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Abstract

:

Lake water has been impaired with nutrients due to the synergic action of human-made activities and climate change. This situation is increasing eutrophication around the globe faster than before, causing water degradation, loss of its uses, and water-associated economic and health effects. Following the Sustainable Development Goal 6, more precisely its target 6.6, nations are already behind schedule in protecting and restoring water-related ecosystems (i.e., rivers and lakes). As concerns with eutrophication are escalating, eutrophic water remediation practices are the keys for restoring those lake waters. Diverse methodologies have been investigated focusing on the nutrient that limit primary productivity (i.e., phosphorus), but few have been applied to in-lake eutrophic water remediation. Thus, the objective of this paper is to provide an overview and critical comments on approaches and practices for facing eutrophic lake water remediation. Information on the successful cases and possible challenges/difficulties in the peer-reviewed literature are presented. This should be useful for supporting further remediation project selection by the stakeholders involved. In summary, for a successful and durable restoration project, external nutrient inputs need to be managed, followed by holistic and region-specific methods to attenuate internal legacy nutrients that are continually released into the water column from the sediment. When aligned well with stakeholder participation and continuous monitoring, these tools are the keys to long-lasting water restoration.
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1. Introduction


Water, an essential resource for humans and economic improvement (i.e., sustainable water), is suffering cumulative pressures from nutrient pollution. Increasing world population and anthropogenic actions [1,2,3], new climate change circumstances (i.e., changes in nutrient mixing and availability due to increased water temperature) and climate extremes [4,5,6,7] are exerting pressure on water resources. In addition, there is frequently a lack of enforcing environmental policies [8,9]. These influences lead to high levels of two macronutrients (i.e., phosphorus and nitrogen) by allochthonous sources (i.e., external sources) and/or autochthonous sources (i.e., internal sources). External sources are characterized by contaminated watershed runoff, direct discharge, and/or incompletely treated effluent release, and internal sources are represented by past catchment-derived emissions that have accumulated in the sediment, releases from sediment disturbances, and/or organic matter decomposition in the water.



With this significant nutrient increase in lakes, there are subsequent eutrophication occurrences [4,5]. In these, lake waters go through chemical and biological changes including decreased dissolved oxygen concentration [10], obnoxious smells and taste [11,12], and blue-green algae/cyanobacteria biota domination [13,14] with potential harmful toxin production (i.e., neurotoxins, hepatotoxins, and endotoxins) [15]. Studies suggest economic and health concerns due to eutrophication related to lake waterfront property value decrease [16,17], recreational use loss [17,18] and increased costs with drinking water treatment as a preventive measure for any negative health effect [17,18,19].



In this framework, as the concern with eutrophication will be escalating in the following years by the variables suggested, eutrophic lake water remediation is the key for nations to restore those waters not only for the present generation but also for generations to come. This idea aligns well with Sustainable Development Goal 6 (SDG6) (i.e., clean water and sanitation) from the UN (United Nations) agenda, further detailed in the 6.6 target. This target for restoration of the water-related ecosystems was to be achieved by nations in 2020. Thus, following the mentioned concern, in-situ technological practices for water remediation/restoration are of high priority.



The focus is on the primary limiting nutrient, phosphorus (P), the essential component required to constrain primary productivity development [20]. Approaches and practices for reducing eutrophication circumstances, which already have been applied in situ, are based on distinct technologies directly or indirectly used for reducing the phosphorus concentration in the water column. Correspondingly, it is implied that control of the external loadings and the management of sediment legacy phosphorus due to particle settling [21,22] play an important role in successful and sustainable remediation. In this paper, in situ lake remediation procedures that are physical, chemical, biological, combined, and emerging will be discussed.



There are several distinct and well-established eutrophic in-lake water remediation practices in specialized literature. This article will review well-documented practices centered on whole lake restoration in addition to emerging methods. Physical techniques include sediment dredging and hypolimnetic water aeration. Chemical techniques are sediment capping with inert elements or phosphorus inactivation in water and bottom sediments by chemical addition. Comprising the application of pure oxygen into hypolimnetic water and capping with lanthanum-modified bentonite (LMB) and coagulants (aluminum and iron-based). The biological methods underlined are biomanipulation and macrophyte management.



Emerging methods, which support waterbody restoration and take advantage of the ecosystem’s natural response to changes [23], will be presented. Those ecological engineering techniques involve primary productivity control by minimally invasive nutrient abstraction. The ones highlighted in this paper will be geotextile filtration and floating wetland use. Combined remediation practices with two or more of all mentioned methodologies will be also discussed as a holistic approach to water restoration.



Thus, the objective of this paper is to provide an overview and critical comments on in-lake/situ approaches and practices for mitigating eutrophication worldwide. Thus, by providing summarized information on the successful cases and challenges in the peer-reviewed literature, the aim is to facilitate other further remediation project selection by stakeholders involved (i.e., environmental managers, and society in general). For guiding this review, two research questions were developed as follows:




	
What in situ practices with plausible results have been applied to address eutrophication in lake waters?



	
What are the major challenges/disadvantages to these water restorations?









2. Human-Induced Eutrophication Processes


Eutrophication is described as a water enrichment process by excess plant nutrients, nitrogen, and phosphorus (P) which can lead to enhanced algae/cyanobacteria growth, periphyton, or macrophytes [24,25] in lake water systems. From an ecological standpoint, this is a natural process in which a waterbody goes through growth-promoting processes [26] over a long-time frame. However, due to the increased nutrient input coming point and diffuse external and internal sources, this timeframe has been reduced. Those nutrients are primarily associated with human activities as presented in Figure 1.



Anthropogenic actions synergically associated with the new climate change developments and population growth have been instigating nutrient stresses in aquatic environments. Point sources include direct contaminant discharge, as well as untreated sewage disposal. Diffuse sources originate from agriculture (i.e., fertilizer over(use)) and livestock (i.e., animal feces) as well as increased contaminated watershed runoff due to climate extremes. Internal sources are related to former external sources which have settled and accumulated in the sediment and organic matter degradation in the water column/sediment. As an example, when the excessive phytoplankton degrades and settles to the sediment surface, decomposition can lead to possible low oxygen concentrations in the lower water levels, which could cause releases of P from the same sediment [27]. Thus, the sediment acts as a sink and source of P, an important characteristic in the lacustrine ecosystem health and any possible remediation/restoration practice application.



