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Presenter
Presentation Notes
Good Morning. I’m speaking today on the topic of managing soil interfaces with 4R crop nutrition, with a focus on phosphorus. My two co-authors, Kevin King with USDA-ARS in Ohio, and Merrin Macrae with the University of Waterloo, provided extensive research data related to phosphorus losses in various parts of the Lake Erie watershed.



Formed in 2007 
from the Potash & 
Phosphate 
Institute, the 
International Plant 
Nutrition Institute 
is supported by 
leading fertilizer 
manufacturers.

Presenter
Presentation Notes
I am employed by the International Plant Nutrition Institute, a research and education organization with a mission to develop and promote science for responsible management of crop nutrition.



Soil Interfaces - 4R Phosphorus
Interface Right Place Right Time Right Rate Right Source

1. Soil:Root Close Growing 0.2 ppm Soluble 

2. Soil Matrix:Macropore Matrix Soil P 
optimum

Slowly 
soluble

3. Soil:Drainage Water 
surface & tile

Off surface, 
out of tile

Avoid big 
rains

Soil P 
stratification

Slowly 
soluble

4. Soil:Society Brand recognition, Certification, Metrics

Presenter
Presentation Notes
Soil interfaces at various scales intersect with the 4Rs of phosphorus management. In this presentation, I’d like to explore interfaces between the soil and the root, between matrix and macropore, between the soil and drainage water, and between soil and society. Each relates to the 4Rs. I’ll spend the least time on the soil and the root. In fact, I’ll cover it right here. The right place to apply phosphorus is where it comes close to the root. The right time is just before a growing root will encounter it, before the processes of sorption and precipitation can make it less available. The right rate I have oversimplified here, but most alder studies indicate that the soil solution needs to be maintained at only 0.2 ppm. Of course this small amount needs to be replenished by reserves in the soil. The right source provides phosphorus as soluble orthophosphate, the form absorbed by plants.I’ll explain how interfaces 2 to 4 relate to the 4Rs in the remainder of the presentation, keeping in mind that the word “right” is defined by that which keeps a cropping systems sustainable – economically, environmentally and socially. ABSTRACTTrends over the past twenty years in the Western Lake Erie Basin show increasing algal blooms and loadings of dissolved phosphorus. Multiple causes have been postulated. Among them, the source, rate, timing and placement of phosphorus applied to cropland represent management choices that impact losses at the edge of the field. Reviewing published and more recent unpublished results of measured loadings and concentrations of phosphorus in runoff and tile drainage, evidence supports the relevance of all four aspects of phosphorus application management. These practices, however, interact with tillage and crop rotational choices to influence losses of particulate forms of phosphorus as well as those of other nutrients including nitrogen. Vertical stratification, soil macropores, and drainage factors need to be considered. In particular, producers need better advice to ensure that tillage practices and nutrient application practices complement one another to simultaneously minimize losses of soil sediment, and particulate and dissolved forms of phosphorus, all of which originate from the soil surface. The integrated approach known as 4R Nutrient Stewardship has been recognized as part of the solution to the issue. The concept has begun to influence behaviour as indicated by participation in voluntary programs, and incorporation into mandatory educational requirements for on-farm fertilizer application. Experiences in the Lake Erie Watershed provide learnings relevant to global management of nutrient losses from agricultural soils. By addressing economic, environmental and social dimensions of sustainability, 4R Nutrient Stewardship solutions seek to support the productivity increases required to address growing global demand while improving water quality.



Western Lake 
Erie: DRP trends 
increasing since 
early 1990s

GLWQA Annex Nutrients Committee, May 2015
David Baker et al., National Center for Water Quality Research, Heidelberg U, Tiffin, OH

40%

Presenter
Presentation Notes
First some background on Lake Erie.Algal blooms have increased mostly in the western basin of the lake, into which a large proportion of the P loading comes from a watershed dominated by cash crop agriculture. The Maumee River drains around 1.5M ha of good corn-soybean cropland. Since the mid-1990s, total P loadings have been steady, but concentrations and loadings of the dissolved form have been on an increasing trend. The interannual variation in 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, reduction targets of 40% have recently been put forward, using 2008 as baseline. Looking at concentrations, the target’s level of ambition is clear: it aims for a level of DRP concentration not achieved since 1999.  There is considerable variability year to year. Weather patterns cause a lot of variability in P loading, and also exert independent effects on the extent of algal blooms. In addition, some of the Lake Erie models suggest that the lake’s sensitivity to P inputs is increasing.



