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PUBLIC SUMMARY

= Synergistic control of endogenous phosphorus release by submerged macrophytes and modified mineral materials.

= Mineral materials strengthen antioxidation enzyme and decrease reactive oxygen content.

The materials increase complexity and stability of rhizosphere microbial community.

Sediment physicochemical conditions were optimized for submerged macrophyte.
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Phosphorus is considered to be a limiting nutrient that affects primary
productivity, and sediment is an important source and sink of phosphorus
in lakes. This study investigates how raw attapulgite (RAT) and thermally
modified attapulgite (MAT) interact with submerged macrophyte Hydrilla
verticillata to control sediment endogenous phosphorus. Attapulgite is rich
in essential trace and major elements for plant growth, with properties such
as non-toxicity, strong adsorption, and chemical stability. Results show
that calcination at 500°C significantly enhances attapulgite’s phosphorus
adsorption capacity, increasing its specific surface area and pore volume.
The growth of Hydrilla verticillata was improved by MAT, which enhanced
its stress resistance through increased antioxidant enzyme activity. The
addition of 10% and 20% RAT notably increased sediment redox potential,
reduced sediment pH to neutral, and created favorable conditions for
biological proliferation. Additionally, the findings indicate that the addition
of attapulgite markedly reduces the organic matter and phosphorus
content in sediments, helping to mitigate the risk of internal nutrient release
in eutrophic lakes. In summary, attapulgite can accelerate the recovery of
lake ecosystem by enhancing the stress resistance of submerged macro-
phyte, reducing the content of organic matter and phosphorus in sedi-
ments, improving the oxygen content of sediments, and reducing the
release of endogenous phosphates. This study provides scientific evidence
and theoretical support for the application of attapulgite in the restoration
of eutrophic lake sediments.

INTRODUCTION

Submerged macrophytes are integral to the functioning of aquatic
ecosystems due to their ability to regulate key nutrient cycles, particularly
nitrogen and phosphorus, enhance water transparency, and inhibit algal
proliferation —functions that are critical for ecological restoration. The
successful re-establishment of submerged macrophyte across a lake is
widely recognized as a key indicator of the recovery of eutrophic lake
systems.'™

Lake sediments, which serve as primary sites for nutrient cycling and
biogeochemical processes, provide essential support for the growth of
submerged macrophytes by offering nutrients and minerals.”’ However, the
accumulation of pollutants, including toxic contaminants, organic matter, and
excessive nitrogen and phosphorus, has led to highly imbalanced sediment
microecologies that inhibit plant growth.””'” The physicochemical properties
of sediments, therefore, play a decisive role in determining the success of
macrophyte colonization, root establishment, and proliferation. In light of this,
the selection of appropriate in-situ immobilization materials to remediate
polluted sediments has become a crucial strategy for restoring aquatic vege-
tation and facilitating the recovery of degraded lake ecosystems. "

Attapulgite, also referred to as palygorskite, is primarily produced in the
provinces of Anhui, Jiangsu, Shandong, and Liaoning in China.'” Attapulgite is
a naturally occurring porous silicate mineral characterized by its abundant
availability, low cost, and favorable properties, such as high adsorption
capacity, thermal stability, surface activity, and ion exchange potential. These
attributes have led to its widespread application across diverse sectors,
including agriculture, environmental remediation, petrochemical industries,
construction, and pharmaceuticals.'"* Distinct from other immobilization
materials, attapulgite possesses a unique nanometer-scale porous crystal

structure, which, when applied as a soil conditioner, significantly increases
soil porosity, alleviates compaction, and improves both water retention and
permeability.'” Furthermore, attapulgite is composed of non-toxic, environ-
mentally benign components, ensuring that it poses no harm to benthic
organisms or large invertebrate communities. Its potential to enhance soil
fertility and agricultural productivity has also been demonstrated.'® In addi-
tion, attapulgite exhibits exceptional phosphorus adsorption and retention
capabilities, effectively controlling the release of endogenous nutrients for
extended periods, with studies showing sustained phosphorus sequestration
over 124 days.'” Moreover, the mineral is enriched with essential trace
elements beneficial to plant growth. When utilized as a substrate in crop
fertilizers, it has been shown to increase yields and improve crop quality.'®"
Based on these properties, this study hypothesizes that attapulgite can fully
utilize its phosphorus adsorption capacity in the sediments of eutrophic
lakes, thereby alleviating high salt stress on plants. Additionally, attapulgite
can improve plant growth under adverse conditions and strengthen their
repair capacity through nutrient supply and the improvement of the physico-
chemical properties of sediments.

