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 Nitrogen (N) management in the major crop growing areas of the U.S. is about as diverse as the 

crops that are grown. Even within a given crop like corn (maize), the N management strategies are 

diverse depending on factors like soil texture, precipitation patterns and amounts, availability of irrigation, 

input costs, and environmental considerations. How these factors are prioritised has a major influence on 

how N is managed. In reality, integration of these factors needs to compliment the phenology and 

physiology of the crop throughout the growing season to optimise the inputs. Nitrogen management 

cannot be discussed in a vacuum because according to the National Agricultural Statistics Service 

(NASS) 59, 20, and 21% of nutrient use in 2010 were allocated to N, P, and K, respectively. Livestock 

bio-wastes (manure) can provide much of the nutrient requirement of crops, so including manure in a 

farming system complicates N management because of uncertainties in N availability to crops.    

  

 Discussion of N management can best be followed if one thinks of it in terms of a decision aid like 

those used to trouble-shoot an electrical problem in an automobile. Such a decision tree is similar to an 

expert system whereby users address a series of strategically organised questions that have YES or NO 

responses. The related software follows a series of IF, THEN statements. The first option naturally relates 

to water availability and basically divides maize production into irrigated and rain-fed categories.  

Indirectly, this division relates to risk management and uncertainty associated with each category. For the 

most part, irrigated production has the potential to minimize the likelihood of water stress and thereby 

makes it possible for producers to concentrate their management efforts on other production factors. 

 

 Before addressing N management within irrigated and rain-fed maize production systems, it is 

appropriate to impose an environmental overview in terms of surface and groundwater contamination by 

nitrate. For example, some of the irrigated areas in Nebraska have shallow groundwater (3-15 m depth) 

that has gradually been enriched (contaminated) to the point of having nitrate-N concentrations >30 mg/L. 

The safe drinking water standard is 10 mg NO3-N/L (equivalent to 45 mg NO3/L). As a result, several of 

the local Natural Resources Districts have imposed a series of regulations that are intended to reduce the 

potential for nitrate leaching into the groundwater that is used for domestic purposes. In these areas, 

producers must sample their soil and groundwater annually for the purpose of obtaining an N fertilizer 

recommendation using the University of Nebraska algorithm. In addition, they must report the quantity of 



water applied each season and the yield for each field. These requirements compliment the banning of 

fall N fertilization and limit how much fertilizer N can be applied before planting without the addition of a 

nitrification inhibitor. Producers are not required to follow University fertilizer N recommendations in terms 

of the total amount applied. Other irrigated areas where the water table is deeper (20-80 m) have minor, if 

any, restrictions. As can be imagined, decisions regarding which management practices and regulations 

to impose on producers were highly contested in the beginning. Over time, producers have come to 

realize that it is possible to manage water in ways that reduces N losses and in the process reduces 

fertilizer application rates while increasing yields. 

  

Figure 1. Approaches to nitrogen management in the Corn Belt of the U.S. 

as influenced by opportunities for irrigation, regional environmental 

regulations, integrated livestock operations, and high-value crop 

production. 

 

 

 Water management is a major component when it comes to understanding the dynamics of N 

management. A large increase in water use efficiency started in about 1990 with the introduction of 

surge-flow irrigation that is used in conjunction with gated-pipe irrigation. Consolidation of farming 

operations over time made it difficult for producers to muster enough individuals with irrigation 

management skills to perform the manual activities associated with furrow irrigation. In 1990, only about 

10% of the irrigated crops in Nebraska were under centre pivot irrigation, but about 80% of the irrigated 

crops are now under centre-pivot or linear-drive irrigation. Research has shown that surge-flow irrigation 



can reduce water application by about 1/3 compared to conventional furrow irrigation and centre-pivot 

irrigation typically reduces water application by 50% or more. The labour savings with centre-pivot 

irrigation are substantial and make it possible to reduce tillage operations because furrows are no longer 

required for irrigation. A second complimentary effect relates to no-till production that is feasible with the 

introduction of Roundup-Ready corn and soybeans. The integration of reduced or no-tillage practices, 

genetically modified crops, and centre-pivot irrigation has significantly modified N management in 

irrigated landscapes. Some of the same trends have occurred under rain-fed production systems, but the 

increased risk associated with the potential for water stress necessitates more constrained nutrient 

management practices.  

 

 

Economics of N Management 

 Profitability is foremost in the minds of producers, which typically depends on the input costs of 

fertilizer (form, rate of application, and price) and the revenue from the harvested crop. This calculation 

also applies to specialty crops (popcorn and potato) and high value crops (seed corn), but the emphasis 

on productivity and quality sometimes increases the stress on the environment because of generous 

fertilizer N application rates. All too often, these calculations are illustrated with data from yield versus 

fertilizer N-rate studies (Figure 2). Using this example, the yield with no fertilizer N was 6.545 ton/ha and 

the maximum yield of 13.718 ton/ha was attained with 201 kg N/ha. Assuming the cost of fertilizer N is 

$1.20/kg and the value of grain is $240/ton, the net increase in yield of 7.173 ton/ha that is attributed to 

the fertilizer resulted in a net profit of $1480.49/ha. At first glance, this high level of return on investment 

provides a powerful incentive for producers to apply a little “insurance” N fertilizer. At the point of 

maximum yield, each $1.00 spent on N fertilizer returned $6.13 in net profit when considering the entire 

201 kg/ha N application. The other way to think about the attributes of N fertilizer is that the producer in 

this example could afford to apply an extra 1 kg of N fertilizer if it increases yield by at least 10 kg/ha.  

 

 

 



 

Figure 2. Example of yield response of corn to nitrogen fertilizer rates. 

 

 The above analysis is flawed because it does not consider the progressive inefficiency of N 

fertilizer as the rate increases. For example, the first 50 kg of N fertilizer in this scenario provided a net 

return of $11.51 for each $1 invested in N fertilizer. The second (50 to 100 kg N/ha), third (100 to 150 kg 

N/ha), and fourth (150 to 200 kg N/ha) 50 kg increments of N fertilizer show net returns of $7.90, $4.39, 

and -$0.83, respectively, for each $1 spent on N fertilizer. Yet the average return on the investment in N 

fertilizer was positive (>$6 for every $1 spent on fertilizer). Fertilizer dealers promote a macro-analysis 

approach because most producers do not have data to make any kind of incremental assessment and 

perhaps because it could increase fertilizer sales. 

 

 

Macro-Analysis of Yield Response to N Fertilizer  

 The relatively high cost of fertilizer inputs is prompting producers to evaluate the economic risk of 

applying too much or too little N fertilizer. The risk associated with 10% under-application based on the N 

rate that achieved a maximum yield (201 kg/ha in Fig. 2) would save $24/ha (~20 kg N/ha @$1.20/kg) in 

fertilizer cost and only reduced the value of grain by $16.67 (69 kg/ha) for a net savings of $7.33/ha. On 

the other hand, 10% over-application above 201 kg N/ha would reduce yield in this example by 73 kg/ha 

(value of $17.51) and cost $24/ha for the extra N fertilizer for a net loss of $41.51. The penalty for over-

application would be much more than the savings associated with 10% under-application and so it 

behooves producers to make the appropriate N application. Weather will always be the great unknown, 

but favourable growing conditions for the crop are also conducive to enhanced mineralisation by the 

microbial community in soil. 



