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Iron and calcium salts are two commonly used inactivators of sediment phosphorus (P). However, there is limited research on the effectiveness of their combined use. In this study, two enclosures (each 600 m2) were constructed in a eutrophic sub-lake within Poyang Lake (the largest freshwater lake in China), to examine the inhibitory effect of iron-calcium combined treatment (Fe&Ca treatment) on sediment P release. Subsequently, a sediment incubation experiment was conducted to investigate the impact of Fe treatment alone, Ca treatment alone, and Fe&Ca treatment on sediment P release fluxes and P fractions. The enclosure experiment demonstrated that the Fe&Ca treatment resulted in a decrease of 0.65 times in non-apatite inorganic P (NAIP) content in sediment, and an increase of 2.87 times in apatite P (AP) content. The sediment P release in the treated enclosure was significantly reduced by up to 90% under alkaline conditions compared to the control enclosure. In the sediment incubation experiment, Fe&Ca treatment effectively restrained P release and enhanced sediment AP content while reduced NAIP content. The transformation from NAIP to AP was likely primarily driven by Ca treatment, while Fe&Ca treatment stabilized water pH and consequently inhibited the release of sediment P and nitrogen. This study is the first to validate this transformation pathway and its inhibitory effect on P release. These findings emphasize the effectiveness of iron and calcium combination for minimizing the risk of P release from sediments, thereby offering a promising approach for in situ P control in lakes.
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1 INTRODUCTION
Phosphorus (P) is an essential limiting factor that plays a key role in controlling eutrophication in lakes. The sources of P in water include external inputs, internal releases from sediments, and a small amount of atmospheric deposition (Lynam et al., 2023; Yao et al., 2023). As an important reservoir of P in lakes, sediments can act as both “sinks”, continuously absorbing and accumulating P from the overlying water, and “sources” that release P into the overlying water (Chen et al., 2025; Xing et al., 2025). Many studies have indicated that utilizing P precipitants for in situ adsorption and immobilization of P in water and sediments represents a cost-effective and efficient approach for eutrophic lake management (Lürling et al., 2016; McCorquodale-Bauer and Cicek, 2022).
Iron (Fe) and calcium (Ca) salts are two commonly used P precipitants, and their effectiveness has been substantiated through numerous field applications (Wang and Jiang, 2016; Ou et al., 2023). For example, Li et al. (2020) investigated the effect of ferric chloride (FeCl3) on sediment P in Dianchi Lake (China), and the results showed that FeCl3 could effectively inhibit the release of P from the sediments and reduce the total P (TP) concentration of the overlying water by about 87%. Dittrich et al. (2011) added calcium hydroxide (Ca(OH)2) in eutrophic Lake Luzin (Germany), and the results showed that Ca(OH)2 increased the P sedimentation rate in the water body and significantly reduced the sediment P release flux. However, the use of Fe and Ca has some limitations. When Fe ions enter the water, it hydrolyzes and thus reduces the pH of the water, which may adversely affect aquatic organisms (Wang and Jiang, 2016; Immers et al., 2015; Smolders et al., 2001). When the water pH increases (pH > 8), the effectiveness of Fe treatment decreases because the hydroxyl group can replace the adsorbed P (Kelly Vargas and Qi, 2019). In addition, under low-redox (anaerobic/anoxic) conditions, the iron-bound P is easily released, which significantly reduces the effectiveness of the Fe treatment (Wang and Jiang, 2016; Wang et al., 2021). Ca(OH)2 treatment may lead to an increase in the pH of the water body, which may adversely affect the growth of aquatic organisms. When the water pH decreases (pH < 5.5), P immobilized by Ca compounds can be easily released, resulting in a decrease in the efficacy of Ca treatment (Dittrich et al., 2011). In addition, precipitates generated by Ca treatment may cover the surface of plants and inhibit photosynthesis (Wang and Jiang, 2016).
In some field applications, Fe and Ca were combined to solve the problem of excessive pH changes in the water. For example, Waajen et al. (2016) used FeCl3 as a flocculant and P remover in the restoration of the eutrophic lake De Kuil (the Netherlands) and used Ca(OH)2 as a buffer for the water pH. Qiu et al. (2018) investigated phosphorus removal and recovery from wastewater, resulting in the development of a novel Fe(II)-Ca synergistic process utilizing a ferrous-calcium salt complex. This innovative process reduced phosphorus removal costs by 30.39% compared to traditional methods. Waajen et al. (2016) utilized Fe and Ca for the flocculation of lake pollutants and pH buffering, while Qiu et al. (2018) mainly focused on the combined treatment of industrial wastewater with Fe and Ca. However, there is almost no research on the combined mechanism of Fe and Ca on the release of nutrients from lake sediments.
