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Considerable time and funding have been committed to tackling nonpoint source (NPS) pollution in agricultural and urban watersheds . Notwithstanding all these efforts, the water quality in many AUWs has not significantly improved. Diffuse nutrient pollution involves the movement of these pollutants between soil and water. Excessive diffuse pollution has been accepted as one of the main causes of failure to attain favorable environmental conditions in freshwater systems. Recently, several technologies and practices have been implemented to manage diffuse pollution, namely: a) source reduction, b) pollutant retention over the movement process; c) nutrient recycling, and d) purification and restoration of the eutrophic water bodies. This paper synthesized the existing knowledge of key methods to tackle diffuse pollution from AUWs. Furthermore, the predominant purification mechanisms and impacting factors are explored, allowing a comprehensive and critical understanding of different control strategies to improve the management of diffuse pollution. Therefore, potential approaches for strengthening the performance of control technologies for diffuse pollution treatment and remediation are discussed. Although adopting source reduction strategies (e.g., the “4R” approach: right rate, right time, right source, and right placement of nutrients) could efficiently decrease surface runoff and pollutant levels, they may not stop runoff from entering nearby streams. Consequently, comprehensive treatment of agricultural runoff still requires extra process retention strategies. Overall, the findings of this paper showed that treatment system design and operational and environmental factors played crucial but variable roles in diffuse pollution treatment. Moreover, the results showed that combining or integrating constructed wetlands with other control technologies could enhance the comprehensive purification of diffuse pollution compared to using a single method. This review proposes a systematic approach for diffuse pollution control based on three components (water, soil and microbiota) and maximizing the regulating services of agroecosystems via land use/cover types. The current review contributes to the documentation of existing research trends. It sheds light on diffuse pollution control approaches in AUWs, and further encourages the development of this vital field.
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1 INTRODUCTION
Diffuse nutrient pollution of surface waters constitutes a considerable risk to drinking water sources, human health, aquatic organisms, recreational activities, and economic productivity in watersheds (Kumwimba et al., 2023a; Diaz and Rosenberg, 2008; Carpenter, 2008). The limiting pollutant in aquatic ecosystems is usually a nutrient (e.g., phosphorus) and therefore, the mitigation of nitrogen N) and phosphorus P) pollution has been advocated worldwide in scientific and policy studies in aquatic environments (Chislock et al., 2013). Managing and mitigating non-point source (NPS) inorganic pollutants in waterbodies resolve multiple UN Sustainable Development Goals (Rasul, 2016; Metcalfe et al., 2017). In addition, mitigating these pollutants is also a substantial part of one of the Chinese government’s major challenges and other developed countries. While both point sources (PS) (Figure 1A) and NPS of nutrients (Figures 1A,B) could influence water quality, NPS inputs normally originate from vast land areas and can be delivered overland and shallow subsurface or even via the atmosphere to streams (Howarth et al., 2002; Kumwimba et al., 2017a), making them complicated and almost impossible to estimate, target, and remediate. Hence, attention has concentrated more on NPS mitigation, especially the role of farming. They have become the major contributor of nutrients in numerous aquatic ecosystems, such as lakes, rivers, streams, and estuaries. Because of the ease of assessing nutrient inputs and concentrations, PS (industry, sewage purification facilities) are easier to identify and manage by onsite treatment (Rissman and Carpenter, 2015). Consequently, PS pollution has been adequately controlled in many developed and developing nations, supported by many environmental regulations. In contrast, NPS pollution (e.g., urban and agricultural runoff and atmospheric deposition) (Figure 1) is dependent on the watershed and environmental characteristics and is often sporadic rather than continuous in nature (Wu et al., 2017). Furthermore, agricultural NPS of nutrients is principally impacted by agricultural activities and accelerated by precipitation. Nutrients are transported with the overland flow, given that the runoff futures in watersheds, its formation and convergence, show great spatial heterogeneity because of the different land use and difficult topography.
[image: Figure 1]FIGURE 1 | Hierarchy exhibiting the main sources and movement pathways of NPS pollution occurring in watersheds.
An assessment of the literature reveals that people around the world have continuously modified global nutrient cycling over the past few decades (Carpenter, 2008; Galloway et al., 2008; Gruber and Galloway, 2008). Additionally, eutrophication can be impacted by pollutant loads, water temperature, hydraulic features (e.g., low flow rate), etc., which, in turn, are influenced by socioeconomic development (Figure 1). In urban watersheds (UWs), for instance, the building of impervious surfaces alters the hydrobiogeochemical dynamics of rivers by limiting the infiltration of rainfall into the subsurface (Walsh et al., 2005). Septic system overflow and sanitary sewer discharges could also enhance NPS inorganic pollutant loads in urban regions (Mallin and McIver, 2012; Long et al., 2014). Agroforestry operations could enhance pollutant loads in forested watersheds by eliminating vegetation assimilation as a sink for pollutants (Wang et al., 2006). In agricultural watersheds (AWs) (Figure 1), practices including manure and inorganic fertilizer use, aquaculture, vegetation/crop residues, soils (that are washed off fields), atmospheric deposition, diffuse domestic sewage, managed animal feeding operations, overgrazing, rural runoff, etc., contribute NPS of nutrient loads to freshwater systems in a diffuse way (Lintern et al., 2018; Kumwimba and Meng, 2019). In China, for example, the discharges from cultivated lands, animal feeding operations, and aquaculture in 2007 were 13.24, 2.70, and 0.28 MTPY, respectively, for COD, TN and TP (Figure 2A). In particular, livestock and poultry were the major contributors to COD (12.68 MTPY), whereas total N and P were mostly generated from farmlands and livestock and poultry operations (Wu et al., 2017). Improper land uses in mountainous regions, and the resultant soil erosion and water loss can be responsible for these NPS of nutrients (Zhai et al., 2014; Liu et al., 2016a). In EU countries, published data have shown that agricultural fields account for approximately 33% of total water use and are the most important source of NPS nutrients in surface waters (EEA, 2012).
[image: Figure 2]FIGURE 2 | Pollutant discharges (Mt yr-1) from non-point sources, including cultivated lands, livestock and poultry, and aquaculture in China in 2007 (A) (Wu et al., 2017), the contribution of N and P (Mt) to the environment from various fertilizers applied on different continents (B) (FAOSTAT, 2021), and worldwide and country data on fertilizer application levels (C, D) (Information collected from Food and Agriculture).
Similarly, NPS pollution from agricultural fields is believed to be the principal source of nutrients in freshwater environments in the United States of America (Smith, 2003). Suitable management of agricultural runoff and animal waste is a serious issue for the U.S. administration and scientists. Similarly, the degradation of Lake Winnipeg in Canada was mainly caused by the uncontrollable NPS of nutrient enrichment (Tiessen et al., 2010). In short, despite years of investigations, technological progress, and heavy investments in protection, including several billions of US dollars spent over the last decade by governments worldwide (Environmental Working Group, 2018), NPS pollution continues to torment freshwater resources. The approach to managing diffuse pollution has been a hot and complicated subject in various areas, including environmental science, agricultural science, and ecology (Arif et al., 2022; Cao et al., 2023). Numerous researchers worldwide have been dedicated to this research field for decades. Undoubtedly, time and funds have been invested heavily into controlling NPS pollution in major and smaller watersheds worldwide. However, although water quality has been ameliorated, nutrient NPS problems persist and are indeed a wicked global problem (Ioannidou and Stefanakis, 2020; Lintern et al., 2020).
In an effort to alleviate the movement of NPS inorganic pollutants from land to freshwater systems and preserve peaceful, aesthetically appealing waterbodies while reducing their public health threats, natural resources managers and rural councilors have implemented a variety of control strategies and technologies over the years with varying degrees of success (Kumwimba et al., 2018; Xue et al., 2020; Addo-Bankas et al., 2022). However, most of these strategies concentrate more on treatment, rather than preventing NPS nutrient pollution, targeting only one contamination side. The single approach of nutrient reduction has been reported to be insufficient for NPS nutrient pollution mitigation. Furthermore, many review articles are restricted to one particular diffuse pollution treatment method (e.g., constructed wetlands, eco-ditches, vegetated buffer zones, retention ponds, etc.). In contrast, very few review papers have been performed to review ecotechnological methods for diffuse nutrient pollution comprehensively (e.g., Addo-Bankas et al., 2022). Therefore, finding an effective solution to organically merge the single approach to include all sides of diffuse nutrient pollution production is essential. A systematic and comprehensive control approach with related measures has been proposed to enhance the control of NPS nutrient pollution in both agricultural and urban watersheds. These approaches, based on the NPS nutrient pollution generation and evolution processes (e.g., generation-flow-sink), can be classified principally into a) source control strategies, 2) nutrient retention strategies, 3) nutrient reuse strategies, and 4) end purification and restoration of the contaminated water pathway.
Building upon these previous reviews, the main objectives of this review are to 1) comprehensively assess the overall research progress on using currently available control methods for managing NPS nutrient pollution and other water quality challenges; 2) clarify the major treatment processes and mechanisms in process retention technologies; 3) discuss the influence of system design, operational and environmental factors on NPS pollution treatment; 4) provide a panorama of the benefits and demerits of these control strategies and the possibility of combining and integrating. Methods; and 5) identify the possible knowledge gaps and future research directions related to the use of control technologies, as well as present recommendations for future research in this vital field. The current paper covers both urban and agricultural pollution control strategies.
1.1 Methodology
This study reviewed and analyzed the scientific literature to provide a clear and panoramic view of the pollution status across urban and agricultural watersheds. Moving beyond earlier reviews, this paper included studies across agricultural, urban, and mixed-use watersheds. We reviewed the literature that assessed NPS pollution control strategies intended to reduce NPS pollution, as well as their efficacies and advantages/disadvantages in watersheds. Both field-based studies and modeling studies were included in the current paper. The following criteria were utilized to choose the most relevant scientific publications performed around the world to encompass in this paper. The most common control technologies in both AUWs encompass constructed wetlands, ecological ditches, riparian buffer zones/vegetated filter strips, hedgerows and other field margin vegetation types, permeable pavement systems, green roofs, grassed planting trenches, stormwater wetlands, bioretention systems, media filters, infiltration basins/trenches, water dilution, aeration, flocculation, chemical precipitation (sponge iron and calcium nitrate), flotation beds, biofilm remediation, and microbial remediation. Relevant publications were identified and located using keywords associated with agricultural pollution and urban stormwater control technologies in the four well-known scientific databases (Web of Science database, Science Direct, Scopus and Google Scholar). The papers published in the last 23 years (2000–2023) were mostly chosen for a compressive review of research findings. Literature that fell within the scope of the review was summarized and sorted by method in an Excel spreadsheet. After a preliminary search, we reviewed all studies. Finally, we evaluated 298 pieces of literature by reading the abstracts and categorizing them according to the NPS pollution characteristics and control technologies. Because of the restriction of the main text length, the most relevant papers are critically reviewed to identify key knowledge gaps and make recommendations for making further advances in the field.
2 ESSENCE OF NON-POINT SOURCES OF NUTRIENT FORMATION AND DEVELOPMENT
The development of the agriculture sector is essential for increasing a country’s economic growth. It is of special importance to the most populous nations, including India, China, Indonesia, the EU, the USA, etc. (Cordell et al., 2009). Because of the huge need for food, commercial fertilizers have become crucial to sustaining high-yield agriculture in the past years (Huang et al., 2017; Yu et al., 2019). Data from the FAO (Figures 2C,D) indicate that, as of 2015, the global mean application of nitrogen and phosphorus fertilizer per cropland area has reached 68.6 and 30.1 kg ha-1 yr-1, respectively. The application of N and P fertilizers in the United States is still increasing, while China tops the chart for nations with the largest consumers and producers of fertilizers worldwide. Furthermore, the quantity of nitrogen and phosphorus applied in the farmlands of different continents was found to be greatest in Asia and North America (Figure 2B). Normally, agricultural sources such as cultivated lands, livestock and poultry, aquaculture, rural runoff, and untreated rural sewage are the primary contributors to diffuse nutrient pollution (Figure 2A), particularly in emerging nations (Ongley et al., 2010; Jia et al., 2016; Kumwimba et al., 2022). Freshwater resources around the world, such as Lake Taihu, Lake Erie, Chesapeake Bay, inland and Florida’s coastal waters, and the Baltic Sea, are damaged because of the rapid accumulation of harmful algal blooms that adversely impact water quality (Carpenter, 2008; Diaz and Rosenberg, 2008; Selman et al., 2008; Zhang et al., 2010; Osmond et al., 2019; Kumwimba et al., 2023b). The majority of the aquatic ecosystems get most of their diffuse nutrient pollution from cultivated lands, which have significantly contributed to NPS of nutrient losses impacting water quality for many years (Carpenter, 2008; Selman et al., 2008; Osmond et al., 2019).
