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Abstract
	This paper provides the case for an integrated, multi-faceted approach to phosphorus management and culminates in recommendations for phosphorus management in two watersheds, one that is phosphorus-limited and one that is phosphorus-abundant.  Justification of these measures is made, based on the projected depletion of high-quality rock phosphate reserves, the widespread problem of nutrient pollution in waterways, and the call for better management of phosphorus at all parts of the cycle.  Several methods of phosphorus management are discussed, including front-end solutions like intercropping, cover cropping, nutrient management plans, specific application of fertilizer, fertilizer treatment, and soil amendments; and back-end solutions such as riparian buffers and Resource Recovery Facilities.
Introduction
High-quality phosphate rock reserves are the primary source of the world’s chemical phosphorus fertilizers.[footnoteRef:1]  This resource is non-renewable, and several scientists have called for better management of phosphorus fertilizer to avoid depletions of this vital resource.[footnoteRef:2]  In addition, agricultural runoff of phosphorus fertilizer into waterways has caused nutrient pollution, water quality issues, algae blooms, and eutrophication.[footnoteRef:3]  To combat this, scientists and local officials have advocated for more efficient methods of application of phosphorus fertilizer and better control of phosphorus runoff.[footnoteRef:4]  To these ends, this paper discusses methods to control phosphorus during application, during planting, and in the runoff and waste streams in order to create a multi-tiered integrated approach for phosphorus management in watersheds. [1:  Daniel E. Kaiser and Paulo Pagliari, “Understanding Phosphorus Fertilizers,” University of Minnesota Extension, 2018, https://extension.umn.edu/phosphorus-and-potassium/understanding-phosphorus-fertilizers.]  [2:  Dana Cordell, Jan-Olof Drangert, and Stuart White, “The Story of Phosphorus: Global Food Security and Food for Thought,” Global Environmental Change 19, no. 2 (May 2009): 292–305, https://doi.org/10.1016/j.gloenvcha.2008.10.009; Dana Cordell and Stuart White, “Peak Phosphorus: Clarifying the Key Issues of a Vigorous Debate about Long-Term Phosphorus Security,” Sustainability 3, no. 10 (October 24, 2011): 2027–49, https://doi.org/10.3390/su3102027; Binlin Li, K. B. Bicknell, and Alan Renwick, “Peak Phosphorus, Demand Trends and Implications for the Sustainable Management of Phosphorus in China,” Resources, Conservation and Recycling 146 (July 2019): 316–28, https://doi.org/10.1016/j.resconrec.2019.03.033.]  [3:  S. R. Carpenter, “Phosphorus Control Is Critical to Mitigating Eutrophication,” Proceedings of the National Academy of Sciences 105, no. 32 (August 12, 2008): 11039–40, https://doi.org/10.1073/pnas.0806112105.]  [4:  Minnesota Pollution Control Agency, “15 Ways to Reduce Nutrients in Lakes and Streams,” Minnesota Pollution Control Agency, accessed May 3, 2020, https://www.pca.state.mn.us/water/15-ways-reduce-nutrients-lakes-and-streams; Forbes Walker, “Best Management Practices for Phosphorus in the Environment” (University of Tennessee Agricultural Extension Service, 2015), https://extension.tennessee.edu/publications/Documents/PB1645.pdf.] 

Overview of Phosphorus as a Resource and Pollutant
Behind only nitrogen, phosphorus is the second-most important nutrient for plants.[footnoteRef:5]  Phosphorus is found in soils everywhere, in a variety of forms.  A 2012 study by Yang et al determined around 40.6 billion metric tons of phosphorus lies within the top 50 centimeters of soils globally.[footnoteRef:6]  However, the concentration of phosphorus within soils varies widely due to differences in soil parent material and the amount of weathering the soil has endured.[footnoteRef:7]  Soil phosphorus is sourced from the soil’s parent material.  The amount of phosphorus in parent material is highly variable, ranging from around 300 ppm to around 1,300 ppm.[footnoteRef:8]  Parent material phosphorus tends to be highest in volcanic rocks, especially in areas along the west coasts of North and South America, the Great Rift Valley in Africa, and certain parts of India and Siberia.  Parent material phosphorus is also higher in soils overlying shale rocks.[footnoteRef:9]  Parent material phosphorus is lowest in areas high in sand or sandstone, such as the Sahara Desert, areas in southern Africa, northwestern Russia, and central Australia.[footnoteRef:10]  However, across all regions, the amount of phosphorus in the top 50 centimeters of soil is considerably lower than that of the parent material.  On a per hectare basis, total phosphorus within this top half-meter ranges from 500 kilograms to 10,000 kilograms.[footnoteRef:11]  The Yang et al study uses a different metric to measure this, stating that phosphorus in the top 50 centimeters can range from less than 100 g P per square meter in Oxisols (the most weathered soils) to near 500 g P per square meter in Entisols and Inceptisols (relatively unweathered soils).[footnoteRef:12] [5:  José López-Bucio et al., “Enhanced Phosphorus Uptake in Transgenic Tobacco Plants That Overproduce Citrate,” Nature Biotechnology 18, no. 4 (April 2000): 450–53, https://doi.org/10.1038/74531.]  [6:  X. Yang et al., “The Distribution of Soil Phosphorus for Global Biogeochemical Modeling,” Biogeosciences Discussions 9, no. 11 (November 16, 2012): 16347–80, https://doi.org/10.5194/bgd-9-16347-2012.]  [7:  Yang et al.]  [8:  Yang et al.]  [9:  Yang et al., “The Distribution of Soil Phosphorus for Global Biogeochemical Modeling.”]  [10:  Yang et al.]  [11:  Nyle C. Brady and Ray R. Weil, The Nature and Properties of Soils, Fifteenth edition (Columbus: Pearson, 2016).]  [12:  Yang et al., “The Distribution of Soil Phosphorus for Global Biogeochemical Modeling.”] 