Recently, our team conducted an enclosure experiment for ecological restoration in a severely eutrophic lake, employing combined in situ remediation methods and achieving satisfactory results (Li et al., 2024). The restoration methods encompassed the addition of Fe- and Ca-loaded red soil to effectively remove excessive P from the water and suppress sediment P release. FeCl3 and Ca(OH)2 were identified as the key components responsible for successful P removal. To further investigate the synergistic mechanism of Fe and Ca in P removal, this study further analyzed the sediment P fractions in both treated and untreated enclosures. Furthermore, a sediment incubation experiment was performed using sediment collected outside the enclosures to explore different inhibitory effects on sediment P release when Fe and Ca were added separately or simultaneously. It was hypothesized that: 1) FeCl3 and Ca(OH)2 exert different effects on sediment P inhibition; 2) the combined usage of FeCl3 and Ca(OH)2 exhibits a synergistic impact on sediment P inhibition; and 3) the potential synergistic mechanism of Fe and Ca may be related to the transformation of different forms of P and pH regulation in sediments.
2 MATERIALS AND METHODS
2.1 Study area and sediment collection
The study area was located at the inlet of Lake Nanhu (Figure 1), on the west edge of Poyang Lake, The largest freshwater lake in China. The inlet of Lake Nanhu has a long history of poultry farming, and it is currently the tail water discharge area of a sewage treatment plant, with heavy internal and external pollution and high N and P contents in the sediments. The annual TP and TN concentrations in the overlying water of the inlet of Lake Nanhu were ranged from 0.63 to 2.03 mg/L, with an average value of 1.25 mg/L, and ranged from 1.31 to 4.65 mg/L, with an average value of 2.77 mg/L, respectively (Li et al., 2024), which were characteristic of highly eutrophic lakes in China.
[image: Map and aerial photos showing location and restoration of Lake Poyang enclosures. Panel (a) displays the site's location near the Yangtze River. Panel (b) depicts enclosures before restoration, and panel (c) shows them after restoration, with labeled sections 1#, 2#, and 3#.]FIGURE 1 | Location of the study area (solid red dot) and sediment sampling sites (solid red triangle). (a) Location of the enclosures. (b) Before restoration. (c) After restoration.In September 2022, six 600 m2 impervious canvas enclosures (40 m in length, 15 m in width) were installed to study the inhibition effect of different treatments on sediment nutrients. The average water depth of the enclosures was 1.5 m. In 2023, an ecological restoration project was carried out in the enclosure 2#, and the enclosure 1# was served as the control enclosure without any treatment. The treatments in enclosure 2# involved the addition of 540 g/m2 of flocculant and 8 kg/m2 of adsorbent, following by submersed macrophytes planting (See Li et al. (2024) for details). The primary active component of the flocculant is FeCl3, while the main active component of the adsorbent is Ca(OH)2. To further study the effects of the above treatments on the sediment P fractions, surface sediments (0–10 cm) were collected in the center of enclosures 1# and 2# (Section 2.2). The 0–10 cm layer is the most active zone for phosphorus exchange. While deeper sediments may contribute, their influence is limited (Yin et al., 2022). Although submerged macrophytes were planted in the enclosure 2#, the results of a previous controlled experiment we conducted (Li et al., 2024) indicated that the influence of submerged macrophytes on sediment nutrients in the short term could be disregarded (data not published). Therefore, the observed changes in sediment P release characteristics were primarily attributed to the chemical treatments rather than biological uptake.
Furthermore, a sediment incubation experiment was performed using surface sediment collected outside the enclosures (3#) to explore different inhibitory effects on sediment P release when Fe and Ca were added separately or simultaneously (Section 2.3). The collected sediments were taken back to the laboratory and thoroughly mixed to remove impurities such as plant and animal debris and stones. A portion of the sediment was subjected to freeze-drying and pulverized into a powdered form for the purpose of determining its phosphorus fraction.
