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Non-point source pollution and water eutrophication from agricultural runoff present global challenges that impact ground and surface waters. The search for a feasible and sustainable mitigation strategy to combat this issue remains ongoing. This scoping review aims to explore one potential solution by examining relevant literature on agricultural practices of the past and recent edge-of-field measures, designed to ameliorate the impacts of agricultural runoff on soil and water quality. The study focuses on integrating findings from diverse research fields into a novel myco-phytoremediation approach, which involves the synergistic relationship of plants, arbuscular mycorrhizal fungi, and plant beneficial bacteria within vegetative buffer strips. The implementation of these augmented buffer strips enhances nutrient retention in the soil, reduces runoff volume, promotes biodiversity, and increases plant biomass. This biomass can be converted into biochar, an effective sorbent that can be used to filter dissolved and particulate nutrients from surface waterways. The resulting nutrient-rich biochar can be repurposed as a form of bio-fertiliser, optimizing fertiliser consumption and subsequently reducing the depletion rate of phosphorus, a limited resource. This paper investigates a circular model of abatement of agricultural runoff via maximal nutrient retention and subsequent recycling of nitrogen and phosphorus back into the agricultural system. The key impact lies in its contribution to addressing the issue of non-point source pollution and eutrophication by encouraging multidisciplinary research aimed at solving these complex environmental issues.
Keywords: arbuscular mycorrhizal fungi, phosphate solubilising bacteria, biochar, mycophytoremediation, nutrient runoff, nitrogen, phosphorus, eutrophication
1 INTRODUCTION
Eutrophication is the phenomenon where water bodies experience an excessive influx of nutrients (Kumar et al., 2020). This is a natural process that occurs gradually over time, leading to the degradation of aquatic ecosystems (Yu et al., 2020). However, anthropogenic activities such as improper sewage disposal, use of agrochemicals, and industrial by-products can trigger cultural eutrophication by elevating the nutrient concentrations in the water body beyond the required level for a balanced ecosystem (Kumar et al., 2020). Notably, in agricultural systems, the major source of nutrient pollution comes from surface runoff, leading to high amounts of phosphorus (P) and nitrogen (N) species mobilising into freshwater and marine systems (Xia et al., 2020). Runoff rates have been reported to be 9.5% and 3.3% of P and N respectively for cropland dosed with 196 kg/ha of N and 87 kg/ha P per year (Harmel et al., 2009; as cited by Xia et al., 2020). Eutrophication is known to cause serious ecological problems: excessive nutrient levels has been linked to vertebrate, invertebrate and plant biodiversity losses as well as a decrease in cross-taxon congruency (Bunting et al., 2016; Wang et al., 2021). Additionally, eutrophication of water bodies utilised for drinking and irrigation purposes can have detrimental consequences for human health, such as an increased incidence of harmful algal blooms (van Beusekom, 2018). These pose a greater threat when cyanobacteria are the dominant species (Barçante et al., 2020). These highly prevalent and competitive phytoplankton (Paerl and Otten, 2013) are responsible for producing toxic chemical compounds that can greatly compromise water quality and raise sanitation alarms if they reach elevated growth levels (Padedda et al., 2017). The European Environmental Agency (EEA), the United Nations Environment Programme (UNEP) and several nations have recognised the severity of this issue, with the former indicating that 18% of European groundwater is of poor status due to nitrates (European waters, 2018). Since 1991, the EU’s Nitrate Directive has attempted to regulate and reduce N pollution from point and diffuse sources (European waters, 2018). Despite this, the United Nations does not currently include nitrate or other forms of agricultural pollution as part of the Sustainable Development Goal 14: Life Below Water (Environment, 2019).
The relative abundance of N and P provide limits to bacterial and algal growth, and therefore eutrophication, in salt and freshwater ecosystems, respectively (Schlesinger and Bernhardt, 2013; Guignard et al., 2017). The bioavailable forms of these nutrients are industrially manufactured and commercially available to farmers in the form of artificial fertilisers. However, empirical evidence has demonstrated that fertiliser application in agricultural settings often exceeds the optimal nutrient requirements of crops, resulting in a consistent surplus of nutrients available in the soil following each fertiliser application (Yli-Halla, 2016).
This review will provide an interdisciplinary overview of the current knowledge on agricultural pollution and existing edge of field technologies aimed at mitigating this issue. The central hypothesis underlying this research is that the synergistic interactions among plants, arbuscular mycorrhizal fungi (AMF) and plant beneficial bacteria (PBB) can be harnessed within an engineered vegetative buffer strip (VBS) as a novel form of myco-phytoremediation. Buffer functioning could be improved by enhancing these synergies, leading to higher quantities of N and P assimilated by vegetation, mitigating groundwater pollution arising from agricultural runoff. To prevent the release of accumulated nutrients into the environment, the VBS will be harvested and repurposed as biochar, which serves as an in-stream nutrient sorbent. Moreover, the loaded biochar can subsequently be applied to farmland as a form of bio-fertiliser. This innovative strategy (termed the NuReCycle approach) would not only minimise fertiliser costs, but also facilitate the recovery, reuse and recycling of excess nutrients originating from agricultural runoff (Figure 1). Grounding this methodology in the historical context of agricultural intensification, as demonstrated in Section 1, could ease adoption within existing agricultural systems.
[image: Figure 1]FIGURE 1 | Graphical model of the NuReCycle’s proposed interdisciplinary intervention, showing the interactions of the myco-phyto engineered vegetative buffer strip, biochar-based nutrient capture, and human agricultural systems.
2 HUMAN DYNAMICS OF AGRICULTURAL SYSTEMS
This literature review employs a multi-disciplinary perspective to understand the full scope of knowledge on agricultural pollution and its mitigation strategies, including the abiotic, biotic, and human components of agricultural systems. Environmental history is a subdiscipline of history which attempts to understand the ever-changing perception humans have of their environments and narratives of interaction and influence between human and nonhuman actors. This places environmental history in unique position to investigate agricultural pollution in the context of anthropogenic activities.
Our understanding of the narrative and impacts of agricultural developments has already benefited greatly from the research of environmental historians. Donald Worster’s call for an explicit agricultural focus to understand the ways in which capitalism has transformed nature from the 19th century to the present, highlights one of the key advantages of the discipline. Such historians have detailed how instrumental agricultural has been in simplifying “the complex forces and interaction, beings and processes” that we recognise as nature, to the abstracted commodity of “land” (Worster, 1990). Environmental historians of agriculture have also contributed to our understanding of the mechanisms of change in agricultural practice, modelling knowledge transfer between scientific bodies like soil testing labs and agricultural advisory services and farmers and farm communities (Uekoetter, 2006; Mícheál, 2021). The 20th century transition to an industrial model of agricultural production is also a well-established topic in environmental history. Several authors have drawn attention to the ways in which energy intensive systems of mechanisation and irrigation entangled contemporary agricultural systems with networks of fossil energy (McKittrick, 2012; Watson, 2020).
