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Abstract

:

Combined use of in situ passivation and macrophytes is a valuable technology that exerts remarkable effects on aquatic systems. However, the effectiveness and ecological functions of this combined technology for macrophytes-dominated eutrophic (MDE) lakes with organophosphorus-controlled internal phosphorus (P) loading were poorly understood. In this study, aquatic simulation experiments were performed to study the combination of La-modified materials (LMM; La-modified bentonite (LMB), and La/Al co-modified attapulgite (LAA)) with macrophytes (Myriophyllum verticillatum L. (MVL), Hydrilla verticillata (Linn. f.) royle (HVR), and Ceratophyllum demersum L. (CDL)) for the control of P mobility in the water column, and to investigate the passivator effects on the physiological characteristics of macrophytes. The mineralization of organophosphates (BD−Po, HCl−Po, and Res−Po) is an important factor for maintaining high internal P loadings and overlying water P concentrations in the experiments. Compared with individual treatment groups, the reduction of internal P release flux and porewater SRP concentrations was more obvious in the combined treatments. Moreover, the redox-sensitive P forms transformation is more pronounced in the surface sediments. In the LAA+M group, internal P release flux was reduced by 55% and 55% compared with individual passivators and macrophytes retreatment groups, respectively. In contrast, the LMB+M group decreased by 16% and 46%, respectively. Simultaneously, LMM had less effect on macrophytes traits compared with individual macrophytes group and enhanced the absorption of phosphate by macrophytes. The phosphate content of macrophytes in the LAA+M and LMB+M groups increased by 24% and 11%, respectively, in comparison with the individual macrophytes group. Results concluded that the combination of passivator and macrophytes enhanced the effect of ecological restoration and exerts a synergistic effect on internal P pollution with macrophytes.
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1. Introduction


Eutrophication due to excessive enrichment of nutrients such as nitrogen and phosphorus (P) is one of the most important global water quality issues [1,2]. From the perspective of controllability and effectiveness, reducing external and internal P loading has generally been accepted as a key method to mitigate lake eutrophication [3,4]. However, studies have substantiated that the release of P in sediments significantly affected the concentration of P in the lake water as well as the migration and transformation of P at sediment–water interface (SWI) [5,6]. Even when the input of external P is reduced, internal P loading from sediments may sustain eutrophication in lakes [6,7]. Nevertheless, internal sediment loading remains an important impediment to the restoration and management of aquatic ecosystems within eutrophic lakes.



Effective eutrophication management in macrophytes-dominated lakes requires reduction of external and internal P loading, with reduced internal loading mainly relying on sediments dredging, in situ passivation-based remediation, and aquatic macrophytes community restoration [3,8]. The transition between a clear state in shallow lakes dominated by macrophytes and a turbid state dominated by phytoplankton is very abrupt and difficult to reverse [1,9]. Nutrient reductions alone minimally affect the turbidity of the water column, although appropriate disturbance and ecosystem use may shift the water column to a stable and clear state [3,10]. Further, lakes with high-density macrophytes coverage tend to have a higher clarity than lakes with the same nutrient status but little or no macrophytes coverage [3,9,10]. These observations indicate that constructing a healthy and stable aquatic biological system is key to eutrophication management in macrophyte-dominated lakes.



Aquatic macrophytes community restoration approaches are operationally time-consuming and only slowly achieve pronounced remediation outcomes, while its performance can even be inhibited by continuous high internal loading and seasonal climate change [3,8]. Therefore, improving the physical and chemical conditions of sediments is a necessary measure for water ecological restoration. However, sediments dredging often has problems such as high costs and remediation outcomes, which limit the long-term remediation [11,12]. Therefore, more and more researchers have begun to pay attention to the development of in situ passivation technology. Currently, the passivator for the efficient control of internal P pollution is mainly based on lanthanum-modified materials (LMM), including La-modified bentonite (LMB) [13], La/Al-modified attapulgite (LAA) [14], and La-modified zeolite [15].



The migration and transformation of lake P at SWI are often closely related to the change in different P forms, and the release risk of internal P mainly depends on the forms of P in sediments [16,17]. According to the organophosphorus remineralization and Fe–P coupled pathway of P cycling, sedimentary P dynamics are mainly controlled by depositional flux of organophosphorus and iron-bound P [18,19]. However, a large amount of organophosphorus was often stored in the sediments of macrophytes-dominated lakes due to the strong biological action, and the P cycle may be controlled by microbial decomposition or remineralization [17,20]. Hypoxic diffusion due to enhanced microbial decomposition or remineralization is common in many shallow lakes with high organophosphorus content, and the remediation effects of in situ passivation and macrophytes techniques in these environments are readily affected by sedimentation processes [19,21]. However, ecological remediation effects of in situ passivation and macrophytes techniques on MDE lakes with organophosphorus-dominated internal P loading remain largely unclear. Moreover, changes in microscopic morphology, elemental composition, and surface physical properties of surface sediments in response to the combined use of these techniques also remain unclear.