With rapid social and economic growth over the past decades, the style of living and industrial structure in remote rural regions have continuously changed (Sun et al., 2012; Long and Liu, 2016). Consequently, diffuse nutrient discharges, encompassing those from rural areas and agricultural sources, have gradually increased and continually contaminated waterbodies (Yang et al., 2013a; Lintern et al., 2018; Xue et al., 2020). The formation and generation of diffuse pollutants in watersheds is a complicated physicochemical process, which is impacted by a number of factors, including topography, field slope, precipitation intensity, precipitation duration, runoff volume, land use and plant cover, application rate, application frequency, soil physical and chemical conditions, etc. Among these factors, rainfall features, topography, and land use patterns possess a larger influence on the formation and production of NPS pollution. NPS nutrients are often produced and transported over large areas, making it very complicated and almost impracticable to monitor their real origins, the periods of discharge, the nutrient levels and their spatial distributions (Ongley et al., 2010; Xue et al., 2020).
Rapid modernization, particularly intensive farming, normally defines the quintessence and features of creating and generating of diffuse nutrient pollution (Wu et al., 2017). This is particularly true since the 1980s, when the style of living and agricultural production structures in remote areas of China has undergone enormous modification, including the growing need for pig/cow meat, aquatic food products, poultry eggs, etc. (Sun et al., 2012). As a result, there has been a sharp rise in the source intensity and emission frequency of diffuse nutrient pollution, such as dispersed rural sewage, pollutant-rich runoff from farmlands, raw waste materials generated during farming activities and sewage from managed animal feeding operations (Sun et al., 2012; Xue et al., 2020).
With these transformations in lifestyle, rural residents began to seek improved economic advantages to support their existence. As a result, excessive chemical fertilizers and pesticides have been applied widely in farmlands. For major crops, rice and wheat, the N and P fertilizer application rates were 270–375 kg N ha−2 and 225–350 kg N ha−2, respectively, and 60–150 kg P ha−2 for both rice and wheat, with rice production reaching 21–28 kg kg−1 N and wheat production reaching only 11–13 kg kg−1 N in the southern area of the Yangtze River delta (Yang et al., 2013). Additionally, statistics show that the USA’s grain yield in California was approximately 33–42 kg−1 N (Eagle et al., 2000).
A 50-year trend assessment of nitrogen use efficiency (NUE) in global cropping systems showed that nitrogen loss was above 50 kg N ha−2 yr−1 in many populous nations, including India, China, the EU and the USA (Lassaletta et al., 2014). Minimum NUE enhanced discharges of N and P in overland flow from cultivated lands. The emission of these nutrients has become the most significant contributor and origin of diffuse pollutants (Wu et al., 2011a). In addition to the overland flow from cultivated lands, water and soil loss, particularly in highland areas, is an additional major contributor to diffuse pollution since these pollutants can generally be detached by the lost soil/sediment, which serves as the carrying substrate (Kumwimba et al., 2023a). In the Dianchi area, it has been estimated that water and soil loss could contribute 7.7% and 29.7% to N and P, respectively (Wu et al., 2011a). In short, the creation and generation of diffuse pollution includes the movement and conversion of nitrogen and phosphorus between soil and water. In conventional farming, nitrogen and phosphorus levels in soil and water are relatively greater than in water bodies. These circumstances could drive pollutant movement processes from cultivated lands into nearby waterbodies. The pollutant movement processes could be impacted by precipitation and fertilizer management and field slope, among other parameters.
3 EXISTING APPROACHES TO REDUCING DIFFUSE NUTRIENT POLLUTION
To date, many control methods have been deployed around the world. Based on the formation and development processes of diffuse nutrient pollution (e.g., generation-flow-sink), four common groups of methods have been suggested to mitigate diffuse nutrient pollution (Figure 3), namely, a) source reduction technology, including the primary strategy of 4R management of fertilizer to utilize the right fertilizer source at the right rate, right time, and right place to achieve the economic, social, and environmental targets for each circumstance and prevention of water and soil loss (Figure 4C), b) nutrient retention technology during the movement process, c) nutrient reuse, and c) purification and restoration of eutrophic water bodies.
[image: Figure 3]FIGURE 3 | The systematic NPS pollution control approach encompassing its four stages (also known as the “4R” approach).
[image: Figure 4]FIGURE 4 | (A, B) The farmer applies chemical fertilizer in corn and rice fields (by Jianfeng Zhang), (C) different VBS used within and around fields (Picture: Gunilla Hagström/Form Nation), and (D) the basic strategy of 4R nutrient stewardship.
3.1 Current research on source reduction strategies
Pollution from crop cultivation (Figure 4A,B) can be a primary origin, and the control strategy is source reduction and process retention. Comparable to point source pollution control, the source reduction approach is the first line of defense for reducing the number of pollutants either dissolved from or bound to sediments, moving from agricultural lands during the rainfall or spring snowmelt periods and is the key to controlling diffuse agricultural pollution (Ribaudo et al., 2001). This approach (also known widely as the 4Rs) (Figure 4D) mostly refers to measures intended to manage the amount of nutrients released from highland erosion and runoff. Choosing and applying the right fertilizer source at the right rate, place, and time to attain the socioeconomic outcomes while minimizing ecological damage (Grant and Flaten, 2019) are important parts of all reasonable agricultural nutrient management plans. The principles of the 4Rs are relatively the same all over the world and are considered by many farmers as a precious tool to aid them in using nutrients productively. Excessive use of commercial fertilizers is directly ascribable to the discharge of nutrients from cultivated lands because of the low NUE (Sun et al., 2012). For this reason, the source control approach implies a change in farming operations, such as the optimizing nutrient, soil, and water management, NUE enhancement and lowering of farmers’ fertilizer input, water-saving irrigation, and runoff control. Additionally, water and soil conservation, including grass-crop rotation and other various tillage practices (Table 1) (Baulch et al., 2019), particularly in mountainous regions, can be other primary ways to decrease soil erosion and runoff and thus the generation of agricultural NPS of nutrients in farmlands.
TABLE 1 | Existing source reduction practices for nutrient loss from agricultural runoff.
[image: Table 1]In investigations of source control strategies, using a fertilizer with the recommended N rate decreased NO3-N leaching by approximately 29%–52% (Liu et al., 2016). Additionally, both organic matter and phosphorus addition enhanced soil nitrogen retention and decreased nitrogen loss (Wang et al., 2012; Mehnaz et al., 2019). Enhancing paddy fields could also decrease the threat of NPS pollution (Zhu et al., 2012). As discussed below, the establishment of hedgerows and other field margin vegetation types (e.g., beetle banks, trees, walls, shelterbelts, fences and gates preserved from the major crops within or around the cultivated land and installed to improve biodiversity and landscape aesthetic value as well as and soil erosion reduction, etc., can function as both source reduction and sink expansion) (Figure 4C) has been shown to enhance the soil structure and reduce the soil water and nutrient loss, thus decreasing the NPS pollution (Xia et al., 2013; Adhikary et al., 2017; Haddaway et al., 2018). Three lines of defense for diffuse nutrients: rice field source control, ecological ditches, and pond wetland treatment, could eliminate approximately 30% of the TN and 44% of the TP (Cai et al., 2017). Therefore, combining source reduction and process retention strategies can effectively decrease the diffuse nutrients from crop cultivation with heavy agricultural activities.
Credit: http://www.ipni.net/ipniweb/portal/4r.nsf/article/communicationsguide
3.1.1 Conservation tillage
Even though conservation methods like tillage may unavoidably perturb the soil surface, conservation tillage strategies, including reduced tillage (RT) and no-tillage (NT), can significantly decrease soil erosion rates (Daryanto et al., 2017). Other advantages of the conservation tillage (CT) include enhancing soil aggregation and increasing organic matter, thereby enhancing the water infiltration rates and water retention while encouraging biological activity (Plaza-Bonilla et al., 2013; Schmidt et al., 2019). Both RT and NT can be efficient methods of CT. For instance, a meta-data study of particulate P (PP) losses because of CT revealed 45% mean (concentration) and 55% (load) decreases relative to CT (Daryanto et al., 2017). However, these values did not reflect variations in climate, topography, cropping system, or length of tillage. Disaggregating the results showed that the efficacy of CT was reduced on more sloping lands (>4%) or with wetter antecedent states. Dodd and Sharpley (2016) reported a range for PP reduction from −33%–96% because of CT. Uusitalo et al. (2018) indicated that PP loads and levels were 27% and 55% lower, respectively, with NT compared to conventional till in Finland.
Clausen et al. (1996) investigated tillage influences on runoff for corn (Zea mays L.), demonstrating that RT decreased runoff by 64% and sediment losses by 99%. Adopting NT from a rice-planted watershed decreased the runoff volume and the TN and TP exports by 25.9, 8.5, and 7.8%, respectively (Liang et al., 2016). RT and NT decreased the intensity of tillage strategies and the effect of rainfall by conserving the soil surface using plant residues. Recently, it has been shown that ground covers and soil amendments like biochar, which improve soil aggregation and porosity, can be utilized to maintain the soil (Awad et al., 2012; Meier et al., 2017). Won et al. (2016) utilized rice straw mat cover, polyacrylamide, and gypsum to amend Chinese cabbage farmlands, which led to a decrease in suspended matter TN, and TP by 86.6%, 34.7% and 39.1%, respectively. Lee et al. (2015) assessed the effects of soil quality enhancement on soil loss. They found that the field soils treated with biochar and polyacrylamide decreased soil loss by 70.4% in a 33 mm d-1 natural rainfall, whereas there was no difference in the runoff. Lee et al. (2018) conducted an integrated assessment of the impacts of biochar application on runoff quality, soil losses, and agricultural productivity. They found that farm field soils amended with 4% biochar reduced runoff by 16.8%, soil loss by 25% and N loss (via runoff) by 41.8% (2018). Biochar has generally been applied in soil remediation and possesses enormous potential in agricultural runoff control. Further research on the impacts of biochar on soil aggregation and pollutant fixation is needed in the future (Prenarathna et al., 2019; Sun et al., 2020).
3.1.2 Rotation tillage
CT efficiently minimizes DN in overland flow (Liu et al., 2014). These practices, however, unavoidably cause soil compaction over the long term, resulting in phosphorus buildup on the soil surface and, therefore, an increase in phosphorus concentrations in the runoff. In the northern Great Plains of Canada, it was reported that CT decreased total nitrogen levels by 41%, whereas total phosphorus levels increased by 42% (Tiessen et al., 2010).
Another option to manage pollutant loss during agricultural runoff is reduced tillage (RT). Conversion of CT to RT to minimize phosphorus (both in surface soil and leachate from plant residues) losses during runoff was reported to be a good practice (Liu et al., 2014). Consequently, it decreased the levels of TDP by 46% and TP by 38% and reduced loads of TDP by 56% and TP by 42%. This is because tillage measures could reduce soil compaction and reduce phosphorus buildup in surface soil. In principle, plant residues in CT could increase the water holding capacity, resulting in higher runoff duration. Consequently, RT may diminish the exposure duration between plant residues and surface runoff which decreases phosphorus from plant residues. Daverede et al. (2003) assessed the impacts of two tillage methods (NT and chisel plough) and a range of soil P levels on the concentration and loads of dissolved reactive phosphorus (DRP). They showed that the latter practice could decrease DRP by 60%. Consequently, choosing tillage measures must be based on regional environmental circumstances, soil status, crops, and predominant eutrophication pollutants.
3.1.3 4R management of fertilization
To achieve these goals, the fundamental approach of 4R fertilizer management is to attain desired socioeconomic outcomes while minimizing negative ecological damage (Grant and Flaten, 2019). The principles of the 4Rs are relatively the same all over the world and are considered by many farmers as a precious tool to aid in the productive use of nutrients. N and P fertilizers are widely utilized in farming. Fertilizer-based NUE differs from crop to crop. For instance, the average nitrogen fertilizer utilization efficiencies of crops including wheat, rice, and maize are 18, 31% and 37%, respectively (Cassman et al., 2002). Consequently, it is essential to intentionally boost crop yield and agronomic efficiency while reducing adverse ecological consequences and maintaining N and P resources. Yao et al. (2018) studied the impacts of deep urea placement on N loss in the paddy land and found that deep urea placement decreased N loss by 50% while maximizing rice yield. Fertilization management plots, including band placement and hole placement, decreased TN by 63.6%–77% and TP by 42.8%–53.8% (Ye et al., 2016; Liao et al., 2017). Band placement could decrease contact with soil microbes and slow microbial nitrification. Zeng et al. (2008) measured N and P runoff losses from orchard soils as influenced by fertilization depths (surface, 10 cm and 20 cm) and rates and revealed that fertilization with chemical compound fertilizer at a soil depth of 20 cm decreased TN by 36.2% and TP by 31.4% in the runoff compared to both surface and 10-cm depth fertilization. Controlled-release fertilizer (CRF) can be another way to extend the duration of nutrient release and exploit the release rate, ideally to be compatible with the metabolic requirements of crops (Irfan et al., 2018). Tan et al. (2013) assessed the impact of fertilizer strategies on N loss via runoff on a wheat–maize rotation system surrounding Nansi Lake. They concluded that to decrease N loss, in parallel to securing continued good agricultural output levels, controlled-release N fertilizer combined with wheat straw integration must be promoted during corn production. Other research on the influences of controlled-release fertilizer reported a reduction in phosphorus loss in corn and paddy fields by 33% and 62%, respectively (Kun, 2012). Attention to the 4R stewardship would also manage the risk of loss of diffuse nutrients to the environment since the risk of pollutant loss from farmlands exhibits seasonal characteristics, with maximum pollutant loading in the rainy and fall seasons.
3.1.4 Water-saving irrigation