Despite the role of fertilisers as a primary driver of agricultural industrialisation and fossilisation, as well as being an important aspect of pollution and environmental awareness, their analysis as a historical subject has primarily been limited to the late 19th century. Two major contributions to the subject are “Guano and the opening of the Pacific world” and “The First Green Revolution” (Melillo, 2012; Cushman, 2013). A detailed account provided by the former entails the extraction and import of Peruvian guano and Chilean nitrate to North America and Europe, beginning in the mid-19th century. The latter contributed to our understanding of the political economy of this trade through an exploration of the system of slavery and coerced labour that underpinned this vast export trade. An eco-Marxist analysis of this history argues that Britain’s dependence on imported guano and phosphorus from the Pacific world during this time created a metabolic rift between what the upper limit of the surrounding agricultural system and the intensive output demanded by the British colonial market (Foster and Clark, 2018).
Analysis of the 19th century guano trade provides key insights into how this influx of nutrients into Western agriculture caused significant agricultural intensification and laid ground for the development of intensive agricultural systems we recognise today. However, limited research into the later and more profound intensification brought about by the 20th century regime change, facilitated by the Haber-Bosch Process, and its impact on global agricultural systems and the global N cycle has been conducted from a historical viewpoint. One exception has used the role of N in agriculture as an “organising device” to showcase capitalism as a driver of innovation, but offers little historical analysis of N’s role in the material changes of modern agriculture (Gorman, 2013).
Fertiliser in the 20th century has primarily been discussed within a larger debate about the Anthropocene. In this context, global fertiliser consumption has increased exponentially from 14.5 million tons in 1950 to 171.5 million tons in 2010, while an annual introduction of N to global coastal zones has similarly increased from 18.7 million tons/year in 1950 to 79.7 million tons/year in 2000, representing indicators that have been described as “The Great Acceleration” and “1950s Syndrome” (Pfister, 2010; Steffen et al., 2015).
This Anthropogenic turning point refers to a period of accelerated economic growth in the global North which, coupled with a steady decline in fossil fuel prices, resulted in exponential growth in energy, raw materials and accompanying environmental degradation. Countries that were subject to post-war international development programs such as The Marshall Plan and The Green Revolution experienced this to a higher degree (Pfister, 2010). High inputs from fertiliser, fuel and irrigation used in crop and livestock production drastically changed the net energy outputs in these industrialised agricultural systems. In the case of North American livestock operations, where animals utilise a significant proportion of their metabolic budget to survive, less energy is generated by the system than is introduced. It has been shown that Kansas cattle farmers in 1959 used 2.5 times more energy to distribute groundwater for feed corn the in the production of marketable beef (Watson, 2020). An understanding of contemporary fertiliser manufacturing’s reliance on natural gas as a primary feedstock helps to clarify this correlation between the low post-war fuel prices and increased fertiliser use, but much still remains to be explored in the development of fossil-fuelled intensive agricultural systems of the 20th century.
The pollution of Irish surface waters has been recognized since the 1980s, with the deterioration of water bodies such as Lough Sheelin in counties Meath, Westmeath, and Cavan serving as a primary motivator in the establishment of Ireland’s Environmental Protection Agency (EPA) in 1993 (Environmental Protection Agency, 1989; Houses of the Oireachtas, 1991). According to the Irish EPA, 46% of Ireland’s surface water is of moderate, poor, or bad water quality, and the number of water bodies of high ecological status is in steady decline. The EPA cites agricultural run-off as the primary cause of this deterioration, with elevated levels of nitrate and phosphorous being of especially high concern (Trodd and O’Boyle, 2022).
Historically, the intensification of Ireland’s agricultural system followed the rest of northern Europe by around half a century (Figure 2). The introduction of mineral fertilisers coincided with the introduction of national and EU-wide awareness and regulation of environmental problems. The importance of agriculture to the Irish economy has led economic historians of Ireland to highlight the topic in their own research (Bielenberg and Ryan, 2016; Ó Gráda and O’Rourke, 2021). Much of our understanding of Irish agricultural history has come from institutional histories, like those written about Ireland’s Department of Agriculture and the Agricultural Advisory Service, which explain the role of the state in developing and maintaining specific agricultural systems (Daly, 2002; Mícheál, 2021). Ireland’s fertiliser industry has also been explored in the context of the connection between heavy industry and agriculture over the course of the 20th century (Cooper and Davis, 2004). Additionally, an understanding of how farmers navigate the institutional framework by gauging their responses to pressure and promise of the European Union’s Common Agricultural Policy has also been investigated (Tovey, 1992; Crowley, 2003). Lastly, the wide-ranging volume on “history and heritage” of farming in Ireland provides a scientific grounding to the impacts of different agricultural regimes, from the medieval to the contemporary on Ireland’s landscape and biodiversity (Feehan, 2003). A notable dearth in these accounts and other agricultural histories of Ireland is an effort to move beyond the disciplinary boundaries of the humanities and to connect their histories with contemporary agricultural issues at a level deeper than rhetoric. Embedding a historic analysis of diffuse agricultural pollution within an interdisciplinary framework will uncover more effective models for mitigation efforts.
[image: Figure 2]FIGURE 2 | Mass of total nitrogen (A) and total phosphorus (B) spread as fertiliser per hectare of cropland in Ireland, Europe and globally. Mass of fertiliser used per hectare of cropland, by nutrient type, in Ireland (C). Data compiled from fertiliser use per hectare of cropland from the FAO’s dataset, covering 1961-2020, retrieved on 22-02-2023 from https://www.fao.org/faostat/enfitdata/RFN.
3 VEGETATIVE BUFFER STRIPS
The capacity of VBSs to reduce the concentration of N and P compounds in agricultural runoff has been extensively reviewed in the past (Barling and Moore, 1994; Dosskey, 2001; Hickey and Doran, 2004; Helmers et al., 2008). Several studies have consolidated their effectiveness by outlining the reliability and efficacy of buffer strips. In the presence of VBSs, total suspended solids (TSS) and total runoff volume (TRV) are reportedly reduced by 30%–94% and 33%–90% respectively (Supplementary Table S1). Similar results can be observed for total nitrogen (TN) and total phosphorus (TP), exhibiting respective reductions of 23%–78% and 37%–80% (Supplementary Table S1, in Supplementary Material). Though the results show reasonable variation, it can be stated that VBSs perform well under a range of different physical, environmental and anthropogenic conditions.
