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Abstract

:

Rice is the staple food of more than half of the world’s population, which is still growing. The great dependence that agriculture, and rice specially, has on fertilizers alongside extreme events that result from climatic change creates an urge for adaptation. Fertilizers are expensive, finite and a potential environmental problem. Their precise application, by the use of slow-release nanofertilizers, thus avoiding losses and consequently reducing the pressure on water resources, is one step forward in this adaptation. It can reduce costs and protect the environment while ensuring food production. Phosphorous is very important for rice, since it is involved in its flowering and root development, and its low availability to the plants constitutes a serious problem. The delivery of phosphorous through the crop cycle in the form of slow-release phosphorus nanofertilizer (Pnf) instead of the conventional annual bulk application reduces the amount of nutrients applied and increases the absorption by the crop. Combining the fertilizing effect with the use of natural stimulant compounds such as chitosan can protect the crop from diseases and increase its resilience to stress. The use of Pnf reduces the pressure on water resources and avoids imbalances in soil nutrients, thus responding to climatic change challenges and abiotic stresses.
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1. Introduction


Rice is the second most consumed cereal in the world and is a staple food for millions of people. Its consumption is expected to increase and is aligned to global population growth [1]. In contrast to the increase in wheat and maize prices, rice has been subdued, and efforts to curb inflation are notable in averting a worldwide food crisis, but there is no guarantee that this will continue. China, India, Indonesia and Bangladesh produce the largest quantities of rice. The use of fertilizers is essential for plant growth and development in agricultural production [2], and rice is very dependent of it. With rising fertilizer costs and at a time when demand is increasing, there is a potential food availability risk [3].



Phosphorous (P) is an essential macronutrient for plant growth. It is a component of key molecules such as nucleic acids, phospholipids and ATP and, consequently, plants cannot grow without its reliable supply [4]. Furthermore, the availability of P can improve the nitrogen-fixing capacity of plants and support their development throughout the plant’s life cycle [5]. However, since P is one of the least available and mobile nutrients in many cropping environments [6], farmers tend to continuously and excessively apply P fertilizers, leading to eutrophication in surface waters and reducing groundwater quality [7].



Eutrophication is one of the greatest threats to freshwater resources. This drives an increase in algal biomass, has implications for greenhouse gas sources [8,9] and promotes the presence of cyanobacterial toxins [10]. Regarding environmental management, it is compelling to understand how climatic factors interact with nutrients influencing water quality [11]. According to Shuvo et al. [12], climatic variables act synergistically with other factors on water quality degradation. Nutrient management is key to ensuring water quality, especially in the context of climate change [13].



The “farm to fork strategy” [14] intends to reduce at least 20% of fertilizer use by 2030 and to cut nutrient losses in half while ensuring the food supply for the increasing world population. The achievement of these goals will require multiple strategies. Precision agriculture aims to aid in this goal. It allows the optimization of crop yields while minimizing the use of chemical fertilizers, pesticides and herbicides by monitoring environmental variables and supporting more sustainable decision-making. For this, new technologies have been developed aiming to increase crop productivity and reduce the resource costs and environmental impacts related to agricultural production. These technologies can measure crop requirements, allowing a reduction in inputs (e.g., fertilizer). By increasing crop growth and production even under abiotic stress, nanofertilizers can help the availability of food as required [15,16,17] without the use of more land. This maintains the ratio of farming land and stops the increasing pressure on ecosystems. Slow-release phosphorous nanofertilizers can be tailored to release the nutrient according to the plant’s requirement, thus improving uptake efficiency, targeting the most successful delivery of P and increasing production (Figure 1). This is very important since temperature alterations affect not just seasonality but also soil pH and consequently P availability forms.



Cutting-edge strategies are crucial, as the costs of inputs are expected to increase drastically due to limited reserves [19], hence the importance of adopting alternative approaches that minimize agricultural costs while maximizing crop sustainability.



Nanofertilizer research appeared in 2011 and has gain relevance in the last years. Pnf research has been focused on soil quality improvement, its effect on soil microorganisms and, more recently, its effect on plant nutrition under abiotic stress.



The data for this review were obtained by research papers in the Web of Science, Science Direct, MDPI and Springer databases as well as the publications of governmental and relevant international institutions. The aim of this paper was to serve as a reference for understanding the benefits of phosphorous nanofertilizers in improving farming and environmental sustainability while promoting food security under climate change.