 

Micro-Analysis of Yield Response to N Fertilizer  

 Incremental analysis of the fertilizer N rate and yield response data makes it possible to 

determine the N rate at which the cost of the last unit of N fertilizer equals the value of the increased 

yields (187 kg/ha in Fig. 2). In this case, the peak profit attributed to N fertilizer was $1489.21/ha (7.14 

ton/ha increase in yield attributed to N fertilizer) that was observed with a yield of 13.685 ton/ha and an N 

rate of only 187 kg N/ha. The risk associated with 10% over-application (~19 kg N/ha in this example) 

from the point of peak profitability only increased predicted yield by 28 kg/ha (valued at $6.90) above the 

optimum N rate (187 kg/ha) while the 19 kg N fertilizer would cost $22.80. Therefore, the net cost for 10% 

over-application above the economic optimum N rate would be $15.90/ha. In contrast, 10% under-

application would reduce input costs by $22.80 but the predicted loss in yield was 158 kg/ha (valued at 

$37.75), which would reduce the net revenue by only $14.95/ha. As such, over-application by 10% above 

the most profitable N rate was comparable to the penalty for under-application by 10% ($15.90 versus 

$14.95, respectively).  

 

 Both cases above (maximum yield and economic optimum yield) showed a significant penalty for 

over-application compared to under-application. This analysis should provide an incentive for producers 

to avoid over application. It should be noted that this analysis was based on a quadratic function (Fig. 2) 

to describe the yield response to N fertilizer while a quadratic-plateau function is probably more realistic in 

production fields if enough yield data at high N rates are available. The penalty for over-application above 

the N rate that produced the maximum yield (201 kg/ha) would only be the cost of the extra fertilizer when 

using a quadratic-plateau function. 

 

 The potential environmental implications of N fertilizer can be evaluated by calculating the N use 

efficiency (NUE) of the crop. It is appropriate to exclude the base yield that is produced without any 

fertilizer. This calculation is based on the amount of N taken up in the grain divided by the amount of 

fertilizer N applied. In the case of corn, it is common to assume a grain N concentration of 1.25% (7.8% 

crude protein). Data for the cumulative amount of fertilizer N and the cumulative increase in yield that is 

attributed to the fertilizer resulted in an NUE of 45% at the point of maximum yield and 48% at the point of 

maximum profitability or EONR (Figure 3). These values are in the range of industry averages that are 

frequently cited in scientific literature (i.e., 30-60%). However, in reality the NUE for the last units of N 

applied near the point of maximum yield approaches zero because the last unit of N resulted in little, if 

any, increase in yield and N uptake. Nitrogen use efficiency can be increased by making multiple N 

applications because this strategy reduces the chances for early-season N losses and takes advantage of 

adaptive N management principles. Synchronising N applications with crop N needs, to the extent 

possible, is the key to increased NUE and demonstrates environmental stewardship. Spatial in-season N 



applications using crop canopy sensors and imagery probably provides the ultimate in NUE, especially in 

fields with considerable spatial variability and differences in yield potential.  

 

 

Figure 3. Nitrogen use efficiency for cumulative and incremental N fertilizer 

additions based of the yield response in Figure 2 (excluded zero N yield).  

 

 Because most producers are optimists, they are hopeful for favourable growing conditions and 

therefore, opt for over-application of N fertilizer (i.e., insurance N). Producers know they don’t want to get 

caught on the short side of having enough N for their crops so over-application by 10-20% is common. 

About half of the agricultural land in the Midwest is owned by absentee owners, so competition to rent the 

land is keen among producers. The value of fertile irrigated land or fields with adequate rainfall to produce 

12-16 Mg/ha maize yield is $25,000 - $35,000/ha with property taxes of $75 - $90/ha. Common landlord / 

tenant arrangements include 50:50 or 40:60 for expenses and production or 1/3 : 2/3 when the tenant 

pays for everything. Cash-rental arrangements are common when dealing with absentee and senior 

landlords. The above background information is intended to help readers better appreciate the logic that 

producer use when making N management decisions. 

 

Water Use Efficiency 

 Water availability to crops is typically viewed from a two-year perspective where precipitation 

does not make annual cropping possible. Situations that facilitate annual cropping ideally consume most 

of the fertilizer applied to the crops. Within the realm of annual cropping, two general approaches have 

evolved regarding yield potential, plant population, and N application rate. In the case of corn, producers 



under rain-fed situations use long-term precipitation records and stored soil water to arrive at the 

appropriate plant population that can be supported. Fertilizer N rates follow depending on the 

recommendation strategy. The general rule of thumb for rain-fed situations is that 272 kg corn grain can 

potentially be produced for each cm of water over a 1.0 ha area (11 bushels/acre-inch of water). This 

translates into requiring ~3.67 cm depth of water to produce 1.0 ton of grain per hectare. This guideline 

was developed using 18 years of yield and climate data from non-irrigated fields in Nebraska. This 

guideline emanated from climatic situations where evapotranspiration (ET) seldom exceeded 1.0 cm/day. 

Drier regions like Western Oklahoma and Texas use preplant irrigation to help with early season plant 

establishment. These regions do not produce much corn because ET can exceed 1.5 cm/day. It should 

be possible to estimate yield potential based on preplant stored water in the root zone plus anticipated 

precipitation. It is important that the plant population be appropriate for the potential yield.   

 

 Under irrigated conditions the growing season is divided into vegetative and reproductive stages. 

Crop water use (evapotranspiration, ET) by corn naturally increases as the leaf area increases until 

silking (tassel stage) after which time the ET largely depends on weather conditions for the field. 

Assuming that yield in limited by current genetics, access to good light conditions, and temperature during 

the growing season, it is commonly assumed that it requires ~28 cm of water to supply a corn crop until 

silking (~80,000 plants/ha). This amount of water is basically required to build the photosynthetic factory. 

After that, producers can ideally expect ~400 kg grain/ha from each cm of water (~16 bushels per acre-

inch of water). This rule-of-thumb was developed for areas where ET reaches ~1.0 cm/day during the 

grain-fill period. Working backwards, producers can establish a reasonable yield based on water 

availability and from that determine an appropriate fertilizer N rate.   

   

 

Influence of Precipitation on N Management Strategies 

  Precipitation outside of the growing season has a major influence on how producers in the US 

manage their N applications. Regions with moderate to excessive winter and spring precipitation are likely 

to purge much of the residual soil N (nitrate, NO3) from the root zone via leaching or denitrification before 

planting the next crop. Producers in such areas abandoned pre-season soil testing for residual N about a 

decade ago. The states of Iowa, Illinois (3 areas), Indiana (2 areas), Michigan, Minnesota, Ohio, and 

Wisconsin (2 areas plus sandy areas with and without irrigation) have adopted a procedure for making N 

recommendations that is based on soil-type categories, historic yields for the area, and long-term climatic 

records. See http://extension.agron.iastate.edu/soilfertility/nrate.aspx for an example. The web-based 

software to obtain an N-rate recommendation requires users to input the following information: 

 

 

 

http://extension.agron.iastate.edu/soilfertility/nrate.aspx


 State and area within the state   (select one of 12 options)   

 Crop rotation   (Corn after Corn or Corn after Soybean) 

 Nitrogen source   (select the source and provide the cost per ton) 

 Nitrogen price   ($/pound)   (calculated from cost per ton of material) 

 Corn price   ($/bushel) 

 

The output from the software is a figure showing 1) gross return attributed to fertilizer N, 2) cost of N 

fertilizer as a function of fertilizer N rate, and 3) the marginal return to nitrogen (MRTN). The numeric 

output for MRTN is sometimes referred to as the economic optimum nitrogen rate (EONR) with units of 

pounds N/acre.  

