment than in the
F and MF treatments, and lowest in the CK. However, sainfoin and Dahurian wildrye
exhibited different growth responses to cyanobacteria and organic fertilizer. There was no
significant difference in the growth-promoting effects on sainfoin between the application
of cyanobacteria and organic fertilizer alone, whereas cyanobacteria alone only slightly
increased the biomass of Dahurian wildrye, and the growth promotion of Dahurian wildrye
was more dependent on organic fertilizer. This may be attributed to the synergistic effect
between the inherent rhizobial nitrogen fixation of sainfoin as a legume and exogenous
nutrient supply [45,46]. Sainfoin, through rhizobia, can fix atmospheric nitrogen, and its
dependence on soil nitrogen supply is lower than that of grasses [108]. In addition, the
cyanobacteria can supplement nitrogen sources through biological nitrogen fixation by
cyanobacteria itself, while cyanobacterial extracellular polysaccharides can improve soil
aggregate structure and enhance water- and fertilizer-retention capacity [20]. In contrast,
Dahurian wildrye, as a gramineous forage, has no biological nitrogen fixation capacity, and
its growth depends on available soil nutrients. Organic fertilizer continuously supplies
available nitrogen and phosphorus through organic matter mineralization, which is more
sufficient than the nitrogen and phosphorus supplied by cyanobacteria. It should be noted
that in arid /semi-arid mining areas, the amount of irrigation water is a key factor in soil
restoration. In this experiment, water usage was significantly lower than that required for
large-scale grassland restoration in arid/semi-arid mining areas 1.33 L m~2 d~!. Although
this experiment lasted 90 days and focused on revegetation and soil-surface stabilization,
mine water may contain potentially toxic metals that can be accumulated by microalgae
and plants, which form the base of primary food chains. Such accumulation could pose
toxicological risks to primary consumers and, where restored grasslands are grazed, may
create a pathway for contaminants to enter livestock food chains [109,110]. In this study,
metal accumulation in algal or plant biomass, contaminant bioavailability, and food chain
transfer were not measured; therefore, the toxicological risk of the present system remains
to be quantified. Future studies should combine tissue metal analysis, bioaccessibility
assays, and food chain transfer assessments before the system is applied at sites where
mining-derived contaminants may enter agricultural or pastoral food chains.

As a legume, sainfoin influences soil microbial populations through rhizobia; the dif-
ferent treatments also altered the soil microbial communities. At the phylum level, the soil
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bacteria in the four treatments were dominated by Actinomycetota, Chloroflexota, Pseudomon-
adota, Bacillota, and Acidobacteriota, but the community composition differed significantly
among treatments. Compared with the CK group, the relative abundance of the Actinobac-
teria phylum in the M group decreased slightly, while that of the Chloroflexota and Bacillota
phyla increased. In the MF treatment, the abundance of Actinomycetota further decreased,
the relative abundances of Chloroflexota and Bacillota reached the highest levels among all
treatments, and the abundance of Acidobacteriota continued to decline. These results, com-
bined with the RDA, Mantel test, and the heatmap of correlations between environmental
factors and microbial communities, revealed that the M treatment initially altered the soil
nutrient environment through the biological characteristics of cyanobacteria themselves,
as the inoculation of cyanobacteria promotes the growth of copiotrophic bacteria [79].
The MF treatment amplified the nutrient supply effect through the combined coupling
of cyanobacteria and organic fertilizer that formed a unique soil microenvironment, and
drove directed succession in the bacterial community. The abundances of Acidobacteriota,
which prefer oligotrophic environments, decreased significantly [111,112]. In contrast,
Bacillota, Bacteroidota, and other copiotrophic taxa with efficient organic matter degradation
capacity were significantly enriched [113,114]. Bacteroidota and Bacillota, as copiotrophic
taxa, respond rapidly to increases in soil nutrient and organic matter levels [113,115]. They
grow and multiply rapidly by utilizing easily degradable organic matter and participate in
nutrient cycling; the organic matter they decompose further increases soil nutrient levels.
Both Actinomycetota and Chloroflexota possess the ability to degrade complex soil organic
matter. However, in the F and MF treatments, the abundance of Actinomycetota decreased
while that of Chloroflexota increased. There is no definitive conclusion regarding whether
Actinomycetota are eutrophic or oligotrophic conditions, but some studies have shown
that the abundance of Actinomycetota in soil decreases after the addition of organic fertil-
izer [112,114]. Furthermore, after entering soil, organic fertilizer enhances soil microbial
activity and consumes large amounts of oxygen, creating local hypoxic or anoxic zones in
the soil [116]. Many members of Chloroflexota are facultative anaerobes and can adapt to
this environment, thereby competing ecologically with Actinomycetota, since the majority of
Actinomycetota are aerobic bacteria [117-119]. Actinomycetota possess a strong capacity to
secrete extracellular enzymes (e.g., cellulases and chitinases) and are adept at the aerobic
degradation of complex polymers. However, under anoxic conditions, the synthesis and
activity of their extracellular enzymes decline substantially, preventing them from efficiently
acquiring carbon sources. In contrast, although Chloroflexota generally have a weaker capac-
ity for the direct degradation of complex polymers, many taxa are adept at utilizing simpler
fermentation intermediates, such as sugars and organic acids. This may also explain why
the abundance of Actinomycetota decreased while that of Chloroflexota increased. However, in
the M treatment, cyanobacteria produced oxygen through photosynthesis in the soil, result-
ing in fewer hypoxic or anoxic zones, and the abundance of Chloroflexota was significantly
lower than that in the F and MF treatments. The RDA results showed that the MF samples
were independently distributed in the ordination space. The Mantel test demonstrated
that the bacterial community in the MF treatment was significantly associated with soil
environmental factors, such as TN, AHN, SOM, and TP. These indicate that the filtering
effect of physicochemical factors on the bacterial community is significantly enhanced when
cyanobacteria and organic fertilizer are applied together.