Various issues are manifested as the total excessive phytoplankton growth effects, the main disturbance on a eutrophication occurrence, leading to imbalanced primary and secondary productivity and a faster succession/ageing rate [26]. Some of the distresses are related to benthic primary productivity (i.e., macrophytes and periphyton) shifting to pelagic primary production (i.e., phytoplankton) [28], causing phytoplankton biomass density to increase. Usually, this upsurge will trigger a change to a cyanobacteria-dominated phytoplankton community [29]. Consequently, with these possible excessive cyanobacteria developments, harmful toxin production [5,30] as well as possible water anoxia, obnoxious scum, and smells will occur. Thus, eutrophication development will not only bring recreational and drinking advisories due to possible harmful toxin production but will also have diverse economic and health effects associated with it.



2.1. Phosphorus Cycle and Water/Sediment Interactions


The phosphorus (P) cycle is formed by this element’s interaction between terrestrial and aquatic ecosystems. As shown in Figure 2, the terrestrial phosphorus contribution could be associated with P rich rock/soils as well as fertilizer uses and livestock practices. Thus, by runoff, possible leaching due to chemical weathering reactions and/or physical erosion of soil/rocks can occur, transferring this component from the terrestrial ecosystem to the aquatic one. The mineral P form (i.e., inorganic) mostly present in rocks is apatite, which comprises hydroxyapatite, fluorapatite, and chlorapatite [31], which can then be found in aquatic ecosystems. On the other hand, hydrous ferric oxides such as goethite (FeOOH) and ferrihydrite (Fe(OH)3) are the common form in well-drained soils and important sinks or sources of soluble phosphate in aquatic environments [32]. When related to anthropogenic terrestrial P (i.e., fertilizer and livestock) this will be mostly organic and soluble in water which will runoff from the land.



Related to the aquatic ecosystem, sediments play a crucial role in controlling P availability in the water column in water environments by acting as an internal source and sink [20]. As shown in the phosphorus enrichment process (Figure 2), phosphorus (P) can enter waterbodies in two ways, continuously in runoff water and by diverse inlet streams [26]. This nutrient input nearly always exceeds the output, thus causing the settling of it and enrichment in the sediments [33]. When accumulated in the sediment, some interactions between sediments and overlying waters (i.e., based on dissolved oxygen concentration) will occur, which can determine the bioavailability of this element in the water column.



Different P forms in sediments have different bioavailability and are released by changes in lake environmental conditions to become a potential source contributing to lake eutrophication [34]. An example is related to dissolved oxygen concentration. If there is oxygen in the bottom water, P is strongly bound to metals in the sediment such as iron, aluminum, and calcium. These complexes are difficult to dissolve and make the P unavailable to phytoplankton and other plants and do not contribute to eutrophication [27]. In the absence of oxygen, for example, redox-dependent P species may still be released within the anoxic bulk sediment and diffuse into the water column. As an example, the sediment geochemical cycling of P is tightly coupled to the cycling and redox dynamics of Fe [35,36] shown in Figure 3.



This iron-bound phosphorus accounts for a substantial fraction of total P in sediments (~30%) and is regarded as active P (i.e., readily released under anoxic conditions) [37]. In this diagram, since Fe III (hydr)oxide is redox sensitive and its surface is unevenly charged, P sorption on the Fe III (hydr)oxide surface becomes reliant on the redox potential and pH of the environment [38]. Under anoxic conditions in the pore or bottom water, the oxidized iron is reduced to a ferrous ion (Fe (II)) that subsequently diffuses into the water column and is re-oxidized to Fe (III). Sulphate also strongly interferes with iron-phosphorus chemistry and stimulates organic matter anaerobic decomposition. The main product of sulphate reduction under anoxic conditions is dissolved sulphide, which may react with dissolved reduced iron and particulate iron (hydr)oxides under the same condition. The results of this reaction between sulphide and iron under anoxic conditions are the highly insoluble iron sulphide (FeS2) minerals while phosphate adsorbed to the iron (hydr)oxides or present as iron phosphates become mobilized [39]. Another example is related to the P form which cannot be affected by environmental changes, formed by the phosphate coprecipitation with CaCO3 and considered the most important endogenous process in removing P from the water column [40]. This form is found at the stream bottom and might not easily be suspended [41].




2.2. External Measures: A Primary Step for Reducing Nutrient Loading


Ceasing, attenuating, and regulating external phosphorus nutrient loadings into eutrophic lakes should be the first and foremost action, in the order mentioned, taking into consideration in any lake remediation/restoration practices. These actions are considered the most prominent action for possible further in situ corrective measures. Without this step, even in the case of a possible in situ restoration within the lakes, minimal to no results will occur [42]. As lake catchments are characterized by large differences in hydrology, climate, geology, soils, land cover, and ecosystem type [43], diverse practices could be suggested.



Practices are mainly characterized by four possible actions: land-use modifications, wastewater (domestic/industrial) treatment, planned urban development around waterbodies and their possible water uses, and modification changes in agricultural/livestock management approaches. These strategies are the central focus for mitigating the external nutrient input in lacustrine ecosystems. In more detail, land use changes within forestry practices can contribute for reducing any uncovered land which can erode due to watershed runoff to a water body. Additionally, increasing vegetation buffer zones on lakes will play a large part in acting as a filter for capturing nutrients. Wastewater tertiary treatment processes focused on nutrient removal should also be implemented in places where the effluents are discharged directly into water bodies.



It is worth mentioning that water management/protection is not a straightforward action and specific methodologies should be adapted depending on the region and by always prioritizing external nutrient remediation. This is strongly reliant on the contribution of diverse sectors and the stakeholders involved, and the practices must be adjusted on a case-by-case basis. Thus, the contribution of representative local stakeholders who are affected by the eutrophic water must be included, promoting inclusive and transformative change in valuing this water [44]. If an internal lake water restoration practice is applied without any external load control/attenuation, the eutrophic aquatic environment will not improve over the long term, mainly because the waterbody is going to have a continuous phosphorus input which is dated to be stored in the sediment, acting as a source of P for the waterbody. P migration from the sediment into the overlying water can be reported as a persistent phenomenon, thus delaying the water quality improvement for a considerable time even after the control of external sources [36]. Thus, for further improvement of any eutrophic waterbody, which suffers from external nutrient inputs, internal nutrient sources should be managed.




2.3. Lakes Trophic States Classification and World Eutrophic Waters Overview


Lakes are often classified by their “trophic status”, which can be determined via measures of productivity or nutrient load [45]. In the most used classifications, water quality parameters are used to roughly assess waterbody primary productivity status. For example, these parameters can include the concentration of the limiting nutrient (phosphorus), chlorophyll-a (an indicator of phytoplankton biomass), and transparency (dependent on both algal biomass and sediment resuspension), expressed as Secchi depth [24]. Diverse indices are proposed such as the Carlson-type TSI (trophic state index), which assumes algal biomass to be the basis for trophic state classification. It is calculated by three hydro-ecological characteristics mentioned as follows: the chlorophyll-a concentrations, total phosphorus (TP) in water, and the Secchi depth (SD) [46]. For classification criterion, waters with low productivity are termed oligotrophic and waters with high productivity are eutrophic. The other trophic categories are mesotrophic, the one located between low- and high-productivity waters, and hypertrophic, the one higher than eutrophic water.



