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Presentation Notes
Dr. Bruulsema will review the emerging discussions among a wide array of disciplines that are focused on phosphorus sustainability. The issues include the finite nature of phosphate reserves, water quality impacts of phosphate use, and opportunities to enhance recovery and recycling. This presentation will summarize these current discussions and point to the implications for the fertilizer industry’s strategy for a sustainable future
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https://twitter.com/IPNIstewardship


The International 
Plant Nutrition 
Institute is 
supported by 
leading fertilizer 
manufacturers. 

Its mission is to 
promote scientific 
information on 
responsible 
management of 
plant nutrition.

Presenter
Presentation Notes
The International Plant Nutrition Institute is supported by producers of plant nutrients. Its mission is to promote scientific information on responsible management.



Outline

1. Sustainability
1. Phosphorus Cycle
2. Agricultural (crop nutrition)

2. Key phosphorus issues in agricultural sustainability
1. Crop yields (productivity) require soil P fertility (soil health)
2. Water quality (phosphorus loss reduction)
3. Resource conservation (nutrient use efficiency)

3. Phosphorus in 4R Nutrient Stewardship 
• Slides: available at http://phosphorus.ipni.net
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Presentation Notes
In today’s webinar, I would like to discuss sustainability from two perspectives. The first is from the perspective of the phosphorus cycle, a newly emerging science. The second, the perspective of agricultural sustainability, has been around a little longer, but approaches to engaging it are still evolving. I will then go on to discuss the intersection of these two perspectives, focusing on three key issues: productivity of crops and fertility of soils, water quality, which often requires reduction of phosphorus losses, and conservation of resources, which requires efficient use and re-use.Finally I will provide some examples of current efforts to improve agricultural sustainability through 4R Nutrient Stewardship of phosphorus.Note that these slides will also be made available at the URL indicated, phosphorus dot ipni dot net. 



The emerging discipline of phosphorus sustainability science
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Presentation Notes
This rather crowded slide shows some of the many recent initiatives and products of phosphorus sustainability science. Terms like “phosphorus footprint” and “peak phosphorus” put a lot of emphasis on conserving the phosphate rock resource, and speak to the concern for future generations and their access to phosphorus for food production. Considerable emphasis is placed on recovery, re-use and recycling of phosphorus. The boundaries of this discipline go well beyond agriculture, including all human uses of phosphorus, and all human impacts on its flows and fates. There is much discussion of a circular economy and closing the loop – which is especially of interest in Europe where the main concern is reliance on imports, and local employment. It’s important to note that this is not just another academic discipline. Today’s scientists aren’t content with leaving the topic in the realm of academia – they aim to participate in decision making processes. They aim to be influential. 



Rostock (Germany), September 12-16, 2016 PHOSPHORUS 2020 —
CHALLENGES FOR SYNTHESIS, AGRICULTURE, AND ECOSYSTEMS

Phosphorus sustainability initiatives 
inform policy and the public
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So we find these scientists engaged in many phosphorus sustainability initiatives. In Europe, a consortium of phosphorus recycling businesses, government agencies and academics take part in a Sustainable Phosphorus Platform, disseminating information on improving the recycling of phosphorus from wastes. Similar platforms are emerging at the national scale, and one has been initiated for North America as well. The United Nations Global Partnership on Nutrient Management has initiated a Phosphorus Task Team. Scientists plan to gather in Kunming China this coming August for the 5th sustainable phosphorus summit, and in Germany this coming September for the 8th International Phosphorus Workshop. These efforts generate communications to the public and to policy makers. It’s important that the fertilizer industry and agri-business engage in these efforts, to keep them aligned with the current realities of agriculture and its challenge of sustainably feeding future generations. 



The farm 
perspective 
focuses on 
the soil and 
the crop
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Here’s a diagram that IPNI has used and still uses in its educational efforts. It shows a farm perspective of the phosphorus cycle. The focus is on what’s happening in the soil, and on supporting high yields of crops. Like most models, it’s a useful teaching tool, but has limitations. [as the statistician George Box put it, all models are wrong, some are useful.] This one is useful in showing the major inputs to and outputs from the soil, and the forms in the soil, but not very clear on their relative sizes. For example, the total P in the organic and mineral fractions of most soils is generally at least a thousand times more than what is in solution. There are some who criticize this diagram, saying phosphorus doesn’t actually cycle, it’s more like a one-way ticket from the mine to the farm to the ocean. It’s true that fertilizer doesn’t come out of nowhere, and not all the P lost in erosion and runoff comes back to cropland. So from a sustainability perspective, we are missing some externalities. The next two diagrams, looking at national and global perspectives, will show that the one-way ticket analogy is also an exaggeration and that there is indeed cycling, not only within farms, but externally as well. 