 

 Many producers in these states prefer to do their tillage and apply their fertilizer in the fall to avoid 

the potential for wet soil conditions in the spring. Preplant N application is sometimes a necessity when 

harvest the previous year was delayed. Conventional anhydrous ammonia application (injected ~20-cm 

depth) should be applied 2-3 weeks before planting. Newer technologies make it possible to apply 

anhydrous ammonia along with ammonium thiosulfate and 10-34-0 to buffer the pH effect and thereby 

plant within several days after fertilizer application.  

 

 The preference for preplant N application tends to reduce the practice of sidedress N application. 

The exception is producers that apply swine, beef, and dairy manure or have done so in the past and do 

not know how much N might have mineralized and thus reduce the need for fertilizer N. About 25 years 

ago, Dr. Magdoff in Vermont developed an early-season soil N test to determine if additional fertilizer N is 

required for the pending corn crop. This approach involves sampling the surface 30 cm of soil at the six-

leaf stage (called the pre-sidedress N test; PSNT). Pennsylvania and Iowa have adapted this N 

management strategy for manure fields and suggest that if the PSNT nitrate-N concentration in the soil is 

>26 mg/kg no more N fertilizer is required. This approach works reasonably well except in situations 

where the fall and spring temperatures are warmer than normal and precipitation has not been great 

enough to promote nitrate leaching. When preseason N mineralisation is greater than normal before 

PSNT soil sampling, the approach over-predicts N availability and can result in an N deficiency later in the 

growing season. 

 

 Other states with less rainfall or that have opportunities for irrigation use N-rate algorithms that 

require inputs for local information. For example, the N recommendation algorithm for corn in Nebraska 

includes the following: 

 

 



 Yield goal   (5-year average plus 5-10%, bushels/acre) 

 Residual soil N (nitrate-N)   (by sampling depths; 0-20 and 20-90 cm) 

  Organic matter content   (0-20 cm) (assumes ~30 kg N mineralized per 1% OM) 

 Legume credits   (based on species and yield of previous crop)  

 Manure N   (amount, concentration of ammonium and organic N forms, when and how applied) 

 Nitrate-N in irrigation water   (anticipated amount to be applied and concentration) 

 

A downloadable Excel spreadsheet is available via the internet to help producers input their information 

(http://yieldsigns.com/industry-insight/article/online-nitrogen-fertilizer-rate-calculator). Producers are 

asked to indicate when their N will be applied (fall, preplant, or split) with the amount and form for each 

application so that efficiency factors can be applied. This calculator allows producers to input the average 

cost of N ($/pound) and selling price of grain ($/bushel) to determine the EONR.  

 

 The above examples are based on Imperial units, but could easily be transformed into metric 

units. Most soil and tissue testing laboratories in the US offer N recommendations using the local 

University algorithm in addition to their own recommendation. Many times the N recommendations 

associated with a specific lab use a yield goal times a factor and then subtract the amount of residual N 

within the root zone or sampling depth. Shortcut recommendations offered by laboratories tend to include 

a blanket factor for N losses. For example, scientists have documented that N uptake by corn (grain and 

stover) amounts to ~0.9 pound/bushel (16 kg N/ton grain), yet lab N recommendations are likely to 

multiply the yield goal by factors ranging from 1.0 to 1.4 to account for possible N losses. 

 

 Producer input for the yield goal will typically involve annual yields that vary by 10-15%. 

Sometimes producers are advised to discard the highest and lowest of the five-year yields when 

exceptional growing conditions have occurred. Values for N credits attributed to organic matter, manure, 

and legumes are available in University brochures and extension publications. 

 

 

Cover Crops 

 Cover crops are recognised for their ability to protect the soil from erosion, but increasingly 

farmers are planting them to retrieve mobile nutrients (particularly NO3) over the non-crop part of the year.  

As always, water use by the cover crop and water availability for the next crop is the major issue. This 

uncertainty has hampered to adoption of cover-crop strategies. Producers with sprinkler irrigation are 

generally able to work around the water availability issue. Aerial seeding of cover crops before harvest of 

the main crop is possible with crops like maize, but wheel traffic during harvest and distribution of crop 

residues frequently smoothers many of the young plants. Seeding cover crops after harvest is risky 

because plant establishment before encountering cold weather is uncertain. 

http://yieldsigns.com/industry-insight/article/online-nitrogen-fertilizer-rate-calculator


 The ideal application for cover crops is where crops are harvested early (i.e., potato and seed 

corn). Sometimes soybeans also fit this situation if the crop matures early enough. Both potato and seed 

corn are high value crops that typically end the growing season with considerable amounts of residual N 

(NO3-N) in the root zone, so it makes good sense to capture some of this N by a cover crop. These crops 

are frequently irrigated to reduce the risk of crop failure. In the case of seed corn production, the male 

rows (usually one male and four female rows) are destroyed after pollination to allow more light to 

penetrate into the canopy of the female rows. Many producers broadcast various cover crops during the 

field operation that destroys the male rows. After harvest of the seed corn, the fields are available for 

grazing by livestock. Herbicides are used to destroy the cover crops in the spring before planting. 

 

 Many regions have excess water in the spring which makes it difficult to plant the next crop in a 

timely manner unless they do fall tillage. This generally rules out the use of cover crops. The combination 

of cold and wet soils in the spring at planting time, plus having to deal with residues from the previous 

crop has hampered the adoption of no-tillage practices. Fall tillage, along with fall application of fertilizer N 

is common in areas where groundwater quality is not an issue. However, there is a growing concern that 

these practices are contributing to discharges from sub-surface tile lines that have NO3-N concentrations 

as high as 50 mg/L (five times higher than the safe drinking water standard). 

 

 

Manure as a Source of N 

  Fall applications of swine, beef, and dairy manure accentuate the problem with NO3 leaching 

loses that either end up in the groundwater or tile-line discharge into rivers. Various regulatory constraints 

are being considered to deal with the manure applications. As it stands, manure application is largely 

treated as a disposal problem. Producers are required to test the manure for it N content (inorganic and 

organic) is some area and are limited in the amount of N or P that can be applied. Uncertainties related to 

uniformity of manure application and when the N will become available to the crop prompts farmers to 

cover this risk by applying some additional fertilizer N. This management strategy is “proactive” in nature 

but in the future it is possible that producers that apply manure will be required to move toward a 

“reactive” management strategy (commonly called “Adaptive Management”). Remote sensing tools have 

been developed to characterise spatial difference in crop vigour so that producers can make more 

intelligent decisions about remedial treatments. Recent developments in active crop canopy sensor 

technologies have made it possible for producers drive through their fields with high-clearance sprayers 

to sense the crop vigour (biomass and chlorophyll status) and make real-time applications of liquid N 

fertilizers.        

 

 

 



 

Implications of GM Crops 

 Roundup-Ready crops have had a considerable impact on N management because it greatly 

reduced the need for cultivation and multiple trips through the field to apply selective herbicides. As 

farmers migrated to no-till systems it has required some of them to alter their N application methods. 

Because of the need to incorporate urea-based fertilizers to minimize volatile N losses, producers have 

found it prudent to inject liquid fertilizers such as urea-ammonium nitrate (UAN) or anhydrous ammonia. 

The price of the N source is important to all producers, but convenience and safety are also considered. 

Examples of N sources that are available to Corn Belt farmers are available in Table 1. 

 

Table 1. Average prices for various N sources in the U.S. on March 2012 (National Agricultural 

Statistical Services) and percent of each N source applied in 2010. 