	Out of the total phosphorus in soils, only 1-3% is available for plants to use.[footnoteRef:13]  Plants are not able to use some highly insoluble compounds, such as ester-bound organic phosphorus molecules or phosphorus occluded in inorganic iron or aluminum minerals.[footnoteRef:14]  Plants take up inorganic phosphorus in the forms of either HPO42- or H2PO4- ions.[footnoteRef:15]  Plants also take up organic phosphorus molecules, but in a much lower amount.  However, this is hard to determine because the test methods used to measure phosphate can hydrolyze organic phosphorus, leading to a much lower count of organic molecules.[footnoteRef:16]  Three main groups of organic phosphorus molecules are found in soils:  1) mono-esters including inositol phosphates, 2) di-esters including nucleic acids, and 3) phospholipids derived from cell membranes.[footnoteRef:17]  In areas with highly-weathered Oxisol soils, these organic molecules play a crucial role in supplying phosphorus to plants.[footnoteRef:18]  Overall, phosphorus pollution in waterways comes primarily from dissolved inorganic compounds in fertilizers and manures.[footnoteRef:19] [13: R. S. Yadav et al., “Bioavailability of Soil P for Plant Nutrition,” in Farming for Food and Water Security, 10th ed. (Springer, 2012), 177–200.]  [14:  Brady and Weil, The Nature and Properties of Soils.]  [15:  Brady and Weil; Yadav et al., “Bioavailability of Soil P for Plant Nutrition.”]  [16:  Brady and Weil, The Nature and Properties of Soils.]  [17:  Brady and Weil; Yadav et al., “Bioavailability of Soil P for Plant Nutrition.”]  [18:  Brady and Weil, The Nature and Properties of Soils.]  [19:  P. A. Vadas, P. J. A. Kleinman, and A. N. Sharpley, “A Simple Method to Predict Dissolved Phosphorus in Runoff from Surface-Applied Manures,” Journal of Environmental Quality 33, no. 2 (March 2004): 749–56, https://doi.org/10.2134/jeq2004.7490.] 

	Phosphorus plays several important roles in plant biology.  At the molecular level, it is a component of adenosine triphosphate (ATP), as well as many other energy-rich compounds.  It is a constituent of both DNA and RNA and is key to protein synthesis.  At the cellular level, it is key to maintenance of membrane structures and the formation of energy-rich molecules and assists in cell division and enzyme activation and inactivation.  At the organism level, phosphorus can stimulate seed germination, root development, and flower and seed formation.[footnoteRef:20] [20:  Hina Malhotra et al., “Phosphorus Nutrition:  Plant Growth in Response to Deficiency and Excess,” in Plant Nutrients and Abiotic Stress Tolerance (Springer, 2018), 171–90.] 

	In areas that are low in available soil phosphorus, manures and fertilizers are applied to help meet crops’ needs.  Common mineral phosphorus fertilizers used in the United States include superphosphate (OSP), concentrated superphosphate (CSP), monoammonium phosphate (MAP), diammonium phosphate (DAP), ammonium polyphosphate (APP), and rock phosphate.[footnoteRef:21]  Phosphate rock is the source of most commercial phosphate fertilizers.[footnoteRef:22]  Rock phosphate is mined in many locations around the world.  In 2019 in the United States, an estimated 23 million metric tons of phosphate rock was mined, down slightly from 2018.[footnoteRef:23]  Worldwide in 2019, around 240 million metric tons of phosphate rock was mined, with the largest fraction (110 million metric tons) coming from China.  Morocco and Western Sahara are estimated to have the largest reserves at 50 billion metric tons, out of the estimated worldwide total of 69 billion metric tons.[footnoteRef:24]  Despite the U.S. Geological Survey’s statement that there are “no imminent shortages of phosphate rock,”[footnoteRef:25] mining continues to increase[footnoteRef:26] and some scientists are worried that the world may soon reach “peak phosphorus.”[footnoteRef:27]  In a 2007 article, Patrick Déry and Bart Anderson applied M. King Hubbert’s peak production model (used to determine the date and volume of “peak oil” production) to phosphate rock.  After testing Hubbert Linearization on data of Nauru’s phosphate production, they applied Hubbert Linearization to phosphate rock production in the United States and the world.  Shockingly, they found that peak phosphate had been reached in 1988 and 1989 for the United States and the world, respectively.[footnoteRef:28]   [21:  Kaiser and Pagliari, “Understanding Phosphorus Fertilizers.”]  [22:  Kaiser and Pagliari.]  [23:  U.S. Geological Survey, “Mineral Commodity Summaries 2020,” 2020, https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf.]  [24:  U.S. Geological Survey.]  [25:  U.S. Geological Survey.]  [26:  Brady and Weil, The Nature and Properties of Soils; U.S. Geological Survey, “Mineral Commodity Summaries 2020.”]  [27:  Brady and Weil, The Nature and Properties of Soils.]  [28:  Patrick Déry and Bart Anderson, “Peak Phosphorus” (Energy Bulletin, August 13, 2007), http://www.greb.ca/GREB/Publications_files/Peakphosphorus.pdf.] 

This assessment garnered much attention in the media, prompting several more articles both in the news and in scientific journals.  In a 2011 paper published in the journal Sustainability, Dana Cordell and Stuart White refuted Déry and Anderson’s claim that peak phosphorus had already occurred and provided much-needed clarity to the debate.  In the paper, they specify that the earth is not running out of phosphorus, as it is a ubiquitous element in the earth’s crust, oceans, and biosphere, but emphasize that accessible, high-concentration reserves of phosphate rock are a non-renewable resource.  The authors are primarily concerned with the conservation of these reserves.[footnoteRef:29]  The paper quotes the author’s 2009 study in which they determined the peak phosphorus date to be 2033.[footnoteRef:30]  The paper also quotes several studies with different assumptions of phosphate consumption rates and total rock phosphate reserves, which create a range for the date of rock phosphate depletion as soon as 2050 or as distant as 2410.  Most estimates predicted the date for some time in the latter half of the 21st century.[footnoteRef:31] [29:  Cordell and White, “Peak Phosphorus.”]  [30:  Cordell, Drangert, and White, “The Story of Phosphorus.”]  [31:  Cordell and White, “Peak Phosphorus.”] 

The peak phosphorus concept has been applied to numerous other studies including a 2019 study by Li et al, who state the range for peak phosphorus in China to be between 2035 and 2045.  Li et al are concerned because China has now become the largest consumer and exporter of phosphorus fertilizers.[footnoteRef:32]  China is also experiencing problems with phosphorus runoff pollution and a lack of phosphorus recycling, leading Li et al to conclude that actions must be taken to avoid depletion of China’s phosphate rock reserves.[footnoteRef:33] [32:  Li, Bicknell, and Renwick, “Peak Phosphorus, Demand Trends and Implications for the Sustainable Management of Phosphorus in China.”]  [33:  Li, Bicknell, and Renwick.] 