Phosphorus flows beyond the farm: China, 1960-2012

Xin Liu et al., 2016. PNAS 113(10):2609-2614.
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I recently met the lead author (Xin Liu) of the publication from which I took this diagram, and I give her credit for this fascinating way of showing the phosphorus flows of China and how they have evolved over time. We could probably spend an hour discussing everything on this slide, but I’d like to draw attention to a few key points. First, the biggest flows. Phosphate from the mines, fertilizer applied to fields, crop removal with harvest, and flows in feed and food. Second, a few other flows that surprised me: fairly large amounts in atmospheric deposition, in transfers from pastures into grazing animals, and the manure recycled back to cropland. Considerable amounts of P run off into rivers, but only a small fraction transfers to the sea by riverine transfer. Clearly, large amounts of phosphorus are accumulating in cropland, and also in rivers, likely as sediment behind dams. The accumulation in itself is not sustainable, and indeed China is making efforts to improve its phosphorus use efficiency, and many farms are in a good position to utilize the legacy phosphorus in soil. However, from an agricultural sustainability perspective, we need to keep in mind China’s big challenge: feeding one-fifth of the world’s population, from less than one-tenth of its cropland. Also, if we look at phosphorus use efficiency as the ratio of P in food to P in fertilizer, we get 25% - which is at least as high as, if not higher than, the global average. Xin Liu, Hu Sheng, Songyan Jiang, Zengwei Yuan, Chaosheng Zhang, and James J. ElserIntensification of phosphorus cycling in China since the 1600s PNAS 2016 113 (10) 2609-2614; published ahead of print February 22, 2016,doi:10.1073/pnas.1519554113



Global P Cycle: Large amounts mined and accumulating in soils

Sutton et al., 2013. Our Nutrient World. Center For Ecology and Hydrology, UK.
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This depiction of the global phosphorus cycle was included in the “Our Nutrient World” publication overseen by the UN’s Global Partnership on Nutrient Management. The units are teragrams which are the same as million metric tonnes. Multiply by 2.29 to get P2O5. The numbers for many of the flows give rather wide ranges, and are not necessarily well vetted for precision, but some important points emerge. First, the cycles on natural soils and in coastal oceans rival if not exceed the size of the cycle in agriculture, comprised of fertilizer inputs, and crop removal. Second, the quantity going into human nutrition is no more than a quarter of the size of the fertilizer flow, and probably less. Third, even including losses of P by erosion, the flow from agriculture to fresh waters is much smaller than the quantity in fertilizer. So this diagram refutes a few science media statements I have read recently, for example, “plants can only use about 42 percent of the phosphorus applied to the soil, so the rest runs off into the water streams” https://www.sciencedaily.com/releases/2016/04/160429105527.htm or“In the fertilizing techniques that dominate today, … phosphorus is used exactly once, then swept out to sea.” http://web.mit.edu/12.000/www/m2016/finalwebsite/solutions/phosphorus.htmlThese statements are clearly incorrect. Nevertheless, again we see that the accumulation of P in soils is large, and thus we need to find ways to continue feeding the world without continuing the accumulation beyond levels optimum for crop production.Sutton M.A., Bleeker A., Howard C.M., Bekunda M., Grizzetti B., de Vries W., van Grinsven H.J.M., Abrol Y.P., Adhya T.K., Billen G.,. Davidson E.A, Datta A., Diaz R., Erisman J.W., Liu X.J., Oenema O., Palm C., Raghuram N., Reis S., Scholz R.W., Sims T., Westhoek H. & Zhang F.S., with contributions from Ayyappan S., Bouwman A.F., Bustamante M., Fowler D., Galloway J.N., Gavito M.E., Garnier J., Greenwood S., Hellums D.T., Holland M., Hoysall C., Jaramillo V.J., Klimont Z., Ometto J.P., Pathak H., Plocq Fichelet V., Powlson D., Ramakrishna K., Roy A., Sanders K., Sharma C., Singh B., Singh U., Yan X.Y. & Zhang Y. (2013) Our Nutrient World: The challenge to produce more food and energy with less pollution. Global Overview of Nutrient Management. Centre for Ecology and Hydrology, Edinburgh on behalf of the Global Partnership on Nutrient Management and the International Nitrogen Initiative. 



Nutrient Stewardship Metrics for 
Sustainable Crop Nutrition

Enablers
(process metrics)

Actions
(adoption metrics)

Outcomes
(impact metrics)

• Extension & 
professionals

• Infrastructure
• Research & 

innovation
• Stakeholder 

engagement

• [Require regional 
definition of 4R]

• Cropland area under 
4R (at various levels)

• Participation in 
programs

• Equity of adoption 
(gender, scale, etc.)

1. Farmland productivity
2. Soil health
3. Nutrient use efficiency
4. Water quality
5. Air quality
6. Greenhouse gases
7. Food & nutrition 

security
8. Biodiversity
9. Economic value
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Now, sustainability from a crop nutrition perspective. The issues overlap considerably with those of the “phosphorus sustainability’ perspective, but the relative importance may differ. For instance, farmers and industry tend to see water quality impacts as needing far more urgent attention than issues of resource scarcity and finite reserves. The crop nutrition industry has been talking internally about performance metrics for quite some time. We have classified these metrics into enablers, actions and outcomes. I want to focus on the actions and outcomes today. From the sustainability perspective, as an industry, agriculture needs to better document actions and link them to outcomes. The actions are the source-rate-time-place combinations in which phosphorus is applied. The ability of farmers to apply the 4Rs depends on phosphorus accessibility. The farmers who need phosphorus fertilizers the most are often those who face the highest prices and can least afford it. IPNI’s program in sub-Saharan Africa addresses this issue. The 4Rs of phosphorus application have the most direct impacts on 4 key outcome metrics: productivity, soil health (particularly the soil fertility component), nutrient use efficiency and water quality, particularly as affected by phosphorus losses. I’ll next review the role of phosphorus in these key impact areas.



High-yield crops take up large amounts of P. 
Most of it is removed with grain harvest.