High sedimentation and infiltration rates in buffer strips substantially reduce runoff volume while increasing the contact time between nutrients and vegetation, resulting in increased plant assimilation, subsequently reducing nutrient concentrations in adjacent streams (Figure 3) (Borin et al., 2005). Moreover, the large quantities of suspended solids intercepted by VBSs can also be attributed to the combined effort of these processes (Duchemin and Hogue, 2009). Reducing the load of TSS is not only conducive to general water quality, but it also holds implications for reducing the eutrophic capability of runoff. There appears to be a strong correlation between sediment capture and reduction to TP loads in runoff. This phenomenon is likely due to the strong affinity of P to its sediment-bound form (Borin et al., 2005). Hence, the ability of VBSs to reduce P concentrations in runoff is directly attributable to their ability to efficiently intercept suspended sediment. The mobility of P in soil is relatively poor, making it quite amenable to phytoextraction (Hu et al., 2023). Nitrogenous soil compounds on the other hand exhibit more variable interactions with the buffer strip on account of their elevated mobility. Ammoniacal nitrogen in water exists in an equilibrium between dissociated ammonia and the ammonium ion, both of which are highly water-soluble and show little affinity for particulates (Hu et al., 2023). Dissolved nitrates are readily microbially transformed and subsequently assimilated by the vegetation (Lv and Wu, 2021).
[image: Figure 3]FIGURE 3 | A vegetative buffer strip and the mechanisms that underpin its capacity for nutrient interception. Runoff, including subsurface and overland flows, is reduced by vegetative buffer strips (a.). Plant assimilation (b.) of nitrogen and phosphorus compounds occurs when subsurface flows reach the dense rhizosphere. Overland flow is slowed by the aerial region of the vegetation, facilitating infiltration (c.). The suspended solids are deposited and undergo a process known as sedimentation. These mechanisms increase the contact time between nutrients and plant roots, enhancing plant nutrient uptake and thus, reducing the concentration of nitrogen and phosphorus in runoff. This mitigation approach can greatly reduce the risk of eutrophication. N = Nitrogen. P = Phosphorus. Blue arrow (a.) = Runoff. Green arrow (b.) = Plant nutrient assimilation. Black arrow (c.) = Infiltration. Created with BioRender.com.
Buffer efficacy is limited by several factors. Preferential flow (PF) paths increase the risk of soluble pollutants bypassing the VBS (Allaire et al., 2015). These channels can form along large tree roots. Positive feedback loops arise when soil particles are detached by the concentrated flow, resulting in a larger path with an elevated flow rate and subsequent increased sediment erosion (Allaire et al., 2015). PF paths can be avoided through the use of vegetation with fine, deep rooting systems that provide homogenous cover and density as these facilitate uniform sheet flow (Borin et al., 2005; Allaire et al., 2015). Regular vegetation harvesting can also be implemented to encourage further plant nutrient uptake and to ensure nutrients do not return to the rhizosphere (Allaire et al., 2015). If left undisturbed, as much as 80% of the assimilated nitrogen can return to a wooded buffer strip through senescence and decay (Lv and Wu, 2021). High rainfall intensity augments the volume and velocity of runoff, greatly influencing a buffer’s ability to intercept nutrients. It presents a double antagonism; increasing the risk of soil erosion and occurrence of PF channels, while reducing the contact time between nutrients and the VBS (Hu et al., 2023). Climate can also be a limiting factor in buffer efficacy, as a result of the dearth of plant growth and therefore nutrient interception over the winter months. The occurrence of freeze-thaw cycles further exacerbates this problem, as these conditions render soils liable to releasing P into adjacent streams (Kieta et al., 2018).
The ability of VBSs to effectively intercept and remove nutrients from agricultural runoff is complex, site-specific and dynamic. Plant absorption appears to have the greatest impact on nutrient removal from runoff which in itself is governed by plant biomass, morphology, and growth characteristics (Hu et al., 2023). Vegetation with high hydraulic resistance, density and uniformity converts runoff into sheet flow prior to entering the buffer. In addition to reducing flow velocity, this avoids the creation of PF paths (Saleh et al., 2018). Grasses and shrubs achieve this while also improving pollutant interception by facilitating infiltration through increasing the surface roughness of the soil (Lv and Wu, 2021). Infiltration is further enhanced by increased root density, leading to greater interception of particulates and sorption of percolating P (Stutter et al., 2009). Woody plants are less prone to lodging, which hampers buffer efficiency by creating PF pathways, as a result of their more developed rooting systems and higher biomass (Dunn et al., 2022). Wooded buffers exhibit an increased ability to trap sediment, an important quality when considering the close functional relationship between fine grain sediment and P (Dunn et al., 2022). A combination of a grassed strip and wooded buffer exhibits increased hydraulic resistance, infiltration rates, and reduced runoff volume (Duchemin and Hogue, 2009). Vegetation with high initial growth rates show increased effectiveness early on, likely due to greater cover. However, plants capable of producing more biomass are substantially more effective long-term (Kavian et al., 2018). Low vegetation cover not only increases the occurrence of PF channels, but it also makes the soil more susceptible to water erosion (Duchemin and Hogue, 2009).
Substantial rates of nutrient interception has been achieved with 15 m wide buffers (Lv and Wu, 2021). This width provides the plant and microbial communities with sufficient contact time to transform and assimilate nutrient infiltrates that move latitudinally through the VBS. Non-significant differences in N uptake from runoff are observed by further increasing buffer width. (Lv and Wu, 2021). However, there is evidence that narrow buffers exhibit similar capabilities for abating nutrient runoff, limiting losses to economically viable land while protecting against eutrophication (Borin et al., 2010). Buffer age is another mitigating factor that requires consideration. The initial soil disturbance and low vegetation cover provided by recently established buffers can result in poor filtering efficiency, though fast growing plants such as grasses will reach maturity faster (Dunn et al., 2022). Mature buffers have been shown to eliminate dissolved nitrates and P from runoff almost entirely from runoff (Borin et al., 2010). This is primarily due to their relatively increased plant biomass and vegetation cover. However, instances of older buffers becoming sources, rather than sinks, of N and P have also been recorded (Borin et al., 2005). This can be explained by P adsorption sites within the buffer strip becoming saturated. As there are few exit pathways for P other than plant assimilation, extreme rainfall events pose considerable risks to water quality as they mobilise these P-enriched soils, leading to elevated nutrient concentrations in adjacent streams (Stutter et al., 2009). Particulate phosphorus (PP) has a strong affinity for sediment, rendering it inaccessible to plants. Microbial solubilization transforms PP into a more mobile and therefore bioavailable form (Stutter et al., 2009). These microbial communities are more dominant in the VBSs than the adjoining farmland, resulting in enhanced mineralisation of N and P compounds, which holds implications for increased plant productivity and biomass (Stutter et al., 2012). Microbial processing may be required to unlock the large quantity of immobilised P stored in the existing P pool from decades of fertiliser application (Stutter et al., 2009). The manipulation of microbial communities that augment biogeochemical cycles could be incorporated into VBSs to offset nutrient leaching and improve plant assimilation.