Eutrophication occurrences have not only been prevalent in economically developing nations but also in economically developed countries. Freshwater basins are becoming oversaturated with phosphorus [47], causing anthropogenic eutrophication to become a primary water quality issue worldwide [48,49]. Roughly 50% of the world’s largest lakes (including Asia, Europe, and North and South America) are eutrophic because of high TP loadings [50]. Additionally, surveys have shown that 54% of lakes in Asia are eutrophic in Europe, 53% in North America, 48% in South America, 41% and in Africa, 28% [51]. Large eutrophic lakes such as Lake Erie (North America), Lake Winnipeg (Manitoba, Canada), Lake Taihu (China), Lakes Biwa and Kasimagaura (Japan), Lake Victoria (Africa) [52], Lake Jacarepaguá (Rio de Janeiro, Brazil), and others are a small worldwide snapshot of this issue. Other smaller and shallow waterbodies not well monitored and documented are also increasingly exhibiting eutrophication characteristics. Nutrient releases to waterbodies are the main factor. As little to no efforts have been made to reduce this contamination, the number of affected waterbodies will tend to increase even more. In both scenarios, in economically emergent and economically developed nations, the lack of enforcement of environmental policies is associated with increased eutrophication.





3. In Situ Practices for Eutrophic Water Restoration


Eutrophication restoration of lakes has been undertaken by simple algal killing and reduction in the endogenous nutrient concentration by multiple technologies in the lake ecosystem [53]. The in situ remediation techniques mainly involve phosphorus concentration management, either in the water column and sediment. This is because P is typically the most cost-efficient nutrient for abatement measures [43]. Presently, there is no international agreements for classifying in situ techniques for lake water remediation [54]. Thus, the following classification presented in Figure 4 will be used in this paper. In situ lake remediation techniques technologies are allocated into physical, chemical, biological, combined, and emerging methods.



Due to the water qualities heterogeneity in eutrophic waterbodies, the decision on the option(s) to be applied to a disturbed aquatic ecosystem will depend on the following: (1) water quality characteristics, (2) nutrient pollution source, (3) sediment phosphorus bioavailability, (4) lake nuisance concerns (i.e., macrophyte overgrowth, harmful primary productivity), (5) available capital, (6) possible stakeholders involved/affected, and the (7) method’s sustainability. With this understanding, decision-support frameworks for these restorations have been created and are diverse [27,55,56]. They are indicated for facilitating not only the selection but also further requirements for a successful and durable restoration (i.e., monitoring and continuous external loading reduction).



A simplified decision support framework is presented in Figure 5, which shows the necessary steps to be taken in a possible eutrophic lake water remediation project. The first step to be taken is lake water/sediment characterization with the identification of external and internal sources. External load attenuation should always be followed by an in-lake remediation practice for accumulated nutrients in the lake sediment. In the remediation option management parameters such as chemical dose, waste disposal, monitoring, and others need to be defined. Thus, after the remediation procedure takes place, continuous monitoring needs to be performed to investigate not only the restoration outcomes, but also continuously verify if the water needs additional treatments.



In any case, the decision support frameworks as well as selected methodologies must always be tailored to the region’s perspective regarding affected stakeholders’ insights and needs. This paper has been completed to provide an overview of addressing eutrophication in lake waters. It is expected not only to emphasize major challenges/disadvantages but also the necessary parameters for effective and durable lake water restoration practice. Thus, a guided overview has been completed for providing and facilitating further remediation project investigations by stakeholders involved in various lakes.



3.1. Physical Remediation


3.1.1. Dredging


In this treatment category, phosphorus (P) rich sediment is removed from the lake as a restoration method. Sediment is excavated by mechanical means with specific equipment and brought to the surface and dewatered in geotextile bags prior to disposal. Generally, this sediment removal will reduce the internal P loading immediately and substantially. The positive effects on lake water quality included a decline in water column nutrients, reduction in phytoplankton, the disappearance of cyanobacterial blooms, and increased coverage of macrophytes [57]. Although there are benefits, several trade-offs have been presented by this remediation. The removal of lake water sediment can cause secondary pollution due to leaching metals/contaminants from the sediment into the water column. Additionally, an imperative concern is waste disposal, which needs to be evaluated. Some dredging projects have been analyzed and are presented in Table 1.



Generally, it was observed that dredging projects only have short-term positive effects on lake ecosystems even though there are changes in the sediment phosphorus content, as well as the water column, directly after the removal [57,58]. The projects reviewed have no external nutrient attenuation plan or action performed, which has affected the proposed remediation performance/durability. Additionally, no mention of dredged sediment disposal has been given, which should be a strong concern regarding the sustainability of those projects. For the results reviewed, dredging should be only recommended if combined with other ecological lake restoration techniques, which will be further discussed [59,60,61].



Related to this remediation practice’s possible cost, a range from 20,000 to 75,000 USD per acre dredged could be presented. Contaminated sediment final disposal is not included, which will bring an additional significant amount depending directly on the disposal site distance from the water body [62]. Not only the value for the actual dredging process but also the risks associated with the technique application, workers’ safety, equipment transportation to the site, vegetation, and bathymetric assessment should also be considered and included, if necessary.




3.1.2. Hypolimnetic Withdrawal


Hypolimnetic withdrawal is a practice based on the mixing of deep anoxic waters with shallow oxygenated epilimnion waters to prevent low dissolved oxygen water near the sediment surface, which could increase phosphorus bioavailability for a possible eutrophication occurrence. For this objective, several methods have been used such as air compression water mixers as well as new technologies of solar-driven aeration units (SolarBee®). In the specialized literature reviewed, there are variable results regarding the capacity of this water remediation. Some studies have been analyzed and are shown in Table 2.



Frequently, the water aeration technique must counteract high organic levels in the sediment [63], and most times the oxygen demand for microorganisms is greater than the oxygen supply capacity of the aerator. Therefore, the oxygen deficit is going to be reduced each year as the mineralization of accumulated organic matter instigated by the oxygen presence reduces its demand. In other cases, even though phosphorus is immobilized in the bottom sediments, high concentrations will remain in the water due to continuous external pollution, and the low sediment sorptive capacity (i.e., low concentrations of iron and manganese, which bind phosphorus) which prevents further association with phosphorus [65].