To fill the research gap regarding the impact of attapulgite on the stress
adaptability of submerged plants and the synergistic effects of submerged
plants on the physicochemical properties of lake sediments, this study inves-
tigates the application of environmentally sustainable and cost-efficient atta-
pulgite, known for its high adsorption capacity, for in-situ restoration of
submerged macrophyte. The primary objectives of this study are to examine:
(1) the physicochemical properties of attapulgite before and after thermal
modification; (2) the effects of attapulgite on the physiological responses of
the submerged macrophyte Hydrilla verticillata; and (3) the influence of atta-
pulgite on the sediment microenvironment, particularly in terms of nutrient
availability and redox potential. By systematically exploring these aspects,
this research aims to offer valuable technical insights for enhancing
submerged macrophyte restoration in sediments with complex conditions
and contribute to the broader understanding of aquatic ecosystem recon-
struction.

MATERIALS AND METHODS
Study site and sediment collection

West Lake, situated in Hangzhou, Zhejiang Province, China, represents a
typical urban shallow lake. The sediment from Xiaonan Lake, a sub-lake of
West Lake, is characterized by elevated total phosphorus levels, high mobil-
ity, and significant organic matter content, conditions that severely hinder
the growth and survival of submerged macrophytes.'””’ Given these chal-
lenges, this study focuses on the central sediment of Xiaonan Lake as the
primary subject of investigation. The sediment sampling was conducted at
coordinates 120°8'563" E and 30°14'7" N. The collected sediment, which
appears gray-black, exhibits physicochemical properties indicative of
severe nutrient enrichment and pollution. Detailed chemical composition
and physical characteristics are provided in Table S1. To ensure the
integrity of subsequent co-cultivation experiments, large particulate impuri-
ties were removed from the sediment samples, which were then stored at
4°C to preserve their original condition prior to experimentation. These
sediments serve as the foundation for analyzing the influence of atta-
pulgite on sediment properties and the growth dynamics of submerged
macrophytes under eutrophic conditions.
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Materials

The submerged macrophyte utilized in this experiment was Hydrilla verti-
cillata, a member of the Hydrocharitaceae family and a submerged species
known for its strong adaptability, rapid reproductive capacity, and high resis-
tance to pollution. Studies have demonstrated that Hydrilla verticillata can
quickly dominate aquatic environments, even under unfavorable conditions,
and plays a significant role in mitigating eutrophication in lakes.”'* Prior to
experimentation, the plants were thoroughly rinsed with distilled water and
acclimated under controlled conditions of 4000 Lux light intensity, with a
14:10 light-to-dark photoperiod for a duration of 7 days. For transplantation,
plants exhibiting similar growth characteristics were selected and trimmed to
a uniform length of 15 cm to ensure consistency in experimental conditions.

The attapulgite used in this study was sourced from Gansu Wudi Mining
Co., Ltd., with the raw material originating in Jingyuan, Gansu Province. The
particle size of the attapulgite ranged from 2 to 4 mm. Prior to use, the atta-
pulgite was thoroughly cleaned, soaked in ultrapure water for 24 hours, and
subsequently dried. The crystalline structure of attapulgite is characterized by
its needle-like, rod-like, or fibrous form, with a honeycomb-like lattice that
contains extensive internal and external pore channels, providing a large
specific surface area.” It has been demonstrated that thermal activation can
significantly modify this crystalline structure, facilitating the release of addi-
tional calcium, iron, and aluminum ions from the crystal matrix, thereby
improving the material's phosphorus adsorption capacity.” In this study, the
phosphorus adsorption efficiency of attapulgite was enhanced through ther-
mal modification. The raw attapulgite (RAT) particles were uniformly
distributed in a crucible and calcined in a muffle furnace at 500°C for 2 hours,
resulting in thermally modified attapulgite (MAT). After calcination, the mate-
rial was allowed to cool to room temperature, after which it was ready for
experimental use.'

Experiments method

Material characterization and data analysis. After thermal modification
of attapulgite, the following tests are conducted:

1. Physical Structure Characterization: The modified attapulgite's physical
and chemical attributes were assessed through Scanning Electron
Microscopy (SEM), which provided detailed imaging of the material's surface
morphology. Additionally, a fully automated Brunauer-Emmett-Teller (BET)
surface area and porosity analyzer was employed to quantify specific surface
area and pore volume. Elemental composition was further analyzed using X-
ray Fluorescence (XRF) spectroscopy, allowing for the identification of major
and trace elements.

2. Leaching Experiment Design: A leaching experiment was performed to
determine the concentration of elements released from the modified atta-
pulgite. In the experimental procedure, 150 grams of both modified and
unmodified attapulgite were separately mixed with 300 milliliters of deionized
water. On the 180th day of the experiment, 10 milliliters of the supernatant
were collected using a microsyringe, subjected to centrifugation, and subse-
quently preserved in a -4°C refrigerator with the addition of 0.2 milliliters of
electronic-grade nitric acid. This was achieved using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) with a PerkinElmer 8300, in
conjunction with Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
using a PerkinElmer NexION 300X, to accurately quantify the leached
elemental content. These tests provided crucial insights into the material's
environmental behavior and its potential applications in sediment remedia-
tion.