Intense rainfall and field drainage structures could drive overland flow. The rice‒wheat system is an essential potential N source for water pollution, accounting for up to 85% of cumulative nitrogen losses (Zhao et al., 2012). This is due to traditional flooding irrigation (TFI) continuing an elevated floodwater level in the farmlands. Water-saving irrigation methods can considerably decrease floodwater levels, enhancing the buffering capacity of farmland to aid in decreasing runoff and pollutant losses. In addition, water-saving irrigation improved root development by increasing grain production more than TFI (Aziz et al., 2018). Another technology that can be applied to decrease water use in irrigated lands is alternate wetting and drying (Hao et al., 2009; Matsuo and Mochizuki, 2009; Yang et al., 2009). This technology has been reported to decrease surface runoff by 30.2%–36.7% in compared to traditional methods (Liang et al., 2013). However, the levels of pollutants did not diminish with the reduction in surface runoff when alternate wetting and drying were utilized alone because the exposure period between water and soils could not decline. Therefore, integrating or combining irrigation management with farming practices and fertilization management should be the best approach.
All the aforementioned source reduction strategies can adequately address one or more nutrient loss pathways by decreasing the precipitation effect, enhancing infiltration, managing erosion, or decreasing leaching, agricultural runoff, and pollutant levels. However, they may not stop field runoff from reaching surface water. While source reduction strategies have considerably reduced the levels of agrochemicals in farm field runoff, it is still challenging to attain acceptable release levels. The long-term buildup of agrochemicals in waterbodies could also exacerbate the threat of eutrophication. Consequently, full control of farmland runoff requires extra process retention and end-treatment approaches.
3.2 Current studies on process retention strategies
As mentioned earlier, even after applying the primary strategy of 4R fertilizer stewardship, some nutrients unavoidably reach surface water via runoff and leaching during heavy rainfall or snowmelt. Consequently, the downstream ecosystems are substantially impacted because of the sensitivity of rivers to nutrient addition. Therefore, extending the water retention time and sequestering as much nutrients and sediment as possible before flowing into waterbodies is very crucial for NPS pollution control (Table 2; Table 3) to a greater degree, considering the high cost of conventional water contamination treatment.
TABLE 2 | Comparison of advantages and disadvantages of each technology type in strategies
[image: Table 2]TABLE 3 | Performance of constructed wetlands (e.g., single system, hybrid systems, and integrated or combined with other purification units), eco-ditches and buffer strips.
[image: Table 3]Process retention strategies offer a second defense against water contamination by intercepting and purifying pollutants during transport to streams by decelerating the overland flow velocities. The process retention strategies (Table 2; Figure 5) encompass ecological ditches/canals, vegetated buffer zones, grassed ponds, vegetation filter belts, constructed wetlands, etc. (Liu and Zhao, 2011; Castaldelli et al., 2015; Soana et al., 2017; 2019; Geng and Sharpley, 2019; Oral et al., 2021). Typically, ecological ditches are one of the most successful measures for intercepting pollutants from neighboring cropland. Before the pollutants are released into surface water, the ecological ditches could minimize agrochemicals in the overland flow, using a principle similar to an open-water constructed wetland. In addition, eco-ditches require less land area, and are inexpensive and relatively easy to implement. It is therefore considered to be a favorable measure for agricultural runoff control.
[image: Figure 5]FIGURE 5 | (A) Ecological ditches, (B, C) riparian buffer zones, (D) constructed wetlands, (E) vegetated ponds, (F) green roof, (G) permeable pavement, (H) permeable parking lot, (I) infiltration pond, (J) permeable road, (K) rain garden, (L) retention pond, (N) stormwater pond, (M) bioretention pond, (O) sinking square, (P) sinking greenland, (Q) rain water.
3.2.1 Ecological ditches
Agricultural drainage ditches are normally planned and built as a part of farm irrigation systems and can be an essential portion of agricultural watersheds. Their primary purposes encompass irrigation and draining extra water from agricultural lands (Kröger et al., 2007; Kumwimba et al., 2018). Ecological ditches are being converted from conventional farm drainage ditches (Wu et al., 2013) to minimize water flow, and intercept and mitigate pollutants and sediment from runoff (Otto et al., 2016; Kumwimba et al., 201b; Kröger et al., 2008; Cooper et al., 2004). Ignored in the past for their mitigation abilities, ecological ditches have great potential to minimize the movement of pollutants derived from cultivated lands in a similar way as constructed wetlands (CWs). Their acceptance could be ascribed to their small area requirements and possessing the characteristics of both free-water surface wetlands and streams (Kumwimba et al., 2023b).
Ecological ditches are referred to as transition zones between terrestrial and aquatic ecosystems. Depending on the conditions, ecological ditches could behave as a sink to retain pollutants and promote denitrification or as a source to release nutrients into the water column. Because of the substrate/sediment and macrophytes within these systems (Figure 6A), a unique substrate-macrophyte-microbial system is constructed, and complex physicochemical, and biological processes take place for contaminant removal in the system. Table 3 illustrates the typical ecological ditches with different purification efficiencies. Reduction rates of 38.3%–68.35% have been demonstrated for N and P by ecological ditches through hydrophyte assimilation, adsorption, and denitrification (Kröger et al., 2007; Yang et al., 2016; Vymazal and Březinová, 2018; Wang et al., 2019; Kumwimba et al., 2020b). Wang et l (2019) demonstrated NH4-N purification efficiencies of 26.7% (winter) and 51.9% (summer) for ecological ditches purifying rural wastewater. This is because macrophytes senesce and decay in water over the low winter temperatures, and the pollutants released from dead vegetation could further pollute the ecological ditch water (Kumwimba et al., 2023a).
[image: Figure 6]FIGURE 6 | (A) Main functional features of ecological ditches/vegetated drainage ditches (VDDs) for the retention of pollutants and (B) future research needs for improving the sustainability of VDDs.
When well-managed, ecological ditches possess great potential to minimize nutrients like CWs while providing various ecosystem services (Dollinger et al., 2015; Kumwimba et al., 2017d). However, it should be noted that the agricultural runoff nutrient removal efficiency of ecological ditches and their sustainable long-term operation are increasingly perceived as crucial future challenges. The nutrient load of ecological ditches is determined by a complicated process referring to ditch characteristics (structural or functional features); and available maintenance (Kumwimba et al., 2018). Several management practices, including using low-grade sediment traps, various plant species, organic carbon barriers, etc., have been employed in agricultural ditches to enhance nutrient removal efficiency. Low-grade weirs can maintain water levels and improve HRT in ecological ditches, subsequently, offering reasonable nutrient purification rates in systems. Ecological ditches designed with low-grade weirs decreased 51%–83% of the influent TP loads (Flora and Kröger, 2014). On the one hand, ditch features (size, length, slope, hydrophyte cover, types, etc.) and ditch bed properties (substrates/soil media types) are key factors impacting the removal performance (Wu et al., 2013; Zhang et al., 2016a; Zhang et al., 2016b; Kumwimba et al., 2017c; Kumwimba et al., 2017e). On the other hand, the efficacy of ecological ditches in purifying agricultural runoff nutrients from farmlands is a complicated process that heavily relies on biofilms, connectivity between fields and ditches, hydraulic loading, depth, temperature, and ditch network topologies (Figure 6B), which in turn could lead to variations in the retention capacity of nutrients. In short, long-term research on the application of ecological ditches for both rural wastewater and farmland runoff treatment under various ditch management methods must be further studied.
3.2.2 Planted buffer areas
Planted buffer areas (PBAs) within and/or between farmlands and/or along water bodies can be seen as the last line/barrier to keep farm runoff and pollutants from reaching surface water bodies. A buffer zone is composed of three components: a) aboveground plants, b) belowground plant parts (roots and rhizomes), and c) subsoil. When agricultural runoff reaches buffer zones, water infiltration occurs. PBAs could diminish nutrient concentrations via filtration, infiltration, sorption, deposition of nutrient-bounded sediments, microbial transformation, etc. (Figure 7B). The removal efficiency of nutrients in PBAs is listed in Table 3. Various factors may impact the performance of PBAs, such as field parameters (e.g., type of nutrient, application rate, timing and frequency of nutrient application, rainfall intensity, runoff characteristics, slope of land, crop type), buffer vegetation type, soil characteristics, PBA dimension, drainage area to PBA ratio, season, management, PBA structure (presence of erosion rills), etc. (Lacas et al., 2005; Prosser et al., 2020; Kumwimba et al., 2023b) (Figure 7C). Most of these factors could enhance water infiltration, sedimentation, deposition, and biochemical reactions within PBAs. However, there is a current discussion about how wide the PBAs must be to prevent environmental consequences. Nevertheless, there is increasing uncertainty about the suitable PBA width for corridors or habitats, or what the minimum PBA width should be. Another issue is that their effectiveness in mitigating dissolved pollutants has been questioned (Figure 7B) (Kieta et al., 2018; Kumwimba et al., 2023a) since these practices can become a source of dissolved pollutants to sensitive waterbodies because of the saturation of PBA soil with nutrients. PBAs are not always effective in diminishing pollutant concentrations in cold climate regions. Excessive surface runoff events occur during spring snowmelt when PBA soils and PBA plants are frozen, and infiltration is highly restricted or absent and bacterial acclivities are low or nonexistent. Frozen/flattened vegetation can potentially contribute pollutants to runoff. Approximately 70%–80% of the surface runoff and pollutant losses take place during spring snowmelt in cold climate areas. Investigation of the removal of nutrients in buffer zones during snowmelt runoff is less frequent in comparison to rainfall-driven runoff. However, nominal absorption rates, incapacity for infiltration to take place or for sediments to be trapped within buffers, and the release of pollutants with snowmelt have been ascribed to frozen buffer zone soils and senesced plants. These circumstances hamper the capability of buffers to function as thought.
[image: Figure 7]FIGURE 7 | A conceptual diagram showing a number of the processes by which PBAs decrease nutrients in (A) warm and (B) cold climate regions (Kieta et al., 2018), and (C) yellow and white boxes indicate physical processes and parameters impacting the processes, respectively. Microbial nutrient-cycling networks in soil and related functional genes are shown in the lower left and right corners.
Satchithanantham et al. (2019) studied the pollutant retention performance of buffer zones by estimating inlet and outlet runoff pollutant levels during rainfall and snowmelt-driven runoff. The findings showed that pollutant levels of the soils in buffer zones could be the best indicator of whether the release or removal of pollutants could take place. The findings further indicated that VBZs act as a sink to sorb nutrients in runoff at low soil nutrient levels but as a source of nutrients at elevated soil nutrient levels. More variable responses were observed for NO3-N, but overall, the buffer zones trapped an important amount of NO3-N in the rainy period than in winter. This finding shows that the activities of vegetation and microorganisms in buffer zones are especially significant for nitrogen elimination. Vanrobaeys et al. (2019) assessed pollutant concentrations above and below the PBA. The results showed that PBAs are effective compared with cultivated land at minimizing sediment and sediment-bound phosphorus levels but do little to decrease dissolved forms of phosphorus. The efficacy of buffer zones in trapping phosphorus exhibits strong seasonality, as they possess certain abilities in the warm period but fail to perform during the spring snowmelt period. Therefore, it was suggested that the effectiveness of buffer zones must be improved in the summer when plants are actively developing. However, mowing plants at the end of autumn to minimize plant nutrient loss over these periods should be considered (Vanrobaeys et al., 2019). In cold climate areas, buffer design and management need careful assessment. Land managers and local governments must not greatly depend on buffer zones, as they may not function well for most times of the year to minimize pollutant transport. Further investigation must be carried out at a larger scale in natural systems and concentrate on optimizing buffer design and management methods.
To make PBAs more efficient, they must be “shaped” and smoothed out to encourage uniformly dispersed flow via more of the PBA’s surface, delay surface runoff, and trap chemicals in both dissolved form or attached to sediments. In addition, PBA management should be planned so that plants can be harvested and sequestrated pollutants can be eliminated. In low-lying zones where surface runoff takes place, it is advisable to put in a broad vegetated canal and remove/harvest the herbaceous plants. This implies that plants are inserted where the overland flow takes place and then mow the plants afterwards. Failing to do so, plants will senesce, die, and release back pollutants into the overland flow and streams. The PBA will not be as efficient without adequate management.
3.2.3 Constructed wetlands
Artificial or constructed wetlands (CWs) are engineered systems that imitate (or optimize) the biogeochemical and physical processes that take place in natural wetlands for cleaning sewage under controlled conditions (Vymazal, 2007; Kumwimba et al., 2021; Ajibade et al., 2023), while offering mutual gains such as ecosystem services and recreation. They can be categorized by application, like habitat formation, flood regulation and sewage purification. Nevertheless, from a practical or technical point of view, different configurations of constructed wetlands (e.g., free water surface flow, subsurface flow and floating wetlands) have been utilized to purify different types of water (Figure 8I).
[image: Figure 8]FIGURE 8 | Schematics of I [(A) free water surface flow CWs (FWSCWs), (B) horizontal flow CWs (HFCWs), (C) vertical flow CWs (VFCWs), (D) floating CWs (FCWs), and (E) hybrid CWs (HCWs). They could possess various configurations with different fluid flow regimes and macrophyte systems. Each type possesses benefits, with hybrid/composite CWs designed to integrate these advantages, and II [(A) BOD, (B) COD, (C) TN, and (D) TP purification efficiencies in various CWs in tropical and cold climate regions. Different wastewater (Data source: Supplementary Table S1, S2)].