This study demonstrates the technical feasibility of cultivating microalgae with mine
water and applying the resulting biomass to the mining area’s ecological restoration under
controlled laboratory conditions. However, caution is required when extrapolating these
findings to field scale. First, the laboratory trials were conducted under relatively stable
physicochemical conditions, whereas fluctuations in the quality of actual mine water, to-
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gether with variations in light and temperature, precipitation, and biological contamination
by indigenous microorganisms and grazers during outdoor cultivation, may all reduce
biomass productivity and process stability. Second, the efficacy of the active microalgal
fertilizer depends on the successful colonization of the target soil by microalgae; this col-
onization is co-regulated by the soil conditions, climatic factors, and the indigenous soil
microbial community, and thus requires optimization and validation through multi-season
field trials. Finally, the economic feasibility and carbon/water footprints of this technologi-
cal route should be comprehensively assessed within the frameworks of techno-economic
analysis and life-cycle assessment, in order to clarify its applicable conditions in different
mine site scenarios and identify viable engineering scale-up pathways, thereby laying a
foundation for future large-scale application.

5. Conclusions

In summary, when untreated mine water was supplemented with partial BG11 medium,
under a light intensity of 25-50 ymol m~2 s~! and an initial inoculation density of 0.1 g L1,
microalgae exhibited higher photosynthetic activity, biomass accumulation, and chlorophyll
a content, and was also the best-performing condition for culturing the selected strain
HS5. In the soil restoration experiments in mining areas, the combined application of
cyanobacteria and organic fertilizer shows the highest soil demonstrates the highest soil
organic matter and nutrient contents, as well as the strongest plant growth-promoting effect.
Compared with the CK, the TN and TP increased by 107.4% and 172.68%, respectively, and
the SOM increased by 89.5%. The MF treatment drove the remodeling of the microbial
community by significantly increasing the soil AHN, TP, SOM, and AP contents. This was
specifically reflected in the significant enrichment of beneficial functional taxa, such as
Bacillota and Bacteroidota, and a reduction in the abundance of the oligotrophic Acidobacteriota;
among these factors, the SOM was the core driving factor. This study demonstrates the
feasibility of using mine water as an alternative water source for microalgae cultivation
and of utilizing the cultivated microalgae biomass for soil restoration in mining areas. This
approach not only reduces cultivation costs but also addresses the shortage of clean water in
the local area, thereby providing a theoretical basis for comprehensive ecological restoration

of mining areas in northwestern China.
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