2.2 Sediment P release characteristics of enclosures 1# and 2#
Sediment P release characteristics were performed under different pH conditions (Table 1). The procedure included the following steps: 1) 1 g of dry sediments was added into flasks and 150 mL 0.02 mol/L KCl solution was added to maintain certain ion concentration; 2) 1 mol/L of HCl or NaOH solutions were added to the flasks according to the amount added in Table 1 to adjust the pH; 3) place the flasks on a thermostatic oscillator (at 25 °C) and shake them for 4 h, then let them stand for 24 h; 4) filter the extract and determine the soluble P content.
TABLE 1 | Treatment of sediments collected from enclosures 1# and 2# and pH of the sediment extracts after treatments.	No.	1 mol/L HCl solution (mL)	1 mol/L NaOH solution (mL)	Ultrapure water (mL)	pH values after treatments
	Enclosure 1#	Enclosure 2#
	1	1.6	0	0	2.06	2.24
	2	0.8	0	0.8	2.52	2.97
	3	0.4	0	1.2	3.20	7.30
	4	0.2	0	1.4	4.07	7.65
	5	0.1	0	1.5	5.88	7.77
	6	0	0	1.6	6.67	8.27
	7	0	0.1	1.5	7.33	8.78
	8	0	0.2	1.4	8.36	10.24
	9	0	0.4	1.2	9.74	11.26
	10	0	0.8	0.8	11.55	11.80
	11	0	1.6	0	12.09	12.16


2.3 Design of the sediment incubation experiment
The collected sediments from site 3# were added to 12 cylindrical glass containers (diameter: 16.2 cm and height: 24.8 cm), each of which received 1.0 ± 0.05 kg of sediments. To determine the initial release rate of sediment nutrients, 3 L of ultrapure water was added to the sediment surface as overlying water and left for 3 days. Ultrapure water was used to eliminate interference from external ions. While it may slightly enhance release compared to lake water, it allows for better control and reproducibility. Three days later, four treatments were set up for the sediments (Figure 2). CK treatment was the control group without any treatment for the sediment. In the Fe treatment (labeled as Fe), FeCl3 solution was added to the overlying water of the sediments, with Fe3+ concentration being 90 mg/L. In the Ca treatment (labeled as Ca), Ca(OH)2 solution was added to the overlying water of the sediments, with Ca2+ concentration being 310 mg/L. In the Fe&Ca treatment (labeled as Fe&Ca), FeCl3 and Ca(OH)2 were added at the same time, with the Fe3+ concentration of 90 mg/L and the Ca2+ concentration of 310 mg/L. The amounts of Fe3+ and Ca2+ added were calculated based on the NAIP and AP contents in the sediment, aiming to achieve a 2:1 M ratio for Fe: P and a 5:1 M ratio for Ca: P, respectively, according to previous studies (Qiu et al., 2015; Li et al., 2020). These ratios are commonly applied in field restoration projects and ensure effective P immobilization. Three replicates were set up for each treatment.
[image: Four diagrams of cylindrical containers labeled CK, Fe, Ca, and Fe&Ca. CK shows a blue liquid above a reddish sediment. Fe has orange particles within the liquid and sediment. Ca contains green particles. Fe&Ca has both orange and green particles.]FIGURE 2 | Different treatment groups for the two sediments. Each treatment had three replicate units. CK: sediment control group without treatment; Fe: sediment treated with ferric salt (FeCl3); Ca: sediment treated with calcium salt (Ca(OH)2); Fe&Ca: sediment treated with combined ferric and calcium salts.The average water temperature was maintained at 26 °C ± 2 °C during the experiment. The overlying water was collected on days 0, 3, 6, 13, 20, 27, and 34 to determine the physicochemical indexes, and the overlying water in the containers was replenished with ultrapure water to the original water level after each sampling. At the end of the experiment, the overlying water was slowly poured off, and the sediments were mixed evenly, freeze-dried, and ground through a 100-mesh sieve to determine the contents of P, and N in the sediments.
2.4 Parameter measurement
TP and TN concentrations in the water and sediment were determined using standard methods (Huang et al., 1999). Five P fractions, namely, non-apatite inorganic P (NAIP, bound to Al, Fe, and Mn oxyhydrates), apatite P (AP, bound to Ca), organic P (OP), inorganic P (IP), and Total P (TP), in the sediments were determined using the Standards, Measurements and Testing Programme method (Pardo et al., 2004; Rydin, 2000).