Sewage can be decontaminated in CWs via a sequence of processes (sedimentation, absorption, substrate/filler adsorption, precipitation, and microbial degradation, etc.) based on the synergistic actions of microorganisms, substrates and macrophytes (Brix, 1995; Vymazal, 2007; Stefanakis et al., 2014; Kujala et al., 2019; Kumwimba et al., 2020; Kumwimba et al., 2021). Fig. 8II shows the effectiveness of various constructed wetlands in tropical and cold climate regions. One of the great benefits of the CWs is the minimal operational and maintenance costs, in addition to many environmental advantages such as the minimum carbon footprint. This method may be used at small and large scales; nevertheless, CW requires relatively large land areas, depending on the design. Several factors could impact the performance of constructed wetlands, including feeding mode, HRT, HLR, pH, CW type, DO, inlet and outlet configuration, temperature, vegetation characteristics, etc. Hydrophytes, microbes, and substrates are responsible for the different treatment mechanisms (e.g., plant uptake, sedimentation, adsorption, filtration, microbial degradation, phytodegradation, phytoextraction, etc.) taking place in constructed wetlands. Undoubtedly, these mechanisms are impacted by climate conditions (Fig. 8II). These inherent weaknesses have usually limited their application and long-term stability. Valkama et al. (2017) assessed the daily and seasonal variations in pollutant retention performance of a boreal wetland. They showed that TP purification efficiency (28%) was most significant in summer and minimum (5.5%) in winter. Similarly, the TN purification efficiency (82%) was most remarkable in summer and minimal (3.5%) in winter. Certainly, the retention of N in constructed wetlands is a crucial question, particularly at low winter temperatures. The key nitrogen removal pathways are biological processes, which greatly rely on microbial nitrification-denitrification processes (Ji M. et al., 2020; Kujala et al., 2019; Varma et al., 2021; Ajibade et al., 2021a; b). An evaluation of most peer-reviewed papers on the performance of full-scale CWs globally showed that N was the most susceptible parameter to be easily impacted by low cold temperatures. In contrast, P, TSS and organic matter remain relatively less affected (Ji B. et al., 2020). Aiming to enhance the inadequate O2, low influent C/N ratio and low purification rate of constructed wetlands in cold temperatures, scholars have developed many modifications and different designs based on the system’s internal components (bacterial activities, macrophytes, substrate addition, and probable bioaugmentation) or external operational factors (heat loss, external aeration, operating conditions, and DO, etc.) (Figure 9; Figure 10). These modifications and technologies can promote water purification efficiency while keeping system ecological features and economic benefits.
[image: Figure 9]FIGURE 9 | Modifications and technologies responded to the limitation or risks of constructed wetland performance at cold temperatures (Kumwimba et al., 2020a; Ji M. et al., 2020; Wu et al., 2023).
[image: Figure 10]FIGURE 10 | Recommended approaches for proper modification (1) to improve pollutants’ purification and recovery in constructed wetlands (Song et al., 2018; Ji B. et al., 2020; Kumwimba et al., 2021; Zhong et al., 2023).
Scaling has been one of the greatest challenges in CW research over the last few years. Extensive works have been conducted at the microcosm and mesocosm scales, but only a few research studies have been performed on full-scale CWs. Findings of these small-scale research or lab-based experiments are usually rarely applied to full-scale CWs, although few large-scale systems have been reported in the literature (Stefanakis, 2020; Alwahaibi et al., 2021). Furthermore, numerous findings are uncertain for full-scale CW systems, primarily from the operation, maintenance, and labor perspectives. The other key challenge is the investigation of the long-term performance of CWs. Existing studies are often brief and short, less than a year, which may not provide any valuable data concerning long-term performance. To improve the application of CWs, it is essential to perform more studies on full-scale CWs purifying actual sewage, specifically concentrating on long-term performance.
Growing interest in process retention strategies brings attention to vegetation-based water treatment and its role in diffuse pollution management. While understanding the suitable design, operation and management of vegetation-based water treatment systems is still depends on empirical parameters based on long-term assessment, there are complete global information gaps in understanding the system design, operation and maintenance. Knowledge of environmental conditions at the site (weather), sewage compositions, hydrology and hydraulic characteristics, substrate/filter medium types, vegetation type, system kinds and ages, full design aspects and water-quality parameters should be involved from both sources, e.g., scholars, and water treatment companies and city managers. There is still much room for developing and enhancing the predictive ability of models (related to both agricultural and urban conditions) for a deep understanding of the extra features, including transport and purification processes of diffuse nutrients and other contaminants on a watershed scale, and thereby helping to determine and target pollutant control strategies and to assess their relative efficacy. A thorough examination of ecological and health risks related to organic contaminants must be carried out in the plant-based treatment systems to remediate and manage the risks of water reuse through the use of a risk quotient approach and embracing measurable indices like the disability-adjusted life year. The application of plant-based treatment systems for goals other than eutrophic water purification could be another major field that the authors suggest for future studies. These systems could be essential in decreasing the carbon footprint of WWTP’s and developing a circular economy. For instance, the integration of plant-based treatment systems with bioelectrochemical systems to synchronously treat eutrophic water and produce power, which can reduce carbon transmissions. There are challenges in the approval and efficient operation of plant-based treatment systems, particularly in the least-developed nations. Developing practical and adaptable frameworks for design, building, operation and maintenance is required to orient and facilitate their use, particularly in least-developed nations. Future plant-based treatment system implementation must attempt to equalize the long-term sustainability of water purification and socioeconomic benefits, beginning from the design stage. In this context, plant-based treatment systems could and must be incorporated into city ecosystem growth by inserting characteristics including green roofs and green walls, further strengthening attempts to attain the global goals.
3.2.4 Ecological floating beds
Ecological floating beds (EFBs), also known as floating treatment wetlands, artificial or planted floating islands, are another nature-based purification method that uses buoyant structures to grow aquatic or terrestrial plants on the water’s surface. Pollutant removal in EFBs is accomplished using many mechanisms (Figure 11A). Constructed wetlands with floating hydrophytes have been extensively applied worldwide to purify stormwater, wastewater, landscape water, and rural river water and prevent harmful algal blooms with low operational and maintenance costs (Wang et al., 2020a; Kumwimba et al., 2020; Kumwimba et al., 2022). For instance, field-scale EFBs purified 60 million m3 per year of sewage at a cost of only CNY 0.0018 per m3 (Afzal et al., 2019). Similarly, the operation and maintenance cost of the hybrid EFBs (0.0138 CNY/m3) was much lower than that of traditional sewage treatment facilities (Kumwimba et al., 2023b). In contrast to other ecological purification measures, EFBs benefit from not requiring large land areas while directly purifying eutrophic river water in situ at the field scale. Furthermore, EFBs could provide amenity value by greening and beautifying the rivers and the surrounding environment. These ecological advantages with numerous environmental benefits have resulted in their broad application worldwide, becoming compulsory in certain regions to obtain improved water quality (Olguín et al., 2017; Kumwimba et al., 2020b; 2022; Colares et al., 2020).
[image: Figure 11]FIGURE 11 | Conceptual schema displaying the different processes by which EFBs clean surface waters in summer when hydrophytes are actively developing (A) and at the beginning of autumn when hydrophytes begin to decompose during the rest of the year (B).
Like CWs, the purification performance of EFBs mainly relies on their hydrophyte roots (Figure 11). Nevertheless, several problems cast doubt on the use and long-term efficacy of EFBs (Figure 11B), especially their poor purification in cold temperature conditions due to the alteration of biological activities and hydrophyte absorption processes (Tharp et al., 2019; Wang et al., 2020a; Kumwimba et al., 2020; Kumwimba et al., 2022). EFBs are ineffective in deep and static water bodies as the macrophyte root lengths limit them. For instance, the mean length of hydrophyte roots in EFBs varies between 20 and 45 cm, making it unfit for use in deep waters, resulting in poor purification performance (Chen et al., 2016). The unsatisfactory EFB performance for carbon-limited wastewater treatment, especially in cold climates, is an inevitable limitation of the application of EFBs (Wu et al., 2021). Besides, insufficient carbon sources and/or electron donors could often limit the microbial denitrification process in EFBs, leading to poor pollutant removal performance. Nutrient removal in EFBs can be unsteady and insufficient during river remediation because of the restricted development of many floating macrophytes and the attached biomass (Sun et al., 2009).
In recent years, several technological innovations aimed at enhancing the purification performance of EFBs have been achieved (Figure 12). These encompass the incorporation of artificial biocarriers, artificial aeration, bioaugmentation, and the addition of various substrates (e.g., zeolite, alum sludge, biochar, woodchip, and stereo-elastic packing) and their combinations beneath the floating mats of EFB for the promotion of microbial attachments. Water depths of 0.6–1.1 m within EFBs and a rational bed coverage of 5%–38% were suggested for EFB designs, and the hydrophyte density should be inversely proportional to the hydrophyte size (Wang et al., 2020). Other studies also recommend up to 70% of needed bed coverage using Pontederia crassipes for a 0.25 m water depth and a contact time of 3–5 days to purify a eutrophic river (Gaballah et al., 2021). These results indicate that coverage must be expanded as much as possible for hypereutrophic rivers. For waterbodies with moderate eutrophication, the bed coverage could be minimized accordingly. Harvesting of plant biomass can be one of the essential operation parameters. Colares et al. (2020) reported that macrophyte harvesting could raise operation and maintenance expenses. However, the management of macrophyte biomass by harvesting could eliminate pollutants, and it can also be used in animal feed, green matter and compost, cosmetics, therapeutics, biosorbents, biofuels, and human food, thereby decreasing the overall system expenses. Another issue to address is the suitability of different hydrophytes for EFBs. Rigotti et al., 2021 reported that Typha domingensis was better at pollutant removal than Scirpus californicus in EFB treating urban runoff.
[image: Figure 12]FIGURE 12 | Various strengthening strategies of traditional ecological floating beds for improved purification efficiency.
3.2.5 Microbial biofilm-mediated bioremediation
The addition of particular bacterial cultures to a contaminated environment (also known as bioaugmentation) has become an effective strategy for controlling algal proliferation and eutrophication (Xu et al., 2017; Simon and Joshi, 2021) because of its efficient, robust, reliable, and cost-effective nature. Bioaugmentation greatly depends on the metabolic activity of microbes by breaking down and converting hazardous substances while improving environmental integrity. In bioaugmentation, bacteria are the most prevalent organisms. Biofilms, aggregates of microorganisms on biotic and abiotic surfaces, have also been demonstrated as a rather powerful constituent of environmental sewage purification technology.
Yang et al. (2019) effectively used a new plastic carbon fiber filler to develop a biofilm technology to treat eutrophic water. They found an excellent purification performance for eutrophic water pollutants (e.g., TN, TP, and COD). Common biofilm methods used to restore eutrophic water systems encompass filler contact oxidation, contact oxidation, fluidized bed aerated biological filters, thin-layer flow technology, suspended biofilm reactors (frequently also known as moving bed biofilm reactor), and steam injection approaches for enhancing geothermal steam containing pollutants (Qian et al., 2021). Many published benefits for the utilization of moving bed biofilm reactors include space savings, robust and simple reduction of contaminants, less temperature dependence, inexpensive and relatively easy processes, minimal operational and maintenance costs, low biomass loss, steady biofilm thickness, and minimal likelihood of clogging (Zhang et al., 2016). Hypereutrophic waterbodies and sewage can be treated by biological contact oxidation techniques, which have many benefits, such as promoting sludge thickening and the lack of bed clogging. Nevertheless, their effectiveness varies with seasonal temperatures. This method is eco-friendly and cost-effective in improving contaminant degradation (Simon and Joshi, 2021).
3.2.6 Constructed wetlands combined or integrated with other purification processes
With the goal of optimizing purification performance while limiting ecological risks, many scholars have evaluated the potential of exploiting the advantages of the combining or integrating several purification processes (Addo-Bankas et al., 2022). Table 1 illustrates different purification strategies, their corresponding purification mechanisms, and the advantages and disadvantages of each strategy. These integrations could enhance the purification performance for eutrophic water treatment compared to the individual approaches. Šereš et al. (2017) combined constructed wetlands and stabilization ponds to enhance secondary sewage purification, particularly dispersed village sewage or concentrated sewage in littoral areas. It is desirable to reduce building costs in regions with several ecological drainage ditches and conduits (Ham et al., 2004). Similarly, integrating an algae pond via the O2 enhancement of algae photosynthesis and a constructed wetland considerably improves nitrogen elimination (Zhao et al., 2016). Meanwhile, microorganisms could use the algae debris in the constructed wetland as a carbon source in treating sewage with a low carbon-to-nitrogen (C: N) ratio. Moreover, Lin et al. (2003) integrated aquaponics and greenhouse structures into constructed wetlands. Other scholars (Hu et al., 2012; Wu et al., 2014) established an integrated system of eco-wetland ponds and the extensive use of resources, which offered economic advantages to the regional freshwater aquaculture industries. Combining TiO2-photocatalysis and CWs to purify many specific contaminants in sewage effectively has also been demonstrated in recent research (Antoniadis et al., 2007; Arana et al., 2008; Herrera-Melian et al., 2012; Wu et al., 2016). The combination of CWs with ozonation was also found effective in the treatment of complex agro-industrial effluents such as the cork boiling wastewater (Gomes et al., 2020). Another fascinating research was performed by Huang et al. (2022), in which a bypass CW system integration method, including surface flow CWs, eco-gravel beds, eco-wetland multipond systems, and underwater forest ecosystems, was implemented to enhance river water quality. The results show that the integrated technology operates stably and could enhance contaminant removal in river water. For example, NH3-N, TP, and COD concentrations were less than 1.0, 0.2 and 20 mg L-1, respectively, while DO exceeded 5 mg L-1, and transparency exceeded 60 cm. Additional studies were performed on the potential of combining aeration and algae-eating fish for eutrophication and algal growth control in rivers. Integrating EFB and aluminum-based drinking water treatment residual enhanced its purification performance considerably (He et al., 2022). The findings exhibited improved N and P removal efficiencies, with mean retention of 53.3% for N and 45.3% for P, compared to the control with 27.3% for N and 12.8% for P. It was also revealed that combining fillers with EFB might enhance nutrient retention while boosting macrophyte development.