N source % N Cost ($/mt) Cost ($/kg N) % of Appl.** 

Anhydrous ammonia (L) 82 $861 $1.05  ($0.98)* 31 

Urea ammonium nitrate (UAN) (L) 30 $410 $1.37  ($1.72)* 32 

Urea (D) 46 $595 $1.32  ($1.21)* 24 

Ammonium nitrate (D) 34 $557 $1.64  ($1.78)* 2 

Ammonium sulfate (D) 21 $451 $2.36   10 

Aqua ammonia (L) 21   1   

Di-ammonium phosphate (10-34-0) (L) 10 ($715)* 

Di-ammonium phosphate (18-46-0) (D) 18 $726  

Mono-ammonium phosphate (11-52-0) (D) 11 ($869)* 

Super phosphate (0-46-0) 0 $665 

________________________________________________________________________ 

* (current prices courtesy of Ag Services, Grand Island, Nebraska as of 12 July, 2013). 

** Source: USDA-Economic Research Service, The Fertilizer Institute, 2010. 

D = dry, L = liquid 

 

 Forty-six percent of the N fertilizer applied to crops in the U.S. was used on corn in 2010 (11% 

applied to wheat) (Source: National Agricultural Statistics Service). Of this N, 91% was used in 12 North 

Central States (Corn Belt and Midwest areas).  Producers tailor their N applications in terms of N source, 

method, and timing to accommodate the individual situation. The introduction of global positioning 

systems (GPS) for agricultural applications in the early 1990s and development of auto-guidance systems 

has led to the concept of strip-tillage for N fertilizer applications. The goal is to apply nutrients 15-20 cm 

directly below where the corn will be planted later in the growing season. It is essential that both the 

fertilizer application and planting operation use the same GPS guidance system to optimize the benefits 

of strip-tillage. Strip-tillage typically results in minimal disturbance to a band that is 10-15 cm wide and 

comes close to accommodating the concept of no-tillage. Concern over germination and seedling 

damage by having the fertilizer band beneath the seed is justified. This is why the strip-till N application is 



typically made 2-3 weeks before planting. The bottom line is that access to Roundup-Ready crops has 

given producers many more options for N management, which in turn has allowed producers to 

consolidate their field equipment into a few key implements. Another benefit is that it has helped 

increased the average farm size from 250 to 500 ha in the 1990s compared to 1,200 to 1,600 ha in 2012. 

Some farming operations are considerably larger. 

 

 One problem that has evolved with GM crops in general is the evolution of “super-weeds” and 

“super-bugs” that have developed resistance to the intended control system. While this fact is not directly 

related to N management, dealing with this situation has a bearing on N management decisions via the 

timing of alternate herbicide applications because UAN is sometimes used as a carrier. In other cases, 

reduced tillage practices have modified the form, rate, and timing of N applications. 

 

 

Stabilized and Delay Release Fertilizers 

 Nitrogen stabilisers for anhydrous ammonia have been available for several decades. These 

products delay the biological conversion of ammonium to nitrate, which renders the N soluble in water 

and subject to leaching. The delay is typically 3-5 weeks, depending on temperature. Because anhydrous 

ammonia is a relatively inexpensive form of N, that makes it popular for fall and spring applications, but 

excessive spring rainfall can result in N losses (NO3 leaching or denitrification). Sometimes producers will 

have the vendor add the inhibitor at the point of sale as a form of insurance against N losses. Urease 

inhibitors are also available to producers using urea forms of N fertilizer. More commonly, local or regional 

regulations might require the use of inhibitors before planting or limit the amount of N that can be applied 

before planting. Again, the reason for such regulations is to protect the groundwater resources from 

further contamination. 

 

 Recently, several new formulations of N fertilizer have been developed to better synchronize N 

availability with crop N need. Two general approaches have been used to accomplish this goal. One is to 

coat the fertilizer granules with a material that degrades slowly over time depending on soil temperature. 

As the coating degrades, the granules become increasingly permeable to water. A second method of 

stabilisation is to methylate the N into chains that are more difficult to degrade via soil microbial activity. 

Trials to demonstrate the efficacy of these materials frequently give mixed results depending on the 

weather and the inherent abundance of residual N in the root zone. Many times these studies do not 

encounter N-loss events (i.e. excess rainfall or irrigation) and so it is difficult to show a difference in yield 

compared to conventional N fertilizers.  

 

 The decision to invest in a nitrification or urease inhibitor or a form of stabilized N fertilizer 

basically comes down to cost. Farmers are generally optimistic and not willing to invest in “N-loss 



insurance” if they know there are ways to remediate a crop N deficiency (i.e., sidedress applications, in-

season N applications with a high-clearance sprayer, or fertigation). Many times producers opt to self-

insure themselves to some extent by offsetting the cost of an inhibitor by applying extra N.   

 

 

Agricultural Consultants / Plant and Soil Testing 

 Producers are always looking for information that is tailored for their operation, timely, and at a 

low cost. It is natural to be sceptical of information and recommendations coming from individuals who 

are also associated with suppliers. For this reason, an increasing number of producers are retaining the 

services of agricultural consultants who collect soil samples for analysis, scout fields for insect pests and 

weeds, monitor soil water status to schedule irrigation, collect plant tissue samples, and make 

management recommendations. Cost for these services depends on the activities and information 

provided. The greatest use of consultants is with operations that have irrigation and pursue a higher level 

of management in general. In some cases, cooperatives that sell seeds, fertilizers, and chemicals also 

provide consulting services for hire or build the service into the cost of the products. 

 

 Use of soil testing information is regional in terms of how the information is used. In rain-fed areas 

where fertilizer N recommendations are generalized based on soil type and climatic zones, there is little 

us of organic matter and residual N data. Areas with lower precipitation and the likelihood for residual N in 

the root zone use organic matter and residual N to adjust fertilizer N recommendations. Consultants 

usually collect soil samples in surface (0-20 cm) and deeper samples (20-60 or 20-90 cm) using hydraulic 

probes. Sometimes these samples are collected using a grid pattern (1-ha per sample) with the intent of 

making variable-rate applications if appropriate. The cost of consulting services range from $30-50/ha, 

depending on the services provided.  

 

 Plant tissue testing is not nearly as common as soil testing. Sometimes ear-leaf samples are 

collected and analysed for total N at silking, but this is not common because most producers don’t have a 

way to fix deficiency problems unless they have sprinkler irrigation and are set up to inject UAN into the 

water. A few of the more progressive farmers apply a little extra N fertilizer in a strip across their fields 

and then use remote sensing before silking to detect spatial patterns in crop vigour. The cost of this 

imagery is about $3.50/ha in groups of 20 fields or more. The problem with tissue testing is that tall-

growing crops like corn make it difficult to observe differences in plant vigour unless imagery is available. 

Some of the seed companies use tissue testing of the ear-leaf in their test plots and demonstration fields 

to assure themselves that nutrients are adequate. 

 

 

 



 

Precision Agriculture 

 Considering that the concept of site-specific management has been evolving for about three 

decades, full-scale adoption has been low. It has taken time for implements and controllers to become 

user-friendly and reliable. More importantly, the potential problems that might be addressed by site-

specific management are likely to be different for each producer. Even if producers are able to 

characterize spatial variability in their fields using yield maps or remote sensing, many times they are not 

prepared to make management changes. Sometimes producers simply do a cost / benefit analysis and 

opt to not make an effort to deal with the problem. 

 

 Variable-rate technologies have been available for several decades but to date variable-rate N 

applications are not common in the Corn Belt. The situation is that it would be very expensive to collect 

enough residual soil N data to develop a variable-rate N application map. Grid-sampling has been used to 

make variable-rate recommendations for non-mobile nutrients, but N is dynamic because of the factors 

that affect mineralization and so few producers use soil testing results to make variable-rate N 

applications. Limited studies have attempted to use landscape information (slope, soil type, and 

elevation) to spatially modify N application rates. Other types of proxy information like electrical 

conductivity and organic matter content (soil colour) to spatially adjust N rates, but the expert systems 

needed to interpret this information have not been advanced to the point of being widely accepted.  