2.5 Data analysis
The sediment nutrient release flux R (mg·m−2·d−1) was calculated as Equation 1 (Yin et al., 2022):
R=VCn−C0+∑j=1nVj−1Cj−1−Ca/S·t(1)
where V is the volume of the overlying water in the sediment column (L); Vj−1 is the volume of the j−1-th sampling from the column (L); Cn, C0, and Cj−1 are the concentration of a nutrient salt in the overlying water at the nth, the 0th (i.e., initial), and the j−1-th sampling, respectively (mg·L−1); Ca is the concentration of nutrient salts in the replenishment water (mg·L−1); S is the area of the sediment–water interface (m2); and t is the incubation time (d). The flux model assumes static conditions, which may simplify real hydrodynamic processes. Nevertheless, it provides a standardized measure for comparing treatments under controlled settings.
In this study, Origin 2022 (OriginLab Corporation, Northampton, MA, United States) was used for data processing and graphing, IBM SPSS Statistics 27 (IBM Corporation, Armonk, NY, United States) was employed for correlation analysis, and one-way analysis of variance (ANOVA) followed by Tukey’s test was applied to analyze the differences in the effects of the four treatments on P and N release from the sediments. All data were tested for normality and homogeneity before performing comparison. Data were logarithmic transformed to obtain normality and/or homogeneity if they did not meet the basic assumptions. The threshold for significance differences among groups was at the level of p < 0.05.
3 RESULTS
3.1 Sediment P fractions of enclosures 1# and 2#
The TP content of the sediment in enclosure 1# was measured at 5.08 mg/g, while enclosure 2# exhibited a reduction of 30% compared to that observed in enclosure 1# (Figure 3a). The main component responsible for this reduction was IP, which accounted for more than 80% of TP. The NAIP and AP contents in the sediment of Enclosure 1# were measured at 4.33 mg/g and 0.36 mg/g, respectively. In comparison to Enclosure 1#, the NAIP content in the sediment from Enclosure 2# exhibited a significant decrease of 65.3%, while the AP content showed a substantial increase of 287.4% (Figure 3b).
[image: Bar charts showing sediment phosphorus (P) concentrations in two enclosures. Chart (a) displays two bars for OP and IP types, both reaching approximately 5 mg/g. Chart (b) shows three components—NAIP, AP, and Other—with NAIP dominating in both enclosures, particularly in Enclosure 1#, where it reaches about 5 mg/g. Enclosure 2# has lower values for all components.]FIGURE 3 | Sediment P fractions of enclosures 1# and 2#. (a) OP and IP; (b) NAIP and AP. “Other” refers to P fractions other than NAIP and AP, includes residual organic phosphorus and other non-extractable phosphorus forms not classified as NAIP or AP.3.2 Sediment P release of enclosures 1# and 2#
The sediment in enclosure 1# exhibited a slightly acidic with a pH of 6.67, whereas the sediment in enclosure 2# demonstrated an alkaline character with a pH of 8.27 (Table 1). The acid buffering capacity of the sediment in enclosure 2# was found to be superior to that in enclosure 1#, as evidenced by a smaller pH variation of the overlying water when a certain amount (≤0.4 mL) of 1 mol/L HCl was added.
Under acidic conditions, the P release of both sediments was minimal and exhibited a negative correlation with increasing acidity. With the increase in alkalinity, there was a significant enhancement in P release from sediments within enclosure 1#, reaching a maximum of 1.98 mg/g. In contrast, the P release trend within enclosure 2# was less pronounced and relatively slow, with a maximum release of only 0.20 mg/g, 5.7% of that observed in enclosure 1# (Figure 4).
[image: Graph showing sediment phosphorus release (mg/g) versus pH. Enclosure 1# is marked with grey squares, and Enclosure 2# with red circles. Two fitting curves indicate trends: black dashed for Enclosure 1# with a significance of p<0.001, and red dashed for Enclosure 2# with p<0.05. Blue and red shaded areas represent 95% confidence intervals for Enclosures 1# and 2# respectively. Sediment release increases with pH for Enclosure 1#, while Enclosure 2# remains relatively stable.]FIGURE 4 | Sediment P release of enclosures 1# and 2# at different pH conditions.3.3 Sediment P fractions in the sediment incubation experiment
The TP content of the CK treatment was 3.76 ± 0.13 mg/g. There was no significant difference between the Fe and CK treatments (p > 0.05). The sediment TP contents in the Ca and Fe&Ca treatments were significantly lower than the sediment TP content of the CK treatment (p < 0.05). The main component contributing to this decline was IP, which accounted for approximately 90% of TP (Figure 5a).