2. Environmental Impact of Phosphorus Use


Phosphorus is the eleventh most abundant element in the Earth’s crust and is present in the biosphere, hydrosphere and geosphere, although, minerals containing it in a concentrated form occur only in very few areas of the Earth [20], mainly located in China, the United States and Morocco, leaving the world very dependent on geopolitics to assure food security. In addition, market demands pose as problem too since phosphorus demand around the world is increasing and the prices are spiking [21].



Phosphorus is an essential nutrient for sustaining life on Earth, playing a central role in energy transfer within organisms, in the structure of genetic material, in respiration, in photosynthesis and in nitrate reduction [22,23]. Over 99% of natural P is in the form of phosphate, either inorganic or organic. Phosphorus content in natural agroecosystems is generally low, and much of it is not available to plants because it is either absorbed or precipitated [24]. The negative charge of this ion is conducive to binding to any cation, which also restricts the mobility of P in the environment [25]. Phosphorus moves through the soil predominantly by diffusion and is taken up as a dihydrogen phosphate ion or, more slowly, as hydrogen phosphate. In soils with pH lower than 6, the dihydrogen phosphate ion is predominant, while in alkaline soils the hydrogen phosphate ion is the most representative. The latter is not only absorbed more slowly but is also less soluble, making alkaline soils often deficient in P [24].



Moreover, since the diffusion process only occurs in a short distance from the roots, phosphorus is only extracted from a small volume of soil, with only 10–20% of nutrient supplied by fertilizers being taken up by plants in the year of application [24]. In intensive farming systems, the successive annual application of organic or mineral fertilizers leads to the progressive enrichment of soils with this element. Such situations may lead to a lack of crop response to fertilizer application, representing an environmental risk. Consequently, the high concentration of P in the soil and the existence of conditions favorable to leaching and soil erosion lead to the potential contamination of water bodies.



In water bodies, the behavior of P is distinct, with P being more available than in a soil matrix, where sorption is strong and transport to the uptake surfaces is limited by diffusion [25]. Even low concentrations of P are therefore very effective in increasing the biological productivity of aquatic systems, pushing marine and aquatic systems beyond their ecological limits [20,26]. The water system, whether it is lentic or lotic, the water retention time and the mineralization, diffusion and bioabsorption of nutrients are all temperature-dependent variables. Biochemical processes and the chemical profile of water are also directly influenced by temperature. Therefore, a change in water hydrodynamics and/or stratification due to a temperature increase can substantially affect nutrient availability. Lakes with long retention periods may face increasing phosphorus levels [27]. Under borderline conditions, it can speed up the eutrophication of rivers and lakes, with impacts on public health, food security, biodiversity and other ecosystem services. Table 1 summarizes the micro- and macro-effects of traditional phosphorus.



There is increasing evidence that human activities are disrupting the functioning of the Earth’s systems to a degree that threatens its resilience. Planetary boundaries delineate a safe operating space for human societies to develop and thrive [28]. Considering the nine planetary boundaries, phosphorus is one of the processes classified with a high risk, even higher than climate change [20]. Crossing these boundaries increases the risk of generating large-scale abrupt or irreversible environmental changes [29]. According to Asensio et al., [30] climate change will increase phosphorus demand in Mediterranean soils. Seasonal droughts will amplify the imbalance between extractable soil P, C and N due to soil community metabolisms, which will lead to a lower relative P availability for soil organisms and a higher probability of P limitation. In addition, studies conducted by Wang et al. [31] showed that climate warming blocked increases in P fractions within macroaggregates and microaggregates, highlighting the interactions between chemical and biological factors in controlling the distribution of P fractions in soil aggregates.



Conventional assessment methods such as life cycle assessment [32] and consumption-based ecological footprint accounting [33,34,35] have also been connected to the planetary boundaries framework to provide an assessment on the sustainability of an entity or activity, highlighting potential boundary transgressions.



So, there are strong arguments for an integrated enforcement of “planetary boundaries thinking” at different levels, from nations to basins and regions, where policy decisions might be more influential [36,37]. The global food system cannot remain indifferent to the urgent change in mindset of admitting that agricultural ecosystems are possibly the largest biome on Earth, with a major impact on the planet’s elementary cycles: nitrogen, phosphorus, water and carbon [38]. It is therefore urgent to design and implement more effective and sustainable fertilization systems [20].




