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Outline 
• Theory of nutrient placement 

(Scott Murrrell) 
– Transport pathways 
– Nutrient influx 
– Root architecture 
– Fertilized soil volume 

• Practical aspects of placement methods 
(Tom Bruulsema) 

– Broadcast, band, with seed 
– Nutrient stratification 
– Sampling soils where bands have been applied 
– Impacts on environmental protection 
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Root interception 
(root grows into a nutrient location) 

Mass flow 
(nutrient moves with the water absorbed by a plant) 

Diffusion 
(nutrient moves from higher to lower concentration) 

Relative contribution of each pathway for corn (%) 

Barber, S.A. 1995. Soil nutrient bioavailability: A mechanistic approach. 2nd ed. John Wiley and Sons, New York, NY.  

Presenter
Presentation Notes
Three mechanisms are commonly cited for how nutrients reach plant roots:  1) root interception, 2) mass flow, and 3) diffusion.Root interception occurs when a plant root, as it grows, comes into direct contact with a nutrient. Quantities of nutrients reaching plant roots in this manner are estimated to be proportional to the volume of soil occupied by roots (Barber et al., 1963). For instance, if roots occupy one percent of the soil volume, then the quantity of nutrients supplied by root interception is estimated from the quantity of nutrients contained in an equivalent one percent of soil volume. Consequently, as the amount of nutrients in the soil increases, a greater quantity will be encountered as the plant root grows in to a given soil volume.Mass flow is the transport of nutrients that accompanies the movement of water to plant roots (Barber et al., 1963). When higher concentrations of nutrients exist in the soil solution and/or when more water moves to plant roots during increased transpiration, mass flow increases. When nutrient movement to the root exceeds the rate of nutrient uptake, nutrients can accumulate at the root surface and become higher in concentration than the surrounding soil (Barber et al., 1963).Barber (1995) attempted to summarize, for maize, the quantities of nutrients reaching plant roots through the three mechanisms just discussed. Figure 1 shows that the relative contributions of each pathway differ among nutrients, with P and K relying more heavily on diffusion than N, which moves to the maize roots primarily through mass flow.



Bhat, K.K.S. and P.H. Nye. 1973. Plant Soil 38:161-175.  
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Presenter
Presentation Notes
Diffusion is the movement of nutrients from more concentrated to less concentrated zones in the soil. As the plant root takes up nutrients, soil supplies in the immediate vicinity are depleted. Unless these nutrients are replenished or accumulate at the root surface by mass flow, soil concentrations near the root will become lower than the surrounding soil.



Comparative rates of diffusion for P and K 

Time to travel one 
inch† 

K diffusion rate, expressed as a 
multiple of the 

Soil P K P diffusion rate 
-------- (yr) ------- (times as fast as P) 

Raub silt loam  22  2.7  8 
Chalmers silt loam  12  2.6  5 

Silberbush, M. and S.A. Barber. 1983. Soil Sci. Soc. Am. J. 43:262-265.  

† Time was calculated from the following equation, using the effective diffusion coefficients (De) reported for 
various soil moisture contents: t = d 2/(De), where t is time (s) and d is the distance travelled (cm).  

       Raub silt loam: 46 ppm P, 175 ppm K 
Chalmers silt loam: 95 ppm P, 148 ppm K  

Presenter
Presentation Notes
Soil nutrients vary in their diffusion rates. Table 1 shows comparative diffusion rates for P and K measured on the same soils under identical environmental conditions. Soil levels of each nutrient were not equivalent, however. Rates of K diffusion were several times that of P for both soils studied.



The effect of P application rate on P 
diffusion rates 

Time for P to travel one inch by diffusion† 

Banded rate of P2O5 Coly silt loam Nora silt loam 
Sharpsburg silty 

clay loam 
(lb P2O5 / acre) ------------------------ (years) ---------------------------- 

30 1.6 1.7 1.9 
46 1.3 0.7 1.4 
62 1.2 0.7 1.1 
77 1.4 0.7 0.7 
92 1.0 0.6 0.8 

122 0.8 0.4 1.0 
† Time was calculated from the following equation, using the apparent diffusion coefficients (Da) reported for 
various soil moisture contents: t = d 2/(Da), where t is time (s) and d is the distance travelled (2.54 cm). 