[image: Bar graphs labeled (a) and (b) comparing sediment phosphorus (P) in milligrams per gram across four categories: CK, Fe, Ca, and Fe&Ca. Graph (a) uses teal for OP and blue-striped for IP. Graph (b) uses orange-striped for NAIP, blue grid for AP, and dotted for Other. Both graphs show sediment P levels up to 6 mg/g, with different compositions visible for each category.]FIGURE 5 | Sediment P fractions in the sediment incubation experiment. (a) OP and IP; (b) NAIP and AP. “Other” refers to P fractions other than NAIP and AP, includes residual organic phosphorus and other non-extractable phosphorus forms not classified as NAIP or AP.The AP content in the CK treatment was 0.33 ± 0.03 mg/g, and the AP content in the sediments of the Fe treatment was significantly lower than that in the CK treatment (p < 0.05). The AP contents in the sediments of the Ca and Fe&Ca treatments were significantly higher than that in the CK treatment (2.48 and 2.30 times that in the CK treatment, respectively) (p < 0.05). The NAIP content in the sediment of the CK treatment was 3.10 ± 0.06 mg/g, and there was no significant difference between the Fe and CK treatments (p > 0.05). The NAIP contents in the sediments of the Ca and Fe&Ca treatments were significantly lower than those in the Fe and CK treatments (p < 0.05). Compared to CK and Fe treatments, the Ca and Fe&Ca treatments resulted in a 20% reduction in NAIP content and a 170% increase in AP content (Figure 5b).
3.4 P, N concentration in the overlying water and the P, N fluxes
The P content in the overlying water of CK treatment increased slowly with time, and the sediment P release flux was 2.78 mg·m−2·d−1 (Figure 6). In the Ca treatment, the P concentration in the overlying water decreased for a short time and then increased sharply. At the end of the experiment, the sediment P release flux was 5.54 mg·m−2·d−1, 2 times that of the CK treatment. In the Fe and Fe&Ca treatments, the P content in the overlying water was very low, and the sediment P release fluxes were −0.14 mg·m−2·d−1 and 0.37 mg·m−2·d−1, respectively, which were significantly lower than those of the CK and Ca treatments (p < 0.05).
[image: Graphical representation of four data panels: (a) TP levels over 34 days, showcasing CK, Fe, Ca, and Fe&Ca trends, with Fe&Ca peaking; (b) TN levels showing an initial spike, with Fe consistently higher; (c) TP release rates with Ca highest; (d) TN release rates peaking with Fe, followed by Ca and Fe&Ca. Error bars indicate variability.]FIGURE 6 | TP, TN concentrations in the overlying water (a, b) and the TP, TN release rates in the sediment (c, d) in different treatments. The error bars represent the standard deviation of averaged values. Different lowercase letters on the bars indicate significant differences at the p < 0.05 level among the treatments.The N content in the overlying water of CK treatment varied little with time, and the sediment N release flux was 8.69 mg·m−2·d−1 (Figure 6). The sediment N release fluxes in the Fe, Ca, and Fe&Ca treatments were significantly higher than those of the CK treatment (4.54, 2.66, and 2.51 times those in the CK treatment, respectively). The Fe treatment exhibited the highest sediment N flux, while the Fe&Ca treatment showed a 46.2% decrease compared to the Fe treatment.
4 DISCUSSION
The enclosure experiment demonstrated that the combined treatment of Fe and Ca shifted the sediment from weakly acidic to alkaline, resulting in a 2.87-fold increase in AP content and a 0.65-fold decrease in NAIP content, thereby enhancing the stability of sedimentary P. The present study further revealed that the combined treatment of Fe and Ca resulted in a remarkable 90% reduction in sediment P release under alkaline conditions. In water bodies characterized by intense photosynthesis, such as those affected by harmful algal blooms or excessive growth of submerged macrophytes, the pH level of water can even rise to 10 (Zamparas and Zacharias, 2014; Li et al., 2017). Hence, the combined application of Fe and Ca demonstrates great suitability for the ecological restoration project in eutrophic water, especially those with severe algal blooms. Fe and Ca are both elements that are abundant in the earth’s crust, with low costs and high ecological safety. While Fe and Ca are generally considered safe at applied doses, high concentrations may affect benthic organisms and submerged macrophytes. Large-scale application is feasible but requires site-specific optimization and further ecological risk assessment.