3. Nanofertilizers with Phosphorus-Controlled Release of Phosphorus


Most nanofertilizer studies have focused on the use of NPKs and some combination of micronutrients so that nutritional equilibrium is achieved. In these cases, 50% or even 25% dosages are effective when compared to a 100% dosage of conventional fertilizer, mostly because of the controlled or slow-release of the nutrients [39,40]. Nonetheless, Pnf has also been studied for their positive impacts in several crops. Based on their application method, nanofertilizers can be classified into three categories: foliar application, water application and soil application (Figure 1). Regarding plant nutrient requirements, they can also be classified as nanoporous materials, nanoscale additive fertilizers and nanoscale coating fertilizers [41]. The concerns about the fate of nanofertilizers in the ecosystems could be addressed by choosing adequate supports for the nutrients and using green synthesis methods to obtain them [42]. Coated, nutrient-loaded nanomaterials and encapsulated nanomaterials have the advantage of being safer, more stable and able to adapt the release of the fertilizer according to crop requirements better than non-coated nanomaterials [41,43].



Adhikari et al. [44] tested nano-rock phosphate (RP) for field application in maize, and the results showed that the crop utilization of P from nano-RP was similar to the results of superphosphate (SSP), and it was a cheaper P source than SSP. More recently, research efforts have begun to explore nanoformulations of hydroxyapatite (nHAP; Ca10(PO4)6(OH)2) as a carrier for other nutrients and as a P fertilizer, in addition to its soil bioremediation properties [16]. The application of Pnf in controlled amounts can also increase the biological functions of crops, including the continued and improved uptake of P and other nutrients as the plants grow [16,45]. While it has been pointed out that only 5% to 30% of traditionally applied P is in fact usable by plants [46], the use of slow-release Pnf in several crops emphasizes the suitability of these materials as an effective and precise Pnf. In Priyam et al. [16], slow-release Pnf increased P levels in tomato crops, which led to enhanced germination and growth without any stress caused due to its application in a variety of soils. In addition, Pnf was found to promote a greater physiological efficiency of the shoots and roots for P, stimulating photosynthetic activity and increasing the instant water use efficiency in rice plants while reducing up to 50% of the dosage of P applied [47]. The results obtained by P release over time substantiated the higher nutrient efficiency of the Pnf over traditional fertilizers, which confers several benefits to crops. Similarly, nHAP enhanced growth by around 5% and dry yield by 30% in comparison to traditional P fertilizer in cluster beans [48]. In soybean, the improvement was around 33% in terms of growth rate and 20% in terms of seed yield in comparison to traditional P fertilizer [49]. Pnf has shown to be more effective than control in terms of lettuce growth, which also presented a tendency towards a higher P concentration, although with no significance [50]. In rice, urea-nHAP was used as controlled-release formulation, improving seedling growth and fresh and dry weight when compared to a control [51]. Pnf incorporated in zeolite showed a higher accumulation of P (two times) and K in water spinach plants, in addition to revealing positive effects in the soil after its application, with a better pH, moisture, cation exchange capacity and available P than conventional fertilizer [52].



Phosphorus nanofertilizer can also be effective in soil reclamation processes as showed by Yasmeen et al. [53], which reported that rock phosphate Pnf promoted plant growth and yield in degraded soil, it being effective especially when encapsulated in a chitosan shell. In their study, the authors used top-soil from degraded agricultural land that had already undertaken 10 years of reconstruction and restoration to perform a pot experiment to evaluate the agronomic potential of rock phosphate Pnf, both encapsulated with chitosan (ERPnf) and non-encapsulated (RPnf). P nutrition and P use efficiency (PUE) under RPnf exhibited minimal but positive effects on maize growth when compared to the control treatment, but ERPnf was the more suitable Pnf due to its higher slow-release capacity, increasing not only P nutrition and PUE but also achieving a higher plant growth and grain yield compared to all treatments. Compared to the control, the authors found that both of the Pnfs used in this study (RPnf and ERPnf) significantly enhanced the abundance of phosphate-solubilizing bacteria, increased biomass and grain yield and considerably enhanced grain P accumulation. In addition, both modalities presented positive effects in the soil rhizosphere and P biological pools, higher root carboxylate secretions and decreased the rhizosphere pH, which could be due to their higher specific area and the crystalline structure of Pnf. The presence of greater P-solubilizing bacteria under the RPnf and ERPnf treatments when compared to the control implies a greater rhizosphere area and a greater P mobilization and solubilization, leading to optimized conditions for plant growth and an enhanced cropping potential in degraded agricultural lands. Thus, chitosan, as an encapsulation polymer, can function as an absorbent for water, promoting microbial activity and emphasizing chitosan’s position as an eco-friendly, efficient control–release material for nanofertilizer development [53].