Eghball et al., 1990. Soil Sci. Soc. Am. J. 54:1161-1165 



Nutrient influx by roots 

• Nutrient ions require 
energy to be absorbed 

– H2PO4
-, HPO4

2- 

– K+ 

• Maximum influx is reached 
at higher solution 
concentrations (Imax) 

22-23 day old soybean roots 
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Barber, S.A. 1984. Soil nutrient bioavailability: A mechanistic approach. Wiley Interscience, New York, NY; 
Edwards, J.H. and S.A. Barber. 1976. Agron. J. 68:973-975. 

Presenter
Presentation Notes
Nutrient influx is a term used to describe the rate of nutrient absorption by plant roots. It is generally reported in one of two ways: either as 1) the amount of nutrient absorbed per inch of root per second or 2) the amount of nutrient absorbed per square inch of root surface area per second. This figure uses root length.The type of uptake shown in this figure is active uptake. Active uptake requires an expenditure of energy by the plant. Examples of ions absorbed by active uptake are orthophosphate ions and the potassium ion. Simply increasing the concentration of these ions in the soil solution does not result in a directly proportional increase in uptake rate. Rather, as solution concentration increases, absorption rates decrease and slowly approach a maximum rate, termed Imax, which stands for maximum influx. Imax is an important parameter, because it quantifies just how quickly a root is capable of taking up nutrients.References:�Barber, S.A. 1984. Soil nutrient bioavailability: A mechanistic approach. Wiley Interscience, New York, NY.Edwards, J.H. and S.A. Barber. 1976. Phosphorus uptake rate of soybean roots as influenced by plant age, root trimming, and solution P concentration. Agron. J. 68:973-975.



Influx changes with plant age 
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Corn
Soybean
Wheat

Anghinoni, I., et al. 1981. J. Plant Nutr. 3:923-933 
Barber, S.A. 1978. Agron. J. 70:457-461 
Mengel, D.B. and S.A. Barber. 1974. Agron. J. 66:399-402 

Presenter
Presentation Notes
An important concept for understanding the effectiveness of fertilizer placement is nutrient influx (Barber, 1995). Nutrient influx is a term used to describe the rate of nutrient absorption by plant roots. Rates of nutrient uptake by plant roots can change with plant age. Figure 2 shows that root nutrient uptake rate of P is several times greater when a maize plant is younger than when it is older. When uptake rates decline over time, as has been observed for corn, soybean, and wheat (Mengel and Barber, 1974; Barber, 1978; Anghinoni et al., 1981), then a greater amount of root surface area will be needed later in the season, along with a corresponding increase in accessible fertilized soil volume, just to maintain nutrient uptake. However as the above-ground portions of the plant develop, nutrient uptake requirements increase further, requiring more extensive root development.



12 in. 

corn: 
 36 days old 

sugarbeet: 
 60 days old 

Figure 3.4-1 

Root Architecture 

soybean: 
 30 days 

old 
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 Z3.1 
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Presenter
Presentation Notes
Root architecture is the 3-dimensional, spatial configuration of a root system and refers to the geometrical arrangement of plant roots in the soil (Lynch, 1995). Root architecture among plants can be very different. Corn and wheat both have fibrous root systems while soybean has a tap root system. The initial development of the root system of winter wheat is characterized by the first and second pair of seminal roots growing initially at an approximately 45 degree angle from the seed, then downward (Figure 3). A similar architecture has been observed for corn in early growth stages (Figure 4). Soybean, however, has a tap root system that is characterized primarily by elongation of the tap root early in the season (Figure 5). These different architectures impact the effectiveness of various nutrient placement options.Figure 3. Growth patterns for the primary root (extending downward from the seed), first seminal pair, and second seminal pair. Diagram is for winter wheat at the 4 leaf stage with 1 tiller. The shaded area represents the volume filled by laterals of various orders (Veseth et al., 1986).Figure 5. Soybean root distribution 1 mo. after planting (Mitchell and Russel, 1971).
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Presenter
Presentation Notes
Figure 6. The influence of fertilizer application rate and fertilized soil volume on dry matter biomass yield of 18 day-old maize. (Anghinoni and Barber, 1980).