The Lake Erie watershed 
includes cropland in Ontario

Presenter
Presentation Notes
While most of the Western Lake Erie watershed is in the USA, Ontario is also a part of it. In fact, the GLWQA targets list the Thames river watershed as a priority for P loading reduction. 



P export – does Ontario differ from Ohio?

Strawberry 
Creek, ON

Holiday 
Beach, ON

Woodslee, 
ON

Upper Big 
Walnut 

Creek, OH

Soil Loam to silt 
loam

Perth clay 
loam

Brookston 
clay loam

Silt loam to 
clay loam

Total P, 
kg/ha/year 0.35 1.14 1.1-2.1 0.98

DRP, 
kg/ha/year 0.09 0.08 0.6-1.5 0.66

Years 2000-2001 2000-2004 1988-1990 2005-2012

Reference Macrae et al,
2007

Tan and 
Zhang, 2011

Gaynor &
Findlay, 

1995

King et al., 
2015

Presenter
Presentation Notes
Ontario agriculture has areas of similarity to northwest Ohio (that is, the Maumee watershed) but also has areas that differ. My co-author Merrin Macrae has monitored several watershed over the past decade or more in the lighter textured glacial till soils in Ontario. As in this published study on the Strawberry Creek watershed, the values for total and dissolved P losses are quite low. As we move to the southwest, however, to soils more similar to those in the Maumee, typical losses are higher. The published work from several decades ago by Gaynor and Findlay showed that losses from Brookston clay loam in Woodslee Ontario—typical of a considerable portion of the Thames river watershed—were at least as high as those reported more recently for the upper Big Walnut Creek in Ohio. All these values include both surface runoff and tile drain flow, both of which are generally substantial proportions of P loss for both forms. So, where the soil and landscape is similar, Ontario is just like Ohio, but we need to remember the soil and landscape differences. Macrae et al. 2007. Hydrol. Process. 21, 1651–1663 (2007) Published online 13 December 2006 in Wiley InterScience (www.interscience.wiley.com) DOI: 10.1002/hyp.6361Capturing temporal variability for estimates of annual hydrochemical export from a first-order agricultural catchment in southern Ontario, CanadaTan, C. S. and Zhang, T. Q. 2011. Surface runoff and sub-surface drainage phosphorus losses under regular free drainage and controlled drainage with sub-irrigation systems in southern Ontario. Can. J. Soil Sci. 91: 349359Kevin W. King,* Mark R. Williams, and Norman R. Fausey. 2015. Contributions of Systematic Tile Drainage to Watershed-Scale Phosphorus Transport J. Environ. Qual. 44:486–494 (2015) doi:10.2134/jeq2014.04.0149J. D. Gaynor* and W. I. Findlay, 1995. Soil and Phosphorus Loss from Conservation and Conventional Tillage in Corn Production J. Environ. Qual. 24:734-741 (1995).



2. Soil matrix:macropore interface

• In the matrix, soils can retain P by sorption and precipitation
• Macropores enable fast flow, and P in both soluble and 

particulate forms can bypass the matrix
• BIG implications for place & time of P application, and for 

tillage on tile-drained soils

Presenter
Presentation Notes
With that as introduction, and having already considered the soil:root interface, let’s look at the interface between the soil matrix and macropores. In traditional soil fertility, phosphorus is regarded as the least mobile of nutrients, because soluble forms are quickly precipitated or sorbed within the soil matrix. This assumes sufficient time for those processes, which is usually correct in the matrix since water moves slowly. But macropores can enable fast flow, and both soluble and particulate forms can bypass the matrix. The bypass is important when considering the impact of timing and placement of P applications on potential for losses. Tillage can also affect the nature and extent of macropore flow.