This sorption capacity is an important parameter to be evaluated if water aeration is a selected remediation method in the lake. Additionally, TP inputs to the water column vary from year to year depending on the ecosystem, a factor not considered by the present lake management efforts [66]. Nevertheless, hypolimnetic aeration seems to alleviate eutrophication symptoms, and thus it should be used in combination with other methods [63]. External nutrient sources are a recurring issue, and attenuation should be performed to enhance the potential of this remediation. Cost-wise, this practice will depend on the type of aerator chosen. An average monetary value evaluated in a recent study has shown 3800.00 USD per acre for the capital cost [67] and 700.00 USD per acre for operation and maintenance.





3.2. Chemical Remediation


3.2.1. Sediment Capping with LMB


The lanthanum-modified bentonite (LMB) use has been a highly implemented approach on the market and literature for eutrophic waterbody remediation. This method has been used when a higher internal nutrient source remains to sustain recurrent eutrophication occurrences in lakes. This method is based on modified clay addition in a slurry form or granules in the eutrophic water column which will sorb phosphorus present on it and settle it, creating a thin barrier that will retain and reduce phosphorus sediment bioavailability. The quantity of LMB necessary to inactivate phosphorus in aquatic systems is based on the supplier-recommended mass ratio (La/P) 100:1 (100 kg Phoslock®/1 kg phosphorus), which needs to be calculated based on the TP measured in the water column and potentially releasable phosphorus in the sediments (labile, reductant-soluble, metal oxide). Some LMB lake application studies have been reviewed in Table 3.



Dosage determination plays an important role in the definition and results obtained with this remediation application. An appropriate LMB application can bind soluble reactive phosphorus (SRP) in the water column and cap bioavailable forms of P in the sediments [71]. However, it is important to mention that humic substances can be a strong complexing agent for lanthanides, causing the clay to underperform in those scenarios [74]. Additionally, this compound could react with hydroxyl species under high pH conditions (>8.35) and decrease the potential binding efficiency [69].



In circumstances where external nutrient inputs have not been attenuated in the waterbodies before LMB application, it is understood that these are going to possibly accumulate on the sediment surfaces above the La barrier and are expected soon to trigger eutrophication reoccurrences due to P release. In those scenarios, even though costs will increase, reapplications of the product are recommended as a feasible way to ensure long-term water quality when the applied dosage was or has become insufficient [68,73]. The monetary cost of this remediation practice will depend on the water body size which directly affects the amount of LMB required. As presented in [75], total costs ranging from 152.00 to 253.00 USD per pound of phosphorus mitigated should be expected depending on the water body size. Additionally, another example [76] showed provided the material cost of LMB was 3100.00 CAD/t or 2279.00 USD/t (metric ton) in 2015, and the application cost was 200 CAD/t or 147.00 USD/t for Elk Lake, Canada. The cited cost only includes a one-time application; if any reapplication is necessary, additional costs will incur.




3.2.2. Sediment Capping with Al


This method involves adding an aluminum solution to the lake water, which settles in the sediment and binds phosphorus to it, preventing its release into the water column. Surface complexation–sorption reactions are the primary binding mechanism for phosphate by Al hydroxides [71]. Additionally, for this compound, there is an optimal pH range (i.e., 6–8). In the case of acidic water pH, the form Al3+, which is toxic to organisms, dominates in the solution [74]. Increasing concerns are still not well explained regarding the chronic toxicity of aluminum exposure to humans, which affects the selection for this treatment method. Some in situ lake aluminum applications are presented in Table 4.



Similar to LMB remediation, a high requirement is needed to adequately address the dosage. This should be performed to achieve an active barrier (i.e., capable of binding SRP in the water column and to cap bioavailable forms of P in the sediments) and for addressing possible external nutrient sources for which attenuation has not been performed. Additionally, this phosphorus inactivation method does not directly affect the content of organic phosphorus [78,79,80]. Any reduction in the phosphorus organic form is the result of reduced primary production in the water body. The cost of this remediation practice will depend on the amount of aluminum solution and its type required. A study has suggested [67] an average of 4812.00 USD per acre for capital costs and a range of 0 USD to 619 USD operation and maintenance costs if continuous monitoring is added to the practice application.




3.2.3. Hypolimnetic Oxygenation


This treatment/remediation option is based on the introduction of oxygen in deep anoxic water to prevent low dissolved oxygen concentrations. The main goal is to satisfy the sediment oxygen demand (SOD) and increase the redox potential at the water-sediment interface, limiting the seasonal release of nutrients from the bottom sediments into the water column [85]. The common effect of hypolimnetic oxygenation has been to eliminate hypoxic conditions with strong suppression of sediment solubilization of TP, Fe, and Mn [86,87]. Some in situ hypolimnetic oxygenation practices applications are presented in Table 5.



As with hypolimnetic aeration, sediment with low sorptive capacity (low amount of binding phosphorus substances such as iron and manganese) will affect the phosphorus attenuation. If the lake has a high content of organic matter (OM) accumulated on the sediment, oxygen concentration demand will increase at the start of the procedure, playing an important role in this remediation. Additionally, when further OM oxidation in the superficial layer of the lake sediments takes place, reduction in the sediment oxygen demand throughout the application and improvement of the trophic state if accompanied by reduction in the external nutrient load [87] will be noted. If this methodology is required, it should be combined with other ecological lake restoration techniques. Capital, operational, and maintenance costs for the implementation of this method vary depending on many site-specific parameters such as oxygenation equipment chosen, type of oxygen generator employed, or transportation of pure oxygen tanks and practice maintenance. For a better perspective, a diffuser oxygenation system installation is between $0.5 M and $2.5 M ($40 to $800 per hectare meter), with annual operating costs between $30 K and $140 K ($5 to $36 per hectare meter) [89] with values in USD.





3.3. Biological Remediation


3.3.1. Macrophyte Management


Macrophyte management is characterized by plant biomass removal from the lake water as well as the repopulation of endogenous species. The first one can be performed with specific equipment, which can either remove the macrophyte or cut it down as much as possible, and the second is performed with small enclosed aquatic gardens which will be used to spread a certain macrophyte species on the waterbody. Both have been investigated for in-lake applications, and the results have been variable. Removing macrophyte biomass from lakes is often an effective treatment to control a nuisance macrophyte problem [90]. Harvesting these submerged macrophytes has four distinct effects on water quality: leaching of soluble compounds from macrophyte organs, sediment resuspension, reduction in macrophyte litter in the lake [91], and plant fragment dispersal. Macrophyte repopulation or phytoremediation, on the other hand, is a new approach which is still under investigation and is based on the large-scale cultivation of a macrophyte species (indigenous in the area), which can assimilate some of the nutrients in the water. Some in-lake studies have been highlighted in Table 6.