A new Pnf, which is in development by the authors, uses slow-release technology to ensure the precise and efficient application of P along the rice cycle and is expected to have a biostimulant effect by the use of chitosan [54,55]. This Pnf combines poly-beta-amino-esters (PBAE), graphene oxide (GO), chitosan, poly lactic-co-glycolic acid (PLGA) and P in the forms of active and barrier layers to control the slow-release of P during the first stages of rice production. PBAE was chosen for its tuneable charge density and possibilities for different kinetic profiles, due to it having great potential as delivery vector. Graphene oxide is used in several areas, acting as a barrier agent in slow-release compounds, and some studies have pointed out that it can have an anti-microbial activity effect [56]. The use of GO should be carried out carefully since the information regarding the phytotoxicity of graphene compounds in agriculture is not consensual in the literature. It is suggested, however, that it may have a negative influence on crop germination in quantities greater than 100 mg·L−1 [57,58,59,60]. Frequently used for the encapsulation of substances such as growth regulators and fertilizers, PLGA is a biodegradable copolymer with slow-release and adjustable properties [61]. As for chitosan, it is a polysaccharide, and it is biocompatible and biodegradable with a bio-stimulant effect on the immune systems of crops, promoting antifungal and antiviral properties, bionematicides and the strengthening of catalytic enzymes [62,63,64,65,66]. It has been used as a carrier for other agricultural compounds due to its properties and several studies have reported increased water retention and removal of heavy metals in soil with its use as well as a positive effect in algal contamination control, improving water quality [67,68].



To ensure the safety of GO use, Saraiva et al. [69] conducted a preliminary study where the interaction of GO concentrations (0.25 mg·mL−1 and 0.5 mg·mL−1) with phytotoxicity in Lepidium sativum L. was assessed. The results showed that 100% of the seeds germinated in both GO concentrations, and the seeds exposed to the lower concentration presented the same root length as the control. However, the 0.5 mg·mL−1 GO promoted a decrease of around 20% in terms of root length. Despite some reduction in root length, the fact that 100% of the seeds germinated in GO concentrations well above those found in the literature (which were expressed in the order of µg·mL−1) is an indication that GO can be safely used in crops [70].



Other studies are being conducted in the field of nanobiofertilizers, which refer to biofertilizers (microorganisms) combined with a nanofertilizer and also to microorganisms encapsulated in nanomaterials, although some microorganisms are not nano sized [71]. Phosphate biofertilizers include phosphorous-solubilizing biofertilizers and phosphorus-mobilizing biofertilizers [72], and although no studies have addressed phosphorous biofertilizers yet, they can pose as an option for development.




4. Benefits of Nanofertilizers for Agroecosystems


The use of nanofertilizers is effective and efficient in crop nutrition and brings several environmental benefits, especially under climatic change and abiotic stress conditions (Figure 2).



As demonstrated by Yasmeen et al. [53], nano-rock phosphate fertilizer, in particular encapsulated,, improved soil parameters and promote plant growth, aiding the restoration of degraded and abandoned croplands. However, other studies have pursued the understanding of the benefits of nanofertilizer use in presence of ecosystems under abiotic stress. In 2019, Zulfiqar et al. [74] gathered the recent works published about the response effects of nanofertilizers in different crops in the face of different abiotic stresses. Salinity is the most studied abiotic stress and represents a global concern. The review presents the overall positive effects of the pre-sowing application of multi-walled carbon nanotubes, nano SiO2, nano silicon and nano urea HAP in cabbage, pumpkin, hollyhock, almond and tomato. The applications resulted in enhanced seed germination, length, diameter, number of secondary roots/plants, plant growth, height, water uptake, net assimilation of CO2, total soluble sugars and membrane stability. The application of these compounds also increased the photosynthetic parameters, improved antioxidant enzyme activity and up-regulated the expression profile of salt-stress genes, while reduced the marker for oxidative stress, decreased H2O2, chlorophyll degradation and oxidative damage.. The results for the application of nano chitosan-PVA and Cu, nano Si and nano Ca in post-transplanting were also positive for tomato and chili pepper, with the plants presenting improved stem diameters, number of flowers, enhanced plant growth, fresh weight, photosynthetic rate, chlorophyll concentration and leaf water content while promoting gene expression and enzyme activity and significantly regulating plant salinity stress. The foliar application of nano Si in peregrine in order to assess the response to salinity stress conducted by Ashour and Mahmoud [75] also revealed enhanced chemical and vegetative parameters (26% higher plant weight, 31% more branches per plant, 19% more leaves and 9% more leaf area in a 4000 ppm salt concentration conditions) while the accumulated content of Na, Cl, total phenolic and flavonoid content was decreased in the peregrina leaves. As P has a positive effect in various crops facing salinity stress, including rice, the use of P nanofertilizers is expected to pose as a suitable adaptation to climatic-change-driven salinity increases.