The objective of this study was to promote the effective application of combined in situ passivator and macrophytes in the MDE lakes with organophosphorus-controlled internal P loading. To this end, a 60-day simulation experiment was conducted to evaluate these aims starting in August 2021 in the heavily polluted areas of Lake Caohai, which is currently experiencing a sudden change in water turbidity, large-scale extinction of macrophytes, and severe eutrophication. Specifically, two highly efficient LMM with three pollution-tolerant, native macrophytes seedlings were used in the experiment. Moreover, the microstructures of sediments before and after sediments remediation were investigated along with the mobility and ecological effects of P in the water column using a combination of modified Hupfer sequential extraction schemes. These measurements were combined with in situ, dynamic, high-resolution composite diffusive gradient in thin films (DGT) technology, scanning electron microscope-X-ray energy dispersive (SEM-EDS) analysis, and X-ray diffraction (XRD) analysis. These results provide a baseline for restoring aquatic ecosystems in MDE lakes, in addition to evaluating the ecological importance and scientific applicability of LMM.




2. Materials and Methods


2.1. Mesocosm Establishment


The mesocosm experiment was conducted from August to October 2021 at national positioning observation and research station of Caohai wetland ecosystem near Lake Caohai in Weining county, China. Six groups of aquariums were set up (three repetitions): (1) control group without any materials added; (2) macrophytes planted group (M); (3) La/Al co-modified attapulgite added group (LAA); (4) La-modified bentonite group (LMB) added; (5) La/Al co-modified attapulgite added + macrophytes planted group (LAA+M); (6) La-modified bentonite added + macrophytes planted group (LMB+M). Mesocosm experiments were conducted in plexiglass boxes with lengths, width, and height of 40 cm, 40 cm, and 60 cm, respectively. Triplicate parallel samples were used in each group, with nine seedlings planted in each macrophyte’s additional group. Dominant macrophytes in seedlings that are native to the lake were used, including three strains Myriophyllum verticillatum L. (MVL), Hydrilla verticillata (Linn. f.) royle (HVR), and Ceratophyllum demersum L. (CDL).



The bottoms of the incubators were lined with mixed homogeneous sediments collected from a heavily polluted area in eastern Lake Caohai to a thickness of 12 cm. Lake water (collected at the Jiangjiawan wharf) was added to the upper layer by the siphon method to achieve a water depth of about 45 cm. All experiment was conducted in the laboratory of the Lake Caohai ecological station. After letting stand for 72 h, two LMM were added (the mass ratio of LMM to biologically available P in the sediments was 100:1), and macrophytes were transplanted. After the start of the experiment, nutrient concentrations in the overlying water of the incubator were regularly measured with the molybdenum blue method (minimum detection limit of 0.01 mg·L−1) [22] and a multiparameter water quality analyzer (YSI EXO-2). Parameters including temperature (T), pH, dissolved oxygen (DO), and oxidation-reduction potential (ORP) were measured on-site in the overlying water. The incubations were conducted for 60-day.




2.2. DGT Deployments and Analysis


Zr-Oxide and AgI DGT probes were vertically inserted as previously described [23] at 30-day and at the end of the incubations. The probes were taken out after letting stand for 24 h. The probes were washed with ultrapure water, sealed, and refrigerated for storage. Additional details regarding the structures and functioning of DGT probes are described elsewhere [24]. The concentrations of unstable elements (CDGT) were calculated as following (Equation (1)):


   C  D G T   =   M Δ g   D A t    



(1)




where CDGT is the concentration of the target compound (mg·L−1); M is the accumulated amount of Zr-Oxide DGT thin film over the sampling time (ug); ∆g is the thickness of the diffusive layer (cm); D is the molecular diffusive coefficient of the phosphate in the diffusion layer (cm2·s−1); A is the film area of each slice (cm2); t is the sample standing time (s) [23].



Both Zr-Oxide (one-dimensional) and AgI DGT (two-dimensional) probes were purchased from Nanjing Zhigan Environmental Technology Co., Ltd. (Nanjing, China). To accomplish two-dimensional high-resolution imaging and vertical profile measurement of DGT-labile S in sediments, the developed AgI-fixed film (600 dpi) images were first converted into grayscale using the CanoScan 5600 F (Canon, Tokyo, Japan) and ImageJ software programs, followed by comparison against a calibration curve. The grey values were then converted into the cumulative mass per unit area (M) of S in the AgI-binding gel using the following Equation (2):


  M = − 7.23 × l n (   220 − G   171   )  



(2)




where G is the grayscale intensity of the AgI binding gels. DGT-labile S concentrations could then be calculated from Equation (1).