In this procedure, it is recommended for the macrophyte harvesting, a method to avoid sediment resuspension [91] to further reduce metal ion (i.e., Ca, Mg, Sr, and Fe) and nutrient dissolution in the water. In other words, instead of removing rooted plants, the technique recommended is to just cut the upper plant part. With the macrophyte repopulation, it is highlighted that P is assimilated from lake water and partially in the sediment. Thus, this method could be performed on sites with large algae concentrations, for declining assimilated nutrients and removing endogenous sources.




3.3.2. Biomanipulation


Biomanipulation or the aquatic food chain manipulation is a procedure to reduce phytoplankton biomass and is achieved by planktivorous fish removal and the introduction of piscivorous fish into a lake [92]. Removal could be performed with the use of nets and/or electric fishing. The main objectives of this technique are to decrease the high concentration of toxic phytoplankton in the water bodies as well as reduce sediment disturbance. Well-studied methodologies have presented variable results. In reviewed papers, improvement in water clarity is mainly due to reduced sediment disturbance by fish [94,95]. It is worth mentioning that a reduction in turbidity will possibly cause a reduction in nutrient concentration in the water column, but this will not remove it from the sediment. Because of that, some of the papers have combined biomanipulation with the transplantation of macrophytes (to create a more stable sediment surface) [94,95,96]. Some in situ biomanipulation practices are presented in Table 7.



As a possible disadvantage of biomanipulation, the water has a higher clarity after manipulation, and the sediments which thus retain more P. Aquatic species could disturb the sediment, causing further nutrient releases from the sediments. Usually, three specific activities will define the cost of biomanipulation: the fish removal, the stocking, and the fish population monitoring. For giving a perspective on costs for biomanipulation of the Twin Lakes in Golden Valley, Minnesota, amounts have been shared as follows: 8000 USD for the combination of netting and electrofishing fish removal, and 45,000 USD was used for stocking (i.e., which will directly be dependent on the species). This included a fish population yearly monitoring cost of 1000 USD per year [98].





3.4. Combined Remediation Techniques


In this type of practice, more than one remediation technique is used to achieve the desired objective of a healthy water body without signs of eutrophication. This is considered a rounded methodology, well established in the specialized literature for treating eutrophic aquatic ecosystems. An overview of possible combinations is summarized in Table 8.



The holistic approaches presented in the reviewed articles are well-known doses of coagulant and LMB to achieve the desired objective of a healthy lake free of eutrophication signs [99,102,103]. This practice is based on coagulant addition, and in some cases was followed by water column aeration. Then, LMB is supplemented to increase flocculation in the applied water body, thus causing particles to settle more easily and sorb phosphorus on them, thus capturing P as an active capping layer on the sediment surface. Investigation into the order of addition is needed to obtain the best attenuation scenario. Additionally, as presented after the particles settle, biomanipulation can take place during this treatment. As this procedure is well studied in the literature with positive results, this in-lake practice application could be a future preference for dealing with eutrophic waterbodies soon. These coagulation and flocculation practices reported monetary values as a total amount including all the steps required. For example, Lake De Kuil had a cost of €140,000 or 150,800 USD [99] and Lake Rauwbraken [105] was €50,000 or 53,854 USD.



Another option presented is the procedure of dredging followed by imposing a sand capping layer for the exposed dredged sediment [102], then addition of the P fixative modified clay and flocculant poly-aluminum chloride. Both methods have presented reliable results for eutrophication control. Some other examples such as the addition of Ca(OH)2 and hypolimnetic aeration [104], which has induced calcium carbonate precipitation, combined with deep water aeration lower P flux in the sediment, but further investigation is needed.




3.5. Emerging Remediation Techniques including Geotextile Filtration and Floating Wetlands


Emerging remediation measures are based on minimally invasive lake restoration techniques which take the benefits of the natural response of lake water to changes made within it. This has been used for nutrient abstraction or algae suppression. When compared with implemented technologies, these methods are considered less invasive, easily deployed, cheaper, and more sustainable, characterizing them as an environmentally friendly remediation option. While the floating wetland (i.e., ecological floating beds) uses floating plant units, which can uptake nutrients from the water column and thus decrease the incidence of harmful algae blooms, the lake water filtration technique is based on using custom-made geotextiles, generally used in layers for strata separation, soil improvement, reinforcement, and drainage as filter layers for attenuating suspended solids and thus particulate phosphorus. A significant improvement in lake water has been found in investigations performed with geotextiles onsite and in situ [106,107,108]. However, additional investigations are still required for both methods for any further scale-up and whole lake applications.




3.6. Critical Overview of Practices for Eutrophic Shallow Lake Water Remediation


As previously mentioned, water management/protection is not a straightforward action and technologies must be adjusted on a case-by-case basis. The same understanding should be taken into internal nutrient remediation practices selection and further application. On those, there is no better remediation than the other, as well as no go-to manual for selection—just recommendations to be followed. This is mainly due to water/sediment quality heterogeneity in eutrophic waterbodies. With this thinking, frameworks for selection should always be applied with the perspective on issues presented on the eutrophic waterbody for its attenuation. It is well known that cost plays an important role in this procedure, but it should also be taken into consideration that if the remediation is not performed promptly, the eutrophic water body will not return to its original condition, and costs will tend to increase yearly (i.e., external nutrient attenuation is not performed) or will reach a point of no return.



Summarized information on in situ remediation practices is presented in Table 9. Apart from sediment dredging, all other procedures do not remove higher sediment phosphorus accumulated inside the aquatic ecosystem; thus, the other methods may not permanently reduce eutrophication occurrences. However, this should not be the first and foremost recommended methodology for lake water remediation, mainly because of its associated byproducts generated (i.e., possible metal leaching and waste). This methodology needs to be further investigated and refined to precisely remove less sediment, causing less disturbance and secondary pollution.



Sediment capping practices, on the other hand, could be considered a direct and quick solution to decrease eutrophication occurrences, which in some cases is what the stakeholders involved want. The fast application of this active layer on the sediment would have representative direct results, but the higher sediment phosphorus remains. Resuspension or sediment disturbances would easily decrease its effectiveness. Additionally, some capping materials, aluminum and LMB, are well received in some countries and not in many others due to policy restrictions that could affect their selection and application. Additionally, material production of LMB or other specific materials are still focused on just specific world regions and monetary costs are still not practical for all nations.