Unmanaged VBSs can pose considerable risks of nutrient leaching, P saturation and overall reduced buffer efficiency. Harvesting the vegetation prior to senescence alleviates P enrichment by removing P bound in biomass but also by facilitating successive nutrient uptake as additional plants are introduced. This method is far less destructive than topsoil removal which renders the VBSs vulnerable to soil erosion and thus increased TSS and PP in runoff (Hille et al., 2019). Moreover, vegetation harvesting substantially reduces P stocks in VBSs topsoils, thus reducing the total soil P pool in the long term. Therefore, harvesting is an effective management strategy that directly and immediately reduces the risk of P leaching while also ameliorating the total soil P pool (Hille et al., 2019). The difference in reductions to soil P levels achieved by one or multiple harvests per year is insignificant due to reduced vegetation cover and biomass accomplished by multiple establishments over a single growth period (Hille et al., 2019). A single harvesting event is also more commercially viable for landowners, estimated to cost $6-11 per hectare period (Hille et al., 2019). Moreover, the economic gains provided by this strategy makes it amenable to farmers; harvested vegetation provides a source of timber, pulp or biofuel, granting significant monetary value to previously unprofitable land (Borin et al., 2010). Hence, this strategy presents landowners with both environmental and economic incentives to establish and maintain VBSs, greatly improving buffer efficacy, and thus ameliorating water quality.
Although VBSs have long been posited as a low-intensity strategy for filtering agricultural runoff, they cannot be the sole focus of mitigating non-point source (NPS) pollution due to soil nutrient enrichment. A management regime must be put in place prior to the establishment of a buffer strip, such as the planned removal of vegetation. A novel use for these cuttings is their conversion into biochar, a substance that can be utilised in-stream to filter and adsorb both dissolved and particulate nutrients. An increased focus should also be placed on the manipulation of soil microbial communities, such as AMF and PBB, in order to increase the bioavailability of N and P for plants, facilitating enhanced plant nutrition and thus improved buffer functioning. If used in conjunction with each other, these strategies present an innovative, sustainable method of reducing and recycling nutrients from agricultural runoff. In conclusion, rather than being considered an end of pipe solution to NPS pollution, VBSs should be integrated as part of a greater system for reducing and recycling nutrients in agroecosystems. Additional edge of field technologies that aid in nutrient control will be discussed in further detail in this review.
4 MICROBIAL INTERACTIONS
A synergistic relationship can be observed between plants, AMF and PBB which aids plant N and P acquisition (Nanjundappa et al., 2019). This symbiosis provides vegetation with more N from organic matter than plants grown with AMF or PBB alone, with this relationship being responsible for as much as 50% of the total plant N absorption (Hestrin et al., 2019). This synergism of plants, AMF and PBB could be harnessed in a VBS as a form of myco-phytoremediation; a novel edge of field technology to recover and recycle nutrients from agricultural runoff.
Phytoremediation refers to the collection of methodologies that utilise plants to take up, reduce and degrade pollutants, of both environmental and anthropogenic origins, to restore a site to a healthy condition (Peer et al., 2005). A similar methodology, mycoremediation, employs the abilities of fungi for nutrient cycling and degradation of organic materials. Recent efforts have been made to introduce a hybrid of these forms, myco-phytoremediation, which intends to capitalise on the synergism between fungi, bacteria and plants to mitigate soil and water pollution (Rubin and Görres, 2021). Myco-phytoremediation has been used to increase crop yields (Hijri, 2016), enhance plant tolerance to abiotic stress such as salinity and drought (Pavithra and Yapa, 2018; Djighaly et al., 2020) while also improving plant resistance to biotic stresses, including pests and diseases (Vannette and Hunter, 2011; Song et al., 2015; Pozo Jiménez et al., 2016). These have substantial implications for improving the sustainability of the agricultural sector by reducing reliance on chemical fertilisers, pesticides and fungicides, all of which can have negative impacts on fluvial and terrestrial ecosystems. This strategy also holds potential for mitigating the eutrophic effect of agricultural runoff by integrating AMF and PBB into VBSs.
PBB include many bacteria that encourage plant growth, including phosphate solubilising bacteria (PSB), mycorrhizae helper bacteria (MHB) and N-fixing bacteria (Figure 4). PBB play a major role in the phytoremediation of metals from soil (Alves et al., 2022). While the phytoremediation of N and P is a novel concept, the benefits that PBB provide as a biofertilizer via improved nutrient adsorption (Chiaranunt and White, 2023) could be harnessed in a VBS for increased plant growth. Other advantages of PBB include phytohormone production, abiotic stress relief and pathogen control (Das et al., 2022; Chiaranunt and White, 2023).
[image: Figure 4]FIGURE 4 | The interactions between plant beneficial bacteria and arbuscular mycorrhizal fungi and the benefits provided to plant roots. The mycorrhizal hyphae extend far beyond the root network, providing the plant with an increased N and P supply. Without hyphae, plants have reduced access to N and P. Phosphate solubilising bacteria convert phosphate into a soluble and therefore bioavailable form for plants, while mycorrhizal helper bacteria enhance the development of the synergism between arbuscular mycorrhizal fungi and plant roots. The synergistic relationship between PBB and AMF enables a plant to absorb even more N and P. Created with BioRender.com.
A synergistic relationship exists between MHB and AMF that improves plant productivity. MHB encourage the development and interactions between plant roots, AMF and associated bacteria by enhancing fungal spore germination, hyphal growth and root colonisation (Nasslahsen et al., 2022; Sangwan and Prasanna, 2022). There are two functionally different groups of MHB; those that affect pre-existing symbioses and those that encourage the development of new synergistic relationships (Frey-Klett et al., 2007). This ability to encourage symbiotic relationships has significant potential to improve buffer functioning.