Phytoremediation experiments. The experimental setup consisted of
glass tanks with dimensions of 25 cm x 25 cm x 50 cm. Sediment, Hydrilla
verticillata, and water were all collected from Xiaonan Lake in West Lake,
Hangzhou. Raw attapulgite (RAT) and thermally modified attapulgite (MAT)
were incorporated into the sediment at varying mass ratios of 10%, 20%, 40%,
and 60%. Grouping settings details for co-culture experiments are shown in
Figure 1. The mixtures were evenly distributed across the bottom of each
tank to form an 8 cm-thick sediment layer. Hydrilla verticillata plants, pre-
trimmed to uniform lengths, were then transplanted into the tanks. Each
experimental group contained 20 plants and was replicated across three
independent glass tanks. The water level in each tank was maintained at a
constant height of 45 cm, and the tanks were exposed to natural light condi-
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tions with direct air interaction to simulate a lake-like environment. The
experimental period spanned 3 months, with macrophyte and sediment
samples collected on a monthly basis. In situ measurements of sediment
oxidation-reduction potential (ORP) and pH were taken using a portable
analyzer (Thermo Scientific A326). Microbial samples were collected in the
first and third months to assess changes in the microbial community. Sedi-
ment organic matter (OM) was quantified using the combustion method,”
while sediment phosphorus fractions were analyzed according to the SMT
phosphorus fractionation method.”® This experimental design enabled a
comprehensive analysis of the effects of attapulgite on sediment properties
and Hydrilla verticillata under controlled conditions.

Physiological and biochemical analysis. For Hydrilla verticillata sample
collection, three randomly selected specimens were harvested from each
experimental setup. The collected samples were immediately wrapped in dry
ice to preserve their physiological state and transported to the laboratory for
the prompt analysis of physiological and biochemical parameters. Chloro-
phyll content in the leaves was quantified using a modified version of the
Lichtenthaler-Arnon method.'” Malondialdehyde (MDA) levels, which serve as
an indicator of lipid peroxidation and oxidative stress, were measured using
the thiobarbituric acid (TBA) method.”" The activity of superoxide dismutase
(SOD), a critical antioxidant enzyme involved in plant defense against oxida-
tive damage, was determined through the nitroblue tetrazolium (NBT)
photoreduction assay.” These analyses provided insights into the physiolog-
ical responses and stress tolerance of the plants under varying experimental
conditions.

Microcosm experiments. Sediment samples for microscopic and micro-
bial analysis were collected using an improved small columnar sediment
sampler following standardized rhizosphere sampling protocols.”” The
collected sediment was immediately placed into sealable bags for secure
storage. Sampling was conducted at two time points: 30d and 90d. All
samples were transferred into 10 mL sterile centrifuge tubes and stored at -
80°C to preserve their integrity for subsequent analyses. Microbial commu-
nity structure was assessed by Shanghai LingEn Biotechnology Co., Ltd.,
using lllumina MiSeq high-throughput sequencing technology. Genomic
DNA was extracted from the sediment samples, and the V4-V5 hypervari-
able regions of the 16S rDNA were amplified using specific barcode-labeled
primers. The primer sequences employed were 515F (GTGCCAGCMGC-
CGCGG) and 806R (GGACTACNVGGGTWTCTAAT).™ " The resulting PCR
products were purified using the AxyPrep DNA Gel Extraction Kit (AXYGEN),
followed by quantification with the QuantiFluor™-ST Blue Fluorescence
Quantification System. The purified products were then pooled in appropri-
ate ratios based on the sequencing requirements for each sample.
Sequencing adapters were ligated, and sequencing libraries were
constructed. High-throughput sequencing was performed using Illumina
PE250 technology.” The resulting microbial data were analyzed to deter-
mine the alpha diversity and richness of the microbial communities present
in the sediment, providing insights into the effects of attapulgite treatment
on microbial ecology.