Banding nutrients in the same location over time 

Banding nutrients in different locations over time 

Increasing time 

Broadcasting nutrients over time (conservation tillage) 



Outline – Practical Aspects of P Placement 

1. 4Rs and Right Place – what’s the goal? 
2. Broadcast versus band comparison 
3. Soil P stratification 
4. Reducing loss of dissolved P 

 
 

Tom Bruulsema, PhD, CCA     
Director, Northeast Region  
IPNI North America 



The 4Rs influence many performance indicators  

• social, economic and environmental performance 

Net profit 

                Resource use     
           efficiencies:    
    Energy, Labor, 
Nutrient, Water  

Return on  
investment Yield 

stability 

Water & 
air quality 

Farm  
income 

Working  
conditions 

Nutrient 
balance 

Nutrient loss 

Yield 

Quality 

Soil erosion 

Biodiversity 

Ecosystem  
services 

Affordable 
& accessible 

food 

• influenced by crop 
and soil management 
as well 

 
• whole system 

outcomes  

Presenter
Presentation Notes
The 4R framework puts context around the question of phosphorus placement. So far Scott has dealt with the biophysical aspects: an excellent review of cause and effect in terms of the physics, chemistry and biology of plant phosphorus nutrition. The 4R framework puts a bigger context around the question of placement. It asks, what are the consequences of placement – or more accurately, a combination of source, rate time and palce of phosphorus application – on the whole system.  This whole system includes economic, social and environmental impacts. Traditionally we have focused on yield, and that’s a good thing, because high yielding crops are not only good for profits and the economy, they support the rural community and help make available space for nattre as well. But today we are increasingly concerned with direct environmental impacts as well. The waer quality issue is one that applies particularly to phosphorus fertilizer application.



Right Place  

Scientific Principle: 
• Place nutrients where they are accessible to the 

crop.  
Practices: 
• Placement near seedlings 
• Broadcast, band, inject,  

or incorporate 
• Precision RTK-GPS 
• Within-field  

management zones 
 
 
 

Presenter
Presentation Notes
What do the 4Rs say specifically about “right place” ? One of the main scientific principles is that management should seek to place nutrients where they are available to the crop. Placement is a subset of “right place” and focuses more on position in the soil with respect to the plant. Right place can include the management of in-field spatial variability, but that’s not the usual meaning of the term ‘placement.’



Idealized effect of placement on crop 
response  
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% < 15 ppm Bray P1 
IA – 33% 
KS – 41% 
MO – 48% 
NE – 41% 

  
 

Presenter
Presentation Notes
A large number of studies, summarized in Randall and Hoeft (1988), support the generalization that band application of phosphorus produces larger corn and wheat yield responses than broadcast when soil test levels and rates of application are low, but that these differences disappear once soil test P reaches optimum levels. Their review also pointed out that in low P soils, band applications alone may not be sufficient for optimum yields. Given that broadcast application is less costly and can enhance timeliness of planting, many producers with soils at optimum levels of P choose to broadcast. However, tillage methods have changed, often resulting in less vertical mixing of the soil profile. The consequences in terms of soil P stratification and its impact on the quality of surface runoff water need to be considered.“Band placement has generally proven to be the most effective placement for deriving maximum starter benefit and greatest yield increase per unit of applied fertilizer for corn (Nelson, 1956; Welch et al., 1966b). However, some scientists concluded that maximum corn yields could not be attained when all of the fertilizer P was banded (Barber, 1958; Widdowson and Cooke, 1958; Welch et al., 1966b).”“Earlier work conducted in Australia by Rudd and Barrow (1973) suggested that row-placed superphosphate was about twice as effective as that broadcast at seeding of wheat. More recent work by Peterson et al. (1981) contradicts the concept of a 2:l ratio of broadcast to row P applications as standard practice. Their results showed that the relative effektiveness of row and broadcast methods changed from about a 3: 1 ratio at low soil test P levels (12 Ib Bray and Kurtz P,/acre) to a 1:l ratio at medium soil test levels (30 lb Bray and Kurtz Pdacre). These relationships may be tempered somewhat in very cool soil conditions of the Northern Plains where increased yields of spring wheat occurred with the banding of P even at high soil test levels (> 30 lb NaCH03-soluble P/acre) (Alessi and Power, 1980).”