3.3 Nutrient reuse strategy for minimizing diffuse pollution
Here the reuse strategy refers to the reuse of nutrients in polluted water or drainage and solid wastes (straw and fecal) as much as possible prior to their transport to the waterbodies (Figure 13). Another strategy involves the collection of drainage or rural wastewater in ponds for use to either reirrigate agricultural fields, or even grow hydrophytes with economic importance, or released them into the wetland. This strategy can, therefore, save significant resources, minimize pollution, and enhance economic advantages (Yang et al., 2013). It can also achieve economic and environmental goals, leading to a win‒win situation. Hydrophytes harvested from polluted river water and drainage ditches could be composted and then recycled to farmlands as organic fertilizer. Up to 247.69 kg N and 35.09 kg P could be eliminated from waterbodies using this strategy (Xue et al., 2020), contributing to water quality enhancement. In addition, the compost also substituted 304 kg of urea and can decreased the nitrogen runoff loss by 11.2 kg. Moreover, rice production could be greatly enhanced compared to the farmers’ nitrogen management practices, while the soil’s total nitrogen and organic matter content were also enhanced by using organic fertilizer (Xue et al., 2014).
[image: Figure 13]FIGURE 13 | Rice planting to eliminate nutrients in waterways and wastewater treatment with paddy wetlands (Photograph taken by Jianfeng Zhang, Lin-Zhang Yang).
3.4 Aquatic environment restoration
This approach refers to eutrophic systems, including streams, canals, ditches and ponds in agricultural or urban settings, instead of the last destination water bodies such as lakes and reservoirs. Although methods could be adopted to minimize nutrient fertilizer inputs and trap nutrients during transport processes, an essential amount of these pollutants could inevitably be discharged into these water systems via which the runoff of diffuse nutrients enters (Liu et al., 2016c). Consequently, the purification of water bodies is required to restore the aquatic environments and enhance water quality. Purification and improvement of the streams, ditches and canals is the final method and defense for agricultural diffuse pollution control. Up to now, many restoration methods such as EFBs, eco-submersible dams, vegetated urban streams, and submerged plant purification methods have been proposed and extensively utilized (Wu et al., 2011b; Liu et al., 2016c; Kumwimba et al., 2023a). Nevertheless, these methods generally require prolonged HRTs for nutrient removal, restricting their use in restoring surface water.
3.5 Current urban stormwater runoff pollution control strategies
Stormwater runoff (SR) has significantly contributed to surface water pollution and the degradation of freshwater systems in city centers. Many effective methods have been developed for stormwater management in recent decades. These control methods could be categorized into source control (e.g., green roofs, permeable pavement systems), process control (e.g., concave green space, grass planting trench, planted buffer strips), and terminal treatment (rainwater wetlands, bioretention) according to the implementation stage of stormwater control. Figure 14 summarizes the efficiencies of various urban stormwater runoff pollution control strategies on runoff reduction and peak flow control.
[image: Figure 14]FIGURE 14 | Summary of the average runoff reduction and peak flow control of different stormwater control measures.
Major processes in stormwater purification systems and factors that could influences these processes are shown in Figure 15. A significant portion of nutrient reduction is contributed by biotic processes involving vegetation and microbes. Design factors including area, depth, saturation, modifications, and vegetation could influence the efficacy of chemical and biological processes. Climate including temperature, rainfall intensity, and drying duration could influence nutrient reduction and health of microbes and vegetation that encourage nutrient retention from SW.
[image: Figure 15]FIGURE 15 | Pollutant removal processes (red solid boxes) in stormwater purification systems that might influence nutrient levels and the role of parameters (broken boxes: e.g., climate and design) in controlling these processes (Valenca et al., 2021).
Green roofs (GRs): (also called vegetated roofs or living roofs) have been widely considered the best method to manage SR in the urban areas where buildings occupy a vast space. SR is adequately sequestered and removed via a number of biochemical reactions within GR vegetation and substrates, which help to absorb carbon, keep energy and decrease heat island effects. Evapotranspiration from GRs cools the buildings, enhances air quality, expands the life of base roof materials, enhances biodiversity, boost the aesthetic quality of the building, enhance SR quality (Abass et al., 2020; Calheiros and Stefanakis, 2021). For instance, GR substrate sequestered organic contaminants from SR, improving the water quality (Berndtsson et al., 2006). Teemusk and Mander (2009) assessed the GR efficiency and found that the GR decreased the N level compared to runoff. On the other hand, many recent findings demonstrate that GRs degrade the SR quality (Moran et al., 2004; Hashemi et al., 2015). Berndtsson et al. (2006) reported that a large GR sequestered substantial amounts of organic pollutants, including 97% of Cu, and 96% of Zn. In North Carolina, USA, some supporting tests on GRs were performed to verify the effectiveness of water quality from the GRs (Moran et al., 2004). However, the findings showed that the level of TN was greater in the runoff from the GR. Furthermore, certain findings demonstrate that organic matter also influences the runoff water quality from GRs and that the organic pollutant levels in the outflow of GRs rely mainly on substrate layer thickness and components, roof slope and vegetation type (Chen, 2022; Zhang et al., 2022). Consequently, it is essential to conduct further studies on local substrate layer thickness components and plants that could enhance the SR quality and for low-cost GR expansion. Environmental conditions affecting the water retention ability are season, rainfall event characteristics and length of the antecedent dry weather period. The effectiveness of GRs is determined by two factors: 1) rainfall amount, which is partially sequestered by a substrate layer and absorbed by vegetation, returned to the atmosphere by evapotranspiration, and 2) runoff after peak flow reduction time, which is affected by rainfall intensity and roof saturation. In light of the aforementioned factors, when the rainfall intensity is low and the roof substrate is dry, there is almost no runoff and the retention rate is therefore 100%. When rainfall is intensive and the substrate is already saturated with water–runoff would be immediate, and the runoff retention rate would be consequently insignificant.
Permeable pavement (PP) systems: also called pervious or porous paving, are a type of paving material that sequester water or allows rainwater to infiltrate through the paving material for groundwater replenishment, runoff time extension, peak shaving, and SR treatment. Proved findings by Kamali et al. (2017) demonstrated that a PP system eliminated 79% and 12% of NH4-N and NO3-N, respectively; Drake et al. (2014) reported that the retention of P from three kinds of PPs: porous concrete, porous asphalt, and permeable interlocking concrete, was more than 75%, and the permeable interlocking concrete pavement demonstrated the highest P elimination efficiency. Furthermore, PPs possess a high achievement in terms of suspended solid and total N and could decrease hydrocarbon pollution by 98.7% (Coupe et al., 2003; NCDENR, 2005). Other scholars found that PPs could sequester more than 80% of sediments, 60% of P, and 80% of N (Melbourne Water, 2016). Several factors that influence the efficacy of PP systems include pavement type and its thickness and the porosity of the underlying bedding material. The application of PPs must be avoided when there is a high risk of clogging by silt loads on the surface. PPs offer attenuation storage and adequately help decrease SR and peak flow rates. To date, very little research has been conducted on enhancing nutrient elimination in PPs. Consequently, it is important to investigate the use of various materials as aggregates or in combination with aggregates in subsequent PP studies.
Concave green land (CGL). CGL, comparable to bioretention and rain gardens, is a major control measure of “Sponge Cities”. It refers to vegetated land that has a lower elevation compared to its surroundings and could enhance SR quality by sequestering contaminants through vegetation and soil. Considering its low investment cost and minimal operational and maintenance costs, researchers now promote the use of CGL as an additional stormwater control measure (Wang et al., 2016). Li et al. (2019) found that at the stormwater return periods of 3, 5, and 10 a, the interception rate and peak reduction effect of the depression green space at two various depths (0.15 and 0.2 m) and various green space rates (20%–45%) can exceeded 99.92%.
Vegetated swales (VSs). VSs are normally linear, planted in wide and shallow depressions (or open channels). In addition to their major role in transporting SR, they could also purify and reduce SR velocity through sedimentation and filtration by plant and vegetation material and infiltration through the soil. Furthermore, under the action of bacteria in the rhizosphere and substrate/soil, contaminants in runoff could be further degraded to decrease the pressure and pollution caused by rainwater in city centers (Li et al., 2019; Zhang, 2019). Plants should be chosen from native species (grasses and herbaceous species) that must be kept at the height of 7.5–15 cm. By encouraging infiltration, VSs aid in slowing down runoff volumes and retard runoff peaks and flow velocity. Several factors impact the efficacy of VSs, mostly encompassing HRT and length of the VS The HRT mostly influences the elimination of particulate contaminants, and the suspended solid elimination rates of 74.4% and 97.2% have been found for HRTs of 0.1 and 0.18 h, respectively (Yu et al., 2019). In addition, Summerfelt (2006) found a mean reduction of 2%–16%, 50%, 60%, and 46%–67%, 75%, 80%, for hydrocarbons, heavy metals, and SS, respectively, for a 30 and 60 m VS. length. In short, the performance of VSs is associated with their size and the intensity of rainfall events. With smaller rainfall events, the VS. normally produces no runoff. However, during intensive rain events, the VS. acts as a transport system that aids in retarding runoff peaks. Various researchers have found runoff volume reductions of 23%–48%.
Rainwater wetlands. Stormwater wetlands (SWs) are structural practices such as wet ponds that encompass wetland hydrophytes in a shallow pool. As SR enters the wetland, nutrient elimination is achieved by the synergistic physical, chemical, and biochemical effects of hydrophytes, sediment/substrates, and aerobic or anaerobic bacteria. While natural wetlands could sometimes be utilized to purify SR that has been correctly pretreated, SWs are basically different from natural wetland systems. SWs are built particularly for purifying SR and commonly have less biodiversity than natural wetlands in terms of both plant and animal life. Alihan et al. (2017) assessed the impact of SWs on controlling initial SR pollution on campus. They found suspended solid, total N, total P, and trace metal elimination rates of 60%–72%, 40%–50%, and 30%–80%, respectively. Additionally; Gill et al. (2017) investigated the impact of SWs on the elimination of trace metals from runoff and found that the enrichment of Cd, Cu, Pb, and Zn in SWs was 0.1 g/(a.m2), 15.6 g/(a.m2), 11.6 g/(a.m2), and 88.3 g/(a.m2), respectively.
Bioretention systems (BSs). Among the types of stormwater control measures reported, BSs are the most common and convenient, encompassing bioretention and infiltration basins. BS has an important role in urban SR control under various conditions because of its adaptability and availability. In BSs, water quality is improved through the principles of hydraulic flow with physical, chemical, and biological processes. BSs could stably eliminate most contaminants from the initial SR. Previous studies reported 46% of nitrate and 42% of dissolved N in research of N morphology in the outlet of a BS (Li and Davis, 2014). The major factors impacting the efficacy of BS encompass the kinds of plants, fillers/substrates, and structure. Sun and Davis (2007) showed that 88%–97% of trace metals were adsorbed by the substrates and 0.5%–3.3% were assimilated by the vegetation. To enhance the purification ability in BSs, organic matter, postwater purification residues, and aluminum sludge could be inserted into media as filler modifiers (Li et al., 2014). Kong et al. (2022) incorporated water purification residues into traditional BSs, and the outlet levels of total P and particulate P were considerably decreased, with the elimination of dissolved P rising by 60%.
In response to urban pluvial flooding and pollution, the Chinese government proposed a “sponge city (SC)” strategy in 2013 that aims to enhance urban stormwater management and promote sustainable urban development. Supplementary Figure S1 illustrates a comparison of different stormwater management measures for SC construction in urban watersheds (Urban Construction Department of the Ministry of Housing and Urban-Rural Development: Beijing, China, 2014). Thus, the SC concept has gained increasing public attention. SC refers to a city with sponge-like features for rainwater. However, up to now, SC construction is still in its exploratory phase. It is still unclear which models can be able to simulate the major processes (infiltration, purification, retention, discharge, and utilization) of SC measures. Its different advantages (socioeconomic and environmental advantages) have not yet been systematically assessed in the context of the SC. Although urban stormwater runoff control strategies have been widely investigated mainly in terms of effectiveness, potential improvements, obstacles, etc., there is still insufficient decisive knowledge concerning the effectiveness of runoff retention and purification. Of the studied stormwater runoff control strategies, GRs are widely investigated in terms of their rainwater retention ability. The major obstacles to expanding and executing urban stormwater runoff control strategies in city areas include lack of financial resources, path dependency, institutional fragmentation, lack of regulations, uncertainty concerning execution process and efficacy, and restricted land and time availability. The most appropriate means in heavily inhabited regions are solutions that could be constructed on top of the roof or to the walls, such as GRs, green walls and rainwater harvesting. These methods do not demand any land from the roads and thus are much simpler to execute.