The responses to Cd stress, Cr stress, drought and both high and low temperature stresses were also studied by several authors. Although the information obtained is specific for crops and specific sites, these studies revealed the important interactions that must be exploited in order to adapt to climatic change effects, and some related directly to rice crops. The abiotic stresses affecting rice include mainly salinity, drought, high and low temperatures, UV radiation and Cd, among others. According to Mahmood-ur-Rahman et al. [76], the way that rice responds to these abiotic stresses is through the activation of signalling pathways, which up- and down-regulate genes to face stress conditions and enable the plant to be more tolerant to challenging growing conditions.



The use of ZnO NPs, Si NPs and magnetite NPs in situations of Cr stress have positive effects in diminishing phytotoxicity in crops, since Prakash et al. [77] demonstrated that the addition of ZnO nanoparticles in a growing medium can reduce the toxicity and improve the growth of rice seedlings in soils contaminated with chromium. The same protection effect and improved seedling growth was observed by Tripathi et al. [78] when nano Si was applied to pea plants, while magnetite successfully reduced the toxicity and accumulation of Cr in wheat [79].



Diminished effects of Cd stress were also found with the addition of several nanoparticles and nanofertilizers in the forms of nano CeO2, nano TiO2, nano magnetite, nHAP and nano Si in several crop species including rice [79,80,81,82]. In this last study, the authors found that the use of nano Si reduced the Cd content in plants while improved the content of other nutrients such as K, Mg and Fe in grains. In addition, the addition of nano TiO2 in rice cultures significantly boosted the development of the crops, reduced Cd toxicity and enhanced the photosynthetic efficiency [80]. Nano hydroxyapatite (nHAP) was also found to be effective in the immobilization of Cd in sediments and aqueous mediums. By means of its higher surface area, there was a higher sorption of Cd resulting from surface complexation and the diffusion of the high metal into the structure of nHAP. This reduced its concentration in the water and benefitted subsequential uses, which concurred with water safety and food security [83].



The positive effects of nHAP in crop stress was also observed in cases of Pb contamination, where nHAP was effective in increasing crop growth and biomass in ryegrass due to its effects on soil pH, which was increased by the application of the nanofertilizer and led to a reduction in Pb solubility and mobility in the soil. In sediments and aqueous mediums, nHAP was effective in immobilizing lead, reducing its exchangeable fraction and contributing to restoring polluted agroecosystem environments [83]. While surface complexation and diffusion are the mechanisms responsible for Cd sorption onto nHAp, the dominant mechanisms for Pb sorption are dissolution and precipitation, which is very interesting since both were successfully immobilized but by the means of different mechanisms [83].



Drought is an increasing abiotic stress and is closely related to climatic change, and the use of nanofertilizers and nanoparticles in order to reduce its effects could be very meaningful in the near future. In tomato and sorghum, nano CeO2 and nano Si were used, respectively, to increase germination with positive results, although Haghighi et al. [84] suggested its benefits in tomato were concentration-dependent [84,85]. Besides germination, nano CeO2 increased the photosynthetic efficiency by 38% and grain yield by 31% in sorghum under drought stress, and the 10 ppm treatment induced a reduction in superoxide radicals, H2O2 and MDA by over 35% [85].