Dr. F.E. Below, University of Illinois. Agron. J. 105:161-170 (2013)

Maize grain yield
12 t/ha 
Illinois, 2010

2010 data from two sites and six hybrids 
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When we look at the impact of a nutrient like phosphorus on productivity, it’s important to understand how much of it the crop takes up, when it’s taken up, and how much ends up in the grain. This and the next slide are compliments of Dr. Fred Below at the University of Illinois. These data show that high-yielding corn, or maize, can take up well over 100 kilograms of P2O5 per hectare, that the uptake continues to the day of maturity, and that almost 80% of it ends up in the grain. Converting to units of P, that’s over 40 kilograms per hectare. 



Research shows potential for altered P placement needs in 
high density high yield maize

Dr. F.E. Below, University of Illinois

none    15cm beside    under

Banding P 
fertilizer 
10-15 cm deep Yield, t/ha

11.7          12.0       13.0
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Dr. Fred Below’s research in Illinois is investigating the phosphorus needs of high yield systems, where high yielding hybrids are planted in narrow rows at high plant density. He found substantial benefits to placing a fertilizer, containing mainly phosphorus but also nitrogen, sulfur, and zinc, directly below the seed row, 10 to 15 centimeters deep. In this example, placement gave 8% more yield. Continuing this kind of research is essential to figuring out the physiology of phosphorus limits in high yield systems.



Crop yield contribution from phosphorus use is 
very substantial in the long term

27%
P

60% 
N+P

One example: Long-term contribution of P to yield of 
irrigated corn in Kansas – 40-year average, 1961-2000  
(Stewart et al., 2005, Agron. J. 97:1–6) 
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The industry is often asked the question, how much does fertilizer contribute to yield? It is not a simple question to answer. It depends on the time frame under consideration and the initial fertility levels of the soil, as well as many other factors. In general, many sources of information attribute at least 40 to 60 percent of crop yield to the use of fertilizer. In this example, a 40-year study on irrigated corn in Kansas, yields are 60% lower without nitrogen and phosphorus combined; 27% lower if only phosphorus is missing. At Rothamsted in England, wheat that went without phosphorus for 25 years yielded 44% less. In many tropical soils, crop yields are even more strongly dependent on phosphorus. So we could say that long-term, at least a quarter of crop production depends on the phosphorus being applied, and wouldn’t be there without it. Considering the trajectory of global populations and their food demands, phosphorus is clearly an important player supporting food and nutrition security. 



Short term crop 
response to P is 

much smaller

• Expected to be zero, or 
very small, on soils with 
adequate P levels

• When soil test P is below 
critical levels: 
~15% (0-23%) for soy
~20% (0-30%) for corn  
~40% (10-50%) for wheat, 
oats, alfalfa and clover in 
Illinois
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Short term response to phosphorus is smaller. Responses are expected mainly when soil test P is below the critical level. In that zone the response depends on crop and soil test level, with a lot of variability. At a level more or less mid-way into the deficiency zone, soybean without phosphorus would yield about 15 percent less, corn about 20 percent less and other crops around 40 percent less. On soils in the optimum or maintenance range, the primary reason for applying phosphorus is replenishing removal to maintain soil fertility, rather than getting higher yields. So yield dependency on phosphorus inputs depends on what’s in the soil. 
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Bray and Kurtz P1 soil test, ppm

30%

20%
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http://soiltest.ipni.net

Soil tests below critical decreased from about 60% in the 
1960s to a low of 40% in 2005 but increased to 44% over the 
past ten years.
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Soil test phosphorus is one component of soil health. While it does not cover the biological and physical aspects, it’s hard to imagine how a phosphorus deficient soil could be healthy, since the biological and physical characteristics depend on active growth of plants. Agricultural soils range widely in the levels of soil test phosphorus. The earliest summaries conducted by our Institute showed about 60% of soils tested as below critical. The fraction of low testing soils decreased to 40% by 2005, but in the most recent survey, it has started increasing again, reaching 44%. A considerable proportion of soils, around 25%, test higher than necessary as well. Detailed results by state and province are available at the URL indicated, soiltest.ipni.net. The latest survey included more than 7 million samples, showing that most farmers do sample. When it comes to following these recommendations, however, there seems to be a discrepancy. If recommendations were followed, we would expect to see distributions converge – fewer samples below and above optimum, and more in the optimum range. That’s hardly perceptible in these data. Many growers do not trust the soil test enough to stop replenishing when soils test above optimum, or to build up phosphorus in soils that are below optimum. There is a need to increase confidence in soil testing. In the next two slides, I will show an approach that is being used to that end in Australia.



http://www.bfdc.com.au

Presenter
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The Making Better Fertiliser Decisions for Cropping Systems in Australia (BFDC) project aims to build confidence in soil test–crop responses by developing calibrations from a common dataset sourced nationally from trial results stored in a central repository. The BFDC project team has collated and assessed more than 5000 regional soil test calibration relationships for Australian cereal, pulse and oilseed crops and has developed:1. a national web-based database of crop nutrient response trials and an interrogation interface for future users of the database,2. an agreed approach that enables users to develop national and regional soil test–crop response calibrations for nutrients including phosphorus3. training resources and technical publications to communicate soil test–crop response calibrations and scientific findings across the grains and fertiliser industries.The grains and fertiliser industries benefit by having the products from the project available online for access by Grain growers, Agribusiness and consultants, Fertiliser companies, Public advisors and Researchers.

http://www.bfdc.com.au/
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BFDC provides a web interface that lets users query the data any way they want. Thus they can examine what their recommendations are based on, and evaluate if they are appropriate for them. A system like this would also allow research scientists to be more aware of data gaps – crops and soils under represented. The renewed interest in phosphorus sustainability can be translated into a wider base of support for soil test calibration research, since more people are becoming aware of the importance of its role in enhancing a sustainable food supply for the future while improving water quality. There is a big opportunity to establish this kind of data sharing across North America, and perhaps worldwide.