4 PROSPECTS FOR THE CONTROL OF NPS POLLUTION
With the huge improvement in scientific research, numerous methods are undoubtedly accessible for NPS pollution control, which can be categorized into four groups (Figure 16B). These strategies have been effectively used in AUWs to manage NPS pollution with different levels of success. As mentioned above, most NPS pollution must be minimized from farmlands before reaching the surface water. Ongoing regional and global diffuse nutrient concerns have increased awareness of the need to identify watersheds and measures that are more vulnerable to diffuse nutrient loss and consequently at higher risk of further damaging water quality further (Figure 16A) (seventh International Nutrient Workshop, Sharpley et al., 2015). Undoubtedly, managing NPS pollution is an integrated matter without a single method to meet such strict demands. Consequently, the complete control of NPS pollution necessitates thoroughly using different control strategies. Since the formation and production of diffuse pollution differ temporospatially based on meteorological (e.g., precipitation) and irrigation events, the purification performance of systems also differs based on flow and pollutant levels. The processing load of control and NPS pollution control strategies must be planned to satisfy the peak processing needs. Given the essence of waterbodies, it is reasonable to apply ecologically sound or green methods. Many ecologically friendly methods provide additional benefits of enhancing water bodies’ aesthetic values while dealing with the proliferation of unsightly algae blooms and eutrophic water bodies. Nevertheless, a suitable NPS pollution control strategy must possess the following traits: a) flexibility for local and site climate conditions; b) ease of management without complicated operating processes or technical requirements; c) minimal investment and operational costs; d) adaptability to variations in water volume and nutrient levels; and e) process capability with full elimination abilities for N, P and organic matter.
[image: Figure 16]FIGURE 16 | Conceptual framework of the (A) challenges and future research needs on agricultural nutrient use and water quality, (B) and ecosystem services synergies in an agroecosystem aimed at diffuse pollution abatement and enhancement of both environmental and economic advantages, based on land use optimization (drawn after the seventh International Nutrient Workshop, Sharpley et al., 2015; Wu et al., 2017).
To date, no current approach can comply with all these requirements. Although chemical and physical approaches have been effective and rapid in treatment, in some particular situations, prioritizing the use of bioeco-based technologies while embracing physicochemical treatments as an additional backup can provide a means to minimize the undesirable effects as well as the secondary pollution originating from their use. Source reduction strategies may minimize both water volume and contamination load via tillage, fertilization management strategies and water-saving irrigation and, thus, could be promoted through legislation. The subsequent processing load could be substantially reduced after the source reduction strategy. Process retention methods, including CWs and ecological drainage ditches, could complement the source reduction method. Although urban stormwater runoff control strategies have been widely investigated mainly in terms of effectiveness, potential improvements, obstacles, etc., there is still insufficient decisive knowledge concerning the effectiveness of runoff retention and purification. Of the studied stormwater runoff control strategies, GRs are widely investigated in terms of their rainwater retention ability. The major obstacles to expanding and executing urban stormwater runoff control strategies in city areas include lack of financial resources, path dependency, institutional fragmentation, lack of regulations, uncertainty concerning execution process and efficacy, and restricted land and time availability. The most appropriate means in heavily inhabited regions are solutions that could be constructed on top of the roof or to the walls, such as GRs, green walls and rainwater harvesting. These methods do not demand any land from the roads and thus are much simpler to execute.
Pollutant purification ability in plant-based water treatment systems is partially determined by the extent of vegetation and microbe action; thus, connecting operational aspects with dynamic biological activities must be investigated. For water containing higher levels of nutrients, it is suggested to utilize hybrid constructed wetlands to overthrow the defects of a single system. The effectiveness of plant-based water treatment systems at cold temperatures is not always encouraging because of the restricted pollutant purification ability. However, the current adjustments provided in the current paper demonstrate that enhancements are feasible, but they have intrinsic benefits and drawbacks. It is suggested that these adjustments, in addition to being executed separately, must be combined or integrated to attain case-specific improved efficiency. Additionally, bioremediation materials must be modified to improve bioremediation methods and their effectiveness in dealing with the problems of eutrophic systems. The bioremediation process must be assessed from different perspectives and hierarchies. The need for adjustments of constructed wetland-based systems lies in the connected deficiencies and preferred enhancement. For instance, a greenhouse structure could prevent water clogging because of bed freezing. Hydrophytes could be utilized as insulation material by deliberately covering the treatment systems. However, some scholars think that breeding cold-resistant hydrophytes by genetic methods is encouraging. Filler/substrate addition or bioaugmentation must be provided where microbes or hydrophytes stop working correctly under cold climates. The processes embraced in many works are complicated and require more studies and groundwork to confirm long-term ability. Other than that, the technical improvement via the process adjustments must also observe the economic feasibility. The cost engagement for adapting a complex or modified constructed wetland system must in coincidence with the employment of other equivalent methods in the field of water purification. In addition, adjustment strategies must also ensure the environmental, technical, and financial sustainability simultaneously.
As mentioned above, an assessment of the previous studies has demonstrated that chemical processes constitute an ecological issue and could cause secondary pollution, such as sludge. On the other hand, regarding mechanical technologies, the elevated cost of execution and the long-term ecological impacts, as reported in the case of water diversion, make these methods unsuccessful in providing a thorough solution to eutrophic water bodies. Bioeco-based technologies are more eco-friendly; however, these approaches require a longer time to offer the desired outcomes. Over the long run, further investigations must be carried out to identify rapid eutrophic water control and resolution by using more biotechnologically developed, cheap, and more possible approaches, which could back up the current rapid yet risky methods, offering a comprehensively greener, safer, more effective, and faster remedy for eutrophic water bodies.
4.1 Approach emerged based on soil-water- and microbiota stage
As stated before, pollutant movement and conversion between soil and water stages is the essence of diffuse pollution creation and generation. Conventionally, most of diffuse pollution control measures are based on two stages (e.g., soil and water). The third stage, the bio-stage made of several microbes including bacteria, microalgae and fungi between the soil and water stages in nature, particularly in shallow freshwater systems. Normally, the bio-stage is largely overlooked in the research about diffuse pollution creation and control, while it plays a considerable role between water and soil since several biochemical reactions engaged in pollutant conversion take place in the bio-stage. Microbes assimilate N and P for their development and sequester pollutants as part of their biomass. After microbes have died and biomass decomposed, N would be released back into soil as organic fertilizer, and the bio-stage could be seen as a short-term sink of pollutants and a slow-release fertilizer. Consequently, nutrient use efficiency is enhanced and pollutant release from cultivated lands is minimized.
The “three-stage” (soil, water and bio-stage) approach is commonly unbiased and closer to fact under field circumstances in comparison to the “two-stage” (water and soil stage). Correspondingly, besides the slow release biofertilizer, several other new methods could be built up based on soil-water- and bio-stages and possess great potential for diffuse pollution control at both sources and processes. Microbiota with elevated pollutant conversion ability could be chosen and grown on artificial fillers/substrates. Following their cultivation, microbiota could be placed in cultivated lands, such as rice paddy fields to enhance nutrient use efficiency and thus decrease fertilizer input. Microbiota with fillers/substrates could also be inserted in macrophyte based-treatment systems to sequester pollutants from eutrophic waters.
4.2 Management based on an approach of regulating services
Ecosystem services refer to the adnatages from all kinds of ecosystems (including agroecosystems) and are categorized into regulating, provisioning, supporting and cultural services (Figure 16B) Regulating services such as waste decomposition, water purification, and carbon storage could be adopted for diffuse pollution control. This will encompass diminution of diffuse pollution generation and sequestering nutrients during their movement process. That is to say, as a complex community consisted of crops, trees, animals, surface water and land, the agroecosystem a huge ability to sequester and consume pollutants itself.
Correspondingly, the measures for diffuse pollution control must be at a regional level, bearing in mind the entire region as an inseparable ecosystem and employing water and nutrient holding functions of the ecosystem. However, frequently utilized strategies including 4R fertilizer stewardship, water saving irrigation, conservation tillage, vegetated ditches, etc., only concentrate on an insignificant portion of the agroecosystem. Consequently, further research must be conducted at the ecosystem scale aim at keeping and enhancing the regulating services of the ecosystem, particularly boosting its water and pollutant sequestering ability with the final goal of minimizing diffuse pollution generation.
Given that the biogeochemical conversion processes of pollutants are strongly associated with soil properties and use, land use/cover types of an agroecosystem contribute significantly to the creation and generation of diffuse pollution. High concentrations of nutrients could lead to eutrophication and degradation of water quality, however, pollutants released from diffuse pollution could be viewed as a kind of resource if they would be adequately recycled/reused in both aquatic and terrestrial ecosystems. To fully use numerous functions of the agroecosystem for diffuse pollution control, proper use patterns must be categorized including changing sloping field land into forest, establishing hedgerows and other field margin vegetation types (e.g., beetle banks, trees, walls, shelterbelts, fences and gates preserved from the major crops within or around the cultivated land, no-tillage stubble, constructing multi-pond systems, and maximizing the distribution of residential zones. This would result in improved nutrient use ability, decrease in water and soil loss and domestic sewage generation, sequestration of pollutants in the ecosystem before getting to nearby streams, and boosted agricultural production (Figure 16B). Eventually, diffuse nutrient production is decreased with enhancements in both environmental and economic advantages, because of the improvement of several ecosystem services synergies.
5 CONCLUDING REMARKS
Diffuse pollution of nutrients like N and P in agricultural and urban areas has been a challenging issue, the management of which a lot of time and money has been spent globally. Despite these efforts, the water quality in many catchments has not significantly improved. Nevertheless, dealing with a wicked matter, such as the issue of NPS of nutrient pollution of waterbodies, necessitates scholars to develop potential treatment strategies. To the best of the authors’ knowledge, this paper is one of the few that reviews various strategies to control diffuse nutrient pollution, which are generally addressed separately. Treatment plans combining two or more of the available ecotechnological methods are believed to be efficient. Source reduction strategies could reduce both water volumes and nutrient loads via different tillage practices, water-savings and 4R fertilizer stewardship. As such, they could be considered as one option, as part of a broader landscape-based approach to achieve the economic, social, and environmental goals. The subsequent pollution load would be significantly reduced after the source reduction strategy. Process retention strategy control technologies such as ecological ditches, buffer strips used within and around fields, vegetated ponds, and constructed wetlands could supplement source reduction strategies. To date, constructed wetlands have been shown to be an effective approach. However, in the face of frequent environmental degradation and increasingly stringent discharge criteria, artificial wetland systems operating as single approaches would struggle to meet new environmental requirements. Scientists are currently focusing on composite CWs, which could be used as an improved approach to current artificial wetlands. The construction of new CWs is becoming increasingly difficult due to the lack of arable land. In addition, studies in full-scale artificial wetlands and long-term studies are limited. Field studies in full-scale environments should also be carried out to improve the technology of artificial wetlands. Nutrients generated from diffuse pollution could be viewed as a resource if recycled and reused in a suitable manner in the agricultural and urban ecosystems. Further research and development may focus on a more detailed approach that integrates microbiota at the interface between soil and water to holistically develop innovative approaches for diffuse pollution control.
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Management Definition Typical Runoff Nutrient References