Bray P1 equivalent soil test levels 

Soil Test Levels in North America, IPNI, 2010 



Wheat response to dual knife N-P application 

Leikam, et al., 1983 

Presenter
Presentation Notes
Leikam et al., 1983. Effects of nitrogen and phosphorus application method and nitrogen source on winter wheat grain yield and leaf tissue phosphorus. Soil Sci Soc Am J 4:530-535.



Broadcasting – practical advantages 

• Lowest application cost 
• Granular or fluid forms 
• Can combine with herbicide application 
• Can avoid soil compaction 
• Flexible timing – 20 field trials over 3 years on no-till corn 

and soybeans in Iowa found no difference in yields 
between fall and spring application (Mallarino et al., 2009; 
Bray-P1 6-29 ppm; 12 yield responses out of 20 sites) 
 

Presenter
Presentation Notes
“Iowa research has shown a small and inconsistent grain yield response to P fertilizer placement methods for no-till corn (Zea mays L.) and soybean [Glycine max (L.) Merr.]. One reason for this result might be that P was broadcast in the fall (before snow and 4–5 mo before planting crops) with sufficient time to reach soil and active roots. We evaluated fall and spring broadcast P application for no-till corn and soybean by conducting 20 single-year trials during 3 yr in Iowa soils with 6 to 29 mg P kg−1 (Bray-P1, 15-cm depth). Triple superphosphate was broadcast at 0, 10, 20, 30, 40, and 50 kg P ha−1 in the fall (November or December) or in spring beforeplanting crops. We measured early plant growth (dry weight, DW), early plant P concentration and uptake (V5–V6 growth stage), and grain yield. Crop responses to P (P < 0.1) were observed at five corn sites and seven soybean sites for yield, three corn sites and three soybean sites for early DW, and six corn sites and fi ve soybean sites for early P uptake. Yield responses occurred in soils with ≤21 mg P kg−1. The timing of P application did not affect yield or early DW, and there were inconsistent differences for early P uptake at two sites. We concluded that the time of application did not affect the efficacy of P broadcast for no-till crops in this study, but results should not be directly extrapolated to regions with different soils and climate.”



Phosphorus Placement for No-Till Corn 

Mallarino,  ISU. 2010 
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Band placement – new approaches 

• Large planters require tanks for fluids, or air carts for 
granular forms of P 

• RTK-GPS allows banding before planting – spring or fall 
• For cereals in semi-arid plains, either seed-placed or 

deep-banded P produces better responses than 
broadcast 

• In-furrow or seed-placed P with corn produces yield 
responses more in the northern than southern Corn Belt, 
and the response can be independent of soil test P or 
other applied P 
 
 



Sampling soils with history of bands 

If band locations are known: 
• For narrow bands at 30-inch row spacing, a ratio of 1:20 in-

band to between-band cores. 
• For wider zones, as in strip-tillage, ratio of in:between same as 

strip:non-strip width; e.g. 1:3 (Fernandez and Schaefer, 2012) 
If band locations are unknown: 
• Paired sampling approach (Kitchen et al., 1990):  

– first of each pair at random;  
– second at half the band spacing away, perpendicular to the 

band 
– Sample with the lower soil test P level most likely to be 

representative. 
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Soil P stratification after 25 years in PA 

16   8    0     8    16 16   8    0     8    16 

Depth (inches) 
  0-2 
  2-4 
  4-6 

Duiker and Beegle, 2006 

Continuous corn 1978-2003 except oats in 1986 and soybean in 1995/1996. 
Average yield 100 bu/A. Starter fertilizer contained 22-33 lb P2O5/A each year. 
One broadcast application in spring 2001 contained 61 lb P2O5/A. 
Soil sampled November 2003. 