PUE: Ratio of removal to use varies across US cropland

2011
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Moving on from soil health, the third of the four key metrics is nutrient use efficiency. In the case of phosphorus the most useful expression is the ratio of removal to use; crop removal divided by the amount applied as fertilizer, or fertilizer and manure. IPNI tracks this ratio using a tool called NuGIS which is publicly accessible on the web. The first point that jumps out of this map is the variability. Some crops need to be fertilized at levels greater than their nutrient removal. And there are areas with high soil test phosphorus that can produce high yields for many years while being fertilized with less than the crops remove. But look at how widely these ratios vary. A large section along the southern Mississippi River removes more than five times what is applied. Pockets in the east where the amount applied is five times greater than what is removed. Some of these areas have opportunities for improved efficiencies. 



Phosphorus Balance, USA – on average, seldom in deficit
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The phosphorus balance also varies over time. Here I plot the sum, over all the USA, of phosphorus applied as manure in red, fertilizer in blue, and compare the two combined in green to the crop removal shown in purple. We can see that on average over the country as a whole, phosphorus has most often been applied in a slight surplus, which has diminished or disappeared in more recent years. We need to keep in mind, though, that this is an average of surpluses and deficitis. Where manure is applied, it is usually considerably in surplus of crop removal, and thus there must be other areas where applications are not replenishing all that the crops remove. 



Global cropland PUE of ~70% is 
the average of too much and too little

Fixen et al., 2015, cited in Nziguheba, Zingore, et al., 2016. 
Nutr Cycl Agroecosyst (2016) 104:321–340
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Globally as well, different regions show differences in the current status and in trends of phosphorus balance. This analysis shows the ratio of phosphorus removed by food and feed crops as compared to fertilizer inputs. Forage crop removal and manure inputs are not included. The global average increased from around 50% in 1985 to around 70% in 2005 – sounds like good news, but it’s really an average of too much and too little. Efficiency improved reasonably in Europe and North America, taking advantage of a legacy of past phosphorus surpluses. Africa’s removals, however, are leaving a legacy of depleted soils. Phosphorus balance, or phosphorus use efficiency, has an optimum level. Maximizing nutrient use efficiency depletes soil fertility. As shown earlier, China’s phosphorus use efficiency declined over the period. These data need to be updated, and preliminary scanning indicates improvement in more recent years, with both Africa and China starting to move toward the “green zone,” at least in some regions. Phosphorus in smallholder farming systems of sub-Saharan Africa: implications for agricultural intensification.  Generose Nziguheba . Shamie Zingore . Job Kihara .Roel Merckx . Samuel Njoroge . Abigael Otinga . Elke Vandamme . Bernard Vanlauwe Nutr Cycl Agroecosyst (2016) 104:321–340Fixen P, Brentrup F, Bruulsema T, Garcia F, Norton R, Zingore S (2015) Nutrient/fertilizer use efficiency: measurement, current situation and trends. In: Drechsel P, Heffer P, Magen H, Mikkelsen R, Wichelns D (eds) Managing water and fertilizer for sustainable agricultural intensification. IFA, IWMI, IPNI, IPI. First edition, Paris, France, pp 8–37



Phosphorus – legacy and use efficiency

• Legacy
– Feeds the world
– Global food security
– Increased soil fertility
– In cropland soils, two levels: 

beneficial and risk to water 
quality

– Storage in sediments in 
stream, river, and lake

• Use efficiency
– Minimizes surplus available 

for loss
– Increases reserve life of 

finite resources
– Recovery does not = balance
– Requires optimum soil test 

level

4R practices may impact water quality more than 
use efficiency
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 So to sum up what I’ve said up to now about productivity, soil health and nutrient use efficiency, the legacy of phosphorus use is still with us today. It’s responsible for a good portion of the world’s food and today’s levels of food security. It has increased soil fertility, in some cases to optimum levels and in some cases to levels above optimum – levels that pose a chronic risk to water quality. Sustainable nutrient stewardship calls for drawing down to optimum levels. There is also legacy stored in sediments in streams, rivers, and lakes, which delays response to changes in crop nutrition and conservation practices. Working at improving use efficiency minimizes the surplus available for loss and increases the reserve life of the finite phosphate rock reserve. Short term recovery is not the same as nutrient balance. At optimum soil test levels, crop recovery of applied phosphorus is low, but its ratio of output to input can often be close to 1, with replenishment equaling removal. At lower soil test levels, optimum yields depend on adding more than crops remove. And at higher soil test levels, the output-input ratio can and should be greater than 1. The interpretation of use efficiency of phosphorus, therefore, depends on the legacy reflected in the soil test. BUT sustainable phosphorus management needs to consider more than legacy and use efficiency. The water quality impacts of agriculture are seen in many areas as the most urgent sustainability issue involving phosphorus. Application practices including source, timing, placement and the associated tillage and conservation practices may impact water quality much more dramatically than they impact use efficiency. We’ll move now to a specific example of a well known water quality issue: Lake Erie.



Western Lake Erie 
watershed: 
cropland P in 
balance, but 
dissolved P losses 
increasing.

GLWQA Annex Nutrients Committee, May 2015. David Baker & Laura Johnson, 
National Center for Water Quality Research, Tiffin, OH. Cropland data from IPNI NuGIS.