In the sediment incubation experiment, the Fe treatment significantly decreased the P content in the overlying water, and this reduction was sustained over time, indicating the relative stability of sediment-bound P and its limited release. Previous studies demonstrated that when the water was in an anoxic state, Fe3+ was reduced to Fe2+, which led to a secondary release of Fe-bound P from the sediments (Wang et al., 2024; Münch et al., 2024). Moreover, Fe-bound P is sensitive to water pH, and when the water pH increases, Fe-bound P is easily re-released from the sediments (Ping et al., 2023). The low release flux of sediment P observed in the Fe treatment in this study can be attributed to the high redox potential of the water, which hindered the reduction of Fe3+, and the sustained lower pH level after Fe treatment, which prevented the mobilization of Fe-bound P from sediments. However, the Fe treatment also resulted in a significant reduction of Ca-bound P in sediment, which may be due to the reduction of the water pH and the partial release of Ca-bound P because of Fe treatment (Andersson et al., 2016).
Studies have shown that when water pH is 10–12, P mainly exists in the form of H2PO4−, which easily forms insoluble hydroxyapatite precipitates with Ca, thus achieving the purpose of P removal (Li et al., 2023; Zhu et al., 2023). The present study also demonstrated that the application of Ca treatment led to a rapid reduction in the P content of the overlying water. However, over time, there was a gradual increase observed in the P content of the overlying water. This could potentially be attributed to the fact that Ca treatment led to an elevation in water pH and facilitated the release of NAIP from sediments. However, Ca treatment can facilitate the conversion of a fraction of NAIP into AP, thereby enhancing the sedimentary stability of phosphorus. Further studies should include measurements of microbial activity and organic matter decomposition to better understand these dynamics.
Qiu et al. (2015) demonstrated that the combined use of Fe and Ca could generate Fe-Ca complexes, which were effective in removing P from wastewater. The present study further demonstrated that the Fe&Ca treatment effectively suppressed sediment P release. The flux of sediment P release in the Fe&Ca treatment was comparable to that of the Fe treatment, but significantly lower than that of the Ca treatment. Moreover, the Fe&Ca treatment resulted in a significantly higher sediment AP content and a significantly lower NAIP content compared to the Fe treatment. The pH buffering capacity is primarily attributed to Ca(OH)2, which maintains alkaline conditions favorable for AP formation. FeCl3 hydrolysis mildly acidifies the water, but this is counteracted by Ca(OH)2. The synergistic pH stabilization can be represented as: Fe3+ + 3H2O → Fe(OH)3 + 3H+; Ca(OH)2 → Ca2+ + 2OH−. The OH− from Ca(OH)2 neutralizes H+ from Fe hydrolysis, thus stabilizing pH.
The increased nitrogen release in Fe, Ca, and Fe&Ca treatments may be due to several factors: (1) Fe addition could inhibit nitrification and promote dissimilatory nitrate reduction, leading to ammonium accumulation; (2) high pH from Ca(OH)2 may enhance organic nitrogen mineralization; (3) chemical treatments might disrupt sediment structure, releasing previously immobilized nitrogen. Although nitrogen release increased temporarily, the significant reduction in phosphorus release—the primary limiting nutrient in eutrophic lakes—likely outweighs this effect. These changes highlight the need to consider nitrogen dynamics when applying P immobilization agents, as unintended nitrogen release could offset eutrophication control efforts. Further studies should monitor long-term nitrogen dynamics and include nitrogen (e.g., NH4+, NO3−) speciation analysis to assess ecological trade-offs.
In conclusion, this study substantiated the hypotheses through both enclosure application and sediment incubation experiments, demonstrating distinct inhibitory effects of Fe treatment and Ca treatment on sediment P release. Furthermore, a synergistic effect was observed when both treatments were combined. However, further investigation (both incubation and field experiments) is required to fully understand the stability of the synergistic effect exhibited by the combined iron-calcium treatment across various environmental conditions, as well as to assess its long-term (>2 months or even >1 year) ecological implications.
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