Data analysis

Image processing was conducted using Origin Pro 8.0 (Origin Lab Corp.),
while all statistical analyses were performed using SPSS 18.0 software (SPSS
Inc., IBM, USA). The visualization of the correlation heatmap, principal
component analysis (PCA), and redundancy analysis (RDA) was performed
using R version 3.5.1. Statistical differences between experimental groups
were evaluated at a significance level of a = 0.05. Data are reported as mean
values * standard deviation, with each treatment consisting of three repli-
cates. Statistical significance was determined through one-way Analysis of
Variance (ANOVA) and multiple comparisons to identify differences among
groups, which multiple comparisons were performed by the least significant
difference (LSD) with Bonferroni correction to reduce type | errors. Addition-
ally, Pearson correlation analysis was employed to assess the relationships
between variables, including Hydrilla verticillata parameters, sediment char-
acteristics, and the effects of attapulgite. This comprehensive statistical
approach enabled the identification of significant patterns and correlations,
providing a robust framework for interpreting the experimental results.
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Figure 1. Grouping settings for co-culture experi-
ments.

MAT

leachable amount of attapulgite on 180d was
4.01 mg/g for unmodified attapulgite and 5.63
mg/g for thermally modified attapulgite
(Figure 3). Both types of attapulgite can leach
beneficial microelements for plant growth, such
CK as Ca, Na, S, Mg, and K. Specifically, the leach-
able amounts of Ca, Na, S, Mg, and K in RAT
are 1.27, 2.33, 1.59, 0.34, and 0.09 mg/qg,
respectively, while in MAT, the corresponding

Group name

HO
leachable amounts are 1.44, 1.34, 0.98, 0.04,
and 0.20 mg/g. Additionally, attapulgite also
i releases trace elements beneficial for plant
Sediment HR2 growth, such as Zn, Mo, Se, and Mn.**** Among
HR4 these elements, K and B are involved in the
Treatments HR6 development of plant branches and roots,™*
‘ groups " Mn and Mg are related to chlorophyll
V:[};l?"sri’//:ta HM2 synthesis,”’ S and Mo aid in protein synthesis,”
HM4 and Zn plays a crucial role in plant develop-
HM6 ment by promoting the synthesis of growth
hormones.**
RESULTS Effects of attapulgite on the physiological and biochemical indicators of
Effects of thermal modification on the physicochemical properties of  Hydrilla verticillata
attapulgite Impact of attapulgite on the photosynthetic pigment content of Hydrilla

Figure 2 illustrates the morphological and structural changes in attapulgite
resulting from thermal modification. Prior to modification, the surface of the
unmodified attapulgite exhibits elongated, rod-like crystal bundles with
distinct profiles and well-defined fibrous morphology. These rod-like crystals
are irregularly embedded within an amorphous, block-like structure, indicat-
ing the presence of significant impurities alongside the attapulgite crystals.
Following thermal treatment at 500°C, the rod-like crystals undergo disag-
gregation, forming irreqular particles, predominantly ranging in size from 1 to
20 pm, though some dispersed rod-like crystals persist in certain regions.
BET analysis further reveals that the specific surface area and pore volume of
the raw attapulgite are 110.19 m%g and 0.25 mL/g, respectively, with an
average pore diameter of 9.22 nm. In comparison, thermal modification
results in a 23.38% increase in specific surface area and a 20.00% increase in
pore volume, while the average pore diameter decreases slightly. These
changes suggest that the thermal activation significantly enhances the
adsorption properties of attapulgite, primarily by increasing surface area and
pore volume, critical factors for its efficacy in environmental applications.

To assess the composition and leachable elements of attapulgite, X-ray
fluorescence (XRF) spectroscopy and leachable element analysis were
performed. These analyses were designed to evaluate attapulgite's chemical
profile and potential environmental impact, particularly in the context of
ecological remediation. The detailed findings are presented in Table 1 and
Figure 3. Attapulgite was found to exhibit a complex composition, predomi-
nantly comprising SiO,, Al,05, Ca0, Fe,05, and Mg0, along with various impu-
rities. Si0,, Al,03 and CaO were identified as the major constituents.

Following thermal modification, a notable reduction in SiO, content was
observed, accompanied by a corresponding increase in the proportion of
alkaline metals. The phosphorus content remained low, ranging from 0.20%
to 0.23%, which suggests that phosphorus present in attapulgite would not
significantly affect its adsorption capacity in phosphorus-related experi-
ments. This compositional analysis provides essential insights into the mate-
rial's chemical stability and its suitability for long-term use in environmental
applications, especially in nutrient management and sediment remediation.