However, not everyone agrees with the peak phosphorus concept.  Kai M. Udert, in a 2018 book, said that the fear of peak phosphorus maybe a distraction from other issues regarding phosphorus flows, and states that “a physical scarcity of phosphorus resources is highly unlikely in the coming decades and even centuries.”[footnoteRef:34] [34:  Kai M. Udert, “Phosphorus as a Resource,” in Phosphorus: Polluter and Resource of the Future: Removal and Recovery from Wastewater, Integrated Environmental Technologies Series (IWA Publishing, 2018), 57–80.] 

Although the peak phosphorus concept is controversial, scientists agree there must be better management of phosphorus, especially in terms of runoff from agricultural fields.  The term “agricultural runoff” involves both surface and sub-surface flow, each of which can have a serious impact on stream health.  Most phosphorus enters the streams through surface flow.[footnoteRef:35]  Phosphorus enters streams as two types:  dissolved P and sediment P.  Dissolved P is free phosphorus compounds, primarily orthophosphate.  Sediment P is phosphorus bound to soil particles.  Over 90% of phosphorus transported from cropland is sediment P.[footnoteRef:36]  Excess amounts of phosphorus is harmful to streams because it leads to a growth in plants and algae.  Similar problems are found with excess nitrogen, although phosphorus is the crucial element in most freshwater systems.[footnoteRef:37]   When the plants and algae die, the decomposition process uses a lot of oxygen, leading to oxygen depletion and the death of fish and bottom-dwelling animals.  This process, called eutrophication, is responsible for dead zones – areas with no wildlife – in waterways.[footnoteRef:38]  In addition, the dinoflagellate Pfiesteria piscicida thrives in eutrophic waters and produces a toxin that is harmful to livestock and humans.[footnoteRef:39] [35:  Andrew Sharpley and Douglas Beegle, “Managing Phosphorus for Agriculture and the Environment,” PennState Extension, 2001, https://extension.psu.edu/programs/nutrient-management/educational/soil-fertility/managing-phosphorus-for-agriculture-and-the-environment.]  [36:  Sharpley and Beegle.]  [37:  Sharpley and Beegle.]  [38:  Carpenter, “Phosphorus Control Is Critical to Mitigating Eutrophication.”]  [39:  Sharpley and Beegle, “Managing Phosphorus for Agriculture and the Environment.”] 

	Because of the potential depletion of high-quality phosphate rock reserves and the ongoing problem of phosphorus pollution in waterways, it is imperative that farmers, landowners, and government agencies work to manage phosphorus better.  The next two sections of this paper deal with solutions to better manage phosphorus.  The first of these two explains solutions involving cropping strategies and soil or manure amendments.  The second deals with phosphorus recovery in the forms of riparian buffers or waste recovery facilities.
Front-End Solutions
	In addition to widely available practices to prevent soil erosion, a variety of strategies can be used to reduce phosphorus use and runoff.  First, a number of different cropping regimes can be employed to increase the amount of soluble phosphorus available to plants, leading to less of a need for fertilizer.  Second, many states have introduced cost-share programs to help reduce phosphorus run-off.  These usually include an increase in soil testing and better management of livestock manure.  Third, plants are better at taking up phosphorus from certain fertilizers rather than others.  Using these fertilizers would reduce the amount of dissolved phosphorus that gets washed away.  Fourth, treating the soil with certain compounds or manures will reduce the amount of phosphorus washed away during rainfall events.
Cropping
	Certain forms of intercropping, which involves growing at least two different crops on the same field, has been found to increase yields of different crops due to beneficial interactions in the rhizosphere.  For example, when crops are planted alongside legumes, yields increase due to the legumes fixing nitrogen and thus making fixed nitrogen more readily available to the other crop.[footnoteRef:40]  The same principle also works for phosphorus. [40:  Robert Flynn and John Idowu, “Nitrogen Fixation by Legumes” (New Mexico State University, June 2015), https://aces.nmsu.edu/pubs/_a/A129.pdf.] 

	In a 2007 study, Li et al planted faba beans and maize in alternating rows.  They fertilized the field heavily with nitrogen to ensure that phosphorus would be the limiting nutrient.  In this study, the maize grain overyielded by 43% and the faba beans overyielded by 26%, compared to monoculture of both crops.  In another field experiment in the same study, the scientists planted maize and faba beans in a field with either no barrier between the crops, a mesh barrier, or a solid barrier.  With this experiment, they were able to determine that the increase in yield was due to below-ground interactions between the faba beans and maize.  In addition, the improvement in yield was not significant in fields where phosphorus was not limiting.  In another experiment, they were able to determine that faba beans roots released organic acids, lowering the pH of the surrounding soil.  This release of organic acids and protons lowering the pH of the rhizosphere allowed the maize to increase its phosphorus uptake.  The overyielding of the faba beans was due to the beans having a different growing season and root depth than the maize.[footnoteRef:41] [41:  L. Li et al., “Diversity Enhances Agricultural Productivity via Rhizosphere Phosphorus Facilitation on Phosphorus-Deficient Soils,” Proceedings of the National Academy of Sciences 104, no. 27 (July 3, 2007): 11192–96, https://doi.org/10.1073/pnas.0704591104.] 

	In addition to being beneficial to corn crops, faba beans intercropping also increases yields of barley.[footnoteRef:42]  A 2018 Moroccan study found that intercropping faba beans of the Alfia and Karabiga varieties with barley significantly increased the shoot dry weight (SDW) and root dry weight (RDW) of the barley plants.[footnoteRef:43]  The barley-Karabiga intercropping resulted in an SDW and RDW of 2.48 grams per plant and 0.34 grams per plant, respectively.  This is compared to barley-Alfia intercropping, which resulted in an SDW and RDW of 1.83 g/plant and 0.30 g/plant, respectively.  Both are much higher than the SDW and RDW of barley grown in monoculture, which was measured to be 0.76 g/plant and 0.13 g/plant, respectively.[footnoteRef:44]  Unlike Li et al’s study, however, the intercropping did not present any benefits to the faba beans.[footnoteRef:45] [42:  Mohammed Mouradi et al., “Effect of Faba Bean (Vicia Faba L.)–Rhizobia Symbiosis on Barley’s Growth, Phosphorus Uptake and Acid Phosphatase Activity in the Intercropping System,” Annals of Agrarian Science 16, no. 3 (September 2018): 297–303, https://doi.org/10.1016/j.aasci.2018.05.003.]  [43:  Mouradi et al.]  [44:  Mouradi et al.]  [45:  Mouradi et al.] 