 

 The rapid adoption of auto-guidance has indirectly influenced how farmers manage N fertilizer in 

that the GPS and logging aspects of the technology are components of what could be used to make 

variable-rate N applications. The major obstacle to variable-rate N adoption is not having appropriate and 

reliable soil information that could be used to alter the N application rate. 

 

 Development of active crop canopy sensors has opened the door to adaptive N management 

because these devices use the crop as a biological indicator of plant health and adequacy of nutrient 

availability. The data collected by these sensors is not specific to a given nutrient because the devices 

quantify canopy chlorophyll content and the amount of living biomass within the footprint of the sensor. 

When making variable-rate N applications, the assumption is made that other nutrients are adequate and 

that all plants have similar water status. These technologies are not widely used for various reasons but 

include: 1) producers are not convinced they have enough spatial variability in their fields to justify the 

investment in sensors and control equipment, even if they might have the appropriate field implements, 2) 

producers are intimidated by the technology and are not convinced that the sensors provide reliable 

information about the crops current N status and fertilizer N requirements until crop maturity, 3)  current 

profitability is great enough to support a comfortable life-style without having to engage in a higher level of 



management, and 4) management restrictions related to environmental stewardship have not been 

imposed that would necessitate adaptive N management.  

 

 

Attitudes and Rural Sociology 

 The average age of producers in the Corn Belt is gradually increasing as with most aspects of 

agriculture. Statistics provided by the USDA-Economic Research Service shows that ~75% of producers 

are >45 years old. Other statistics note that the average age of producers is currently 57 years. It is 

difficult for a young person to enter the profession without considerable financial assets unless they are 

joining an established farming operation. Many young people entering the farming business are returning 

with a B.S. or M.S. degree in one of several agricultural disciplines. They usually bring computer and 

internet skills that can be valuable to a farming operation. Operations with these human resources are 

typically able to increase profitability by increasing the general level of management which puts them in a 

position to be more competitive and thereby expand their operation. Entities with more employees who 

have diverse skills and abilities make it possible to capitalise on auto-guidance systems and extend the 

working hours during critical periods (fertilizing and planting). Extended working hours enables farmers to 

care for more land and minimise capital expenditures for equipment. In some cases, farmers will group 

together to purchase or lease essential implements (harvesters) that are used for only a few weeks of the 

year. Exercising such opportunities and options frees funds for other areas of management like nutrient 

management and systems that reduce tillage operations.    

 

 Nitrogen management is only one aspect of profitability, but when the operations become large 

enough that timeliness becomes an issue, that is when producers explore N management alternatives. In 

some cases, alternatives include fertigation, side-dress N applications, in-season N applications using 

sensors with high clearance sprayers, larger implements, or technologies (specialized N applicators) that 

enable them to use no-till methods with greater precision related to N placement, uniformity of application, 

and enhanced capacity (hectares per hour).   
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Nebraska

Corn Soybean

Wheat



Mississippi River Basin

Mississippi River Basin
Precipitation (mm)            400 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ 1000 



Nitrogen Management 
Decisions

Irrigated Rainfed

Regulations

Livestock

High Value Crops



“ Environmental Issues ”

• Shallow groundwater contamination  (NO3
‐)

• Surface water runoff  (N and P)

• Subsurface drain‐tile flow  (NO3
‐)

Specialty
Crops

Manure

Fall N application

Solutions : No fall N applications
Required soil and water testing
Irrigation flow meters
Nitrification inhibitors

(>30 mg NO3‐N / L)

(up to 50 mg NO3‐N / L)

Safe Drinking Water Standard
10 mg NO3‐N / L



Mississippi River Basin
(drains 40% of USA)

Water 
Quality 
Concerns

Hypoxia
Enriched N and P promote algae
Algae deplete oxygen in water
Aquatic life declines



Great Plains
29% Corn Belt

71%

Corn Production in the USA ‐ 2012
(85% in 12 Midwest States)



Nutrient Use in USA - 2010



Nitrogen Use in the USA ‐ 2010
Corn received 46% of all N applied to cropland in 2010
(91% of the corn N was used in the 12 North Central States)
Wheat received 11%



Common Nitrogen Forms and Prices in the US

Form % N % Use 2010 Current
($/mton) ($/mton)

Anhydrous Ammonia 82 31 861 803

Urea Ammonium Nitrate 30 32 410 550

Urea 46 24 595 561

Ammonium Nitrate  34 2 557 605

Ammonium Sulfate 21 10 451

DAP (10‐34‐0) 10 715

DAP (18‐46‐0) 18 726

MAP (11‐52‐0) 11 869

Super Phosphate 0 665



Average Farm Size is Increasing in the USA

1990s 250‐500 ha

2012 1,200‐1,600 ha

75% of farmers are >45 years old  (2010 data)

Average age of farmers in the US in 2012 was 57 years

Difficult for young people to enter farming without family help



Considerable
Irrigation Limited

Irrigation

Irrigation in the Corn Belt of USA 



Soil 
Testing

Regional
Algorithms

Nitrogen Recommendations in the 
Corn Belt of the USA 



Regional Algorithms

Observed that residual soil N did not affect corn yield and 
maximum yield was a function of soil type and climate.

Developed N recommendations that were 
specific for soil type and climatic regions

Iowa Illinois  (3)
Indiana (2) Michigan
Minnesota Ohio
Wisconsin (2) (w/ and w/o irrigation)



• Select region

• Crop rotation   (Corn after Corn  or Corn after Soybean)

• Nitrogen source   (select the source and provide the cost per ton)

• Nitrogen price   ($/pound)   (calculated from cost per ton of material)

• Corn price   ($/bushel)

Regional Algorithm

Iowa Illinois  (3)
Indiana (2) Michigan
Minnesota Ohio
Wisconsin (2) (w/ and w/o irrigation)

http://extension.agron.iastate.edu/soilfertility/nrate.aspx

http://extension.agron.iastate.edu/soilfertility/nrate.aspx


• Yield goal   (5‐year average plus 5‐10%, bushels/acre)

• Residual soil N (nitrate‐N)   (by sampling depths)

• Organic matter content   (0‐20 cm)

• Legume credits   (based on species and yield of previous crop)

• Manure N (amount, concentration of ammonium and organic 
N forms, when and how applied)

• Nitrate‐N in irrigation water   (anticipated amount to be 
applied and concentration)

Nebraska Algorithm

http://yieldsigns.com/industry‐insight/article/online‐nitrogen‐fertilizer‐rate‐calculator

http://yieldsigns.com/industry-insight/article/online-nitrogen-fertilizer-rate-calculator


Photosynthesis
Chlorophyll

Biomass

Harvesting Solar Energy
Produce forage and grain



How Do We Get There  ?

CO2

Water
Nutrients

Temperature

Sunlight

Photosynthesis

Farmers have the most control over nutrients !

Water is frequently the yield-limiting factor
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What we know about N in corn production

• ~60% of total N uptake occurs before silking
(vegetative growth stage)

• 70% of above‐ground N uptake at harvest is in the grain

• Corn grain contains about 16 kg N / metric ton

• Nutrient uptake occurs at the root rips and through root hairs

• Root tips are not able to take up water 
(no xylem and phloem)

• New root growth is greater than root degradation before silking

• Root degradation after silking is greater than new root growth



Water and Nitrogen are Partners in Plant Growth

“Water is the Dealers” ‐ Budget nutrients to optimize yield

Irrigated Corn

Dryland Corn 272 kg grain / ha from each cm of water

28 cm depth of water before silking

~400 kg grain / ha from each cm of 
water after silking

~3.67 cm needed for 1 ton / ha

Cover Crops can be beneficial  ‐
but they deplete soil water







Assume:
$1.20 / kg N
$240 / ton corn grain

ECONOMICS ‐ Return per $1.00 invested in N fertilizer

$11.51



Effect of over or under‐application by 10%  ?