By comparing the leachable element content of attapulgite before and after
modification, we can further analyze its role and potential hazards in ecologi-
cal remediation applications. The experimental results reveal that the total

verticillata. The effects of attapulgite on the photosynthetic pigments of
Hydrilla verticillata are illustrated in Figure ST. Correlation analysis reveals
that the trends in chlorophyll a and total chlorophyll content (Chl-a + Chl-b)
across different groups are generally consistent (R?= 0.99, P < 0.001). On 30d,
the chlorophyll a content in the HM2, HR2, and HR6 groups is significantly
lower than that of the control group (P < 0.05). By 60d, chlorophyll b content
in the HR4 group is significantly lower than in the control group, while differ-
ences in other groups are not significant compared to the control. The
chlorophyll a, the chlorophyll b, and total chlorophyll content in Hydrilla verti-
cillata reach their maximum values on 60d, with the highest levels observed
in the HM4 and HR1 groups. By 90d, the total chlorophyll content decreases
across all groups. These results suggest that the effect of attapulgite on
photosynthetic pigment levels is time-dependent, with the most pronounced
effects observed at intermediate stages of the experimental timeline, followed
by a subsequent reduction in pigment concentration over time. This trend
highlights the complex interactions between attapulgite and the photosyn-
thetic mechanisms in submerged macrophytes, potentially driven by varying
nutrient availability or stress responses.

Effects of attapulgite on MDA and SOD content in Hydrilla verticillata
leaves. The effects of attapulgite on malondialdehyde (MDA) and superoxide
dismutase (SOD) levels in the leaves of Hydrilla verticillata exhibit contrasting
trends, as shown in Figure S2. During the first month of the experiment, MDA
content and SOD activity in the modified attapulgite (MAT) groups were found
to be inversely correlated with the attapulgite mixing ratio. Specifically, SOD
activity was significantly higher, while MDA content was markedly lower
compared to the control group (P < 0.05). This suggests that MAT effectively
mitigated Hydrilla verticillata oxidative stress by enhancing antioxidant
enzyme activity in the early stages, with the most pronounced protective
effects observed in the HM1 group. Except for the HM4, HM®6, and HR2
groups, MDA content in the other attapulgite-treated groups initially
increased and then decreased over time. Throughout the experiment, SOD
activity in the attapulgite-treated groups consistently remained higher than in
the control, with the HM1 group showing the highest SOD activity (P < 0.05).
By the conclusion of the experiment, both MDA content and SOD activity
were positively correlated with the attapulgite mixing ratio in both the raw and
modified attapulgite groups. Notably, SOD activity in all treated groups
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Figure 2. Scanning electron microscope (SEM)
pictures and BET parameter (A) SEM of RAT. (B)
SEM of MAT. (C) SEM of BET parameter.

the appropriate ratio of attapulgite enhances
sediment redox potential and pH balance,
which are crucial for maintaining sediment
quality and preventing nutrient release in lake
ecosystems.

The effect of attapulgite on sediment
organic matter. | ake sediments enriched with
high levels of organic pollutants often create
anaerobic or hypoxic conditions, which can

inhibit plant root respiration and significantly
hinder ecological restoration efforts. Therefore,
reducing the organic matter (OM) content in
such sediments is critical for successful lake
restoration. Figure S4 presents the results of a
one-way ANOVA analysis on the organic
matter content of sediments treated with vary-
ing proportions of attapulgite mixtures.
Throughout the experimental period,  sedi-
ments treated with modified attapulgite (MAT)

. displayed only minimal differences in OM

0 ° 1o 135 140 content compared to the control group.
However, sediments treated with raw
Figure 3. The content of elements dissolved by
o e attapulgite (A) Element leaching of RAT on the
b . 180th day. (B) Element leaching of MAT on the

RAT: 1 MAT : 1

80d 80d 180th day. (*: percentage of dissolution < 0.01%)
35.88%
LN LR LT nen IIIII|~ -
\l / I
attapulgite (RAT) exhibited a significantly
lower organic matter content than the control
Dissolution: 5.632m Dissolution: 4.011m L
9o v/ (P < 0.0%). At 90d, the HR6 group exhibited the
Na Mg [EEAS IEMLi Mo Ba I cC: K [(BAs NEL ENF EEv largest reduction in OM, with content levels of
S K [XEAs HEMz BEMcr IEEV Na Mg [XZEA B Mo Ba [EEEMn

ENce FE s EEEse BN e BEMP EEEvn

exceeded that of the control group. However, in high-dose attapulgite treat-
ments, the accumulation of MDA indicated that submerged macrophyte were
experiencing membrane lipid peroxidation, suggesting oxidative stress.
Conversely, low-dose attapulgite appeared more effective in helping
submerged macrophyte resist oxidative damage, reinforcing the importance
of dosage in determining the efficacy of attapulgite in mitigating oxidative
stress.

The impact of attapulgite on sediment

The effect of attapulgite on the physical properties of sediment. Once
the system reached stabilization, measurements of sediment oxidation-
reduction potential (ORP) and pH were taken, as depicted in Figure S3. The
ORP provides a quantitative assessment of the oxidation-reduction condi-
tions within lake sediments.”’ All sediment samples remained in an oxidized
state throughout the experiment. The addition of raw attapulgite (RAT)
notably improved the ORP values compared to the control group (HO).
Specifically, a positive correlation between the ORP values and attapulgite
mixing ratio was evident at =20%, but this trend reversed as the mixing ratio
below 20%, indicating a negative correlation.