	Other crops, such as soybeans, also have properties that optimize uptake of phosphorus.  In a 2019 study conducted in Newfoundland, Canada, two silage corn genotypes and three forage soybean genotypes were intercropped.  This resulted in a 28% increase in total forage production.[footnoteRef:46]  The scientists attributed this increase to a reduction in rhizosphere pH and increased activity of the acid phosphatase enzyme and an increase in available phosphorus.[footnoteRef:47]  However, the study leaves unanswered how the researchers accounted for the soybean’s nitrogen fixation in this experiment.  Despite this, Zaeem et al conclude that the microbial community in the rhizosphere is the important factor in increasing forage production and better soil health, especially in podzol soils in cool climate boreal ecosystems.[footnoteRef:48] [46:  Muhammad Zaeem et al., “The Potential of Corn-Soybean Intercropping to Improve the Soil Health Status and Biomass Production in Cool Climate Boreal Ecosystems,” Scientific Reports 9, no. 1 (December 2019): 13148, https://doi.org/10.1038/s41598-019-49558-3.]  [47:  Zaeem et al.]  [48:  Zaeem et al.] 

	In addition to intercropping, cover cropping is also a useful way to optimize soil phosphorus.  Cover cropping involves growing crops on fields over the winter as a way to maintain soil health or generate more income for the farmer.  One of the most useful cover crops to farmers in the mid-Atlantic United States is the forage radish, a member of the Brassicacaea family.  Brassicacaea crops are good for improving soil aeration, reducing nitrate leaching, suppressing weeds, and controlling erosion.[footnoteRef:49]  Forage radishes are also helpful in phosphorus management.  Like faba beans, the roots of forage radishes release organic acids which lower the pH of the surrounding soil.  This allows more soil phosphorus to change into soluble forms for plant uptake.[footnoteRef:50]  The radishes then take up this phosphorus and store it in the plant tissues.  If the radishes are left in the ground to decompose, this phosphorus is now in available soluble forms ready to be used by the next crop planted in the field.[footnoteRef:51]  Because of the radishes’ ability to take up large amounts of phosphorus, they can actually be used to remediate fields that have too much phosphorus.  By harvesting the radishes, this takes phosphorus out of the field system.[footnoteRef:52] [49:  Charles M. White and Ray R. Weil, “Forage Radish Cover Crops Increase Soil Test Phosphorus Surrounding Radish Taproot Holes,” Soil Science Society of America Journal 75, no. 1 (January 2011): 121–30, https://doi.org/10.2136/sssaj2010.0095.]  [50:  White and Weil.]  [51:  Brady and Weil, The Nature and Properties of Soils; White and Weil, “Forage Radish Cover Crops Increase Soil Test Phosphorus Surrounding Radish Taproot Holes.”]  [52:  White and Weil, “Forage Radish Cover Crops Increase Soil Test Phosphorus Surrounding Radish Taproot Holes.”] 

	However, when exposed to several freezing and thawing cycles, radishes and similar plants may increase the amount of phosphorus that is lost from the field due to leaching.[footnoteRef:53]  In a 2014 study conducted in Sweden, eight catch crops (cover crops grown to prevent nutrient leaching[footnoteRef:54]) were studied for their effectiveness in preventing phosphorus leaching.  In addition to a control group with no catch crop, fields were planted with chicory (Cichorium intybus L.), cocksfoot (Dactylis glomerata L.), perennial ryegrass (Lolium perenne L.), red clover (Trifolium pratense L.), phacelia (Phacelia tanacetifolia L.), white mustard (Sinapis alba L.), oilseed radish (Raphanus sativus L. oleiformis) and white radish (R. longipinnatus).  Lysimeters were placed in the ground and were used to study the concentration of phosphorus in leachate.  Lysimeters placed in fields with ryegrass, oilseed radish, and red clover cover crops had significantly (p = 0.0022) higher phosphorus concentrations in leachate than lysimeters in fields with other catch crops or in the control group with no catch crop.[footnoteRef:55]  In a similar study published a year earlier using the same eight varieties of catch crop, shoots and roots were analyzed for water-extractable phosphorus after being exposed to freeze-thaw cycles.  The two radish species and the white mustard had high levels of water-extractable phosphorus, due to the plants’ high uptake.  However, this made them susceptible to phosphorus losses after being subjected to freeze-thaw cycles.[footnoteRef:56]  In contrast, the roots of chicory are resistant to frost damage and are at very low risk of releasing phosphorus due to freeze-thaw cycles.  This makes them an ideal catch crop for phosphorus.[footnoteRef:57]  Phacelia also can be a promising phosphorus catch crop.[footnoteRef:58] [53:  Jian Liu et al., “Potential Phosphorus Release from Catch Crop Shoots and Roots after Freezing-Thawing,” Plant and Soil 371, no. 1–2 (October 2013): 543–57, https://doi.org/10.1007/s11104-013-1716-y; Jian Liu et al., “Freezing–Thawing Effects on Phosphorus Leaching from Catch Crops,” Nutrient Cycling in Agroecosystems 99, no. 1–3 (July 2014): 17–30, https://doi.org/10.1007/s10705-014-9615-z.]  [54:  Dennis Brown, “Cover Crop Terminology” (Byron Seeds), accessed April 11, 2020, http://www.byronseeds.net/pdfs/resources/Cover%20Crop%20Terminology.pdf.]  [55:  Liu et al., “Freezing–Thawing Effects on Phosphorus Leaching from Catch Crops.”]  [56:  Liu et al., “Potential Phosphorus Release from Catch Crop Shoots and Roots after Freezing-Thawing.”]  [57:  Liu et al.]  [58:  Liu et al.] 