Nitrogen is a vital element for plant growth and development, although the main source of N, atmospheric N (N2), cannot be absorbed by plant roots. It must first be converted to ammonia (NH3) through biological fixation, mediated by N-fixing bacteria (Vocciante et al., 2022). While the VBS functions to reduce, rather than increase, soil N concentrations, encouraging N-fixing bacteria, such as Rhizobia, through the planting of legumes in fields lowers requirements for artificial N fertiliser (Wei et al., 2022). Alternatively, denitrifying bacteria could be used to remove soil N, though nitrous oxide (N2O), a greenhouse gas that depletes ozone, is a harmful output of this process (Zhou et al., 2022).
A novel strategy for enhancing VBSs is the introduction of PSB. These microorganisms facilitate plant P absorption (Nacoon et al., 2021), which is fundamental to plant growth. They have been reported to improve crop growth in wheat (Wang Z et al., 2022), maize (Beltran-Medina et al., 2023) and rice (Fitriatin et al., 2022). Common genera of PSB include Pseudomonas, Bacillus, Arthrobacter, Rhodococcus, Serratia, Gordonia, Chryseobacterium, Azotobacter, Klebsiella and Enterobacter amongst others (Sharma et al., 2013).
It is difficult for plant roots to absorb both organic and inorganic P from soil on account of its low solubility (Liang et al., 2019; Vocciante et al., 2022). Plants are reliant on members of the soil microbiome, such as fungi and bacteria, and their interactions, to access N and P bound to organic molecules which are otherwise inaccessible to the plants (Bhanse et al., 2022). As AMF are unable to absorb insoluble P, they recruit the solubilisation activity of PSB, converting it to orthophosphate. AMF can readily absorb this compound and supply it to its host plant (Nacoon et al., 2021). PSB use multiple methods to enhance the bioavailability of P for plants. These include the production of organic acids, inorganic acids, siderophores, Indole–3–Acetic Acid (IAA), 1-aminocyclopropane 1-carboxylic acid (ACC) deaminase production and organic P mineralisation (Etesami et al., 2021). By producing organic and inorganic acids, PSB adjust the soil pH to the ideal range for maximal P availability (Etesami et al., 2021). Siderophore production solubilises unavailable P (Sharma et al., 2013; Etesami et al., 2021) while IAA and ACC-Deaminase encourage root hair development, increasing the root surface area and thus facilitates greater P adsorption (Hayat et al., 2010; Emami et al., 2019; Etesami et al., 2021). Moreover, PSB secrete phosphatases that mineralise organic P (Sharma et al., 2013).
The introduction of PBB and symbiotic fungi into a VBS may not be successfully established. Therefore, it may be more effective to encourage the growth of microbial communities already present in a VBS. It is vital that the many factors that alter the relationship between plants, AMF and PBB are further identified. Plant root exudates modify the rhizosphere microbiome, encouraging the growth of beneficial fungi and bacteria (Vives-Peris et al., 2020). The way in which these plants selectively choose their ideal microbiota must be investigated. The growth of the extra-radical mycelium of AMF can also be suppressed by the soil microbial community and by the soil type (Svenningsen et al., 2018). Furthermore, high P availability in soil can inhibit AMF establishment with plant roots (Balzergue et al., 2013). In N-rich soils the synergy between plants, AMF and bacteria is disrupted, negatively affecting the ability to absorb N from organic matter (Hestrin et al., 2019). These factors have implications for the effectiveness of a myco-phytoremediation approach in a VBS, specifically to for optimal functioning in N- and P-rich soil. Various agricultural methods like deep ploughing in tillage farming must be taken into account, as these can negatively impact AMF by damaging the spores, hyphae and colonised plant roots (Rubin and Görres, 2021). Agricultural fungicides represent another obstacle, with these chemicals having been shown to negatively repress AMF colonisation of tomato roots (Okiobe et al., 2022).
AMF are intimately involved in plant nutrition, being responsible for supplying considerable quantities of P and N to their associated plant partners (Smith and Read, 2010). Their hyphal biomass extends far beyond the reaches of plant roots, acquiring nutrients otherwise inaccessible to vegetation (Martínez-García et al., 2017). This synergistic relationship positions AMF as excellent candidates for a myco-phytoremediation approach to help mitigating agricultural runoff and nutrient leaching. Through the facilitation of increased plant nutrient uptake, it is evident that mycorrhizal plants intercept a higher quantity of pollutants from runoff. It has been reported that TP concentrations in runoff and leachate have been reduced by 10%–44% in the presence of AMF (Supplementary Table S2). The strategic placement of AMF into VBSs could target diffuse agricultural pollution at its source, providing major improvements to water quality.
While interest in mycorrhizal fungi is growing, publications on field-based experiments investigating their impact on agricultural runoff remain few (Zhang et al., 2015; Zhang et al., 2016); the majority of investigations occur in greenhouse microcosm settings. Though these are not entirely representative of field conditions, they are indicative of the capacity of AMF to intercept nutrients. Although AMF appear to play a role in N cycling, more variable results can be observed than those involving P (Supplementary Table S2). A limited number of studies have exhibited an increased concentration of N, likely due to the high solubility of nitrates (Singh and Craswell, 2021), which reduces the contact and subsequent reaction time in the soil matrix. Ammonium adheres more to soil particles as it is less mobile than nitrates (Jeng and Vagstad, 2009). These results outline a decreasing trend of groundwater pollution in the presence of AMF, positing these microorganisms as ideal candidates for the bioremediation of agricultural runoff (Supplementary Table S2). These trends are governed by both direct and indirect mechanisms of AMF.
AMF reduce nutrient pollution through direct uptake of N and P. An overall increase in P cycling is observed in the presence of AMF, as otherwise unavailable soil P sources are mobilised (Bender et al., 2015). This is achieved via enhanced mineralization of N and P compounds in addition to the release of chelating agents (Fall et al., 2022), increasing the abundance of bioavailable compounds that are allocated towards hyphal growth. AMF absorb significantly more nutrients than their plant partners due to their hyphae being orders of magnitude narrower than roots, increasing their surface area and providing access to nutrients in micropore spaces inaccessible to plants (Allen, 2011). AMF immobilise large quantities of nutrients in the hyphal biomass, acting as a sink for both N and P (Bender et al., 2015). Additionally, this dense mycelial network physically binds the soil together while the exudation of glomalin joins micro-aggregates together into macro-aggregates, improving soil structure, water holding capacity, infiltration rates while reducing soil erosion (Zhang et al., 2016; He et al., 2021; Fall et al., 2022). This is crucial to minimising the concentration of TSS, water volume and nutrient load from runoff. These direct mechanisms position AMF as ideal candidates for a myco-phytoremediation strategy for mitigating groundwater pollution. On the other hand, AMF can also decrease the risk of eutrophication indirectly by enhancing the efficacy of VBSs. The improvements to soil nutrient availability and plant nutrition, in concurrence with the translocation of N and P from fungi to plants, (Van Der Heijden, 2010; Zhang et al., 2016; He et al., 2021), have the knock-on effect of increasing plant biomass (Corkidi et al., 2011), which subsequently enhances buffer functioning. Moreover, the increased plant biomass would facilitate an elevated rate of transpiration, further reducing runoff volume. This would further improve infiltration rates and thus buffer efficiency, potentially mitigating the eutrophic effect of agricultural pollution. In effect, AMF can directly uptake and store nutrients in addition to improving VBS performance, enhancing their potential for abating groundwater pollution.