Regarding pH, the sediments in the control group exhibited slight acidity,
which may increase the risk of Fe/Al-bound phosphorus (Fe/Al-P) release. In
contrast, the application of modified attapulgite (MAT) significantly elevated
the sediment pH (P < 0.05), stabilizing it at near-neutral levels. This stabiliza-
tion of pH is critical in reducing the potential for phosphorus release, thereby
contributing to improved sediment conditions. The results demonstrate that

S [EAs DFFcr EEMse IEMzn Il

10 + 0.31%, compared to 22 + 0.30% in the
control group (HO). These findings highlight
the effectiveness of raw attapulgite in
substantially lowering the organic matter content of sediments. This reduc-
tion in OM content plays a crucial role in mitigating anaerobic conditions, thus
facilitating improved sediment quality and promoting more favorable condi-
tions for ecological restoration in eutrophic lakes. The data underscore the
potential of raw attapulgite as a viable solution for reducing sediment organic
pollutants and enhancing the overall restoration process.

The effect of attapulgite on sediment phosphorus forms. Throughout
the experimental period, the total phosphorus (TP) content in sediments
treated with raw attapulgite (RAT) consistently remained lower than that in
the control group (HO). At 90d, Figure S5 shows that the HR6 group exhibited
the most substantial reduction in TP content (0.87 + 0.01 mg/g), compared to
the control group (1.31 + 0.03 mg/q). Similarly, higher proportions of ther-
mally modified attapulgite (MAT) also resulted in significant reductions in
sediment TP content.

Among the various phosphorus forms present in the sediments, inorganic
phosphorus (IP) represented the largest proportion, as illustrated in Figure 4.
By 30d, IP accounted for 87.12% and 67.58% of the total phosphorus in the
HR6 and HO groups, respectively, reflecting trends consistent with overall TP
content. The HR6 group also exhibited the lowest levels of Fe/Al-bound
phosphorus (Fe/Al-P), with Fe/Al-P content decreasing as the attapulgite
mixing ratio increased. In contrast, the levels of calcium-bound phosphorus
(Ca-P) increased, particularly in the RAT treatment groups, where Ca-P
concentrations were higher than in the control group.

Total phosphorus content in the HO sediments was comparable to that in
the CK group. However, the application of RAT in conjunction with Hydrilla
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Figure 5. Relative abundance of microbial community at phylum level in groups of Hydrilla verticillate (A: 30d. B: 90d)

verticillata significantly reduced TP levels in the sediments. Both RAT and
MAT treatments were effective in decreasing Fe/Al-P while increasing Ca-P
content, with the magnitude of these effects positively correlated with the
attapulgite mixing ratio. Organic phosphorus (OP) concentrations increased
from 30d to 60d, followed by a slight decline at 90d. By the later stages of the
experiment, the HR6 group had the lowest OP content (0.11 + 0.01 mg/g),
significantly lower than that of the control group (0.41 + 0.03 mg/g). These
findings underscore the capacity of attapulgite, particularly in higher propor-
tions, to mitigate phosphorus release in sediments by altering its chemical
speciation and reducing nutrient availability.

DISCUSSION
The effect of attapulgite on sediment microbes

Microbial community sequencing analyses were performed on sediment
samples collected at 30d and 90d, with the alpha diversity indices presented
in Table S2. At 30d, the number of operational taxonomic units (OTUS) in the
raw attapulgite (RAT) treatment groups ranged from 75374 to 81644, all of
which exceeded those observed in the control group (HQ). Specifically, the
Shannon index values for the HR2, HR4, and HR6 groups were higher than
those in the HO group, while both the Chao and ACE indices for HR4 were

also elevated compared to the control.

By 90d, with the exception of the HR1 group, which displayed a higher OTU
count than the control, all other groups exhibited a decrease in OTU numbers
relative to HO. The Shannon index for HR1 (10.05) was marginally higher than
that of HO (10.04), whereas the Shannon index values for the remaining
groups were lower than HO. These findings suggest that the addition of lower
proportions of RAT can enhance microbial diversity in sediments, as reflected
by increased OTU numbers and diversity indices. However, the application of
higher RAT concentrations appears to lead to a reduction in microbial diver-
sity, indicating a potential threshold beyond which attapulgite may negatively
impact the microbial community. This outcome highlights the importance of
optimizing the attapulgite dosage to balance microbial ecosystem health and
restoration efficacy.