In order to measure unstable P and Fe concentrations in sediments, the Zr-Oxide fixed film was cut with a razor blade from the exposure window and then sectioned into long strips (with 2 mm width and 20 mm length) with a ceramic microtome. The film was placed in a centrifuge tube with 0.8 mL of 1 M NaOH or 1 M HNO3 extraction solution and left to stand at room temperature for 16 h for extraction. P and Fe concentrations in the extracts of each section were determined by microplate spectrophotometry with a minimum detection limit of 0.01 mg·L−1 and with the concentrations of DGT-labile P and DGT-labile Fe calculated using Equation (1). In order to measure the apparent diffusion flux of P at the WSI in each experimental treatment, Fick’s first law of diffusion was used to estimate the specific calculation method [24].




2.3. Sediments Characteristics


After the experiment, sediments (0–8 cm) were collected from each incubator at intervals of 1 cm, followed by cryopreservation. Sediments porewater was obtained by centrifugation at 4000 r/min (MKE-VCK-22R) in the laboratory, and the TP, DIP, and DTP concentrations were measured by the molybdenum blue method [25]. Partial surface sediment samples were used to determine sediments porosity after sediments were freeze-dried (Techconp FD-3-85-MP), and the micro-area surface morphology and mineral compositions were analyzed by scanning electron microscopy (SEM, JEOL, resolution 0.6 nm) and X-ray energy spectroscopy at a resolution of 127.9 eV (EDS, JSM-IT800). The remaining sediment samples were ground and sieved (120 mesh). Followed by sealing for storage. Qualitative phase analysis of sediments was conducted by pre-treating samples (200 mesh), followed by analysis at the Guizhou Provincial Geology and Mineral Centre laboratory. X-ray diffraction instrument (XRD, Rigaku Ultima IV; tube pressure of 40 kV, tube flow of 40 mA; scanning speed of 2°/min) was used for qualitative phase measurements.



The content of sediments TP was determined by the molybdenum blue method after extraction with 3.5 M HCl [25]. The P fraction was obtained using a modified Hupfer sequential extraction method [26], yielding an extraction recovery of >90%. The extracted P forms include weakly adsorbed P (NH4Cl–Pi), iron–manganese-bound inorganic P (BD–Pi), organophosphorus (BD–Po), iron–aluminum-bound inorganic P (NaOH–Pi), biodetritus organophosphorus (NaOH–Po), calcium-bound inorganic P (HCl–Pi), organophosphorus (HCl–Po), residual P (Res–Po) [7,26]. The release or accumulation rates (r) of different P forms during incubation were then estimated using the following formula (3) [27]:


  r =    P  60 d   −  P  0 d      P  0 d      



(3)




where P60d (mg·kg−1) is the P concentration determined after 60 days of incubation; P0d (mg·kg−1) is the P concentration measured at time zero (before incubation); and r is the proportion of P60d in P0d. Negative values represent reduced P levels over the incubation, indicating release of the fraction, while positive values represent increased P levels over the incubation, indicating accumulation of the fraction.



The release sedimentation rate (R) of P forms in sediments cores was calculated using the method proposed by [28]. The fast-release sedimentation rate (R1) was calculated from the percentage change in P content of the first and second layers at the top of the columnar sediment, while the slow-release sedimentation rate (R2) was calculated from the top of the first layer and the bottom of the last layer of the columnar sediment. These measurements were used to calculate the percent change in P concentration as following (Equations (4) and (5)):


   R 1  =    (   S 1  −  S 2   )      ∑   i = 1  n   |   S 1  −  S 8   |    × 100 % ,  



(4)






   R 2  =    (   S 1  −  S 8   )      ∑   i = 1  n   |   S 1  −  S 8   |    × 100 % ,  



(5)




where S1 is the P concentration of the top layer of the columnar sediments; S2 is the P concentration of the second layer at the top of the columnar sediments; S8 is the P concentration of the bottom-most layer of the columnar sediments. n represents the number of extracting P forms from sediments. When R1 and R2 are positive, that P component is primarily released. When R1 and R2 are negative, that P component is primarily retained.




2.4. Macrophytes Traits


Macrophyte growth characteristics (i.e., biomass, length, phosphate content) were measured at the start and end of the experiment. In addition, an additional 10 shoots were selected to measure the water content at the start, which was used to calculate the initial dry weight. All macrophytes were collected, washed three times, and then placed in a 45 °C oven to dry after the experiment. Macrophyte dry weights and lengths were measured with a precision electronic balance and a ruler, respectively. TP content in macrophytes was determined by the molybdenum blue method when macrophytes were extracted with 3.5 M HCl [22]. The relative growth rates (RGR) of different macrophytes in the incubator were calculated with the following formula (Equation (6)) [3]:


  R G R = ln (    W  60 d      W  0 d     ) / days ,    



(6)




where W60d (g) and W0d (g) are the total biomass (DW) after 60 day and 0 days of incubation in each incubator, respectively.