The variability that can be observed between treatments (Supplementary Table S2) can be traced to a number of influencing factors. Plant nutrient demand varies with differing growth forms. The quick, plastic growth of grasses demands a high, short-term nutrient supply, to which AMF can provide. In contrast, slow growing, woody perennials have less immediate nutrient requirements and so nutrient uptake can be limited (Corkidi et al., 2011). The integration of AMF into buffer zones would thus influence the vegetation type, a critical factor that determines buffer performance. Edaphic factors are another source of variation, as outlined by reduced root colonisation in heath soils, in comparison to pasture soils (Bender et al., 2015). Similarly, mycorrhizal colonisation can be limited by high levels of fertiliser (Wang et al., 2009). Under such challenging conditions, the ability of AMF to reduce runoff nutrient concentrations may be restricted. It is crucial to understand that the role of AMF in nutrient cycling and plant nutrition is context dependent and may be limited by a number of factors. These must be considered prior to integration into a myco-phytoremediation plan.
In the presence of AMF, leaching of both N and P is substantially reduced under heavy rainfall conditions (Martínez-García et al., 2017; He et al., 2021). It is evident that AMF minimise the risk of nutrient loss from extreme weather events, a major limitation of VBSs. A strategy combining AMF inoculation and reduced fertiliser treatment poses considerable benefits. Reductions to fertiliser application of just 20% in conjunction with AMF inoculation leads to N and P runoff being lowered by 27.2% and 44% respectively without compromising crop yields (Zhang et al., 2015; Zhang et al., 2016). This regime would be significantly more amenable to farmers by providing both economic and environmental incentives, potentially leading to a greater implementation of AMF into agro-ecosystems.
The mycorrhizal synergism with plants gives rise to multiple ecosystem services such as enhanced nutrient cycling, increased plant biomass and improved ecosystem resilience to extreme weather events. Consequently, these interactions can improve buffer functioning, directly contributing to the reduction of groundwater nutrient pollution. These findings suggest that AMF have potential for application in the abatement of N and P losses, particularly at field borders which are vulnerable to runoff and leaching events. Moreover, it is evident the maintenance of mycorrhizal systems improves the nutrient use efficiency of the land, an essential facet of sustainable P management. As P is the limiting factor of freshwater eutrophication, it is critical that this nutrient is preferentially mitigated. Secondly, as P sources are estimated to become increasingly scarce over the next century (Daneshgar et al., 2018), further research into sustainably reusing and reducing P is needed. However, a substantial amount of research is required before AMF can be integrated into a myco-phytoremediation plan. Baseline knowledge of mycorrhizal diversity is limited. Robust taxonomic identification, screening and field trials of native AMF species may reveal individuals with elevated nutrient cycling capabilities. Similarly, most of the literature focuses on the effect of a single AMF species on nutrient uptake, yet this is not entirely representative of plant-fungal interactions in the field. A broad-range species approach (Chen et al., 2017) may enhance the capacity of AMF for biochemical cycling and subsequent buffer functioning. Further investigations into the synergistic relationship between plants, AMF and PBB are also necessary. Bacteria in these systems are responsible for the provision of significant amounts of the nutrients that AMF transfer to plants, yet they are understudied. In short, the integration of AMF into VBSs ultimately has potential to reduce the risk of eutrophication by directly intercepting and storing nutrients, in addition to enhancing buffer performance through improving a VBS’s ability to capture and reuse N and P from agricultural runoff. It is vital that the vegetation is harvested at the end of the growing season to ensure that the nutrients bound in the plant biomass are not released back into the environment. A novel method for reusing these cuttings is their conversion into a sorbent, such as biochar, for nutrient capture.
5 BIOCHAR
Over time, soils that support VBS tend to accumulate high levels of P and N (Fortier et al., 2020). If these areas are not managed properly, they can become sources of diffuse pollution through leaching and decomposition of plant material (Zak et al., 2018). Thus, a surplus of VBS biomass is, in effect, both a solution to nutrient pollution but also a challenge to manage. In place of topsoil remove, an effective measure for mitigating soil P accumulation is to harvest the plant biomass from a VBS (Hille et al., 2019).
The NuReCycle project offers a dual approach to addressing water and soil nutrient pollution by converting VBS biomass to biochar. This process simultaneously manages the retention of soil nutrients by using an enhanced VBS in conjunction with an in-stream biochar reactor, a device that filters dissolved and particulate nutrients that are present in surface waterways. This produces a nutrient-rich biochar that can be repurposed as a fertiliser once near-maximum adsorption capacity is reached (Wang H et al., 2020). This creates a closed, circular system for nutrient capture and recycling in an agricultural setting.
Different carbon categories, such as activated charcoal, biochar and charcoal, share comparable production techniques, raw materials and structures. However, they are differentiated by their respective end uses. Charcoal is primarily used as a fuel source, while biochar is utilised for soil remediation as well as a feed supplement. On the other hand, activated charcoal is employed in the elimination of water and air impurities, in addition to having several medical applications (Man et al., 2021).
Biochar is a char material that is specifically intended for soil amendment purposes. It is produced through the partial oxidation of biomass, typically by heating or combusting biomass while partially or completely blocking oxygen inflow. The end product is a black, porous solid of amorphous carbon that results from thermal decomposition (Guo et al., 2015). Various techniques, such as pyrolysis, hydrothermal carbonization, gasification, torrefaction, and microwave heating have been used to produce biochar from plant-derived organic matter (Mohan et al., 2014; González et al., 2017; Fang et al., 2018). The variety of biomass feedstock used to produce biochar is extensive and includes crop and forest residues, wood chips, algae, sewage sludge, manures, and organic municipal solid waste (Colantoni et al., 2016; Xiong et al., 2019).