40%
reduction target
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Algal blooms in lake Erie have increased since the mid 1990s, along with monitored increases in dissolved phosphorus in its tributaries. The largest tributary, the Maumee River, drains over a million hectares of agricultural land, most of it cropped to corn and soybeans. The P loading during the March through July period correlates well with the blooms, and is now used as a forecasting tool. Under the Great Lakes Water Quality Agreement, load and concentration reduction targets of 40% have recently been set, using 2008 as baseline. The target’s level of ambition is clear: it aims for a level of DRP concentration not achieved once in the past 16 years. It aims for that condition to be achieved 9 years in 10. While some nutrient loss issues show correlation with nutrient use efficiency, the increasing trend in dissolved phosphorus is not linked to an increase in phosphorus surplus. In fact the trend if anything is almost the opposite. Crops are removing more phosphorus, but application rates have generally not increased, and deficits are more common in recent years. There is much we don’t understand about this increasing trend in dissolved phosphorus, but there are solutions with potential to improve the situation. I’ll review some evidence on the timing and placement of phosphorus applications. 



The Heidelberg 
University Tributary 

Loading Program

Honey Creek 
Watershed:
• ~38,000 hectares
• ~80% row crops
• drains into the 

Sandusky River

P loss monitored at a watershed scale
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Heidelberg University monitors phosphorus losses in streams and rivers within watersheds of various sizes within the Lake Erie basin. The Honey Creek Watershed drains about 38 thousand hectares, most of which are cropped to corn and soybeans with a little wheat. It drains into Lake Erie through the Sandusky River, part of the Lake Erie watershed. Replicated research is not possible at this scale, but the monitoring offers opportunity for “learning from experience.”



Right Time

1. Intense rainstorms following broadcast of P can generate high P concentrations in runoff 
but the direct agronomic or economic importance can be minimal. 

2. As the time intervals increase between surface broadcast P applications and runoff-
producing rainfall events, DRP concentrations spike less. 

DRP load in kg of P2O5 per ha of watershed

0.35 0.20  

David Baker and Laura Johnson, Heidelberg University
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Presentation Notes
In the fall of 2011, rains were limiting access to fields, and time was tight for harvesting and fall fertilizer application. Finally in mid-November came a gap large enough to dry the soils and allow field activities. All the time, water flow and its dissolved phosphorus load were being monitored. The blue indicates water flow rate, the black dots the phosphorus concentration. Generally, P concentration increases with water flow. But following periods when fertilizer applications had been made, concentrations relative to flow increased sharply. This finding led Heidelberg University researchers to conclude that though the loss per unit area was quite low, fall applications just prior to runoff-generating rain was a risk factor, sending stream concentrations far above above target levels. Timing or placing applications to avoid such runoff events would potentially have consider impact on water quality, but since the amounts lost are small, the impact on phosphorus use efficiency would be small. Presenting this information to local ag retailers changed their thinking considerably about the practice of broadcast application, particularly about timing in relation to rainfall. 



Edge-of-field comparison shows higher 
DRP loss with broadcast P on no-till

TD2

TD1

0 50 100
meters

Drainage area
Tile outlet
Rain gauge

Ohio, USA

UBWC

Soil type: Silt loam
Tile depth: 75 cm
Soil test P: 30 ppm Mehlich-3P
Tillage: No-till

2014 management
May 6th – Applied MAP @ 200 kg/ha
May 8th – Tilled field TD1 (disc)

(TD2 remained no-till)

Study Objective
Compare P transport before and 
after tillage and between tilled and 
no-till fields

Williams and King, USDA-ARS, Columbus, Ohio
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Another recent experience provided a learning opportunity from edge of field monitoring. It showed how surface application of P without incorporation can increase loss of dissolved P in tile drain water. This field had a history of no-till, and was paired with another field under similar management. Located in the center of Ohio, it’s not actually in the Lake Erie watershed, but the soil is typical of that in the watershed. It is a tiled drained silt loam with a soil test at an optimum level. Fertilizer was applied on the 6th of May. Two days later one field was tilled with a disc to work the fertilizer into the soil. The other field was not tilled. In these fields the main pathway of water flow was through the tile drains, and the objective was to compare the treatments using a before-after control impact design. 
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Williams and King, USDA-ARS, Columbus, Ohio

P incorporated P not incorporated

After P application & tillage 
(May 12th)

Incorporating P reduced DRP loss by 70% over 5 rain events (from 0.9 kg P2O5/ha) 

Presenter
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Before P application and tillage, there was a rainfall event on the 28th of April, large enough to generate discharge from the tile. Discharge in these figures is shown in blue, DRP concentration in red. The two field were very similar in the patterns of P concentration in the discharge (shown in the top figures) and in the loading in grams per hectare, shown in the bottom figures. After P application and tillage, there was another rainfall event on the 12th of May, six days after the fertilizer application and four days after the tillage. Tillage altered both the discharge pattern and the P concentration. By working the P into the soil, macropore paths were disrupted, less water was lost, and both concentrations and loads of P were reduced about five-fold for the first event and by 70% over the first five. Total loss: only 9/10ths of a kilogram of P2O5 per hectare! Interpretation of these findings is disturbing. Conservation tillage has been credited with reducing erosion and improving soil health. These benefits could be negated by a requirement to incorporate fertilizer with a disk. But questions remain. Could an alternate placement – even in traditional starter bands – have been just as effective? Do these results apply to soils in all landscapes and of all textures? It is however, not the only piece of evidence indicating high loss potential of soluble P associated with leaving fertilizer or manure on the soil surface. Again the practice that strongly reduced loss would have little effect on phosphorus use efficiency.