Fertilizer P granules on soil surface are soluble

Kevin King, USDA-ARS, Columbus, Ohio

Presenter
Presentation Notes
This photo is from a field experiment where fertilizer was applied in the spring before planting corn. You can see the macropores – large enough for a fertilizer granule to fall into. The obvious granules are white potash; the granules of the monoammonium phosphate that accompanied them are the same size, but difficult to see because they are the same color as the soil. The possibility exists that these granules, which contain highly soluble phosphate, could dissolve and enrich the fast flow through the macropores. Tile drain monitoring at this site confirmed that this happened, and the next two slides will show the results in detail. 



Effect of tillage on preferential flow and 
phosphorus transport

TD2

TD1

0 50 100
meters

Drainage area
Tile outlet
Rain gauge

Ohio, USA

UBWC

Soil type: Silt loam
Tile depth: 90 cm
Soil test P: 30 ppm Mehlich-3P
Tillage: No-till

2014 management
May 6th – Applied MAP @ 45 kg P/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

Presenter
Presentation Notes
This field had a history of no-till, and was paired with another field under similar management. 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 from 130 g/ha to 18 g/ha 

Presenter
Presentation Notes
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 this first event. Subsequent events were also monitored, and continued to show difference, although not quite as large. 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. There are too many to share in a 20-minute presentation, but I can’t resist sharing another data set from a larger catchment.



Honey Creek: comparing two runoff events in fall 2011
14 Nov., after 6d field activity 5 Dec., after 2 further rainstorms

Mean DRP concentration0.64 mg/L 0.18 mg/L

David Baker, Heidelberg University

DRP load/ha of watershed150 g/ha 78 g/ha
1. Intense rainstorms following P broadcast 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. 

6 d

Presenter
Presentation Notes
This slide compares two runoff events from the Honey Creek watershed in the fall of 2011. It’s a small watershed of 38 thousand hectares, draining into the Sandusky River. Heidelberg University monitors the phosphorus levels on a daily basis and relates it to the streamflow. It was generally a wet fall, so when weather dried up enough for field activity in early November, both farmers and custom applicators were out on the fields in droves. The six days prior to the 14 November rainfall event saw considerable application of broadcast P in the watershed. The subsequent increased flow of the creek contained very high concentrations of dissolved P, peaking at almost a mg per liter. Three weeks later, a larger runoff event with greater streamflow resulted in lower P concentrations AND LOWER P LOADING (pay close attention to the different scales on these two figures). What was different? Prior to the December event, conditions in the field were too wet for further fertilizer application, and the fertilizer applied earlier had time to move into the soil and be retained by the typical sorption and precipitation reactions we expect with phosphorus.  Dissolved reactive P losses resulting from these two runoff events were 150 and 78 grams of dissolved P per ha of the watershed. So, losses that raised the water concentration to 20 times the limit to prevent algal blooms amounted to less than one-twentieth of the P in a typical fertilizer application.The point is that when the first rainfall after a surface broadcast application generates runoff, that runoff will be highly enriched in dissolved P. These data show that the sharp elevations seen in small plot and edge-of-field studies translate into watershed-scale measurable impacts. This is the situation to avoid using timing and placement. Whether it’s macropore flow or just surface runoff, water flow from big storms is too fast to allow applied P to interface with the soil matrix, and this has big implications for timing and placement decisions.



3. Soil:drainage water interface
– surface & tile drains

• At the soil:water interface, soil test P levels influence [P] in 
drainage water

• Nutrient balance influences soil test P levels
• Stratification may result in higher soil test P at the soil:water

interface than at the soil:root interface
• Tillage and P placement influence stratification

Presenter
Presentation Notes
Next we can focus on the interface between soil and drainage water. Fundamentally, the level of soil test P in the soil that contacts drainage water influences the concentration of P in that water. Nutrient balance influences soil test P levels. Different tillage systems result in different different levels of stratification. 