Figure 5 presents the relative abundance of microbial phyla across differ-
ent treatment groups. At 30d, the dominant phyla in all groups were
Proteobacteria, Cyanobacteria, Chloroflexi, and Firmicutes, with average rela-
tive abundances of 29.22%, 15.38%, 9.95%, and 7.01%, respectively. By 90d,
the relative abundance of Cyanobacteria had decreased by 4.45%, and the
thermally modified attapulgite (MAT) treatment groups exhibited significantly
lower Cyanobacteria abundances compared to the control groups (HO and
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CK). This finding suggests that the combined application of MAT and
submerged macrophytes, such as Hydrilla verticillata, is more effective in
controlling nutrient-rich sediments than the use of Hydrilla verticillata alone.

The abundance of Firmicutes in the MAT treatment groups was also higher
than in the raw attapulgite (RAT) and control groups. On 30d, Firmicutes
accounted for 3.79% to 42.83% of the microbial community, and although its
abundance significantly decreased by 90d, it remained relatively high in the
HM4 and HM6 groups. This sustained presence of Firmicutes may be asso-
ciated with reduced sediment moisture due to excessive MAT addition. Given
Firmicutes’ known tolerance to extreme conditions, such as drought, their
relative abundance could serve as an indicator of sediment suitability for the
growth of submerged macrophytes.””

As the co-cultivation period progressed, attapulgite-modified sediment
showed an increased abundance of sulfate-reducing bacteria (SRB), particu-
larly Sva0485 and Desulfobacterota, compared to the plant control group
(HO). SRB play a vital role in ecological remediation by immobilizing heavy
metals through the reduction of sulfates to sulfides, making them important
in the restoration of heavy metal-contaminated aquatic ecosystems.” Addi-
tionally, both 10%-20% MAT and 10%—60% RAT treatments led to an
increased relative abundance of Nitrospirae, a phylum of nitrifying bacteria. In
the Hydrilla verticillata groups, the average increases in Nitrospirae were
2.17% and 1.15%, respectively. Nitrifying bacteria, such as Nitrospirae, are
essential for macrophytes, as they oxidize nitrites to nitrates, facilitating nutri-
ent uptake and playing a critical role in the nitrogen cycle.** Furthermore,
the relative abundances of Proteobacteria, Bacteroidota, and Nitrospirota in
HR2, along with Cyanobacteria in HR1, were consistently higher than those in
the control group CK at both 30 d and 90 d. This observation indicates that
low-ratio attapulgite amendments may promote plant growth by enhancing
nutrient cycling, improving sediment microstructure, and eliminating toxic
substances.“™

Correlation analysis between attapulgite, Hydrilla verticillata, and sedi-
ments

Correlation analysis (Figure 6) reveals several key relationships between
experimental variables. Sampling time was found to be positively correlated
with superoxide dismutase (SOD) activity in Hydrilla verticillata leaves and
negatively correlated with sediment pH. The modified treatments displayed
positive correlations with sediment organic matter (OM) and various phos-
phorus forms. Notably, the attapulgite mixing ratio exhibited negative correla-
tions with sediment oxidation-reduction potential (ORP), organic matter, and
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Figure 6. Pearson correlation coefficients for atta-
pulgite, hydrilla verticillate and sediments.
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total phosphorus content, while showing posi-
tive correlations with SOD activity and calcium-
bound phosphorus (Ca-P). Organic matter
content in the sediment was negatively corre-
lated with ORP but positively correlated with
total phosphorus, organic phosphorus, inor-
ganic phosphorus, and Fe/Al-bound phospho-
rus.

The increasing proportion of attapulgite,
along with the application of modified treat-
ments, led to a significant increase in SOD
enzyme activity in Hydrilla verticillata leaves.
This suggests that the growth of submerged
macrophyte enhances sediment organic matter
utilization and contributes to an improved
redox potential by releasing oxygen into the
rhizosphere, thus enhancing nutrient availabil-
ity. Lower proportions of modified attapulgite
(MAT) and raw attapulgite (RAT) contributed to
higher sediment ORP, whereas higher propor-
tions appeared to exert excessive mechanical
pressure on plant roots, potentially hindering

3350
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oxygen diffusion and release.

Elemental leaching analysis further indicated that calcium accounted for
22.47% and 35.88% of the total leached elements in RAT and MAT, respec-
tively. The dissolution of calcium-rich minerals is typically associated with
increased sediment pH and calcium ion concentration,”’ which may explain
the observed pH fluctuations in the early stages of the experiment. Over time,
the secretion of organic acids from plant roots likely contributed to further
reductions in sediment pH.”” These correlations emphasize the complex
interactions between attapulgite amendments, plant activity, and sediment
chemistry, which collectively influence sediment nutrient dynamics and
ecological restoration outcomes.