Nutrient Management
	In addition to intercropping and cover cropping, several nutrient management programs at the state and federal level can be accessed by farmers in order to maintain soil health and water quality.  In Virginia, the Virginia Agricultural Cost-Share (VACS) program includes a best practice called “Precision Nutrient Management on Cropland – Phosphorus Application,” and coded with the identifier NM-5P.[footnoteRef:59]  The NM-5P practice involves the use of “precision nutrient management components” for row crops, small grains, and highly-managed hay crops.[footnoteRef:60]  This involves fields being divided by a grid and soil tests be taken in each square.  Plant tissue samples are also taken at different stages of the plant’s growth.  The more precise testing helps farmers apply fertilizer to only the parts of the field that need it, and testing the plant tissue samples let the farmer know how much phosphorus is being taken up by above-ground vegetation.  In addition to assisting with soil health, opting into this practice also allows farmers to access either a tax credit or a cost-share payment to reduce the cost of implementation.[footnoteRef:61] [59:  Virginia Department of Conservation and Recreation, “Program Year 2020 Virginia Agricultural Cost-Share (VACS) BMP Manual” (Commonwealth of Virginia, April 24, 2019), http://consapps.dcr.virginia.gov/htdocs/agbmpman/csmanual.pdf.]  [60:  Virginia Department of Conservation and Recreation.]  [61:  Virginia Department of Conservation and Recreation.] 

	Other states have similar programs.  In Ohio, where phosphorus and nitrogen pollution have contributed to large algal blooms in Lake Erie, farmers can join the Ohio Working Lands Buffer Program, the Voluntary Nutrient Management Plan Development Program, and/or the Cost Share and Equipment Buy Down Program.  The Ohio Working Lands Buffer Program promotes having year-round vegetative cover on croplands.[footnoteRef:62]  This reduces sediment erosion from fields to streams, and thus sediment and nutrient pollution in waterways.  The Voluntary Nutrient Management Plan Development Program is a partnership with the Ohio Agribusiness Association and offers farmers financial incentives to produce plans to actively manage nutrients on their farm.[footnoteRef:63]  Lastly, the Cost Share and Equipment Buy Down Program provides farmers with funds to purchase equipment and develop best management practices for phosphorus on their land.  Possible eligible practices for this program include:  equipment for subsurface injection of fertilizer, components for manure management and storage, and practices for controlling runoff.[footnoteRef:64] [62:  Ohio Department of Agriculture, “Western Lake Erie Basin Phosphorus Reduction Programs,” Ohio Department of Agriculture, March 6, 2019, https://agri.ohio.gov/wps/portal/gov/oda/divisions/soil-and-water-conservation/resources/wleb_programs.]  [63:  Ohio Department of Agriculture.]  [64:  Ohio Department of Agriculture.] 

Fertilizer
The method of applying fertilizers to a field is key in order to ensure that the nutrients reach the growing plant and not fertilize weeds or be left on the soil surface and wash away into streams.  One of the most economical ways of fertilization is by broadcasting, where manures or chemical fertilizers are distributed over a wide area by a spreader or similar equipment.  Broadcasting is effective for when a large amount of fertilizer needs to be applied to an area with the goal of improving the fertility of the soil for a long period of time.[footnoteRef:65]  Broadcasting tends to also work well with close-growing vegetation, such as in rangelands, pastures, or fields for small grains, and turf grass.  Sometimes, the broadcast fertilizer is incorporated into the soil with a disk or is plowed into the soil.[footnoteRef:66]  However, broadcasting is very inefficient for phosphate fertilizers because the fertilizer sits on the surface and is not accessible to the plant’s roots.[footnoteRef:67]  Partially because of this, it often takes 2-3 kg of fertilizer to provide the same response as 1 kg that was locally placed.[footnoteRef:68]  [65:  Brady and Weil, The Nature and Properties of Soils.]  [66:  Brady and Weil.]  [67:  Robert L. Mahler, “Fertilizer Placement” (University of Idaho Cooperative Extension System, February 2001), https://www.extension.uidaho.edu/publishing/pdf/CIS/CIS0757.pdf.]  [68:  Brady and Weil, The Nature and Properties of Soils.] 

For localized placement, fertilizer is directly placed into the ground using a variety of injection methods.  With knife injection, a blade cuts through the soil to a depth of 10-30 cm and liquid fertilizer is injected directly into the cut.  This reduces not only losses from runoff but also problems from manure odors.[footnoteRef:69]  Another injection method, called point injection, involves injecting liquid fertilizer into a small hole next to each individual plant.  These methods greatly reduce the disturbance to the surface mulch.[footnoteRef:70] [69:  Brady and Weil.]  [70:  Brady and Weil.] 

These injection methods are often used in a process called banding, which involves placing the fertilizer in a band either below, above, or beside the seed.  Banding is particularly useful for phosphorus because it limits the contact that the phosphate has with soil.  This prevents the phosphorus from undergoing reactions within the soil and becoming fixed and insoluble.  Thus, more of the phosphorus fertilizer is in available forms and is in close proximity to the plant itself.[footnoteRef:71] [71:  Mahler, “Fertilizer Placement.”] 

Another type of localized placement is a process called “pop-up,” which places the fertilizer in direct contact with the seed at planting.  Research has shown that phosphorus-limited crops have higher yields when pop-up or banding methods are used to apply phosphorus, particularly under cold and wet soil conditions.  These methods can even fight against the normally low uptake of phosphorus by plants in the cold, rainy spring in the northwest continental United States.[footnoteRef:72] [72:  Mahler.] 

The choice of fertilizer also plays a role in phosphorus uptake.  When ammonium is combined with phosphate (such as in ammonium phosphate fertilizers), the acidity produced by the oxidation of ammonium ions and by the uptake of excess ammonium cations keeps the phosphorus in a soluble form and increases phosphorus uptake.[footnoteRef:73]  In a 2010 greenhouse study, rice cultivars fertilized with monoammonium phosphate had larger growth and phosphorus uptake than those fertilized with rock phosphate.[footnoteRef:74]  By optimizing the amount of fertilizer phosphorus the plant takes up, less fertilizer phosphorus is available to be washed into streams by surface erosion or leaching. [73:  Brady and Weil, The Nature and Properties of Soils.]  [74:  Farhan Hafeez et al., “Differences in Rice Cultivars for Growth and Phosphorus Acquisition from Rock Phosphate and Mono-Ammonium Phosphate Sources,” International Journal of Agriculture & Biology 12, no. 6 (2010): 907–10.] 