Where is the break‐even point for maximum profit ?

Economic

Optimum

Nitrogen 

Rate

Depends On  ‐ ‐ ‐

Cost of N / kg

Value  of grain / ton



Effect of over or under‐application by 10% at EONR ?

EONR ‐ where the cost of the 
last unit of N equals the increase 
in grain value.



NUE = 45%

Nitrogen Use Efficiency  ‐ NUE



NUE = 45%



Nitrogen Use Efficiency ‐ NUE



Biotechnology Adoption in USA ‐ 2012

Soybean
Herbicide Resistant 93%
All Biotechnology  93%

Corn
Insect Resistant 15%
Herbicide Resistant 21%
Stacked Genes 52%
All Biotechnology 88%

Biotechnology has had a large impact on tillage  

The US now has weeds that are resistant to Roundup



Challenge is to:
Synchronize & Optimize

• Crop nutrient needs

• Weather

• Soil resources



What Happened ?

Same hybrid
All ears from a 8 x 8 m area

Looking Back Can Provide Insights



New Technologies Under Consideration

Stabilized N fertilizers   ‐ “delayed release”
•nitrification and urease inhibitors
•polymer coatings
•methylated formulations Costly

Variable – Rate
•Seeding  (irrigated versus dryland)
•N fertilizers  (general lack of spatial soil data)

Need ‐ expert systems that spatiallly integrate 
landscape position, soil color, elevation, nutrient 
data, etc.



Emerging Technologies

• Auto‐guidance is popular

• Strip‐till is now feasible 
(preplant fertilizer 10‐15 cm below seed row)

• Real‐time crop canopy sensors and remote sensing
(in‐season VRT)

• Genetic Phenotyping
(integrate genetics, water, nutrients, and growth stage)

• Variable Rate Irrigation

• Micro‐nutrient management



Jim Schepers
402-310-6150

james.schepers@gmail.com

mailto:james.schepers@gmail.com


Relationships between inorganic soil 
nitrogen and relative yield for maize 

production in South Africa 
 

Dr Erik Adriaanse 

Sasol Nitro 

 

ABSTRACT 

Most nitrogen (N) is utilised for maize production in South Africa while most maize is 

produced under semi-arid dry land conditions. Unpredictable seasonal rainfall results in 

highly unpredictable yield potentials and consequently also N-demand. N-recommendations 

based on historic average yields result in considerable variation in residual N in the soil 

between seasons. N mineralization potential varies to a very large extent between soils and 

is mostly also unpredictable. Leaching losses of nitrate-N and urea can often not be 

anticipated. Measurement of inorganic N after topdressing would coincide with the start of 

the period of maximum N-uptake and would reflect applied N, residual N and much of the 

mineralised N.  The objective with this study was to develop reliable soil N-tests for maize at 

certain localities and over localities. Relationships between inorganic nitrogen, after 

topdressing and relative yield for five localities were evaluated individually and then 

combined into one relationship. Clay content varied between 2.5% and 55.5% for the top 

600 mm soil and maximum yield between 3.8 and 11.8 ton/ha. Excellent polynomial 

relationships for individual localities were established which indicate inorganic N for 100% 

yield to be between 70 and 133 kg N/ha and for maximum yield between 93 kg N/ha and 174 

kg N/ha. The use of threshold values at maximum yield could however not be justified.  The 

threshold values for 100% yield were also expected to closely resemble economic optima. 

The threshold value for inorganic N in the top 600 mm soil over all localities was established 

at 100 kg N/ha. Above this value yields only varied between 90% and 100%. Site specific 

biological and economic optima might deviate somewhat from this threshold value of 100 kg 

N/ha but it remains applicable to all localities within the scope of experimentation. Yield 

reductions of as much as 10% occurred above 174 kg N/ha in the soil at two localities and 

therefore this upper level should not be exceeded. Yield reductions of more than 10% did 

however not occur at N-levels between 174 kg/ha and 559 kg/ha.    

 

 

 



Introduction 

Most of the current 400 000 tons of nitrogen (N) consumed annually in South Africa (Brand, 

2012) is being utilised for maize production. The area under maize is expected to be 2.78 million ha in 

2013 which is 70.5% of the area planted to all annual summer crops (Dredge 2013). The total 

production of maize averages close to 12.5 million tons per annum (Louw, 2013). Wheat which is by 

far the most important winter crop, in comparison of which approximately only 0.51 million ha is 

planted, resulting in the production of only 1.90 million tons (Dredge 2013). 

 

The portion of maize produced under dry land is 83% compared to 17% under irrigation 

(Louw, 2013). Average yield under dry land is 4.29 ton/ha and under irrigation 9.16 ton/ha (Louw, 

2013). These relatively low yield averages emphasise the fact that most maize is being produced 

under semi-arid conditions  with long term annual average precipitation ranging from about 400 mm in 

the west to 1 000 mm in the east. The extent of variation in annual precipitation is also much greater 

in the dryer areas compared to the much smaller wetter areas.  

 

 Traditionally N recommendations were derived from yield response curves to N rates in different 

regions together with economic optimization at expected yield targets.  Human and van Biljon (1994) 

evaluated all existing N calibration data and demonstrated that the relationship between N-rates and 

measured yield explained only 25% of the variation over localities. Considering actual N 

recommendations in practice the level of accuracy is probably for the following reasons even lower: 

 

1. The unpredictability of weather conditions resulting in inaccurate yield potential and N 

demand predictions.   

2. Differences in yield potential between soils are not well defined.  

3. Differences in actual N mineralisation between soils are not predictable.  

4. Variation in residual inorganic N due to variation in seasonal N uptake and seasonal N losses. 

 

N-Response Curves which illustrate the effect of N-rates on yield could therefore mostly not be 

extrapolated to other soils and seasons for recommendation purposes. Furthermore it was considered 

impossible to develop such response curves for most scenarios or groups of scenarios in South Africa 

since production conditions are extremely diverse.   

 

The establishment of reliable relationships between inorganic nitrogen and relative yield could 

increase the accuracy of N recommendations considerably. Soil sampling after top-dressing reflects 

the net availability of applied N, residual N and mineralised nitrogen. Furthermore, the use of the 

sufficiency concept and relative yield deals with large variations in yield between localities and 

seasons, also enabling extrapolation to other localities. Relative yield could also be related to 

economic optimum yield. Smalberger and Adriaanse (1998) indicated maximum profit above N-costs 

to be between 98% and 99% relative yield at current N-price to maize-price ratios. 

 



 

Relationships between soil nitrate-N concentrations and relative maize yield were shown to be 

inaccurate when pre-plant soil sampling was only done for a depth of 0 – 300 mm (R
2 

= 34%) but 

rather accurate for 0 – 600 mm (R
2
= 88%) and even better for 0 – 900 mm (R

2 
= 94%) in dry areas 

ranging in annual precipitation between 500 and 580 mm per annum (Van der Walt and du Preez, 

1991). Most N is taken up by maize from about six weeks after planting (Hoeft et al.) and leaching 

losses could occur from pre-plant measurements until six weeks after planting. Furthermore, 

mineralisation of organic N will only peek at about four to six weeks after planting (Havlin et. al., 

1999). In the USA a pre-side-dress nitrate test was successfully calibrated for the top 305 mm soil in 

the drier areas (Havlin et. al., 1999). This test includes measurements of a large portion of 

mineralized N but also allows for timely rectification of deficiencies. 