3. Results


3.1. Water Quality


LMM and macrophytes, whether used in combination or individually, significantly reduced water column P concentrations (Figure 1 and Figure 2), with the LAA+M group exhibiting the best performance. Aquatic ecosystems in all incubators generally reached steady states by the 15 days of incubation. In addition, SRP concentrations increased after reaching equilibrium stability in all LMM treatments. TP and DTP concentrations were reduced after 60 days of restoration in the M, LAA, LMB, LAA+M, and LMB+M groups by 16% and 30%, 25% and 37%, 33% and 53%, 45%, and 67%, and 38% and 53%, compared with the control group, respectively. In addition, SRP concentrations in the overlying water were below the limit of detection (<0.01 mg·L−1). A comparison of the P removal rates from the water column among treatments indicated that the LMM group was most efficient in controlling water column P concentrations and that its efficiency was further improved when used in conjunction with macrophytes.



The start TP, DTP, and SRP concentrations in surface porewaters before the experiment were 3.80 mg·L−1, 3.09 mg·L−1, and 2.59 mg·L−1, respectively, with SRP accounting for about 68% of TP concentrations. After 30 days of restoration, porewater concentrations of TP, DTP, and SRP were significantly lower than the initial porewater concentrations, while P concentrations were still relatively high in the surface porewater (0–5 cm) of the control group and peak concentrations (TP, DTP, and SRP) were observed at 4 cm depth (Figure 2). Vertical changes of porewater P concentrations in different treatment groups were basically the same as those of the control group, and the peak concentrations occurred at deeper depths in the LAA+M (5 cm) and LMB+M (6 cm) groups. All of the treatments, except for the LAA+M and LMB+M groups, did not show significant changes in porewater P concentrations at the end of the experiment compared with the initial porewater P concentrations. Further, SRP was the dominant porewater P form among profiles, accounting for about 47% of TP concentrations and about 71% of DTP concentrations. The LAA+M group achieved the best restoration outcome, with porewater concentrations of TP, DTP, and SRP decreasing by 53%, 53%, and 62%, compared with the control group, respectively.




3.2. Physicochemical Characterization of Sediments


SEM-EDS elemental mapping revealed that C, O, Si, Al, and Ca are the primary chemical elements in Lake Caohai sediments, and CaCO3 and SiO2 are the main minerals in the sediments (Figure 3A,E). SEM imaging revealed that minerals in the surface sediments were in crystal form, ranging from 1 to 10 μm in size (Figure 3C,F). Surface sediments treated with LMM passivators exhibited significantly higher content of La3+ compared with the control sediments (Figure 3B,C,F,G) owing to the high dosage used in the preparation of LMM (Figure 3D,H).



XRD peak positions exhibited large differences between LMM treatment profiles and those from other treatment groups (Figure 4). Bragg equation and Scherrer formula calculations revealed a lack of changes in the characteristic peak position and d-values of LMM-treated surface sediments compared with those from the control group, indicating that moderate LMM exposure would not change the crystalline structure of original lake sediments but would reduce sediments grain sizes (Table S1). Quantitative analysis also revealed that the LMM group did not lead to changes in the basic mineral composition of the original lake sediments (taranakite) but led to a sharp decrease in Ca(PO3)2 mass fractions (Table 1).




3.3. Sediments P


Sediments TP concentrations ranged from 572.7 to 927.2 mg·kg−1, with a mean of 733.7 ± 86.0 mg·kg−1, which is indicative of moderate pollution levels (Figure S1A), and that is generally consistent with those measured in a recent study [17]. Sediments P primarily existed in the following inorganic (Pi) and organic (Po) forms, NaOH–Pi, HCl−Pi, BD–Po, NaOH–Po, and Res–Po, with mean concentrations of 174.4 ± 31.5 mg·kg−1, 99.8 ± 16.0 mg·kg−1, 91.0 ± 34.6 mg·kg−1, 115.4 ± 45.3 mg·kg−1, and 121.0 ± 14.5 mg·kg−1, respectively (Figure 5 and Figure S2). The eight extractable forms of sediments P exhibited varying degrees of transport and transformation during the incubation period. After 60 days of restoration, the concentrations of BD–Pi, NaOH–Pi, NaOH–Po, HCl–Pi, HCl–Po, and Res–Po in the water column increased by 7%, 52%, 40%, 3%, 11%, and 23%, compared with concentrations before the restoration, respectively, while NH4Cl–Pi and BD–Po concentrations decreased by 63% and 43%, respectively.



The NaOH–Pi concentrations of sediments cores were significantly lower in each treatment than in the control group, while the HCl–Po concentrations were significantly higher. The BD–Po, BD–Pi, and NaOH–Pi concentrations in all LMM-treated sediments gradually increased with increasing depth, while the NaOH–Po, HCl–Pi, and HCl–Po concentrations decreased with depth. In addition, the vertical profile of BD–Po concentrations in sediments subjected to combined treatments significantly differed from those in other sediments, with the means of both R1 and R2 being negative for the combined treatment sediments. Moreover, the vertical sediment profiles of each P form indicated that the low P concentrations of bottom sediments were primarily due to decreased concentrations of BD–Po, NaOH–Po, and HCl–Pi that exhibited average R2 values after 60 days of restoration of 10%, 13%, and 11%, respectively.