	Like chemical fertilizers, manure choice can also impact the amount of phosphorus in runoff.  In a 2018 study, it was concluded that, when broadcast, solid cattle manure (SCM) was more environmentally friendly than liquid cattle manure (LCM).[footnoteRef:75]  The flux-weighted mean concentration of dissolved reactive phosphorus and particulate phosphorus in tile drainage water was lower in fields treated with SCM than in fields treated with LCM or chemical inorganic phosphate fertilizers.  This translated to a 68% reduction in particulate phosphorus load and a 47% reduction in total phosphorus load in the drainage waters from the SCM-treated field than that of the chemical inorganic phosphate-treated field.[footnoteRef:76]  One of the main problems with LCM was its susceptibility to being washed away in rainfall events, particularly in the period just after application.[footnoteRef:77] [75:  Y. T. Wang et al., “Solid Cattle Manure Less Prone to Phosphorus Loss in Tile Drainage Water,” Journal of Environmental Quality 47, no. 2 (March 2018): 318–25, https://doi.org/10.2134/jeq2017.06.0230.]  [76:  Wang et al.]  [77:  Wang et al.] 

Soil Treatments
	Other soil modifications can be made to prevent nutrients from being leached out or washed away with sediment.  In a 2005 study, Torbert et al designed a greenhouse experiment where boxes were constructed containing bermudagrass sod blocks.  Varying amounts of composted dairy manure (a phosphorus source) was applied to the sod.  Different boxes were also treated with ferrous sulfate, lime, or gypsum. A thirty-minute runoff event was then simulated, and the amount of phosphorus runoff was measured.  Sod treated with ferrous sulfate had large reductions in phosphorus runoff, whereas lime and gypsum were not effective at reducing phosphorus runoff.[footnoteRef:78] [78:  H. A. Torbert, K. W. King, and R. D. Harmel, “Impact of Soil Amendments on Reducing Phosphorus Losses from Runoff in Sod,” Journal of Environmental Quality 34, no. 4 (July 2005): 1415–21, https://doi.org/10.2134/jeq2004.0481.] 

	In addition to ferrous sulfate, alum has been shown to be effective at reducing phosphorus levels in runoff.  From 1995 to 2015, Huang et al ran a paired-watershed study.  Fields in one watershed were fertilized with poultry litter (a common manure) treated with alum, while fields in the other were fertilized with untreated poultry litter.  In addition, they also ran a concurrent study comparing 13 small plots with different treatments: one field was a control, four were fertilized with various rates of untreated litter, four were fertilized with various rates of treated litter, and four were fertilized with various rates of ammonium nitrate.[footnoteRef:79]  In terms of phosphorus management, the results were staggering.  In the paired-watershed study total P loads in runoff were 231% higher from fields receiving untreated litter than from fields that had received treated litter.  In both studies, fields that had been fertilized with the alum-treated poultry litter had higher Mehlich III phosphorus and lower water-extractable phosphorus at the soil surface than fields fertilized with untreated litter.  This demonstrated a greater retention of applied phosphorus and less phosphorus lost to surface runoff.[footnoteRef:80]  The fields fertilized with treated litter also leached far less phosphorus.  Mehlich III phosphorus content at a soil depth of 10 to 50 cm was 266% higher in the fields fertilized with untreated litter than in fields fertilized with treated litter.  These points led the researchers to conclude that there was “compelling evidence” that treating poultry litter with alum provided both short-term and long-term benefits to phosphorus conservation and water quality.[footnoteRef:81] [79:  Lidong Huang et al., “Reducing Phosphorus Runoff and Leaching from Poultry Litter with Alum: Twenty-Year Small Plot and Paired-Watershed Studies,” Journal of Environmental Quality 45, no. 4 (July 2016): 1413–20, https://doi.org/10.2134/jeq2015.09.0482.]  [80:  Huang et al.]  [81:  Huang et al.] 

Back-End Solutions
	In addition to solutions regarding the application, use, and optimization of phosphorus on the field, solutions are needed to control phosphorus in waste streams.  This paper analyzes two ways of doing this:  the first is through riparian buffers, which prevent phosphorus runoff from reaching streams and rivers; the second is through waste recovery facilities, which would recover phosphorus from multiple waste streams, including human and animal waste.
Riparian Buffers
	 Riparian buffers are a common tool to help prevent pollution of all kinds from getting into waterways.  Riparian buffers are simply a strip of vegetation alongside streams and rivers that separate the waterway from other forms of land use.  The key function of a riparian buffer is to reduce the amount of pollution entering the water.  In the buffer, pollutants are buried in sediment, taken up by plants, adsorbed onto clay and organic particles, immobilized, or denitrified by soil microorganisms.[footnoteRef:82] [82:  Julia C. Klapproth and James E. Johnson, “Understanding the Science Behind Riparian Forest Buffers: An Overview” (Virginia Cooperative Extension, May 1, 2009), https://www.pubs.ext.vt.edu/content/dam/pubs_ext_vt_edu/420/420-150/420-150_pdf.pdf.] 

Riparian buffers are very efficient at managing surface runoff and preventing phosphorus in that runoff from reaching the stream.  In a 2009 meta-analysis by Scandinavian scientists, several flow paths across a riparian buffer were considered: diffuse groundwater flow, direct groundwater flow, surface flow, drainage flow, flooding inundation, and hyporeic flow.  Buffers retain 50 to 90 percent of total phosphorus nutrients from overland flow, and 41 to 93 percent of the total phosphorus from all surface and subsurface flows.[footnoteRef:83]  However, the analysis of drainage flow showed both retention and loss of dissolved reactive phosphorus despite the buffers having a net retention of total phosphorus.[footnoteRef:84]  In addition, the scientists caution that inundation of buffers with floodwaters may deposit more phosphorus than is able to be immobilized by plants and would turn the buffer into a net source of phosphorus.  Therefore, flood scenarios need to be considered in buffer planning and maintenance.[footnoteRef:85] [83:  Carl Christian Hoffmann et al., “Phosphorus Retention in Riparian Buffers: Review of Their Efficiency,” Journal of Environmental Quality 38, no. 5 (September 2009): 1942–55, https://doi.org/10.2134/jeq2008.0087.]  [84:  Hoffmann et al.]  [85:  Hoffmann et al.] 