Distance from row, inches 

Presenter
Presentation Notes
S.W. Duiker, D.B. Beegle / Soil & Tillage Research 88 (2006) 30–41



Soil P stratification after 25 years in PA 
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Continuous corn 1978-2003 except oats in 1986 and soybean in 1995/1996. 
Average yield 100 bu/A. Starter fertilizer contained 22-33 lb P2O5/A each year. 
One broadcast application in spring 2001 contained 61 lb P2O5/A. 
Soil sampled November 2003. 

Distance from row, inches 

Presenter
Presentation Notes
“Concentrations of P, K and Ca were higher in the surface 0–5 cm than 10–15 cm depth of all tillage systems, but most strikingly in NTand CD. Starter fertilizer injection resulted in higher P and lower pH in the injection zone of all tillage treatments, but most notably in NT.”S.W. Duiker, D.B. Beegle / Soil & Tillage Research 88 (2006) 30–41



Soil test P stratifies more with broadcast than with 
banding 
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Soil P stratification—the ratio of soil test P in the top 2” compared to that 
in the 2-8” depth—increased more with broadcast than with band 
application. Silt loam soil near Wooster, Ohio; continuous corn, no-till from 
spring 1980. Data from Eckert and Johnson (1985). 



Conservation 
tillage and 
dissolved P in 
runoff 

“Conservation 
tillage practices are 
ineffective in 
reducing the loss of 
water soluble 
nutrients; however, 
they did reduce 
total nutrient loss 
by controlling 
erosion” (Barisas et 
al., 1978) 
 

Algae in Lake Erie 

Presenter
Presentation Notes
Effect of Tillage Systems on Runoff Losses of Nutrients, A Rainfall Simulation Study �Barisas, SG | Baker, JL | Johnson, HP | Laflen, JM�Transactions of the American Society of Agricultural Engineers Vol. 21, No. 5, p 893-897, September-October 1978. 



Rotational tillage & dissolved P – Waterloo, IN 
before fertilizer application 
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15-year no-till sites, corn-soybean rotation. Tillage 12 April with “finisher” 
chisel plow to 6” depth. Residue cover 57% for NT and 20% for RT. Rainfall 
applied 22 June to 2 July. Smith et al. 2007. Soil & Tillage Research 95:11–18 
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Presenter
Presentation Notes
Fig. 3. Mean values of dissolved phosphorus concentrations in runoff water with time and the corresponding rainfall intensities for rainfall simulations before the application of fertilizers (A) and after the application of inorganic N and P fertilizers (B).Fertilizer applied at 100 lb/A of P2O5, one day prior to the second rainfall simulation. Fields near Waterloo, IN (on the Ohio side of Fort Wayne) close to Maumee watershed. Corn soybean rotation, in corn phase.Both fields were 15 years of no-till. One field remained in NT management. In 2004, tillage was started in the other field, and plans were initiated to perform tillage in this field in the spring, prior to planting, only in years where corn will be planted. On 12 April 2004, a Krause TL 6200 Landsman implement was used to till this field to a depth of 15 cm. This implement had disks, chisel plow shanks, and a harrow, and is commonly referred to as a finisher.Two rainfall simulations were performed on each plot, with the second occurring 1-week after the first simulation. All rainfall simulations for this study occurred between 22 June and 2 July 2004. Prior to the first rainfall simulation, corn plants were removed from the plots by cutting stalks at the soil surface and disposing of the above-ground biomass. Residue coverage was estimated using the transect method. Prior to the first rainfall simulation, residue coveragewas 57% for NT plots, and 20% for RT plots. Approximately 22 cm of natural rainfall occurred between tillage and when rainfall simulations occurred.
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Rotational tillage & dissolved P – Waterloo, IN 
one day after 0-46-0 fertilizer surface applied @ 100 lb/A P2O5 

P2O5 loss 
7.3 lb/A  
2.5 lb/A 

Presenter
Presentation Notes
Fig. 3. Mean values of dissolved phosphorus concentrations in runoffwater with time and the corresponding rainfall intensities for rainfallsimulations before the application of fertilizers (A) and after theapplication of inorganic N and P fertilizers (B).