3.4. DGT-Labile P, Fe, and S Variation


The one-dimensional distribution of DGT-labile P, Fe, and S is shown in Figure 6, with concentrations ranging from 0.01 to 0.63 mg·L−1, 0.01 to 1.76 mg·L−1, and 0.01 to 0.89 mg·L−1, respectively. DGT-labile P, Fe, and S concentrations in the water column were about 3, 20, and 2 times higher than in the overlying water after 60 days of restoration. Overall, DGT-labile P/Fe/S concentrations in each group first increased and then stabilized or decreased with increasing depth (Figure S3). High correlations were observed for DGT-labile P concentrations and DGT-labile S concentrations along water columns, with linear correlation coefficients of >0.77 for all treatments, with the exception of the M group (R2 = 0.40). The DGT-labile Fe concentrations considerably varied vertically and peaked in the top sediment layers of all experimental groups, exhibiting an increasing trend with incubation time that was most significant in the control and M groups. However, the linear correlation of DGT-labile Fe concentrations was minimal with respect to DGT-labile P and DGT-labile S concentrations (Table 2).



The internal flux of DGT-labile P at SWI was calculated based on Fick’s first law of diffusion and was estimated to range from 0.28 to 0.95 mg·m−2·d−1 during the 30 days and 60 days of restoration (Table 3). At the end of the experiment, the internal flux of DGT-labile P was lower to different degrees in all experimental groups compared with flux on the 30-day. This was particularly evident in the LAA+M group, which exhibited the lowest internal flux of 0.28 mg·m−2·d−1 representing 60% and 44% lower levels than in the control group on the 30-day and in the LAA+M group at the beginning of the experiment, respectively. In contrast, the internal flux of DTG-labile P was 0.63 mg·m−2·d−1, 0.63 mg·m−2·d−1, 0.41 mg·m−2·d−1, and 0.34 mg·m−2·d−1 in the M, LAA, LMB, and LMB+M groups, respectively.




3.5. Macrophytes


The TP contents of macrophyte seedlings in the M, LAA+M, and LMB+M groups increased by 41%, 71%, and 57% during the incubation period, respectively (Figure 7A). The mean net height growth of seedlings was 98 cm, 58 cm, and 10 cm in the MVL, HVR, and CDL treatments, respectively (Figure 7B), with mean RGR values of 0.02 d−1, 0.03 d−1, and 0.004 d−1, respectively (Figure 7C).





4. Discussion


4.1. Effects of LMM and Macrophytes on P Concentrations


The TP concentrations in overlying waters in the M, LAA, LMB, LAA+M, and LMB+M groups decreased by 28%, 48%, 51%, 55%, and 51% over the experimental period compared with the control group, respectively (Figure 1). Thus, combined treatment with both LMM and macrophytes led to better restoration performance of lake water P than individual treatments with LMM or macrophytes. However, the combined effects were not a simple summation of the two separate effects [3,13]. Changes in P concentrations in the overlying water indicated that the two restoration methods, whether used alone or in combination, primarily removed SRP fractions from the water column. SRP removal rates exceeded 88% in all treatment groups by the 60 days of restoration, while dissolved organophosphorus (DOP) and particulate P (PP) generally increased after stabilization of water quality in the incubators.



Combined treatment with both LMM and macrophytes effectively inhibited the release of P from sediments. Indeed, the diffusion fluxes of P in the water column after 60-day were reduced by 55% and 55% in the LAA+M group compared with the LAA and M groups, respectively, and by 16% and 46% in the LMB+M group compared with the LMB and M groups, respectively (Table 3). Consequently, both restoration methods, whether used alone or in combination, can reduce internal P loading in lakes, although combined use leads to better performance. In addition, changes in porewater P concentrations among different experimental groups indicated that the combined treatment was more effective in removing P from water columns. Between the 30 days of incubation and the end of the experiment, porewater TP concentrations decreased by 33% and 27% in the LAA+M and LMB+M groups, respectively, but increased by 34%, 13%, and 28% in the LAA, LMB, and M groups, respectively (Figure 2).



High internal P loading in the water column and high aqueous P concentrations was maintained owing to the transport and transformation of NH4Cl–P, BD–Pi, BD–Po, and Res–Po during the experiment. The mean accumulation rates (r) of these P forms were negative for most sediments cores during the incubation period, indicating that these forms mostly entered the overlying water through mineralization, degradation, resuspension, or gradually transformed into more stable forms, such as NaOH–Pi, NaOH–Po, HCl–Pi, and HCl–Po (Table S2) [27]. The accumulation or release of different P forms in sediments cores over the incubation period was also investigated. These analyses revealed that (1) sediment accumulation of NaOH–Pi, NaOH–Po, and HCl–Pi was higher in the LAA+M and LMB+M groups than in other groups over the incubation period; (2) the release of redox-sensitive BD–P (comprising BD–Pi and BD–Po) was higher in the LAA (61.6 mg·kg−1), LMB (63.3 mg·kg−1), and M (82.2 mg·kg−1) groups than in the other treatment groups; and (3) total P accumulation was greater than total P release in the combined treatment groups, while the opposite was observed in the individual treatment groups. These phenomena may be attributed to oxygen transfer from roots to rhizosphere sediments during the growth of macrophytes, the mineralization of organophosphate, and the strong ability of La to bind P [14,29,30]. In particular, oxygen release from macrophytes roots can cause oxidation of compounds in rhizospheres such as low-valence Fe, Mn, and other metals to generate high-valence P-containing compounds, thereby leading to the continuous accumulation of P [17,31]. Further, organophosphorus mineralization also results in changes to redox conditions and pH that, in turn, affect the transport and transformation of BD–TP and NaOH–Pi in sediments [21,27]. Increased HCl–P concentrations (i.e., the sum of HCl–Pi and HCl–Po) in the sediments may be related to the generation of LaPO4(s) that primarily exists as HCl–P when extracted with HCl [14,32].