Similar findings were also discussed in a 2009 suitability study for buffers along 1,598 of Wisconsin’s watersheds.  The scientists found that even among the watersheds with extremely high loads of sediment and phosphorus (the top 10% watersheds of those surveyed) being washed into streams, up to 70% of those pollutants could be captured by riparian buffers.  They note that this estimate is on the high end of the ranges proposed by similar studies, such as a 2005 meta-analysis and a 2003 Minnesota study.[footnoteRef:86]  Despite the benefits of riparian buffers, the scientist noted that positive results would not be immediate nor would they work under all conditions.  First, the river or stream must adjust to the change in vegetation along its bank.  This will cause “transient increases in sediment and nutrient loss.”[footnoteRef:87]  Second, construction of the buffer may release sediment and phosphorus, leading to a temporary increase in those pollutants.  Third, like in the Scandinavian study, the scientists cautioned that inundation due to floodwaters may turn the buffer into a source of phosphorus and sediment.  In addition, the researchers note that buffers are not as effective against point-source or urban sources of runoff pollutants.[footnoteRef:88] [86:  Matthew W. Diebel et al., “Landscape Planning for Agricultural Nonpoint Source Pollution Reduction III:  Assessing Phosphorus and Sediment Reduction Potential,” Environmental Management 43 (2009): 69–83, https://doi.org/10.1007/s00267-008-9139-x.]  [87:  Diebel et al.]  [88:  Diebel et al.] 

	In a recent Canadian study, researchers looked at riparian buffers to see what effect seasonality had on the retention of nitrogen and phosphorus.  For both nutrients, retention was higher in the summer than at the time of snowmelt, although there was significant variation in the results and neither result for either nutrient were significantly different than zero.[footnoteRef:89]  However, the ability for buffers to retain phosphorus was negatively correlated with the phosphorus concentration within the buffer.  If phosphorus concentrations are too high, buffers may act as a source rather than a sink of phosphorus.  For buffers with high concentrations of phosphorus, harvesting of plants may be needed in order to lower the amount of phosphorus in the soil.[footnoteRef:90] [89:  Sanjayan Satchithanantham, Blair English, and Henry Wilson, “Seasonality of Phosphorus and Nitrate Retention in Riparian Buffers,” Journal of Environmental Quality 48, no. 4 (2019): 915–21, https://doi.org/10.2134/jeq2018.07.0280.]  [90:  Satchithanantham, English, and Wilson.] 

These three case studies make it clear that buffers provide a large benefit with retaining phosphorus.  However, this benefit is not evenly distributed over time.  Monitoring and maintenance will be required in order to ensure that buffers continue to be a phosphorus sink and still protect water quality.  
Phosphorus Recovery from Waste
	Phosphorus recovery refers to a variety of different processes that remove phosphorus from waste streams such as wastewater and agricultural and organic waste.  In a 2016 article in Environmental Science and Technology, Mayer et al outline strategies and benefits to turn waste treatment systems into “Resource Recovery Facilities.”[footnoteRef:91]  These Resource Recovery Facilities would provide a variety of services.  First and foremost, these facilities would recover the phosphorus itself.  Currently, technology exists to capture phosphorus from effluent and sewage sludge.  Capture is accomplished via chemical precipitation or enhanced biological phosphorus removal (EBPR), which incorporates the phosphorus into solid precipitates, which settles out of the mixture.  Sewage sludge can contain 2-3% phosphorus by dry mass, but the phosphorus precipitates formed may not be readily available for agricultural reuse, since they are strongly bound to aluminum or iron and thus can’t be taken up by plants.[footnoteRef:92]  However EBPR sludge can contain five times the amount of phosphorus.[footnoteRef:93]  In some countries, such as Japan, sewage sludge is incinerated and the ash (which can contain 4-11% phosphorus by weight) is applied as a fertilizer.  For comparison, phosphate rock contains around 13% phosphorus by weight on average.[footnoteRef:94] [91:  Brooke K. Mayer et al., “Total Value of Phosphorus Recovery,” Environmental Science & Technology 50, no. 13 (July 5, 2016): 6606–20, https://doi.org/10.1021/acs.est.6b01239.]  [92:  Mayer et al.]  [93:  Mayer et al.]  [94:  Mayer et al.] 

	Phosphate minerals themselves can be recovered from waste, wastewater, solids, or sewage sludge ash.  A variety of acid-leaching or thermochemical methods are used to recovered minerals like struvite or hydroxyapatite.  These minerals, in turn, can be used in chemical fertilizers or further processed to provide phosphorus to other industries such as, chemical production, steel production, pharmaceuticals, and lithium-ion-phosphate batteries.[footnoteRef:95] [95:  Mayer et al.] 

	Waste biomass from wastewater treatment, concentrated animal feeding operations, forestry, pulp and paper, corn stover, and food processing can be burned for renewable energy. Currently, 15-18% of phosphorus from livestock waste biogas production is lost.  Further hydrolysis and anaerobic biotechnologies are needed to solubilize particulate phosphorus to reactive orthophosphate ions (PO43-).  Anaerobic digestion solubilizes about 15-20% of total phosphorus, but this could be increased to 75% by using acid pretreatment followed by an acid-phase digestion.  However, this would cause methane (biogas) production to drop by half.[footnoteRef:96] [96:  Mayer et al.] 

	Similar waste phosphorus removal methods can assist in the recovery of nitrogen, potassium, metals, and water.[footnoteRef:97] [97:  Mayer et al.] 

	In order to effectively stop phosphorus waste, large-scale total recovery of phosphorus is needed.  To accomplish this effort, Mayer et al say that five things are needed:  improved technology, more and improved business models for phosphorus recovery, better assessment tools, government involvement, and more education.  They claim that to satisfy phosphorus demand, nearly all of the phosphorus currently lost in flows must be recycled.[footnoteRef:98]  To do this across multiple systems (such as erosion control, municipal waste, and industrial waste) and across multiple countries and regions, improved technology is needed.  Some struvite precipitation for phosphorus from municipal waste has already been piloted, and progress is being made on agricultural phosphorus optimization, using methods described earlier in this paper.[footnoteRef:99] [98:  Mayer et al.]  [99:  Mayer et al.] 