As with the hypolimnetic oxygenation and aeration method, this technique will just limit the seasonal release of nutrients from the bottom sediments into the water column and is thus a temporary eutrophication alleviation practice. This means that with the interruption of the mentioned technologies, the waterbody could possibly return to its initial eutrophic condition. For macrophyte removal and repopulation, caution should be used. Phytoplankton biota domination or macrophyte dispersal could be worsened due to plant fragments depending on the macrophyte population. Thus, this should be avoided for all unnecessary scenarios (i.e., visual impairment) and if truly needed, the only removal method recommended is cutting the macrophytes to guarantee fewer negative effects on water body quality.



Treatment combinations should be the future practice for eutrophic shallow lake water remediation. Firstly, methods attempting to remov higher phosphorus content sediments from the lake should be followed by methods dealing with the remaining phosphorus concentration in the water column. These practices need to be increased in the remediation market. It is worth commenting that further enhancement of these remediation techniques must include circular economy and waste management approaches for addressing material production as well proper waste reuse or disposal. Additionally, sustainability frameworks need to be developed for ensuring proper application. Environment government bodies must act now on either providing funding for research or allowing pilot studies on lakes by specialized personnel, which can further be expanded to full scale lake restoration.





4. Discussion and Future Perspectives


It is better to prevent than to treat the disease (i.e., eutrophication occurrence). When this premise cannot be applied, it is necessary first to remove/attenuate external nutrient sources followed by a holistic, region-specific, and sustainable remediation method for internal phosphorus load reduction to ensure healthy waters and assurance of all its possible uses for present and future generations. This is achieved by setting targets in close consultation with local authorities and the stakeholders to safeguard a pragmatic and realistic communication of the remediation process [71]. The affected society’s involvement should be present not only prior to but also during and after the remediation measures, acting as a valuable promotion of restored water value and if required possible supervision.



Related to external nutrient sources, even though radical and rapid elimination, in many cases, is not possible, especially in the case of non-point sources [63], actions in this direction need to be promoted and documented. These could be achieved using proper land use planning or employing/increasing buffer strips (i.e., to prevent erosion and act as a filter to intercept contaminated watershed runoff). Environmental regulatory government bodies must also present and enforce stricter restrictions/policies for nutrient apport/emission on water bodies to stop the increase in eutrophication scenarios. By designing harsher nutrient removal and emission strategies/guidelines for external sources (i.e., untreated/incompletely treated effluents/sewage disposal) on lakes, the actual eutrophic waterbodies and the ones increasing nutrient concentration will have a time frame to be dealt with it. Past/present nutrient emitters should also be strongly financially accountable for any nutrient attenuation/monitoring of the affected water body.



In the case of internal nutrient remediation strategies selection, this decision must be only based on well-known decision frameworks sustained by prior monitoring results of lake water and sediment. This prior investigation should comprise phosphorus and organic matter content in the water column and sediment, as well as phosphorus bioavailability in the sediment with some other important parameters for best treatment selection, which are pH, DO, turbidity, and chlorophyll-a. The determination of whether internal P load is important relative to external P inputs needs to be understood by the quantification and their contribution to lake P concentration established [68]. In addition, scientifically reliable data on the efficacy of proactive approaches need to be provided to assist water resource managers in making informed decisions [69]. Technologies should be chosen according to their suitability for the site and not solely on an economic basis [23]. Thus, remediation corporation portfolios could and should be used, but compulsory caution on region-specific presented results needs to be included. Even though costs for the various practices are quite different, the final selection will depend on the probable recommendation of environmental government body and the responsible payers to that, which will take into consideration the cost/benefit perspective.



Monitoring actions should always be integrated into the lake restoration practices with a proper definition of follow-up steps and actions if there is a deviation from the expected remediation results. This could be completed by direct guidelines on reapplications, increasing mixing or chemical addition concentration (e.g., O2 concentration), and rigorous actions to further attenuate the external source if this is the issue. The sustainability of remediation projects also needs to be further investigated and increased in some cases because generating a large quantity of waste without proper disposal (i.e., biomanipulation, sediment dredging) or using non-renewable energy for applications (i.e., diverse chemical addition application, sediment dredging, biomanipulation) are not sustainable. Emergent remediation techniques should be further investigated, and if presented, reliable results used with well-established options for healthy lake water.



With the understanding that every person has the right to clean and safe water, eutrophication must be prevented/attenuated on a global scale promptly. Even though the essential awareness and financial aspect for remediation projects will not be presented equally around world nations, as was noticed throughout the cases presented in Table 1, Table 2, Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8, this lack is mainly occurring in economically developing nations. It is implicit that those nations also suffering from this matter receive all attention and assistance required. Additionally, to assure equitable access to essential knowledge and technologies development/application for water remediation restoration, international environmental organizations must further cooperate not only in the exchange of realities/experiences/perspectives but also for financial and technical support. Only with proper policies and programs for training and development and further investments can nations develop their practices and policies, and remediate their eutrophic waterbodies.




5. Conclusions


Concern with eutrophication in lakes is escalating and in-situ, holistic, and region-specific approaches are the only possible option for the restoration of eutrophic aquatic ecosystems for present and future generations. By the combination of attenuation and regulation of external phosphorus loads with diverse internal nutrient source control and proactive technologies, this is going to be accomplished. In this paper, the principal procedures being applied for in situ eutrophic water remediation has been emphasized in association with possible parameters and disadvantages/challenges encountered by various water restoration techniques. By reviewing these in-situ approaches around nations, a guided summary has been completed, providing concise information on the in-situ restoration cases and challenges in the peer-reviewed literature to facilitate further remediation project investigation, studies, and further selection by stakeholders involved (i.e., environmental managers, and society in general). Two additional steps are compulsory for successful and durable water remediation which are external nutrient attenuation and continuous monitoring. It is also imperative that the affected society participates prior to, during and after the eutrophic remediation measures as a possible way of valuing this water and for long-term and effective water management.
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Figure 1. Visual representation of balanced/non-polluted (left) and nutrient-polluted (right) systems. 






Figure 1. Visual representation of balanced/non-polluted (left) and nutrient-polluted (right) systems.



[image: Water 15 02270 g001]







[image: Water 15 02270 g002 550] 





Figure 2. Phosphorus enrichment process in the environment and simplified cycle. Modified from [26]. 
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Figure 3. Simplified sediment Fe-P cycling and coprecipitation with CaCO3 schematic. Modified from [36]. 
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Figure 4. In situ lake remediation techniques classification. 
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Figure 5. Simplified decision support framework for eutrophic water restoration selection. 
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Table 1. In situ remediation studies of dredging.