Critical level→ Corn & soybeans Maintenance
←LimitWheat & alfalfa

26% 48% 26%

48% of Ohio soils test optimum for P

Presenter
Presentation Notes
We don’t have a soil test summary for the Lake Erie watershed, so here we are taking the whole state of Ohio as representative. IPNI periodically summarizes soil test information from labs across North America. This slide shows the distribution of soil test P levels across Ohio. The blue bars represent the soil test distribution in 2001, the red bars in 2005, and the green in 2010, the last summary conducted. Ohio has a lower distribution of soil test P levels than any other state or province in the Northeast region. Numbers of soil samples have increased over time, due partly to more labs able to provide summary data, and more sampling being done. In the past 5 years, the frequency of soils testing above 50 ppm has declined, and the frequency of those in the maintenance range has increased. As of 2010, about one-quarter of the soils would receive recommendations to build up the soil test level by applying more P than the crop is expected to remove. One-half are currently in the maintenance range, requiring application rates that balance removal. The last one-quarter are in drawdown, and can produce great crops with rates of applied P that are less than removal. Since about as many soils test below the maintenance range as above, having inputs balance outputs would seem to be a reasonable expectation. The previous slide showed inputs falling short of crop removals for the past twenty years. So again we conclude, in general, the increasing trend in dissolved P loss is not explained by excess application. It’s possible that some soils, as indicated above, are receiving more than they should, and some less. 



Ontario’s cropland has higher soil test P than Ohio’s

http://nane.ipni.net

Presenter
Presentation Notes
As compared to Ohio, Ontario has higher levels of soil test P. This is not surprising, as Ontario’s agriculture comprises more livestock relative to cash crop production. The historical buildup in soil P will be more of a factor therefore in Ontario mitigation programs than in Ohio. The declining trend in the highest-testing fraction is encouraging, however. Another soil test survey is underway and due to be released this fall.



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 8”. Data 
from Gál (2005) and Vyn (2000). Fertilizer P applied broadcast.

Soil test P stratifies without moldboard plowing

0 30 60 90 120 150 180

Moldboard

Chisel

No-till

Soil test P (Mehlich-3), ppm

0-2"

0-4"

4-8"

Presenter
Presentation Notes
Another possibility to explore is the long-term impact of conservation tillage on the stratification of soil test P in the soil. These data illustrate how soil test P stratifies in the soil with no-till, and even with aggressive annual chisel plowing, in comparison to moldboard plowing. The consequence is that any runoff coming from the soil will contain more dissolved P. For any soil generating substantial runoff, stratification should be kept to a minimum by placing applied P in the soil rather than on the surface. New approaches to vertical soil mixing, with minimal disturbance of soil residue cover, are needed.S.W. Duiker, D.B. Beegle / Soil & Tillage Research 88 (2006) 30–41 – also showed high stratification of soil test P in no-till.



1. Application rates short of crop removal since 1991.
2. Crop removal is increasing with yield.

Presenter
Presentation Notes
Let’s start with a cropland P balance. This comes from IPNI’s NuGIS, a tool for exploring geographic nutrient balances. Looking at the just the western Lake Erie watershed, mainly in Ohio but also with parts of Indiana and Michigan, we compare crop removal of P to P inputs in fertilizer and manure. Crop removal is represented by the orange bars, and includes 21 crops that comprise more than 95% of the cropland (cropland, by the way is more than 70% of the land area of this watershed). Fertilizer is represented by the blue area, and recoverable manure by the brown area stacked on top of the blue. For the period 1987 to 2007, NuGIS uses census years, but is being done annually since. It’s likely the variability year to year is no higher in the past five years than it has been all along; we just don’t show it. Nevertheless this figure shows that on average, since 1991, application rates have fallen short of P removals in crop harvest. Crop removals have been on an increasing trend, reflecting higher yields. Nothing here gives a general explanation for an increase in losses of dissolved P. Looking at nutrient balances, however, without considering what’s in the soil can lead to false conclusions. So let’s look at the soil test situation.