Biochar is a versatile resource that is valuable for soil remediation because it enhances multiple factors associated with increased soil fertility. These include nutrient availability, microbial activity, organic matter content and water retention in soil, and crop yields. It is also associated with decreased fertiliser requirements, greenhouse gas emissions, nutrient leaching and soil erosion (Sohi et al., 2009; Woolf et al., 2010). However, despite the potential benefits of biochar, it is important to acknowledge its limitations. The process of producing biochar from biomass can result in the production of by-products such as oil and hydrocarbon gases, which are often discarded in favour of biochar production for soil amendment purposes (Verheijen et al., 2010). Furthermore, the effectiveness of biochar as a soil amending expedient is highly dependent on the compatibility between the soil’s biogeoproperties and the biochemical characteristics of the biochar - if the match is not suitable, the application of biochar can negatively impact soil fertility and the health of the surrounding microbiome (Gorovtsov et al., 2020).
Nevertheless, historical evidence exists on the use of biochar for soil improvement, with the practice dating back several millennia (Denevan, 1995; Brewer et al., 2009). Researchers in the central Amazon forest have found a particularly fertile and characteristically dark soil named Terra Preta do Índio (TPI, or indigenous’ black soil, in Brazilian Portuguese, also named Amazonian Dark Earths, or ADE) (Brewer et al., 2009; Schmidt et al., 2014). Although not originally produced with the intention of amending soil properties, TPI formed as a product of sedentary human settlement in the Amazon forest, during the pre-Columbian era, through piling human and animal waste, ash and charcoal, and ceramics (Woods and McCann, 1999).
The inadvertent formation of anthropogenic soils, such as TPI, extends throughout the Amazon basin and potentially had widespread occurrence in the past (Levis et al., 2018). The exceptional productivity of TPI soil can be attributed, in part, to its significant biochar content and the numerous benefits it provides (Glaser et al., 2001). Therefore, recognizing the potential of biochar, integrating the biomass of VBS as biochar feedstock presents a sustainable alternative for remediating soil and water pollution. By harnessing biochar’s properties to enhance fertiliser and nutrient adsorption, reduce nutrient leaching, and promote the breakdown of pesticides, the use of VBS biomass as biochar can foster soil fertility, support plant growth, and enhance metabolic microbial activity (Varjani et al., 2019).
Using engineered biochar as a sorbent of phosphate from water is considered a relatively novel approach to environmental management practices, presenting a eco-friendly end-of-life alternative to biomass residues (Yao et al., 2013; Zhang et al., 2023). When biochar reaches its maximum load capacity, spent biochar has become enriched with nutrients and can be applied as fertiliser to doubly function as a carbon sink, the fixation of carbon in a stable form that would otherwise be released as CO2 via decomposition, and a soil remediation agent (Lan et al., 2021).
Pristine biochar has a limited capacity to adsorb anionic species, such as orthophosphate (PO43-) and nitrate (NO3−) due to its alkaline properties: functional groups at its surface structure create a repelling net negative charge (Beesley et al., 2011; Zhang et al., 2013). Engineered biochars were produced to improve its physico-chemical properties compared to conventional pristine biochar (Xiang et al., 2019). However, more research is required to fill the gap in understanding the relationship between engineering biochar and its sorption of differently charged nutrient forms (Yao et al., 2013).
Biochar interacts with pollutant species differently, based on its surface composition and structure and on pollutants’ chemical properties (Figure 5) (Li et al., 2017; El-Naggar et al., 2019; Premarathna et al., 2019; Cheng et al., 2021; Marcińczyk et al., 2022). Studies have demonstrated that biochar’s ability to remove pollutants from water and soil is associated with its particle size (Chen et al., 2017). Parameters like particle size, shape, and internal structure are crucial factors that influence biochar’s porous structure properties and performance (Liu Z et al., 2017). Biochar consists of a complex structure of interconnected micropores, mesopores, and macropores of varying sizes (Lian and Xing, 2017). The production technique and engineered modifications determine the pore size and surface structure of biochar (Guo et al., 2022; Deng et al., 2023).
[image: Figure 5]FIGURE 5 | Examples of chemical interactions and reactions responsible for biochar’s ability to remediate soil and water (Li et al., 2017; El-Naggar et al., 2019; Premarathna et al., 2019; Cheng et al., 2021; Marciticzyk, Ok and Oleszczuk, 2022). (A) precipitation reaction; (B) acid-base reaction; (C) oxygen functional groups organic reactions; (D) hydrophobic interactions; (E) redox reactions; (F) complex reactions; (G) physisorption; (H) ion exchange reactions; 0 it-it reactions; (J) hydrogen bonds; (K) ionic interactions; (L) electrostatic interactions. “M” stands for any given metal and “R” stands for any given heteroatom. The stars represent the pollutant’s chemical structure while biochar particles are represented by the two irregular shapes in the centre.
Various methods are available to achieve the required temperature and pressure for thermal decomposition of biomass, leading to carbonisation (Supplementary Table S3). Provided with enough heat, biomass can undergo thermochemical decomposition under anoxic or hypoxic conditions. The products of a pyrolytic reaction are threefold: a solid (biochar), a liquid (bio-oil), and synthetic gases (or syngas: a mixture of gases that include, for example, hydrogen, methane, carbon monoxide and dioxide) (Ong et al., 2019). Pyrolysis results are heavily reliant on operating parameters like heating rate, residence time, and operating temperature (Xiang et al., 2020): biochar yield is optimised when the operating temperature remains under 450°C, whereas for a greater yield of bio-oil, a temperature range of 450°C–800°C is desired, and operating temperatures above 800°C typically result in an increased decomposition of biomass and subsequent formation of non-condensable hydrocarbon gases (Tomczyk et al., 2020). Both residence time and heating rate have a combined effect on biochar yield, as increasing the reaction time at a low heating rate (slow pyrolysis) can yield an average of 35% of the initial dry biomass weight in biochar, while a high heating rate and reduced residence time (fast pyrolysis) tends to make the production of bio-oil and syngas more efficient (Tomczyk et al., 2020).
Upon thermally converting biomass to char, the obtained solid is labelled pristine biochar. The term ‘engineered biochar’, in contrast to ‘pristine biochar’, is used to define biochar that has been modified or activated via physical, chemical or biological approaches to better suit environmental applications (Kazemi Shariat Panahi et al., 2020). Biochar’s capacity to act as a filter for water pollutants is a function of its physico-chemical properties, the production method and feedstock used, in addition to the various mechanisms for the different interactions between biochar surface and natural wastewater dissolved compounds or suspended particles (Qiu et al., 2022). Various strategies have been devised for the modification of biochar (Huang et al., 2021): one approach involves pre-treatment of the dry biomass, wherein the biomass is subjected to treatment before pyrolysis; a second approach is post-treatment of dry biochar, which entails subjecting the biomass to pyrolysis first and then subsequently modifying the resulting char; a third approach involves the simultaneous mixing of the biomass and treatment reagents, facilitating both pyrolysis and modification reactions to occur concurrently.