The use of nanofertilizers can also enhance soil’s chemical properties and nutrient status, as seen in Figure 3. Increasing nutrient availability to the plants and reducing plant stress leads to nutrient uptake improvements [86,87], reduces the risk of disease resistance and benefits crop resilience. Soil fertility can also be restored or improved by the application of encapsulated nanoparticles such as nanoclays and zeolites, as nanofertilizers present the capability of combating soil- and groundwater-borne pollutants [88,89].



Green nanoparticles such as agro-nanotechnologies, plant-nanotechnologies or phyto-nanotechnologies can even be a step forward for the sustainability of nanomaterials for agricultural application as they use biologically synthesized nanoparticles [42,90]. Nanofertilizers can increase defence responses and plant growth, as shown in several studies [91], due to the use of materials such as chitosan and their ability slowly release the nutrients, avoiding over dosage and ensuring absorption by the plants. The biodegradability and biocompatibility of chitosan along with its renewable sources (seafood bio-waste) and stimulating effect for plants turns it in an exceptional choice for environmentally friendly nanofertilizers [92]. Several commercially available fertilizers and bio stimulators in the market use chitosan clorhidrate, in which is a clear statement that industry and the public are urging for biodegradable supports for these new materials.



The low nutrient doses applied to crops ensure their non-toxic effects in crops and safety for aquatic biota [93]. The losses of P in agricultural soil involve complicated hydrological and biogeochemical processes and are influenced by climate, soil properties, crop types and other factors such as flooding frequency, which impacts both dissolved and particulate P and is very important in rice paddy fields [94,95], since it has been found that runoff is the major source of P losses [96,97]. The reduction in nutrient size and dosage enabled by nanofertilizers can enhance insoluble nutrient solubility in soil and boost their bioavailability to plants, directly resulting in less input and consequently less resource exploitation, while the slow-release of nutrients reduces or even eliminates nutrient loss and harmful effects on soil [15,42]. Phosphorous use in slow-release nanofertilizers can be delivered in small dosages but at a high efficiency, and it can be tailored to be delivered at specific times, improving crop tolerance to increasing salinity and opposing the effects of seasonality alterations, ensuring correct fertilization and achieving food security in rice crops.




5. Conclusions


Nanofertilizers offer great promise for sustainable agriculture and for adaptation to climate change challenges such as food security, water and soil safety and environment protection. In addition, this can be achieved, but to do so it is crucial to ensure that the materials and doses being used are safe. It can be achieved by the use of green synthesis, the choice of the right biodegradable compounds and the smart utilization of naturally available compounds such as chitosan that boost plants immunity systems and increases the resilience of crops.



The main challenge in the application of nanofertilizers is the few commercially available options and public acceptance regarding this technology. This review demonstrated that the precise application of fertilizers, by the use of nanofertilizer forms and slow-release nanofertilizers, allows the use of fewer inputs, avoids losses and reduces pressure on water resources, thus responding to climatic change challenges and abiotic stresses.




6. Future Prospects


Adaptation to climate change involves many actions, and the use of nanofertilizers can be part of the solution, reducing inputs, boosting crop productivity and ensuring water and food safety. Phosphorous nanofertilizers for precise application in rice cultivation as an adaptation to climate change is one step forward, as they can deliver reduced costs and protect the environment while ensuring food production and security. These solutions concur with the UN’s Sustainable Development Goals 2, 6, 12 and 13 by the use of slow-release components that improve rice immune systems and thus increase the crop’s resilience to climatic change in addition to providing protection against increasing salinity. In addition, the efficient release of nutrients aims to avoid over dosage and losses, protecting aquatic ecosystems and water resources and promoting sustainable agriculture production patterns while ensuring food safety and availability.
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Figure 1. Potential benefits of nanofertilizers under different modes of application for crop production. In [18] under Creative Commons Attribution License (CC BY). 
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Figure 2. Nanofertilizer benefits in the face of abiotic stress. In [73] under Creative Commons Attribution License (CC BY). 
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Figure 3. The role of nanofertilizers in soil. In [73] under Creative Commons Attribution License (CC BY). 
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Table 1. Micro- and macro-effects of traditional phosphorus use.






Table 1. Micro- and macro-effects of traditional phosphorus use.





	Effect
	Impact at Micro Level
	Impact at Macro Level





	P leaching and soil erosion
	Contamination of waterbodies
	Endangerment of

public health; food security, biodiversity and ecosystems services



	Precipitation or adsorption in soil particles
	Soil P enrichment but non-available to plants
	More resources needed every year
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