In addressing the issue of internal nutrient loading in eutrophic lakes,
attention is typically directed toward nutrient elements involved in biogeo-
chemical cycling within the aquatic ecosystem. Organic matter functions as
the primary carrier of these nutrients, and the growth of macrophytes is
closely linked to nutrient uptake and organic matter accumulation.” As sedi-
ments undergo mineralization and early diagenesis, the degradation of
organic matter releases nutrients back into the system.

Thermal modification of attapulgite has been shown to reduce its SiO,
content while increasing the proportion of alkaline metals, which enhances
its capacity for phosphorus adsorption —phosphorus being a critical nutri-
entin eutrophic systems. The incorporation of thermally modified atta-
pulgite (MAT) has been demonstrated to effectively reduce both organic
matter and total phosphorus content in sediments. It is postulated that
MAT promotes the transformation of Fe/Al-bound phosphorus (Fe/Al-P)
into calcium-bound phosphorus (Ca-P). This process is likely facilitated by
the high calcium content in attapulgite, as Ca®* ions interact with phosphate
jons, converting unstable phosphorus forms into more inert Ca-P forms, thus
achieving "phosphorus passivation”.”* This conversion is critical for limiting
the bioavailability of phosphorus and mitigating the internal nutrient loading
that drives eutrophication.

Principal component analysis (PCA) and redundancy analysis (RDA)

To gain a more comprehensive understanding of the relationships between
the variables, a principal component analysis (PCA) was performed on the
dataset. The results of this analysis are illustrated in Figure 7A. The first and
second axes of the PCA yielded eigenvalues of 0.36 and 0.19, respectively.
The analysis reveals that sediment pH, calcium-bound phosphorus content,
and superoxide dismutase (SOD) activity are positively correlated with the
attapulgite mixing ratio. In contrast, variables such as chlorophyll content,
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organic matter, total phosphorus, organic phosphorus, and inorganic phos-
phorus show negative correlations with the attapulgite mixing ratio. This
pattern suggests that the incorporation of attapulgite effectively decreases
phosphorus content in the sediment, a key factor in controlling eutrophica-
tion. However, excessive attapulgite application may negatively affect plant
growth by hindering nutrient availability.

Redundancy analysis was performed on the test results to explain the rela-
tionship between submerged macrophytes characters and substrate condi-
tions. The RDA results showed that the explanation between submerged
macrophytes characters and substrate conditions was 19.04% and 39.36%,
respectively (Figure 7B). It is evident that the mixing ratio positively influ-
enced the total phosphorus (TP), organic phosphorus (OP), inorganic phos-
phorus (IP), Fe/Al-bound phosphorus (Fe/Al-P) content, sediment organic
matter, and chlorophyll content. This suggests that groups with a higher
mixing ratio are more effective in alleviating phosphorus loading in the
substrate within the context of this study.

CONCLUSIONS

This study comprehensively investigated the effects of modified atta-
pulgite on submerged macrophyte and the sediment microenvironment,
yielding several key findings.

1. Attapulgite was found to contain a rich array of trace and major
elements essential for plant growth, with thermal modification increasing its
specific surface area and pore volume to 135.95 m?g and 0.30 cm®g,
respectively—enhancements of 23.38% and 20.00% over the raw material.

2. The combination of attapulgite and Hydrilla verticillata proved more
effective in removing phosphorus from sediments than the use of Hydrilla
verticillata alone. Phosphorus reduction was significant, with the HR6 group
showing a 33.69% decrease in total phosphorus (TP) compared to the control
(P < 0.05). The attapulgite proportion was negatively correlated with TP, inor-
ganic phosphorus (IP), organic phosphorus (OP), and Fe/Al-bound phospho-
rus (Fe/Al-P), while positively correlated with calcium-bound phosphorus (Ca-
P), highlighting its potential for phosphorus stabilization.

3. Attapulgite enhanced antioxidant enzyme activity in Hydrilla verticillata,
contributing to higher superoxide dismutase (SOD) activity and maintaining
sediment pH and oxidation-reduction potential (ORP) at levels conducive to
biological growth. This improvement was evident in the reduction of malondi-
aldehyde (MDA) levels, particularly in groups with higher attapulgite concen-
trations (P < 0.05), suggesting that appropriate attapulgite dosages can
promote plant root oxygenation.

4. While the addition of lower proportions of attapulgite enhanced sedi-
ment microbial diversity, excessive amounts led to a reduction in diversity.
Notably, Firmicutes abundance in the MAT treatment groups was signifi-
cantly higher, ranging from 3.79% to 42.83% at 30d.

These findings collectively indicate that the combined application of atta-
pulgite and Hydrilla verticillata effectively mitigates the risk of phosphorus
release, contributing to the remediation of eutrophic lakes by addressing
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