practice type setting decrease reduction

4R fertilizer stewardship Agriculture TN:305-65.1; TP: | Liaoetal. (2017), Yeetal. (2016),
314-68.1 Zeng et al. (2008), Tan et al.

(2013)

Manure storage Agriculture

Irrigation management Agriculture | 302-36.7 Bulc et al. (2011)

Cover crops Agriculture

No-tillage or zero tillage | Direct seeding into undisturbed stubble or sod  Agriculture | 259 TN:85; TP: 7.8 | Liang et al. (2016)

using low disturbance implement

Conservation tillage Tillage that retains most of the crop residue on the
soil surface - may include direct seeding with a
high-disturbance implement

Rotational tillage Fall tillage pass is practised once every 2 years to  Agriculture
‘mix residues into the soil in a direct seeding system

Liu et al. (2014)

Grass-crop rotation Agriculture

Conventional tillage Most crop residues are incorporated into the soil | Agriculture
through tillage, seeding and harrowing operations

fall tillage Part of conventional tillage in wetter arcas-soil is | Agriculture
tilled and standing stubble knocked down prior to
winter

Chemical fallow No crop is seeded to conserve soil moisture, and  Agriculture

herbicides control vegetation on the undisturbed
soil. Several applications are required during the
growing season

Conventional fallow No crop s seeded to conserve soil moisture, and  Agriculture
Vegetation control on the undisturbed soil is by
tillage. Several passes are required during the
growing season

Subsoiling or deep ripping | Soil is tilled below the normal tllage depth usinga ~ Agriculture
specialized implement with wide spacing
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System type Hydrophytes Removal efficiency (%) References

COD BOD NOsN

Single system CWs
FWSCW MMPW Pontederia cordata, Typha | 746 | 732 | 804 18 2 Maine et al. (2019)
domingensis, Hydrocotyle
ranunculoids
FWSCW AR Phragmites australis, 805 162 9 65 Dal Ferro et al.,
Typha latifolia, Carex sp. 2018
Juncus sp., Phalaris
arundinacea
FWSCW sw Phragmites australis, 79 | 715 539 604 | 517 Kotti et al, 2010
Arundo donas, Typha
latifolia
FWSCW MDW Typha latifolia, Cyperus 92 56 3 86 Gunes et al., 2012
FWSCW MDW Phragmites Australis and | 50 52 66 52 87 | El-Sheikh etal,
Typha 2010
HSSFCW SLL Cyperus. haspan s | 787 538 67 997 988 | Akinbile et al.,
2012
HSSFCW L Typha augustifolia 9 98 ) 99 88 | Chiemchaisri etal.,
2009
HSSFCW L Typha sp. 40 58 57 65 | Ogametal, 2015
HSSFCW L Typha angustifolia, 22 |47 825 89 293 57 | Simetal, 2013
Chrysopogon zizanioides
HSSFCW AFW ‘Phragmites australis 9122 | 956 | 4293 61 6031 9847 | Fernandez-
Fernandez et al.,
2020
VSSFCW sw Canna indica, Arundo 8479 8435 8154 Du et al, 2018
donax
VSSFCW sw Irs pseudacorus 4291 5241 75 Huang et al. (2017)
VSSFCW MWTPE Atriplex halimus, Juncus | 79 30 30 Fountoulakis et al,
acutus, Sarcocornia 2017
perennis
VSSFCW sw ‘Phragmites australis 8 75 70 89 Hussein etal, 2017
' CWs coupled with other treatment units
Bio-contact oxidation MDW Hemerocallis 85 70.98 2834 Gao and Hu (2012)
pretreatment- HSSFCW lilioasphodelus, Iris
tectorum
Anaerobic pre-treatment | SW ‘Phragmites australis 92 86 6 97 | Ayaz etal. (2015)
HSSFCW-VSSECW.
Mixing tank-HUSB MDW Phragmites australis 82 9 75 96 | Avila etal. (2016)
reactorVSSFCW-
HSSFCW-FWSFCW
ABR - HSSFCCW sw Phragmites sp/Typha sp. | 87 9 7 2 883 | Jamshidi et al.
(2014)
ABR-SSFCW - FWSCW | SW Phragmites australis, 8119 8233 6725 Ye etal. (2012)
Canna indica and cyperus
alternifolius
UASB -SSFCW PDW Typha sp. 826 555 822 827 Mbuligwe (2004)
Sedimentation tank- PDW Phragmites sp. %5 | 9% 9% 833 974 | Abdel-Shafy etal.
HSSFCW-VSSFCW. (2017)
UASB - FWSCW/SSECW | MDW Typha latifolia 85 903 95 | ElKhateeb et al.
(2009)
UASE - SSFCW RW Phragmites australis %07 | 951 767 49 978 | El-Khateeb and
El-Bahrawy (2013)
Grit- Coarse screen-ABR  MDW Phragmites karka, Canna | 90 % 70 26 96 | Singh et al. (2009)
~HSSFCW/VSSFCW latifolia
‘Two settling tanks in series | SW Other 944 | 964 928 908 6938 9 | Gikas and
VSSFCW-a zeolite tank Tsihrintzis (2012)
A septic tank-an Imhoff | SW Typha augustifolia 89 9 48 61 47 98 | Vera etal. (2013)
tank-two parallel
VSSFCW-HSSFCW
VSSFCW -Entrapped sw Canna indica 7 95 74 86 Gupta et al. (2020)
algae-Bed system
Aerobic pond- HSSFCW | DW Typha domingensis 687 | 579 | 478 284 784 | Schierano et al.
(2020)
Hybrid CWs
Hybrid (VSSFCW + W Phragmites australis 8 932 993 974 100 Saced et al. (2019)
HSSFCW)
Hybrid 3 stage HSSFCW | LL Chrysopogon zizanioides | 745 | 873 | 879 95 878 Bakhshoodeh et al.
(2017)
Hybrid (VSSFCW + MDW Canna indica 7 80 82 8 61 37 | Nguyenetal
HSSFCW) (2018)
Hybrid (FWSCW + MMPW ‘Typha domingensis, Canna | 81.5 806 579 Maine et al. (2019)
HSSFCW) indica
Eco-ditches
DAW M. aquaticum 758-868 Zhang et al. (2020)
AD Phragmites australis, 414-622 38-53 513-526 Vymazal and
Typha latifolia and Biezinovi (2018)
Glyceria maxima
Simulated W | Iris sibirica 971 He et al. (2021b)
W Acorus gramineus, 3 46 4 46 52 Kumwimba et al.
Myriophyllum aquaticum (2020a)
and s sibirica
DW >7 wetland plants 47.97 4979 ‘Wang et al. (2019)
AD Typha latifolia, 92 86 Moore and Kroger
Sparganium americanum (2010a)
and Juncus effusus
AD Leersia oryzoides L., 57 Kroger et al. (2007)
Sagittaria latifolia Willd,
Juncus effuses L,
Echinodorus cordifolius L.)
STPE Phragmites australis, 45 (Toet et al., 2005)
Typha latifolia
Wet meadow | Fontinalis 90-95 Meuleman and
Beltman (1993)
Ground Phalaris arundinacea, 79 Scholz and Trepel
water-fed Carex acutiformis (2004)
AD ‘Typha angustifolia, >50% Pierobon et al.
Phragmites australis (2013)
AD Lolium perenne, Trifolium 727-872 Barlow et al. (2003)
repens, Paspalum spp.
Cyperus spp.
AD Paspalum, Typha, 93 7 100 Bowmer et al.
Potamogeton, (1994)
Schoenoplectus, Ludwigia,
Vallisneria, Elodea,
Sagitaria
Buffer strips
Natural Poplar 617-659 | 677-742 651 Jian and Wu (2021)
Rainfall
Surface. Grass and legume 3279 Abu-Zreig et al,
Overland flow 2003
Natural Grass and mixed Grass 40-60 Barden etal. (2003)
rainfall, runoff | -shrubs
plots
Natural Grass or multiple species 78-91 Lee et al. (2003)
rainfall