 

The objective with many N-calibration studies for maize performed by the Agricultural Research 

Council, Grain Crops Institute (ARC-GCI) in South Africa during the period 1991 – 2003 was to 

establish reliable relationships between inorganic N measurements in soils after top-dressing and 

relative yield. Some of these relationships were individually reported (Schmidt et. al. 2006, Schmidt 

and Adriaanse, 2004, Smalberger, 2001, Landman, 1995) but others only remained part of ARC 

research reports. The objective with this study was to re-evaluate all of these relationships 

simultaneously in an endeavour to establish reliable N thresholds or one threshold for inorganic soil N 

to be used for maize production in South Africa.   

 

 

Materials and Methods  

Relationships used in this study were derived from long term fertiliser calibration studies at 

Vierfontein, Viljoenskroon, Derby, Dirkiesdorp and Dingleydale. These trials were either N X P X K, N 

X P, N X K or N trials of which the treatments were factorialy combined in randomized block designs. 

Long term annual average rainfall varied from 578 mm at Viljoenskroon to 765 mm at Dirkiesdorp 

while the sites at Derby and Dingleydale also received supplementary Centre Pivot irrigation. 

The respective clay contents in the top 600 mm soil which was used for these relationships were 

2.5% for Vierfontein, 10.7% for Viljoenskroon, 14.5% for Dingleydale, 20.0% for Derby and 55.6% for 

Dirkiesdorp. All soils were well drained except for the soils at the Vierfontein and Viljoenskroon sites 

which were water table soils, containing soft plinthic layers ranging from a depth of about 0.9 meter to 

1.7 m.  

 

Soil acidity was ameliorated at all localities. Care was taken to optimise all other essential 

plant nutrients. Insects and weeds were controlled and soils cultivated according to standard practice. 

Only the depth increment from 0 to 600 mm was sampled based on the findings of Van der Walt and 

du Preez (1991) as previously indicated. Although even better relationships were expected for 

sampling 0 – 900 mm the expected increase in accuracy would not have justified the extra effort, cost 

and impracticality of prescribing sampling to this depth in practice. Sampling was carried out at 



random between rows for the Dingleydale, Derby and Dirkiesdorp areas where LAN (also called CAN) 

was broadcast and soil incorporated. Five cores were taken per plot with a soil auger. Sampling was 

carried out systematically over and between rows separately at three sampling points per plot at 

Vierfontein and Viljoenskroon under fixed row systems where LAN was knifed in as a side dressing 10 

to 15 cm from the rows. Seven subsamples per sampling point were taken of which 3 were taken over 

the rows and 4 between the rows.  

                          

Both nitrate-N and ammonium-N were determined due to strong indications of high 

ammonium concentrations for long periods in some soils where ammonium containing fertilisers were 

band placed (Adriaanse, 1991). This was done colorimetrically after extraction with 1.0 N KCl (The 

Non-affiliated Soil Analysis Work Committee, 1990). The sum of nitrate-N and ammonium-N was 

expressed as quantities rather than concentrations. Large variations in bulk densities between soils 

would imply that optimum concentrations would differ significantly at the same N quantity. The use of 

quantities rather than concentrations was expected to improve the chances of developing one 

relationship and one threshold value over localities.  

Polynomial regression equations for relationships at each locality were developed by using Excel 

Statistics. All data was also combined in one relationship to which the method of Cate & Nelson 

(1971) was applied to derive a threshold value over all localities. 

 

 

Results and Discussions 

Relationships between inorganic N and relative yield are presented for different localities in an 

order from the sandiest soil to the most clayey soil. 

 

An excellent relationship was developed at Vierfontein (Figure 1) explaining 83% variation on 

a very sandy soil over two years. The reliability of this relationship was demonstrated despite very 

sandy conditions and very large variance in absolute yields between seasons. Yield responses to N 

applications were as much as 80% due to the low N residuals and mineralization potential. 

Accordingly inorganic N in the top 600 mm soil should be managed to a level of 133 kg/ha for 100% 

yield and 149 kg/ha for maximum yield. 

 

 



 

Figure 1. Relationship between inorganic soil nitrogen and relative yield for Vierfontein.  Clay 

content: 0 - 600 mm = 2.5%. Variance in maximum yield over two seasons:  4.1 – 9.1 ton/ha. 

 

 

The relationship at Viljoenskroon (Figure 2) explained 87% variance over four years which 

was even better than at Vierfontein (Figure 1). Relative yield responses were slightly less (75%) at 

little higher clay content. The inorganic N level resulting in 100% yield was 70 kg N/ha and for 

maximum yield 93 kg/ha.  

 

 

 

Figure 2. Relationship between inorganic soil nitrogen and relative yield for Viljoenskroon .  

Clay content: 0 - 600 mm = 10.7%. Variance in maximum yield over four seasons: 3.8 – 6.1 

ton/ha. 

 

y = -0.0047x2 + 1.4056x - 3.7057 
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A very good relationship was also established at Dingleydale over a four year period under 

supplemental irrigation which explained 77% of the variance (Figure 3). Yield responses of more than 

80% to N applications were shown on this well drained depleted sandy soil. According to the fitted 

curve 100% yield was obtained at 133 kg/ha wile maximum yield was obtained at 174 kg N/ha. 

 

 

 

Figure 3. Relationship between inorganic soil nitrogen and relative yield for Dingleydale.  Clay 

content: 0 - 600 mm = 14.5%. Variance in maximum yield over four seasons: 3.8 – 6.7 ton/ha. 

 

 

A significant negative yield response was shown at Derby under irrigation in one season 

(Figure 4). This site had a history of cattle manure applications and all plant residues were 

incorporated into the soil. In addition Ammonium Sulphate was applied at a rate of 100 kg/ha before 

planting. The Inorganic N level for the control plots was 170 kg/ha which corresponds to 174 kg N/ha 

established for maximum yield at Dingleydale under irrigation. An increase in N levels in the soil to 

about 300 kg/ha resulted in a yield depression of as much as 10% which in real terms was 1.18 

ton/ha. The management of N levels above 170 kg/ha in the soil should therefore be avoided. 

 

 

y = -0.0039x2 + 1.3603x - 11.918 
R² = 0.77 
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Figure 4. Relationship between inorganic soil nitrogen and relative yield for Derby.  Clay 

content: 0 - 600 mm = 20.0%. Maximum yield for one season: 11.8 ton/ha. 

 

 

The site at Dirkiesdorp had a high N supply capacity at a high clay content and high organic 

material. Only during the last two seasons of the trial, were yield responses of as much as 40% 

demonstrated (Figure 5). An acceptable relationship was also established for this trial explaining 69% 

of the variation. N in the soil for 100% yield was established at 120 kg N/ha and for maximum yield at 

165 kg/ha for. Again yield depressions of about 10% were observed when N levels reached 212 to 

252 kg/ha in the soil. 

 

 

Figure 5. Relationship between inorganic soil nitrogen and relative yield for Dirkiesdorp.  Clay 

content: 0 - 600 mm = 55.6%. Variance in maximum yield over two season: 5.5 - 6.9 ton/ha. 

y = 0.0001x2 - 0.1156x + 115.41 
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The combined relationship over all localities clearly defined 100 kg inorganic N as the 

threshold above which N responses of more than 10% were not observed (Figure 6).  Yield losses of 

more than 10% were not indicated even at soil N levels as high as 559 kg/ha.   

 

 

 

Figure 6. Relationship between inorganic soil nitrogen and relative yield over five localities.  

Variation in clay content: 0 - 600 mm = 2.5 – 55.5%. Variance in maximum yield over 15 site-

years: 3.8 - 11.8 ton/ha. 