4.2. Effects of LMM on Macrophytes Physiological Indices


The root systems of macrophytes are the primary area where biologically available P (BAP, comprising NH4Cl–Pi, BD–Pi, NaOH–Pi, and HCl–Pi) is taken up from surface sediments. Thus, the reduction in sediments BAP concentrations due to the addition of LMM may negatively affect macrophyte growth [3,33]. Experimental studies have documented species-specific differences in the effects of LMM on macrophytes species [34,35,36], consistent with the results of this study, wherein the net height growth of the macrophytes HVR and CDL, in addition to the RGR of HVR, were slightly higher in the combined treatments than individual macrophytes treatments (Figure 7B,C). However, LMM addition to a 100:1 mass ratio in this study led to a low inhibitory effect on the growth of macrophytes. Differences in net height growth and the RGR between groups treated with individual macrophytes and combined treatments were small, likely because LMM passivation provided suitable environments but also contributed nutrients such as K and Mg that could support the growth of macrophytes (Figure 3D,F). The BAP concentrations of surface sediments on the 30 days of restoration were significantly higher in the treatments with individual macrophytes than in the LMM treatments, while the opposite was observed at the end of the experiment (Figure S1B). Further, the phosphate concentrations of macrophytes in the combined treatments were significantly higher by 24% and 11% than in the treatments with individual macrophytes, respectively (Figure 7A). Thus, insignificant passivation at the early stage of restoration led to slow macrophytes germination and growth in the lake ecosystem, while improved water quality in the middle and later stages promoted macrophytes growth, as demonstrated by differences in porewater TP concentrations between different treatment groups (Figure 2). Overall, LMM addition to a 100:1 mass ratio led to minimal negative effects on macrophytes growth.




4.3. Effects of LMM on Surface Sediments Microenvironment


Ultra-high-resolution SEM-EDS imaging and XRD spectroscopy further revealed changes in the microscopic morphologies and structures of remediating sediments in response to combined treatment with both in situ adsorption and biological forcing. SEM-EDS elemental mapping revealed that La–P minerals were predominantly present as sub-nanometre crystals in surface sediments (Figure 3B–D,F). Further, the high Si, Ca, and O elemental ratios in sediments indicated strong chemical weathering in the source area that would lead to the dissolution of phosphate-bearing minerals and phosphate release. XRD analysis also revealed that surface sediments phosphate primarily existed as taranakite, while LMM resulted in a significant decrease in the mass fraction of taranakite and Ca(PO3)2 during restoration (Table 1). Nevertheless, macrophytes enhanced the FeS2 and CaCO3 mass fractions in the surface sediments.



The concentration difference between sediments porewater and overlying water in lake systems is an important factor driving internal P release in lakes [4,17]. Due to the obvious differences between passivation materials and lake sediments in the microscopic morphology, elemental composition, and surface physical properties, the addition of LMM will change the physical and chemical properties of the surface sediments. Numerous studies have shown that the structure collapse and pore blockage caused by LMB and LAA increase the specific surface areas of the passivation materials and the adsorption capacity for phosphate during the high temperature of calcination, and the static layer formed at SWI is the key to maintaining the repair of LMM [14,32]. SEM-EDS elemental mapping revealed that LMB and LAA materials were composed of nanosheet aggregates of various sizes and contain metallic elements such as Al3+, K+, Ca2+, and La3+ (Figure 3D,H). The modified bentonite and attapulgite have a large number of positive charges on the surface, which helps LMM to have a strong adsorption effect on P and algae [8,14]. This may be an important reason why NaOH–P and HCl–P contents different at different deposition depths in the surface sediments of the LMM treatment groups were significantly higher than that of other treatment groups. According to changes in P forms content, the redox-sensitive P forms (NH4Cl–P and BD–P) mainly migrate to NaOH–P and HCl–P in the surface sediments, indicating that LMM can lead to the migration and transformation of redox-sensitive chemical forms at SWI. Combined with the release flux characteristics of P in the sediment profiles, it was shown that LMM-induced changes in the surface sediments microenvironment also affect the decay or release rates of P in lake systems, although it is usually limited by the stable performance of a static layer a few millimeters on top of the sediments.