W indicates wastewater type including municipal/domestic wastewater (MDW), synthetic wastewater (SW), sewage wastewater (SW), pretreated domestic wastewater (PDW), raw sewage (RS),
dairy wastewater (DW), landiill leachate (LL), metallurgical manufacturing plant wastewater (MMPW), agricultural runoff (AR), sanitary landill leachate (SLL), animal farm wastewater
(AFW), municipal wastewater treatment plant effluent (MWTPE), agricultural drainage (AD), domestic and aquaculture wastewater (DAW), domestic wastewater (DW), and sewage treatment
plant effluent (STPE).
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Purification
methods

Purification
process

Strategy

Advantage

Disadvantage

References

Field ecological ditches

Vegetated ditches/canals
(can be either as final
destination waters or

connecting pollution
sources with receiving
water bodies)

Riparian buffer zones/
vegetated filter strips

Hedgerows and other
field margin vegetation
types

Underground filters
Rain barrels/cisterns

Permeable pavement
(PP) systems

Green roofs (GRs)

Grassed planting trench,
also known as a grass
swale or grassed channel

Stormwater wetlands
(SWs)/rainwater
wetlands

Bioretention system (BS)

Retention ponds include
wet pond, wetland basins
and detention basins.

Media Filters

Constructed wetlands

Infiltration basin/
trenches

Traditional ecological
floating beds

Submerged plant
purification technologies

‘Water dilution

Modifications on CW:

- Aeration

- Bio-augmentation

- Plant configuration

- Treatment condition

- Filler/substrate
improvement

Combined purification

Microbial remediation

Biofilm remediation

Flocculation

Chemical precipitation
(sponge iron and calcium
nitrate

Sedimentation, plant
uptake, adsorption,
ammonia oxidation,
nitrification, and
denitrification

Plant uptake,
sedimentation,
volatilization, microbial
processes (e.g,
denitrification), etc.

Plant uptake,
infiltration, deposition,
filtration, adsorption,
degradation, microbial
processes
(denitrification and
anammox)

Plant uptake,
infiltration, deposition,
filtration, adsorption,
degradation, microbial
processes

-Interception,
adsorption and filtration
of porous materials of
the PP materials.
Infiltration is the most
effective.

-PP also decreases some
pollutants either
physically (by trapping
it in the pavement or
soil), chemically
(bacteria and other
‘microbes can break
down and use some
pollutants), or
biologically (plants that
grow in-between some
types of pavers can trap
and store pollutants).

GRs provide runoff
purification advantages,
but these advantages are
restricted because
pollutant levels are
normally insignificant.
Runoff pollution is
effectively absorbed and
degraded through
filtering, evaporation,
transpiration, biological
and microbiological
uptake, and soil
adsorption.

Treat and slow down
stormwater through
sedimentation and
filtration by vegetation
and plant material as
well as infiltration
through the soil. In
addition, under the
action of microbes in the
thizosphere and soil,
pollutants in runoff can
be further removed.

Treat stormwater
through the synergistic
physical, chemical, and
biochemical effects of
plants, substrates, and
aerobic or anaerobic
‘microbial populations.

BS is the best
stormwater treatment
measure because of
several contaminant
purification
mechanisms, such as
vegetative filtering,
settling, evaporation,
infiltration,
transpiration, biological
and microbiological
uptake, and soil
adsorption.

Settling and burial of
incoming particulates,
combined with
biological assimilation
and conversion of
dissolved nutrients,
denitrification

Adsorption, filtration,
direct interception,
inertial impaction, and
diffusion by Brownian
‘motion

Plant uptake, microbial
processes (e
denitrification),
filtration,
sedimentation,
precipitation,
volatilization,
sedimentation,
adsorption

Vegetative filtering,
settling, evaporation,
infiltration,
transpiration, biological
and microbiological
uptake, and soil
adsorption.

A fabricated floating
mat acts as a substrate/
growing media of
hydrophytes above the
water surface and roots
extending below the
water surface to
eliminate contaminants.

‘The simplest method of
discharging clean water
into eutrophic surface

water to dilute pollution

‘The process of polluted
water treatment is where
air and water
commingle to remove
organic pollutants while
boosting microbial
diversity.

-Water purification
mostly relies on acrobic,
anaerobic and anoxic
organisms, a substrate-
hydrophyte- a complex
‘microorganism system
that eliminates and
cleans nutrients in
sewage via physical,
chemical, and biological
processes. [

In addition to
preliminary
purification, the
biological phase is
mostly responsible for
eliminating pollutants.

Microbes are inserted
into systems to aid the
degradation of organic
substances and the
buildup of nutrients and
toxic metals.

‘The introduction of
solid media to a
suspended growth
system promotes
attachment surface for
biofilms to increase the
number of
‘microorganisms
available and
contaminant
degradation.

Flocculation is a water
treatment process where
solids form larger
clusters, or flocs, to be
removed from the water.
“This process occurs with
chemical agents added
to water to allow the
conversion of solids into
larger clusters or flocs to
be eliminated from the
water.

‘The shift of nutrients
(eg, P) from the
polluted water system to
the sediments

Source reduction
and process
retention.

Source
reduction,
process
retention,
nutrient, and
water restoration

Source
reduction,
process
retention, and
water restoration

Source
reduction,
process retention

Process retention
Process retention

Source control

Process retention

Process retention
and end
treatment

Process retention
and end
treatment

Process retention
and end
treatment

Source
reduction,
process retention
and water
restoration

Process retention

Process retention
and water
restoration

Source
reduction,
process retention
and water

restoration

Water
restoration

Process retention
and water
restoration

Process retention
and water
restoration

Process retention
and water
restoration

Process retention
and water
restoration

Process retention
and water
restoration

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban
(Roads, Green
lands)

Agriculture

Urban
Urban

Urban

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban

Urban

Agriculture
and urban

Agriculture &
urban

Urban

Urban

Urban

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban

Agriculture
and urban

Urban

Urban

Urban

Urban

It requires less land area,
zero energy, ecologically
beneficial, robust, low
cost and easy operation
and maintenance,
nature-based solution.

It requires limited land,
zero energy,
inexpensive, and sinks of
nutrients

Minimal construction
and maintenance costs,
simple to integrate with
the natural landscape,
improve the aesthetic
value of the landscape,
protect biodiversity, zero
energy, mitigate NPS
pollution, erosion
control, etc.

Minimal construction
and maintenance costs

PP could enhance the
water infiltration process
of hardened pavement
and possess many
applications, convenient
construction,
groundwater
replenishment, and the
ability to diffuse
pollution interception.

Power saving and
emission reduction,
decrease runoff and
pollution load, with
cooling, beautify the
environment.

Extending the surface
epidemic time of runoff,
relieving the pressure of
pipe network, with
purification and
infiltration function,
minimal construction
and maintenance costs,
simple to combine with
the natural landscape.

Low energy
consumption, less
investment, good
operation effect

Strong adaptability,
simple to combine with
the natural landscape,
minimal construction
and maintenance costs,
contributes to
groundwater recharge
and baseflow
augmentation.

Robust, low investment
and zero energy, casy
operation and
maintenance

Robust, environmentally
beneficial, inexpensive
and simple to sustain,
nature-based solution.

Replenish ground water
infiltration provides a
significant reduction in
the pollutant load
discharged to receiving
body, provide a
relatively small surface
footprint, offer water to
plants (where vegetated)
during dry periods,
provide a scalable
system that can be used
at the lot, street and
regional level, can be
incorporated easily into
site landscaping and fits
well beside roads.

Economical, no
substrate costs, no
clogging risk,
acsthetically pleasing,
ecofriendly, nature-
based solution

Cost-effectiveness,
ecological soundness,
lower investment, low
running expenses, casy
maintenance, less
hydraulic failure

Improve water quality,
water supply, manages
contamination, and
encourage sclf-
purification capabilities
of waterbodies.

Good low-temperature
tolerance, good removal
efficiency, wide
application scope

Can enhance water
quality effectively, easy
and fast to utilize, steady
and widely applicable

Integrating the benefits
of biological and
ecological purification,
good purification ability,
cheap construction and
‘management costs, low
energy consumption,
steady effluent quality,
and some landscape
effects

Effective in eliminating
in/organic
contaminants, cost-
effective with
insignificant to no
toxicity to the aquatic
creature.

In addition to being
cost-effective, it has
smaller land
requirements than
conventional
approaches.

Quite an easy, rapid and
effective process

Fast improvement of
polluted receiving water
with elevated P
concentrations

Inadequate HRT
occasionally becomes
saturated and transforms
into sources affected by
low temperatures.

Inadequate HRT, become
occasionally saturated and
transform to sources
affected by low
temperature.

Cover large space,
reduction in the land that
can be cultivated or used
as pasture; Ineffective in
filtering nutrients in the
cold climate regions due
to the heaviest runoff
events occurring in the
spring with snowmelt,
when soils and vegetation
are frozen, and infiltration
is extremely limited or
nonexistent. “The
vegetation is likely
contributing nutrients to
any runoff that's
occurring.

Cover large space

The compressive strength
and clogging problems
require further
consideration.

Enhancement of matrix
material

Cover large space

Cover large space

Cover large space,
requires a flat area,
potentially high failure
rates due to improper
siting, poor design and
lack of maintenance,
especially if appropriate
pre-treatment is not
incorporated
-Comprehensive
geotechnical
investigations required to
confirm suitability for
infiltration -Not
appropriate for draining
pollution hotspots where
high pollution
‘concentrations are
possible.

affected by low
temperature

‘They have a more
significant land
requirement, are more
prone to clogging, have a
low hydraulic load, and
are ineffective for heavy
contaminant loading
rates, which are affected
by low temperatures.

Become clogged with
pollutants and sediment
unless regularly
maintained, result in
groundwater
contamination and low
dissolved pollutant
removal if soils are coarse,
cannot be used if
contaminated
groundwater is present,
are ineffective on steep
slopes, loose or unstable
areas, can cause bogging
or damage to vegetation
where car parking occurs.

Harvesting hydrophyte
biomass required low
removal efficiency, slow
process and time-
consuming, appropriate
for only low to moderately
contaminated systems

Ineffective in cold climate,
odour and insect issues

‘Time-consuming and
expensive while posing a
threat to the whole
aquatic environment

Heavy investment, High
running expenses,
difficult maintenance

It can be expensive to
install and sustain and
maintain

Great power demand,
huge investment and
operation expenses, large
needs for management
personnel, sometimes
large area, easy to clog

Require a prolonged
period, impacted by many
environmental aspects
(Precipitation and
weather)

It needs extensive
construction work.

Can generate secondary
contaminants,
environmental toxicity

It can be toxic to the
aquatic creatures
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