Fertilizer P is Soluble P

• MAP (11-52-0) has water 
solubility of 370 g/L

• = 84 grams P per litre
• = 84,000 mg P per litre

• Maumee river target for 
DRP = 0.047 mg P per litre

• Targets for Lake Erie: 
Western Basin – 0.012 mg/L 
Central Basin – 0.006 mg/L 
Eastern Basin – 0.006 mg/L 

Presenter
Presentation Notes
Some important principles apply to the understanding of how dissolved phosphorus can be lost. First it is important to understand that fertilizer phosphorus is soluble. So is a large part of the phosphorus in manure. We have always taught that phosphorus doesn’t move much in soil. But that assumes it gets a chance to interact with the soil. If the first rain that meets a granule of phosphorus on the soil generates runoff, that runoff will be enriched in phosphorus, and it takes only a very small amount to exceed the limits for controlling algal blooms. 



Soil test P distribution with depth in a long-term tillage experiment on a 
poorly drained Chalmers silty clay loam soil near West Lafayette, Indiana. 
Moldboard and chisel plots were plowed annually to a depth of 20 cm. Data 
from Gál (2005) and Vyn (2000). Fertilizer P applied broadcast.

Soil test P stratifies when moldboard plowing stops

Presenter
Presentation Notes
One important interaction between tillage and phosphorus application needs to be considered. With less tillage, there is more stratification of the soil test. These long-term data from Indiana show that the top two inches in no-till increase to as much as three times the level of the top six inches. The top is what interacts with broadcast phosphates, and with surface runoff, and with the water running down macropores. In soils susceptible to either, stratification needs to be managed. Higher soil test P means less soil capacity to hold onto freshly applied P. And the high soil test P in itself is a chronic contributor – every runoff event is enriched, not by a lot, but higher than with a normal optimum level of soil test P.Blended phosphorus and potassium fertilizers were broadcast applied before fall primary tillage; the last application before the present soil sampling occurred in November of 2002 at a rate of 224 kg/ha (0-46-0) and 336 kg/ha (0-0-60), respectively (West et al., 2002).  Why did the no-till accumulate more total P? Note that corn yields were 5% and 15% less for no-till in rotation  and continuous, respectively. But the lower removal of P in no-till may not be the full answer. The rich organic matter may also be keeping a greater fraction of the P in the available form, at least in a form extractable by the soil test. 



Tillage increases 
erosion, but can 
increase dissolved P 

The conversion of 
conventional moldboard plow 
wheat to no-till wheat 
decreased total P transport in 
surface runoff but increased 
dissolved P in runoff … for 
several watersheds in 
Oklahoma. Data from Sharpley
and Smith 1994. 

USDA-ARS. 2006. Best Management Practices To Minimize Agricultural Phosphorus 
Impacts on Water Quality

Presenter
Presentation Notes
These data from an Oklahoma wheat study show the typical effects of tillage on the two forms of phosphorus loss. The results are a summary over several watersheds. Going to no-till reduced total P concentrations in surface water from 4-5 ppm to less than 1 ppm. But it increased the concentration of dissolved P in runoff about fourfold, to almost all of the 1 ppm of total. Many studies show similar results. It should be noted that the fertilizer placement here was on the surface, and the no-till implementation reduced grain yields. In situations where fertilizer is banded sub-surface, less increase in dissolved P runoff would be expected.[This study considers the impact of conventional-till (moldboard plow or sweeps) and no-till wheat (Triticum aestivum L.) management practices on surface and groundwater quality. Concentrations and amounts of sediment, nitrogen (N), and phosphorus (P) in surface runoff, and associated nutrient levels in ground water were determined for seven dryland watersheds at two locations for periods up to 14 years. In general, annual surface runoff was similar for both tillage practices, ranging from 6 to 15 cm. Compared with conventional till, no-till reduced sediment, N, and P loss an average of 95%, 75%, and 70%, respectively. Concurrently, elevated levels of dissolved P (maximum 3.1 mg l−1) in surface runoff, and nitrate-N in ground water (maximum 26 mg l−1) were observed. About 25% more available soil water was in the no-till soil profiles, but this did not translate into increased grain yield. Instead, no-till grain yields were reduced an average 33% (600 kg ha−1) compared with conventional till, which is attributed to a lower availability of surface applied fertilizer, and increasing cheat (Bromus tectorum L.) and associated weed problems. From an overall agronomic and environmental standpoint, results indicate that the management of no-till systems should include careful fertilizer placement and timing.]Wheat tillage and water quality in the Southern plainsAndrew N. Sharpley, S.J. Smith 1994 Soil and Tillage Research



World Phosphate Rock Reserves

Source: USGS, 2016 - http://minerals.usgs.gov/minerals/

Country 2014-15 
Production Reserves Reserve 

Life

Mt Years
Algeria 1 2,200 2,200
China 100 3,700 37
South Africa 2 1,500 750
Jordan 7 1,300 186
Morocco 30 50,000 1,670
Russia 12 1,300 108
USA 26 1,100 42