Table 1. In situ remediation studies of dredging.





	
Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Area Excavated/Excavated

Depth

	
Treatment

Year

	
TP Before/TP After




	

	

	

	
[m]

	
[ha]/[m]

	
[Year]

	
[μg/L/μg/L]






	
[57]

	
Lake Mustijärv

	
Estonia

	
1.1

	
1/1.1

	
2016–2017

	
44/100




	
[58]

	
Dongqian Lake

	
China

	
2.2

	
1991/0.50

	
June 2009 to January 2013

	
142/100




	
[59]

	
Lake Wuli

	
China

	
2.5

	
560/0.30

	
June 2002 to November 2003

	
n.d *




	
[60]

	
Lake Yuehu

	
China

	
n.d *

	
61/1 m

	
June 2006, to October 2006

	
431 ± 236/254 ± 84




	
[61]

	
Lake Nanhu

	
China

	
1.2

	
n.d *

	
August 2017 to March 2018

	
3470/470








Note: * n.d—Not determined.
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Table 2. In situ remediation studies of hypolimnetic withdrawal.
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Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Treatment

Year

	
Aeration Type

	
TP Before/TP After




	

	

	

	
[m]

	
[year]

	

	
[μg/L/μg/L]






	
[63]

	
Lake Durowskie

	
Poland

	
4.6

	
2009–2017

	
Pulverizing aerator

	
40/30




	
[64]

	
Fossil Creek Lake

	
United States

	
2

	
2009–n.d *

	
Submerged aeration

	
1150-90/76-40




	
[65]

	
Lake Długie

	
Poland

	
5.3

	
1987, 1999, 2000

	
Destratification

	
58/48




	
[66]

	
Greenfield Lake

	
United States

	
1.5

	
February 2005

	
Solar Bee Unit **

	
145 ± 425/

96.1 ± 69.7








Note: * n.d—Not determined; ** Additional treatments have been done.
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Table 3. Sediment capping studies with LMB application.
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Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Treatment

Year

	
Dosage

Used

	
TP Before/TP After




	

	

	

	
[m]

	
[year]

	
[ton/ha]

	
[μg/L/μg/L]






	
[68]

	
Swan Lake

	
Canada

	
1.86

	
Spring 2013

	
4.6

	
247/99 (1st year) and then 60 (2sd year)




	
[69]

	
Laguna Niguel Lake

	
United States

	
3.66

	
29 April

2013 to 2 May 2013

	
4.13

	
(>80% decrease)




	
[70]

	
Lake Bromont

	
Canada

	
4.88

	
Fall 2017

	
3.77

	
23.63 ± 4.12/18.20 ± 3.19




	
[71]

	
Lake Bärensee

	
Germany

	
2.63

	
June 2007/May 2010/March 2013

	
1.9/0.5/0.5

	
80/35




	
[72]

	
Mere Mere *

	
United Kingdom

	
2.8

	
9 March 2013

	
5.1

	
76.6/49.8




	
[73]

	
Hatchmere **

	
United Kingdom

	
1.4

	
11 March 2013, to 13 March 2013

	
5.3

	
83.2/64.4








Notes: * 18 lakes study (most recently selected); ** 10 lakes study (most recently selected).
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Table 4. In situ remediation studies of sediment capping with Al.
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Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Treated

Area

	
Treatment

Year

	
Dosage

Used

	
TP Before/TP After




	

	

	

	
[m]

	
[m2]

	
[Year]

	
[g/m2]

	
[μg/L/μg/L]






	
[77]

	
Lake Harriet

	
United States

	
8.7

	
littoral zone

	
May 2001

	
32

	
n.d




	
[78,79]

	
Lake Barleber

	
Germany

	
6.7

	
whole lake

	
1986 ****

	
36

	
SRP: 180/3




	
[80]

	
Lake Klasztorne Małe

	
Poland

	
8.1

	
2 m isobath for iron

portion of the lake PAC

	
2021

	
73.2 (iron)/49.7 (PAC)

	
211 ± 131/31 ± 72




	
[81]

	
Trekanten *

	
Sweden

	
3.6

	
whole lake

	
2011

	
60 (PAC)

	
n.d




	
[82]

	
Starodworskie Lake

	
Poland

	
9.4 m

	
area below isobath 10 m

	
1994–1995

	
18.6

	
1700/700




	
[83]

	
Lake Vedsted **

	
Denmark

	
5.0

	
whole lake

	
2009

	
26.6

	
n.d




	
[84]

	
Nordborg ***

	
Denmark

	
5.0

	
whole lake

	
2006

	
44

	
231/26 (2007), 37 (2008)








Notes: n.d—Not determined; PAC: Poly-Aluminum-Chloride; SRP: Soluble Reactive Phosphorus * 7 lakes studied (most recently selected); ** 114 lakes treated with aluminum (most recent selected); *** 6 lakes treated with aluminum (most recent selected) **** results after 30 years of remediation presented.
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Table 5. In situ remediation studies of hypolimnetic oxygenation.
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Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Method

Used

	
Treatment

Year

	
Dosage

Used

	
TP Before/TP After




	

	

	

	
[m]

	

	
[Year]

	
[kg O2/d]

	
[μg/L/μg/L]






	
[84]

	
Lake Vedsted *

	
Denmark

	
5.0

	
Bubble

diffusers

	
1995/2003–2007

	
50

	
25/16




	
[86]

	
Lake Pleasant

	
United States

	
8

	
Bubble linear

diffusers

	
2014–2018

	
1775

	
552/53




	
[87]

	
Lake Serraia

	
Italy

	
7

	
Octagonal diffusers 1 m above sediment

	
2006 and 2007

	
144

	
40/n.d **




	
[88]

	
Aha Reservoir

	
China

	
13

	
Bubble plume diffusers

	
2017

	
28.58

	
40/20








Note: * 6 lake studies (most recently selected) additional treatment with Al, ** n.d—Not determined.
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Table 6. In situ remediation studies of macrophyte management.
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Reference

	
Lake

Name

	
Country

	
Mean Depth

	
Method

Used

	
Treatment

Year

	
TP Before/TP After




	

	

	

	
[m]

	

	
[Year]

	
[μg/L/μg/L]






	
[91]

	
Lake Biwa

	
Japan

	
3.5

	
Annual macrophyte harvesting

	
July to September (every year)

	
n.d *




	
[92]

	
Lake Caohai

	
China

	
2.5

	
Large-scale cultivation of water hyacinths

	
2011–2013

	
54/15




	
[93]

	
West Lake

	
China

	
2.27

	
Sediment covered by a

layer of modified clay minerals (10 cm)