	Business models are starting to emerge in the closed-loop, or circular economy that phosphorus recovery represents.  In the near future, the free market in developing countries may support small-scale phosphorus recovery businesses.  Currently, however, no business models that can survive simply by selling recycled phosphorus. Additionally, the cost of rock phosphate fertilizers is too low to justify recovery of phosphates using struvite.  Existing struvite recovery systems in wastewater treatment currently exist to prevent buildup of phosphate minerals in the pipes, not for any economic reasons.[footnoteRef:100] [100:  Mayer et al.] 

	Better assessment modeling is also needed to take advantage of phosphorus recovery.  Newer socio-economic and resource assessments can help determine siting and operation of recovery centers.  Studies for large facilities have focused on life cycle assessments (LCAs) before, but usually in terms of water and not nitrogen or phosphorus.  More LCAs for those nutrients are needed, along with similar models such as life cycle costings (LCCs) and techno-economic analyses (TEAs).  Social costs of phosphorus recovery systems must also be accounted for.[footnoteRef:101] [101:  Mayer et al.] 

	Governmental intervention is also needed to provide regulations and incentives for phosphorus recovery.  Incentives will help kick-start phosphorus recovery and reuse programs by reducing the high entry cost.[footnoteRef:102]  Regulations will also need to change.  Phosphorus has mainly been regulated as a pollutant, not as a resource needing long-term management.  Nevertheless, regulations on the maximum amount of phosphorus allowed to be discharged into waterways can help foster a market for phosphorus recovery.[footnoteRef:103] [102:  Mayer et al.]  [103:  Mayer et al.] 

	Lastly, education is a key part of phosphorus recovery and reuse.  The public is not especially keen to accept recovery of materials from wastes, especially sewage.  There will be a need to demonstrate that phosphorus recovery is needed for environmental quality and can be done safely with respect to public health and the economy.[footnoteRef:104] [104:  Mayer et al.] 

	Once these hurdles are overcome, the benefits to communities will be tremendous.  A 2011 mass-flow analysis of phosphorus in the Twin Cities area in Minnesota showed that 96% of the phosphorus entering the metropolitan area in 2000 was stored or leaked.[footnoteRef:105]  To better use this phosphorus, the scientists proposed a three-pronged approach to phosphorus conservation, which included reducing phosphorus inputs, reducing leakage, and reusing wastes.  For the Twin Cities area, a comprehensive, practical strategy would decrease phosphorus inputs by 15%, reduce leakage to aquatic systems by 74%, and reduced phosphorus storage by 70%.  The strategy would also increase deliberate exports of phosphorus by 1200%.[footnoteRef:106]  This exported phosphorus would go to local farmers to be applied to fields.  Phosphorus exported from the Twin Cities area would be sufficient to produce nearly half of the food supply for the area.[footnoteRef:107] [105:  Lawrence A. Baker, “Can Urban P Conservation Help to Prevent the Brown Devolution?,” Chemosphere 84, no. 6 (August 2011): 779–84, https://doi.org/10.1016/j.chemosphere.2011.03.026.]  [106:  Baker.]  [107:  Baker.] 

Conclusions
	The key to phosphorus management will be combining solutions at every stage of the phosphorus flow in order to maximize phosphorus retention and recovery.  Active phosphorus management will require a systems approach and coordination between farmers, local extension agencies, private corporations, universities, municipalities, states, and the federal government.  From the methods described above, a multi-tiered integrated approach is needed.  Below are these approaches outlined for two hypothetical watersheds, one with phosphorus-limited soils and the other with phosphorus-abundant soils.
Phosphorus-Limited Watershed Case
	In a watershed with phosphorus-limited soils, farmers will need fertilizers or manures to ensure that their crops have enough have enough phosphorus to grow.  In these soils, corn and barley farmers should employ intercropping with faba beans or soybeans to make use of normally insoluble phosphorus compounds.  Additionally, planting cover crops, specifically radishes, in the winter will also solubilize phosphorus compounds.  Leaving the radishes to freeze and decompose will leave these phosphorus compounds ready to be taken up by the main crop.  However, in areas with frequent freeze-thaw cycles, chicory would be the ideal choice for a phosphorus-conserving cover crop.
	Even with these improvements, the soil will still continue to lose phosphorus because compounds will be taken up by the plant and then removed via harvesting.  Farmers will need to fertilize their fields to make up the difference.  When applicable, localized placement should be used, especially with ammonium phosphate fertilizers.  If broadcasting must be used, solid cattle manure or alum-treated poultry litter are the best fertilizers for retaining phosphorus.
	Soil testing should be completed at regular intervals to determine that these improvements do not lower soil pH below acceptable levels.
	Riparian buffers should be installed alongside waterways adjacent to crop fields, especially those with high erodibility.
	In order to maintain phosphorus inflow into the system, phosphorus recovery facilities must be created.   Waste from humans and animals should be processed to obtain high-phosphorus manures in order to add back to the crop fields to start the cycle over again.
Phosphorus-Abundant Watershed Case
	In soils with high levels of phosphorus, fertilization is not as much of a concern for farmers.  Still, phosphorus is removed from the field via harvesting of plants and farmers will still need to fertilize occasionally.  The fertilization methods described above should still be used in order to conserve phosphorus.  Extension agencies and state conservation offices should coordinate with farmer to provide accessible soil phosphorus tests to determine the level of phosphorus fertilizer needed and thus prevent over-fertilization.
	Riparian buffers are less effective in high-phosphorus soils, so they should be used only sparingly as an erosion control measure.  When implemented, they should be actively maintained by harvesting plants to remove phosphorus from the soil in the buffer zone.  In place of buffers, other sediment erosion control methods, such as contouring and no-till farming, should be prioritized.
	Phosphorus recovery from human and animal waste is still vital, even in areas with abundant phosphorus in soils.  Recovery ensures that phosphorus does not exit the system and therefore reduces the need for additional mining of rock phosphate reserves.  Phosphorus recovered in high-phosphorus areas can be sent to low-phosphorus areas to reduce their dependency on rock phosphate-based fertilizers.
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