World Total 220 69,000 314

P

Presenter
Presentation Notes
Now the important, but less urgent, issue of the finite resource from which phosphorus fertilizers are made. One reason for ensuring phosphorus use efficiency is to minimize depletion of finite natural resources. There has been considerable academic discussion of phosphorus reserves for many decades, with a recent surge around 2009 with the emergence of the “peak phosphorus” concept. Estimates of the end of economically extractable phosphate rock range from decades to centuries, but most authorities now accept that it’s at least a hundred years away. The IFDC 2010 report resulted in almost a four-fold increase in the estimate of world total reserves. Previously estimated at 16,000 MMT, they are now considered to be 69,000 MMT. Most of the increase was for the country of Morocco, a country that still has vast resources. A simple calculation of reserve life, dividing current production levels by reserves, gives an estimate of a 314-year PR supply for the world. We have seen, however, that global PR consumption is forecast to continue increasing, thus reserve life here is underestimated. We have also seen, however, that over time new resources get added to reserves and that reserves are not a static number. In that sense these estimates of reserve life are conservative. http://minerals.usgs.gov/minerals/pubs/commodity/phosphate_rock/mcs-2016-phosp.pdfIFDC definitions:Reserves – phosphate rock that can be economically produced at the time of the determination using existing technology; reported as tons of recoverable concentrateResources – phosphate rock of any grade, including reserves, that may be produced at some time in the future; reported as tonnage and grade in situOnly a fraction of the resources are technically and economically suitable for production at any point in time.



Figure 2.9 Putting 
phosphorus and 
potassium (potash) 
reserves into context.

Zinc likely to run out 
long before phosphate. 

Sutton et al. 2013. Our Nutrient 
World: The challenge to 
produce more food and energy 
with less pollution. Global 
Partnership on Nutrient 
Management. 
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With recent revisions to the estimates of reserves, the estimated life of phosphorus reserves is now similar to those of potash and magnesium, and well into the hundreds of years. It is worth noting that the estimated reserve life of the important micronutrient zinc is far shorter. While we agree that phosphate rock is a finite resource and should be used carefully, this “sourcing” issue seems to many of us less urgent than the final fate issue – the impact of phosphorus losses on water quality, which is the fourth of the key impact metrics. �



4R: “right” means sustainable

http://www.ipni.net/4r-decisionguides

Presenter
Presentation Notes
In the 4R Nutrient Stewardship concept, right means sustainable. 4R is considered a means of building public trust to ensure the sustainable future of the industry. The food supply chain wants to improve the environmental footprint of its products. For this reason, we are engaging with sustainability organizations like Field to Market to represent 4R practices for managing both nitrogen and phosphorus. Applying 4R principles ensures consistency of messages and actions all along the food industry supply chain.  IPNI recently released a general decision making guide outlining 4R practices for phosphorus, and is engaging scientists in an upcoming workshop to more specifically define 4R practices for North American cropping systems. The aim is to increase recognition of “right practice” in sustainability performance reporting. 

http://www.ipni.net/4r-decisionguides


• Regional 
implementation of 
4R

• Western Lake Erie 
Basin – OH, MI, IN

• Focus on 
phosphorus

• Current reach 
over 2 million acres 
(800,000 ha)

Presenter
Presentation Notes
A 4R certification program was initiated two years ago in the Western Lake Erie basin. The 28 ag retail locations now certified reach a total of 2 million acres. While the program criteria focus on phosphorus, they include all plant nutrients. IPNI’s role in the development was and continues in collaboration with partners including The Fertilizer Institute, the Nature Conservancy, and state farm and environmental organizations and agencies. 



WLEB 4R Certification Program

Presenter
Presentation Notes
The certification program includes at least 40 criteria related to training, record-keeping, recommendations and custom applications. Here are some examples of the program criteria. 4R recommendations include all sources applied, so that the phosphorus value of manure and biosolids is not neglected. Under right rate, typical land grant university recommendations are required, unless results of adaptive management research in the local area supports something different. Under right time: application on frozen or snow covered ground is ruled out, and there is a criterion requiring the applicator to watch the weather forecast for storm events that could generate runoff. The criteria encourage right place application, using variable rate, injections, subsurface banding or incorporation wherever possible. While it is difficult to define the precise soil test level that separates “too much” from “optimum” legacy, the tools of precision agriculture should equip growers to maintain soil test levels closer to just a little above critical. Variable rate technology—applying the “right rate” of phosphorus in the “right place” to match soil and crop need—enables managing legacy to desirable levels.



Practice Advantages (Benefits) Limitations (Costs)

S – MAP or DAP
R – rotation removal 
T – fall
P – broadcast   

Minimal soil compaction
Allows timely planting in spring
Low cost fertilizer form
Low cost of application

Risk of elevated P in runoff in 
late fall and winter
Low N use efficiency

S – MAP or DAP
R – rotation removal 
T – spring
P – broadcast   

Minimal soil compaction 
Better N use efficiency
Low cost fertilizer form
Low cost of application

Risk of elevated P in spring 
runoff before incorporation
Potential to delay planting
Retailer spring delivery capacity

S – MAP or fluid APP
R – one crop removal 
T – spring  
P – 2” x 2” band 

Low risk of elevated P in runoff
Most efficient use of N 
Less soil P stratification

Cost and practicality
Potential to delay planting
Retailer delivery capacity
Cost of fluid versus granular P

S – MAP or DAP
R – rotation removal 
T – fall
P – banded in zone 

Low risk of elevated P in runoff
Maintain residue cover
Allows timely planting in spring
Less soil P stratification

Cost of RTK GPS guidance
Cost of new equipment 
More time required than 
broadcast

Choice of 4R practice considers benefits and costs in terms of all 
key outcome metrics: yield, soil health, NUE, and water quality.