4.4. P Biogeochemical Behaviour


The transport and transformation of P at SWI are primarily controlled by the stability of different P forms and various physical, geochemical, and biological processes [18,37]. The inorganic P forms of NH4Cl–P, BD–Pi, NaOH–Pi, and HCl–Pi are considered unstable P fractions (BAP) in the modified Hupfer sequential extraction scheme and are easily released from the solid phase to the aqueous phase under certain conditions [26,38,39]. In the present study, the mean BAP to TP ratios in sediments cores after 60 days of restoration were 53%, 50%, 47%, and 51% in the LMA, LMB, LAA+M, and LMB+M groups, respectively, indicating that the P fractions in the water column are unstable when LMM are used to remediate sediments [14,32].



Evaluation of the sedimentation rates (R) of P fractions in sediments cores (Tables S3 and S4) revealed that organophosphorus mineralization is the main internal source of P in all of the LMM-treated sediments [28,40]. Although high BAP concentrations and internal P fluxes were observed in the sediments, the geochemical reactions dominated by the reduction and dissolution of P-iron oxides/hydroxides contribute little to overlying water P concentrations in macrophyte-dominated lakes because these lakes are characterized by high DO concentrations and high reduction potential (Figure S4B,D). These dynamics are further substantiated by the non-significant linear correlation between water column DGT-labile P and DGT-labile Fe during the experiment (Table 2). Further, the significant positive correlation observed between DGT-labile P and DGT-labile S was consistent with the observation that the refractory P fractions in sediments (e.g., NaOH–Po, HCl–Pi, and HCl–Po) exhibited positive release and sedimentation rates (R) since high sulfate concentrations would lead to the reductive release of some insoluble phosphates from sediments [41,42].



The concentrations of various P forms were also analyzed. The free phosphate ions released in the LMM treatment groups were primarily adsorbed by La3+ to form La-phosphate compounds (LaPO4·nH2O) [14,15], as confirmed by EDS spectroscopy (Figure 3B–D,F). These observations correspond to high La3+ concentrations in LMM and because La3+ exhibits stronger electronegativity than other metal ions such as Fe and Al. The mass fraction of FeS2 in different experimental groups, the transport and transformation characteristics of P in sediments profiles, and DGT-labile Fe concentration trends in sediments cores jointly suggested that the dissimilatory reduction of Fe in macrophytes roots may be an important pathway for organic matter metabolism in surface sediments [43,44].



BD–Po and NaOH–Po are reactive organophosphate forms that can be mineralized and hydrolysis under certain conditions, leading to dissolving phosphate or small organophosphate compounds that can be easily absorbed and used by organisms [26,45]. HCl–P and Res-Po are stable forms and will be released under strongly acidic or alkaline conditions to some extent [6,46]. All forms of sediments P in each treatment group in this study, except the HCl–P and Res–Po forms, exhibited decreased concentrations across the incubation period compared with the control group (Table S5). This observation, when combined with the transport and transformation characteristics of P in the sediments (Table S2) and the XRD analyses, indicated that the active ingredient in the Supplemented Material reacted with P compounds in the sediments through ligand exchange, electrostatic interaction, and Lew is acid–base interaction to form stable La–P minerals (LaPO4·nH2O) [47,48]. Further analysis revealed that BD–Po and NaOH–Po concentrations in the 0–1 cm sediment layer were significantly lower in all treatments than in the control group. This was especially evident in the LAA+M group, where BD–Po and NaOH–Po concentrations on the 60-day were lower by 40% and 11% compared with the control, respectively, which may be related to the microbial decomposition of organophosphate. These results were consistent with the SEM-EDS imaging that revealed dentate flocs (Figure 3C,F) resembling microorganisms that have been previously reported [49,50]. Nevertheless, the short incubation period used in the present study may fail to reveal the possible inter-annual or monthly variation of macrophytes when this technique is applied in real-world scenarios. Therefore, long-term monitoring of changes in MDE lakes in response to the combined application of LMM and macrophytes is needed.