Kimmel et al. 2001. J. Environ. Qual. 30:1324-1330 
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Annual runoff P losses as affected by tillage x placement in 
sorghum – soybean rotation. East-central Kansas. 
Fluid applied @ 50 lb P2O5/A. 

Presenter
Presentation Notes
Research measuring runoff losses of P in Kansas found results possibly similar to those expected for the lake Erie Basin.  Comparing knifed in and broadcast placements of a fluid of phosphorus fertilizer under chisel no tail and ridge tool management, losses of soluble phosphorus were clearly higher with broadcast applications on the reduced tillage treatments.In each case soluble Bio available or total phosphorus losses were highest with broadcast phosphorus compared with either the knifed-in or check treatments.  The knife placement puts the phosphorus in a small volume of soil compared with the broadcast placement, and places the phosphorus below the zone of interaction between the soil and surface runoff.Overall, phosphorus losses were generally lower with soybean compared with grain sorghum because of the more recent phosphorus fertilizer applications to grain sorghum.  Some treatment effects were still other than, however, demonstrating that phosphorus fertilizer management can influence runoff composition for multiple years. 



No-till may reduce P loss when runoff 
volume is reduced 
Tillage system Runoff volume, 

mm 
Runoff 

dissolved P,  
mg/L 

Dissolved P 
loss,  

lb P2O5/A 
No-till 8 5.1a 0.6 b 
Chisel plow 29 2.2b 0.8 ab 
Moldboard plow 45 2.3b 1.4 a 

The total dissolved P lost represented about 2.6% of 
the fertilizer P applied. 

Seta, et al., 1993 – Maury silt loam in Kentucky 

Presenter
Presentation Notes
Seta,A.K.,R.L. Blevins,W.W. Frye, andB.J. Barfield. 1993.Reducing soil erosion and agricultural chemical losses with conservation tillage. J. Environ. Qual. 22:661–665. As nonpoint source pollution of water becomes more evident, more concern is being focused ou the effects of agricultural practices on water quality. This study evaluated the effects of conventional tillage (CT), chisel-plow tillage (CP), and no tillage (NT) on the quality of runoff water from a Maury silt loam soil (fine, mixed, mesic Typic Paleudalf) near Lexinflon, KY. The mean runoff rate, total runoff volume, mean sediment concentration, and total soil losses were significantly less for NT than for CP and CT. Concentration of NO;, NH: , and PO’S in the runoff water from NT were greater than from CP or CT. Concentration of atrazine [6-chloro-N-ethyl-Nf-(I-methylethyl)- lJ, 5-triazine-2,4-diamine] in the runoff water tended to be higher from CP than from NT or CT. Total losses of NO;, NH: , o35 , and atrazine in runoff water were generally in the order CT > CP > NT. The sum of all c“The higher crop residue with NT may increase P fertilizer interception and make it more susceptible to surface washing. Crop residue itself may be a source of soluble P (McDowell and McGregor, 1980). Chemicals lost was less than 3% of the total amount of each applied.”
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Presentation Notes
Gaynor, JD, and WI Findlay. 1995. Soil and phosphorus loss from conservation and conventional tillage in corn production. J. Environ. Qual. 24:734-741.



Summary  

1. The right place for P is where it’s 
accessible to plants. 

2. When soil test P is in the optimum range, 
broadcast is as good as band for 
agronomic response. 

3. Soil P stratification under conservation 
tillage can be partly limited by band 
application. 

4. Band application can reduce loss of 
dissolved P in runoff by keeping P 
fertilizer off the soil surface. 
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