Presenter
Presentation Notes
The choice of practices in an adaptive management approach needs to consider all the advantages and limitations of the different source-rate-time-place combinations available. Essentially, these are the benefits and costs in terms of the key outcome metrics. These benefits and costs differ in different regions. The results I have shown from Ohio and Indiana today may or may not apply to Illinois and Iowa and Minnesota—or they may apply to only some parts of those regions, and likewise to the rest of the world. The Nutrient Reduction Strategies of Iowa and Illinois so far include only total phosphorus loss, not dissolved. Moving from practices with risk of elevated P in runoff may entail cash costs. Broadcast application offers flexibility in timing and often the lowest application cost. In soils with optimum P levels, band and broadcast applications do not differ in terms of availability to the crop and crop response. But they do differ in risk of runoff loss. To minimize P losses from broadcast applications, it is important to apply when the risk of runoff is low. Runoff events are more frequent in late fall, winter and early spring. Ideally all P would be applied at planting, but limited storage capacity and equipment availability often make this impractical. Practices like fall band application with strip tillage or zone tillage, or point injection, need to be considered. We need more research to accurately quantify the benefits of these practices, to help in making decisions.Most soils retain most of any phosphorus applied. The little that leaks, however, can harm the environment. Acute risks of losses accompanying application of fertilizers or manures can be controlled through “right time” and “right place.” Timing applications to avoid periods when risks of runoff are high, and placing them into instead of on top of the soil can make large differences on the amount of phosphorus delivered to the edge of the field. Conservation practices that control soil erosion are also important in controlling losses of particulate forms of the legacy. 



Fall 
Strip-till 
Banding 

Greg LaBarge, Ohio State 
University Extension

• Puts the P in the soil
• Keeps residue on the soil
• RTK GPS for precision 

planting

Presenter
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Currently about 4% of the phosphate fertilizer is applied in strip till bands. This is an innovative method for putting P in the right place while keeping crop residue in its right place. The system requires RTK GPS for precision planting, and takes more time than fall broadcasting. A few questions to consider: how will we motivate expanded use of this system? If we put a cover crop in this system, how much more productive can we make it?  Can this system increase yield potential as suggested by Dr. Below’s research in Illinois?



Strip tillage with granular 
placement puts P in the right 
place – and controls erosion.

Presenter
Presentation Notes
Here is another approach with the ETS Soil Warrior. This machine can move faster because the strip tillage is done with discs. The phosphorus is mixed with the soil, but not as deep as when knifed in or as in Dr. Below’s research. At least one dealer in Southwestern Ontario is evaluating this system. 



Some growers fertilize all their crops in bands near the seed.



ACTION
Change in practice

Farm Level
Producers, 
Crop advisers

DECISION 
Accept, revise, or reject

EVALUATION of OUTCOME  
Cropping System 

Sustainability Performance

Recommendation of right source, 
rate, time, and place (BMPs)

Regional Level
Agronomic scientists, 

Agri-service 
providers

DECISION SUPPORT based 
on scientific principles

Policy Level – Regulatory, 
Infrastructure, Product Development LOCAL SITE 

FACTORS
•Climate
•Policies
•Land tenure
•Technologies
•Financing 
•Prices
•Logistics
•Management
•Weather
•Soil
•Crop demand
•Potential 
losses

•Ecosystem 
vulnerability

4R Adaptive Management for P Nutrition

Presenter
Presentation Notes
The 4Rs include adaptive management. This vision of adaptive management for plant nutrition includes cycles of decision, implementation and evaluation. Consistency for all scales is obtained by making sure that the evaluation criteria, essential the performance metrics, are the same for all. What’s new in sustainability thinking it that profitability is no longer the only performance metric. It’s still an important one, of course, because no unprofitable farm can be sustainable. But the rethinking for phosphorus management is “profitability and…” Profitability and soil health. Profitability and soil phosphorus fertility. Profitability and water quality. How do these metrics fit into the bigger picture?



Certified Crop Adviser Specialties

• 4R Nutrient Management Specialist
– Performance objectives effective May 2015
– Currently 100 certified 4R Nutrient Management Specialists 
– Ontario version in development (CCA Ontario and Fertilizer Canada)

• Sustainability Specialty Exam 
– Performance objectives effective May 2015
– Launched November 2015 in Minneapolis, MN
– First exam August 2016 
– References 4R Nutrient Stewardship

Presenter
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Certified Crop Advisers are crucial to the implementation of 4R Nutrient Stewardship. The 4R nutrient management planning specialist will be expected to have a higher level of knowledge about managing environmental risks associated with nitrogen and phosphorus. The Sustainability Specialist will have broader knowledge of how to connect to sustainability systems and report on key performance metrics. Both of these specialties have specific knowledge criteria relating to phosphorus management.



Summary – Phosphorus Sustainability

• Spheres of phosphorus sustainability and agricultural 
sustainability intersect, and thus the scientists need to 
interact.

• 4R stewardship of phosphorus seeks to improve crop yields, 
maintain soil health, improve water quality, and conserve 
finite resources.

• Need continued adaptive management and research: 
– tillage and placement to reduce BOTH particulate and dissolved 

losses,
– improved access to scientific data supporting 4R practices, and
– increased recognition of 4R practices in sustainability reporting. 

http://phosphorus.ipni.net
Tom.Bruulsema@ipni.net
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SustainabilityPhosphorus CycleAgricultural (crop nutrition)Key phosphorus issues in agricultural sustainabilityCrop yields (productivity) require soil P fertility (soil health)Water quality (phosphorus loss reduction)Resource conservation (nutrient use efficiency)Phosphorus in 4R Nutrient Stewardship 

http://phosphorus.ipni.net/
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