The use of biochar in environmental applications, particularly in agricultural wastewater treatment, is limited by its properties. Pristine biochars typically have a negatively charged surface and lack acidic functional groups on the surface (Marcińczyk et al., 2022). Thus, pristine biochar is not effective in adsorbing anionic nutrient leachate from soils, such as nitrate and phosphate, without further modification (Qiu et al., 2022). As a result of the limited adsorption performance of pristine biochar, several engineering approaches have been developed to improve its ability to remove pollutants and enhance its overall efficiency (Li et al., 2017; El-Naggar et al., 2019; Premarathna et al., 2019; Wang L et al., 2020; Cheng et al., 2021; Huang et al., 2021; Marcińczyk et al., 2022; Wang L et al., 2022). Over the last 5 years, steam activation was utilised in 6% of the 15,802 published papers gathered using Google Scholar and Scopus search engines, whereas ball milling activation was used in 12%. The most prevalent designed biochar alteration is acid treatment (24%), with alkaline treatments accounting for 10% of total treatments. The most unique alteration employed methanol for biochar activation (0.1% of total treatments). A sunburst diagram (Figure 6) was produced to provide a brief summary of the common modifications published.
[image: Figure 6]FIGURE 6 | A sunburst diagram of engineered biochar treatments and modification types (Li et al., 2017; El-Naggar et al., 2019; Premarathna et al., 2019; L. Wang et al., 2020, 2022; Cheng et al., 2021; Huang, Lee and Huang, 2021; Marcińczyk, Ok and Oleszczuk, 2022). The category “Others”, under chemical modifications, includes nitrogenation, oxidant, micro- organism composites and methanol modifications; metal composite category includes both metal salt and metal oxides. LDH stands for layered double hydroxide. Under physical modifications, the nanoparticle category refers to the use of deposited nanoparticles as activators.
While engineered biochar usage as a soil amendment technique has been extensively studied (Wang C et al., 2022), the interactions between soil living organisms and biochar remain complex and often contentious, with gaps in research knowledge (Gorovtsov et al., 2020). A healthy soil ecosystem is fundamental to the growth and survival of flora and microbiota, thus, beneficial biotic-abiotic interactions are fundamental for the regulation of life in the ecosystem (Tan et al., 2022).
The application of biochar to soils can improve soil microbial diversity, abundance, and mobility, leading to enhanced resilience to management practices (Nepal et al., 2023). Biochar can boost the suppression of soil pathogens in crops by improving soil biological quality through modifying plant root exudate composition, changing soil microbiochemical properties, and inducing mechanisms for plants’ systemic defences (Alaylar et al., 2021). Additionally, biochar-treated soil may provide a more favourable medium for beneficial soil bacteria to thrive, as demonstrated by the increased abundance of soil organic matter and micronutrients in lentils inoculated with rhizobia (Ali et al., 2022).
Biochar is thought to provide a fitting environment for soil microbes due to its effects on soils including enhanced soil aeration, increased water content, decreased soil compaction, pH remediation (Laghari et al., 2016). Nonetheless, inherent properties like surface area, degree of porosity, electric charge and surface functional groups can trigger positive/negative responses in soil microbiome (Zhu et al., 2017). Furthermore, several fungal species can digest biochar by producing a range of extracellular enzymes (Liu et al., 2021). However, biochar has been found to have negative effects on the growth of AMF, resulting in a reduction in their populations in the soil (Birk et al., 2009; Mukherjee et al., 2014; Liu C et al., 2017). Other studies found that biochar, when combined with AMF inoculation, has resulted in increased plant growth (Akhter et al., 2015) and bacterial abundance (Huang et al., 2017). Therefore, it is important to provide the appropriate type of biochar to the relevant soil type in order to maximise soil quality.
Filling the present knowledge gaps regarding nutrient pollution in agroecosystems necessitates a holistic methodology. A more thorough examination of the synergies between plants, biochar, AMF, and PBB is required for optimal agroecological management. Future studies should focus on determining when biochar is most beneficial to soil and microbiome health, including understanding its long-term persistence, determining optimal application rates under varied biochar-soil-plant environmental conditions, and elucidating specific mechanisms influencing soil biotic properties. Further research on this topic will progress with the ever-increasing awareness of environmental issues globally, particularly the ones faced by natural water bodies today, which provide a major driver for the development of novel technologies.
6 CONCLUSION AND FUTURE PERSPECTIVE
Water pollution from agricultural activities is a global issue, but its impacts and systems can be studied on a local scale. VBSs have been shown to effectively mitigate agricultural pollution, though they do experience a host of limitations. In light of this, the integration of a myco-phytoremediation strategy into VBSs emerges as a promising approach to improve the sustainability of agricultural systems. As of now, the research into the myco-phytoremediation of N and P in VBSs is limited. Existing studies have primarily focused on utilising AMF and PBB to enhance plant growth and facilitate N and P uptake when soil concentrations are low (Hestrin et al., 2019; Yu et al., 2022). There is a need to identify the factors that encourage or hinder the microbial interactions and synergy between plants, AMF and PBB to optimising their use in VBSs. Further investigations into the identification of AMF and PBB species is required prior to further characterise and enhance this synergistic approach. Although successful manipulation of the soil microbiome from VBSs could lead to commercial seed mixes inoculated with AMF and PBB, the transition from greenhouse to field trails has shown variable and inconsistent results (Chiaranunt and White, 2023). Another potential application for AMF and PBB is the reduction of fertiliser requirements for plants in agricultural fields via improved plant nutrient acquisition. This not only reduces our reliance on chemical fertiliser but also provides farmers with an economic incentive by lowering input costs.
Although VBSs and biochar have been extensively studied as primary forms of nutrient abatement, the focus has largely been on short-term impacts, leaving a crucial knowledge gap regarding their long-term effectiveness. To comprehensively understand the implications of biochar application, extensive field research is needed that encompasses nutrient and water use efficiency, net carbon sequestration, greenhouse gas emissions, and changes in soil quality over extended periods. Despite significant efforts, effective treatment methods for nutrient remediation on agricultural drainage networks remain an ongoing challenge. In this regard, combined multidisciplinary approaches can prove to be an effective way forward. The interdisciplinary approach as supported by the findings of this literature review, offers a promising strategy for mitigating agricultural pollution and serves as a potential model for environmental remediation initiatives worldwide. Addressing these pressing concerns demands continued collaborative efforts and sustained research in order to safeguard the environment and human wellbeing of the future.
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