Ontario’s P balance: more manure than in the western Lake Erie watershed, 
but a similar historical legacy

http://nane.ipni.net



4. Soil:Society Interface

• Placement and timing practices optimal for minimizing P loss 
to the environment may cost more than those optimal for 
agronomic operational efficiency

• Recognition of producer adoption of “right” management 
needed

• Research to quantify BMP effectiveness needs public support



Developing 4R Nutrient 
Stewardship Certification

Presenter
Presentation Notes
Over the past three years, a certification program based on principles of 4R Nutrient Stewardship has been developed. With a rollout in March 2014, about 50 agri-retailers have signed up and over a dozen have so far met the criteria for certification. This effort has involved many groups, as indicated here, but the primary drivers are highlighted: Four agribusinesses: the Andersons, Morral Companies, Legacy Farmers Coop, and Farmers Elevator – and the Nature Conservancy. 

http://oaba.net/aws/OABA/pt/sp/home_page
http://oaba.net/aws/OABA/pt/sp/home_page


4R Certification for Agri-retailers
in the Lake Erie Watershed

Key criteria:
– Recommendations are consistent with the land-grant 

university, allowing for adaptive management.
– A certified professional reviews the nutrient 

recommendations made for the grower customers.
– Source: All sources of fertilizer are accounted for in the 

nutrient recommendation.
– Rate: Soil tests are less than four years old; application 

equipment is calibrated annually.
– Time: Avoids spreading P on frozen or snow-covered 

fields; no broadcast prior to a predicted heavy rainfall.
– Place: P is applied below the soil surface whenever 

possible.

http://4Rcertified.org/

Presenter
Presentation Notes
The 4R Nutrient Stewardship Certification Program outlines more than 40 criteria to be implemented, staggered over a three-year period. Each criterion will be re-evaluated each year by a private, third party auditor, via an in-person or desk audit, to maintain certification. Depending on the services provided by the Nutrient Service Provider, some criteria will not be applicable.There are three sections to the Program, which include:Initial Training and Ongoing EducationMonitoring of 4R Implementation; andNutrient Recommendations and Application.The program builds on the strengths of the Certified Crop Adviser program, requiring professional review of nutrient recommendations. The criteria for source, rate, time and place are based on what is currently known and accepted, and can be revised in the future as new scientific understanding emerges.The program provides recognition for the dealer who “does the right thing” such as saying no to a customer who asks for phosphorus application on frozen soils.

http://thatssoundadvice.com/
http://thatssoundadvice.com/


4R Research Fund –
Lake Erie Watershed Project

• Evaluating the 4R Nutrient Stewardship Concept and 
Certification Program in the Western Lake Erie Basin

• GOAL: to evaluate the specific impacts of the adoption of 
practices associated with 4R Nutrient Stewardship, and 
the impact of the 4R Certification Program, on crop 
productivity and profitability, water quality, and 
perceptions of growers, nutrient service providers, and 
residents in the western Lake Erie watershed.

• 10 collaborators… land-river-lake continuum.

Presenter
Presentation Notes
By evaluating impacts, we hope to be able to develop metrics to quantify the benefit of practice changes to water quality in Lake Erie. 



4R: “right” means sustainable

“Building public trust”

Presenter
Presentation Notes
We look at 4R Nutrient Stewardship as a means of building public trust to ensure the sustainable future of our industry. As a major part of this effort, we are developing a system of metrics of interest to sustainability initiatives in the farm and food industries, including Field to Market in the USA, the Roundtables for Sustainable Crops in Canada, and organizations like Farm and Food Care.

http://thatssoundadvice.com/
http://thatssoundadvice.com/


Phosphorus & Water Quality
4R Soil Interfaces
Interface Right 

Place
Right 
Time

Right 
Rate

Right 
Source

1. Soil:Root Source, rate, time and place of P application 
make a difference.

Interaction and tradeoffs with tillage 
require site-specific research.

2. Soil Matrix:Macropore

3. Soil Drainage:Water
surface & tile

4. Soil:Society Brand recognition, Certification, Metrics 
Building public trust.

nane.ipni.net
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