5. Conclusions


In this study, a practical approach for efficient ecological restoration is described for MDE lakes with organophosphorus-controlled internal P loading. The results indicate that mineralization of organophosphates (BD–Po, HCl–Po, and Res–Po) is an important factor for maintaining high internal P loadings and overlying water P concentrations during the experiments. The combination of LMM and macrophytes led to synergistic effects in the performance of aquatic ecological restoration compared with individual retreatments. Specifically, the combined treatments exhibited lower internal P loading than individual treatments. This was especially evident for the LAA+M group that achieved the best restoration outcome. SEM-EDS elemental mapping and XRD analysis revealed that the active ingredient in the added material reacted with sediments P forms to form stable La–P compounds (LaPO4·nH2O). LMM also enhanced the conversion rates of redox-sensitive P forms in surface sediments. Simultaneously, LMM had less effect on macrophyte traits (e.g., relative growth rate (RGR), length) compared with individual macrophyte groups and enhanced the absorption capacity of phosphate by macrophytes.
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Figure 1. The changes of TP, DTP, and SRP concentrations in the overlying water of the six treatments during the experiment. Vertical bars indicate standard deviation. (A–C) represent TP, DTP, and SRP in the overlying water, respectively. 
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Figure 2. The changes of TP, DTP, and SRP concentrations in the porewater of the six treatments during the experiment. All data are triplicates. (A–F) indicate the concentration changes of TP, DTP, and SRP in sediment pore water of the Control, M, LAA, LMB, LAA+M, and LMB+M experimental groups on the 30-day and 60-day, respectively. 
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Figure 3. SEM images and spectra of chemical composition of Control (A), LAA (B), LAA+M (C), Original LAA (D), M (E), LMB (F), LMB+M (G) and Original LMB (H). Original LAA and Original LMB are substances that are not mixed with sediments respectively. 
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Figure 4. (A) statistical XRD patterns of control, LAA, LAA+M, and Original LAA. (B) statistical XRD patterns of M, LMB, LMB+M, and Original LMB. Original LAA and Original LMB are substances that are not mixed with sediments respectively. 
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Figure 5. Vertical distribution of different P forms in sediments of the six treatment groups during the experiment. (A–D) represent the changes of Res−Po, BD−Po, NaOH−Po and HCl−Po contents in sediment, respectively. Each graph consists of three distinct subgraphs. The left subgraphs represent LAA+M and LMB+M groups, respectively. The upper right subgraphs represent control and M groups, respectively. The lower right subgraphs represent LAA and LMB groups, respectively. All data are triplicates. The vertical dashed line is the start P contents of the sediments. 
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Figure 6. Vertical change of the DGT-labile P (Fe/S) concentrations in sediments of the six treatments groups during the experiment. The location of the sediment–water interface is represented by zero. (A–F) indicate the changes of DGT-labile P (Fe/S) concentrations in sediment of the Control, M, LAA, LMB, LAA+M, and LMB+M groups on the 30-day and 60-day, respectively. 
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Figure 7. Macrophyte traits at the experiment. (A) indicates the change of TP content in different types of macrophytes. (B,C) represent the relative growth rate (RGR) and total growth length (length of macrophyte growth between the start and end of the experiment) of macrophytes in the experiments, respectively. MVL, HVR and CDL are Myriophyllum verticillatum L., Hydrilla verticillata (Linn. f.) royle and Ceratophyllum demersum L., respectively. 
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Table 1. Chemical composition (mass fraction) of surface sediments after restoration experiments.
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	Material
	Control
	M
	LAA
	LMB
	LAA+M
	LMB+M





	CaCO3
	55.6%
	57.8%
	45.5%
	46.1%
	58.6%
	46.3%



	SiO2
	18.1%
	18.0%
	22.0%
	25.6%
	19.2%
	24.0%



	K0.77Al1.93(Al0.5Si3.5)O10(OH)2
	15.7%
	14.1%
	19.5%
	19.4%
	13.9%
	16.7%



	Al2(Si2O5)(OH)4
	6.0%
	4.7%
	7.8%
	4.9%
	3.6%
	3.4%



	FeS2
	3.1%
	3.3%
	2.4%
	2.6%
	2.9%
	2.7%



	Ca(PO3)2
	1.4%
	2.2%
	1.0%
	1.6%
	0.5%
	0.9%
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Table 2. Relationships between DGT-labile P, DGT-labile Fe, and DGT-labile S (p < 0.05) in sediments of the six treatments used in the experiment.






Table 2. Relationships between DGT-labile P, DGT-labile Fe, and DGT-labile S (p < 0.05) in sediments of the six treatments used in the experiment.





	
Sample

	
30-Day

	
60-Day




	
P/Fe

	
P/S

	
Fe/S

	
P/Fe

	
P/S

	
Fe/S






	
Control

	
0.76

	
0.95

	
0.78

	
0.08

	
0.79

	
0.01




	
M

	
0.55

	
0.91

	
0.43

	
0.48

	
0.41

	
0.13




	
LAA

	
0.66

	
0.77

	
0.58

	
0.58

	
0.83

	
0.42




	
LMB

	
0.67

	
0.91

	
0.57

	
0.70

	
0.86

	
0.60




	
LAA+M

	
0.73

	
0.91

	
0.77

	
0.64

	
0.86

	
0.54




	
LMB+M

	
0.66

	
0.93

	
0.75

	
0.38

	
0.77

	
0.43
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Table 3. The apparent diffusion fluxes of P (mg·m−2·d−1) at sediment–water interfaces among different experimental treatments.






Table 3. The apparent diffusion fluxes of P (mg·m−2·d−1) at sediment–water interfaces among different experimental treatments.





	Time
	Control
	M
	LAA
	LMB
	LAA+M
	LMB+M





	30-day
	0.95
	0.68
	0.77
	0.86
	0.50
	0.40



	60-day
	0.70
	0.63
	0.63
	0.41
	0.28
	0.34
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