	
July 2013–2019

	
70 ± 30/20 ± 10








Note: * n.d—Not determined.
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Table 7. In situ remediation studies of biomanipulation.
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Reference

	
Lake

Name

	
Country

	
Mean

Depth

	
Method

Used

	
Treatment

Year

	
TP Before/TP After




	

	

	

	
[m]

	

	
[Year]

	
[μg/L/μg/L]






	
[94]

	
Meishan Dongpo Lake

	
China

	
2.5

	
Biomass screening/Removal of Fish/Macrophyte Addition

	
November 2015 to

July 2016

	
379/lower than 50




	
[95]

	
Lake Eymir

	
Turkey

	
3.1

	
Multiple mesh-sized gill nets

	
August 1998–1999

	
324 ± 31/381 ± 21




	
[96]

	
Lake Wuli

	
China

	
2.1

	
Gillnets and electric fishing/Richardson, and piscivorous fish addition with macrophytes

	
2010

	
n.d *




	
[97]

	
Huizhou West Lake

	
China

	
1.6

	
Plankti-benthivorous fish was followed by the planting of submerged macrophytes and stocking of piscivorous fish

	
-

	
126/lower than 50








Note: * n.d—Not determined.
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Table 8. Combined in situ remediation studies.
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Reference

	
Lake

Name

	
Country

	
Mean Depth

	
Method

Used

	
Treatment

Year

	
Dosage

Used

	
TP Before/TP After




	

	

	

	
[m]

	

	
[year]

	

	
[μg/L/μg/L]






	
[99]

	
Lake De Kuil

	
Netherlands

	
4

	
Coagulation/Flocculation/LMB Capping

	
18 May to 22 May 2009

	
65.35 FeCl3 g/m2, 2.03 tLMB/ha superficially and 4.17 tLMB/ha

	
50/20




	
[100]

	
Lake Głębokie

	
Poland

	
2.4

	
Aeration/coagulation (iron sulphate III)/biomanipulation

	
2008–2012

	
A total of 7.90 g/m2 divided in 8 applications

	
140/65




	
[101]

	
Swarzędzkie Lake

	
Poland

	
2.6

	
Aeration/coagulation (iron sulphate III) and magnesium chloride (MgCl2)/biomanipulation

	
2012–2014

	
15 kg/ha (FeSO4)

	
114.6/76




	
[102]

	
Lake Kleine Melanen

	
Netherlands

	
1.0

	
Biomanipulation/dredging/sand capping/LMB application and flocculant

	
2010–2012

	
4.14 t LMB/ha

	
300/110




	
[103]

	
Lake Rauwbraken

	
Netherlands

	
8

	
Coagulation and LMB capping

	
April 21st to 23rd 2008.

	
(0.8 t LMB/ha + 77 g/m2 PAC *) + 6.4 t LMB/ha

	
134/14




	
[104]

	
Lake Schmaler

	
Germany

	
14.7

	
Ca(OH)2 injection and hypolimnetic aeration

	
1996–1998

	
300 t of Ca(OH)2

	
n.d **








Note: * PAC: Poly-Aluminum-Chloride; ** n.d—Not determined.
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Table 9. Overview of practices for eutrophic shallow lake water remediation.
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	Practice
	Procedure
	Advantage
	Disadvantage/Challenge
	Estimated Capital and/or Operating Costs





	Dredging
	Sediment is excavated mechanically and removed from the waterbody.
	Reduction in the internal P loading immediately and substantially.
	
	
Secondary pollution due to leaching metals/contaminants.



	
Imperative concern for waste disposal.





	20,000 USD to 75,000 per acre dredged + Waste disposal cost.



	Hypolimnetic Aeration
	Mixing of deep anoxic waters with shallow oxygenated epilimnion waters.
	Alleviation of eutrophication symptoms.
	
	
Oxygen deficit at start will be high due to accumulated organic matter mineralization.



	
Does not deal with the issue and combination with other methods is required.





	Average of 3800.00 USD per acre for the capital cost and 700.00 USD per acre for operation and maintenance.



	LMB Capping
	Modified clay addition in a slurry form or granules in the water column which will sorb phosphorus and settle creating a thin barrier.
	Sequestration of phosphorus and retention in the sediment and reduced phosphorus sediment bioavailability.
	
	
Dosage determination plays an important role in the results obtained.



	
Humic substances can complex with lanthanides.



	
Under high pH conditions (>8.35) the potential binding efficiency decreases.



	
Reapplication of the product could be required.





	2279.00 USD/t for LMB and 147.00 USD/t for application in some cases.



	Aluminium Capping
	Involves adding an aluminum solution to the lake water which settles in the sediment and binds phosphorus, preventing its release into the water column.
	Sequestration of phosphorus and retention in the sediment and reduced phosphorus sediment bioavailability.
	
	
Dosage determination plays an important role in the results obtained.



	
Optimal pH range is needed (i.e., 6–8).



	
Acidic water pH, the form Al3+, which is toxic to organisms.



	
Concerns are still not well explained regarding the chronic effects.



	
Method does not directly affect the content of organic phosphorus.





	Average of 4812.00 USD per acre for capital costs and a range of 0 USD to 619.00 USD operation and maintenance costs in some cases.



	Hypolimnetic Oxygenation
	Oxygen introduction in the deep anoxic water to prevent low dissolved oxygen concentrations.
	Increased redox potential at the water–sediment interface, limited seasonal release of nutrients from the bottom sediments into the water column.
	
	
Dosage determination plays an important role in the results obtained.



	
If high content of organic matter accumulated on the sediment, oxygen concentration demand will increase.



	
It should be combined with other ecological lake restoration techniques.





	System installation: 40.00 to 800.00 USD per hectare meter) and operation and maintenance: 5.00 to 36.00 USD per hectare meter in some cases.



	Macrophyte Management
	Characterized by plant biomass from aquatic ecosystem removal by plunking or cutting it down. Or macrophyte repopulation with endogenous species.
	Reduction in macrophyte litter in the lake.
	
	
Leaching of soluble compounds from macrophyte organs



	
Sediment resuspension and dispersal of plant fragments.



	
No reduction in phosphorus in the sediment.





	Will depend on the price of the equipment acquired/or endogenous plant species to be introduced.



	Biomanipulation
	Aquatic food chains manipulation achieved by planktivorous fish removal and introduction of piscivorous fish into a lake.
	Decreased high concentration of toxic phytoplankton in the water bodies as well as reduced sediment disturbance.
	
	
More P retention in the sediments could lead to further P release into the water.





	Removal by netting and electrofishing (8000 USD), 45,000 USD to stock populations, with a yearly monitoring of 1000 USD in some cases.
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