 

 

A pre-plant maximum nitrate-N threshold value of 8 mg/kg for a depth of 0 – 600 mm was 

indicated by Van der Walt and du Preez (1991) for yields lower than 3.8 ton/ha. This threshold relates 

to 72 kg nitrate N/ha at a density of 1.5 g/cm
3
 suggested by them as a suitable average. This 

threshold of 72 kg N/ha which was established at Vijoenskroon, Wesselsbron, Klerksdorp, Kroonstad 

and Ottosdal corresponds to the value of 70 kg N/ha established at Viljoenskroon in this study.  

 

The generally used nitrate-N threshold above which further side dressed N is not 

recommended is 25 mg/kg in the top 305 mm soil in the USA (Havlin, et. al. 1999). This threshold 

relates to 99 kg N/ha at an average density of 1.3 g/cm
3
 which corresponds to 100 kg inorganic N 

established for the top 600 mm soil in this study over localities. The optimum quantity of inorganic N is 

therefore very much the same in South Africa compared to the USA while this is measured over the 

top 600 mm in South Africa compared to the top 305 mm in the USA. Root development, soil water 

utilisation and nitrogen utilisation under much drier conditions in South Africa, is expected to be 

deeper in the soil profile. This explains why relationships between inorganic N and relative yield could 

only be established in South Africa when soil sampling is done to a depth of at least 600 mm. 

According to Havlin, et. al. (1999) soil sampling to depths between 610 mm to 1829 mm is done in low 



rainfall areas to measure nitrate-N. These nitrate-N measurements are generally correlated with crop 

responses to N fertilisation. N recommendations would be zero when nitrate-N measured in the top 

910 mm soil has reached 246 kg/ha.   

 

N requirement factors derived from the same trials did however vary between 0.3 and 3.3 kg 

N applied/kg N measured (Landman and Adriaanse, 1995 Landman, 1995, Smalberger and 

Adriaanse, 1998, Schmidt and Adriaanse, 2004, Schmidt et al., 2006). These factors depend mostly 

on the N supply capacity of soils and possible losses of applied N and remain to a large extent 

unpredictable. 

 

 

Conclusions and Recommendations 

Inorganic N quantities in the top 600 mm soil correlated well  with relative yield for specific 

localities. Inorganic N for 100% yield varied between 70 and 133 kg N/ha and for maximum yield 

between 93 kg/ha and 174 kg/ha according to fitted polynomial functions. Since maximum yield was 

obtained at more than 100% yield, threshold values at maximum yields might not be realistic. It is also 

possible that quadratic-plateau functions would better describe relationships at individual localities 

above 100% yield. Never the less threshold values obtained at 100% yield is regarded as realistic. 

These values are also considered to be close to the economic optimum.  

  

When all data was combined in one relationship and the Cate and Nelson technique applied 100 kg 

N/ha was clearly defined as the threshold value for inorganic N in the top 600 mm soil above which 

yields varied between 90% and 100%. 

 

The established threshold of 100 kg N/ha is also applicable to other soil depths provided that 

this N is available for uptake by roots at these depths. Large quantities of inorganic N in the top part of 

the topsoil will not be available for uptake when subjected to dry spells. Likewise inorganic N 

measured in the subsoil will not be available for uptake if for some reasons not supported by root 

development to this depth. Water logging at this depth or leaching of N out of the profile before uptake 

would also affect the utilisation of N.    

 

This threshold value of 100 kg N/ha in the top 600 mm soil could be used for all localities in a 

pre-side dress test to determine whether or not further N-applications are required.  

 

This threshold should be applied with caution to expected yields of more than 11.8 ton/ha and 

at clay contents of more than 55.5% since such conditions fall outside the scope of experimentation. 

Under irrigation where multiple N applications are possible, multiple N testing is also suggested. 

Although the establishment of this N threshold value over soils is considered to be very useful in N 

management, the amount of fertiliser N required to address deficiencies varies largely over soils and 



localities. Continuous measurements should enable producers to develop a better understanding of N 

requirement factors for their specific conditions. 

 

 

Inorganic N levels in the soil should be managed between 70 and 133 kg/ha for biological and 

economic reasons but should also not exceed 174 kg/ha due to possible yield depressions of as 

much as 10% above this level. Over all localities yield did however remain between 90% and 100% 

with increasing inorganic N above 100 kg/ha even up to measurement of as high as 559 kg N/ha. 
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Relationships between inorganic soil nitrogen and r elative 
yield for maize production in South Africa

Dr. F G Adriaanse - Sasol Nitro



Introduction

� Area under maize =  2.78 million ha in 2013 
= 70.5% annual summer crops (Dredge 2013) 

� Total production = 12.5 million tons maize/ annum ( Louw, 2013)
� Dry land 83% = 4.29 ton/ha 
� Irrigation = 17% = 9.16 ton/ha 
� Most N is used for maize production 
� Most maize is produced under semi-arid conditions
� Very large seasonal variation in rainfall and produ ction/land



Introduction

� N-rates vs.  Yield over localities: R 2 =  25% (Human and van 
Biljon, 1994)

� Sources of variation: 
1. Yield potential affected by weather
2. Yield potential affected by soils
3. N-mineralisation
4. Residual  N 
5. N leaching losses

� Yield Response Curves to N-rates obtained from hist oric data at 
isolated localities cannot be extrapolated to diver se production 
conditions in coming seasons

� Available Yield Response Curves to N-Rates are very  limited.
� N-price and maize price are not predictable for fut ure economic 

optimization



Introduction

� The sufficiency concept used for recommendations of  other nutrients 

� Pre-plant relationships established in the USA for 0 - 910 mm

� Pre-plant relationships established in South Africa  for  0 - 600 mm + 0 - 900 mm

� Pre-side dress relationships established in the USA  for  0 – 305 mm



Days after planting

Aldrich & Leng,1966

Pollination

Dry mass

N
, P

 ,K
 u

pt
ak

e 
(%

)
N, P and K uptake for maize during the season 

Most N 
required
and
mineralised 

When is Soil N testing important? 

N

K

P



Rasionaal:
� Rate of N-uptake increases sharply  at about six we eks after planting
� Mineralisation peaks at 4 – 6 weeks after planting
� Soil sampling after topdressing reflects the net av ailability of 

1. Applied N
2. Residual N 
3. Mineralized  N 
4. Remaining N after leaching 

� The sufficiency concept and relative yield deals wi th large variations in
yield between localities and seasons

� Extrapolation to other localities is possible 
� Economic optimum yield close to 100% yield

.



Objectives

� To develop and evaluate relationships between inorganic ni trogen in the top
600 mm soil after topdressing and relative yield for five loc alities spread over
diverse environments

� To combine these relationships into one relationship over l ocalities

� To establish inorganic soil N threshold values for differen t localities and over
localities



Inorganic N in soil = 47 kg/ha, 0 – 600 mm ?

Objective – to avoid deficiencies



Materials and Methods

� Localities: Vierfontein, Viljoenskroon, Dingleydale, De rby, Dirkiesdorp

� Clay contents: 0 - 600 mm soil = 2.5% to 55.6%

� Rainfall: 578 mm to 765 mm

� Irrigation: Derby and Dingleydale, Centre Pivot

� Soil Sampling at Vierfontein and Viljoenskroon: 3 sampling points per plot,
and 7 subsamples per point (3 over the rows and 4 between the ro ws)
Soil Sampling at Dingleydale, Derby, Dirkiesdorp: 5 cores t aken per plot at
random

� Nitrate-N and Ammonium-N analyses: colorimetrically afte r extraction with
1.0 N KCl

� Statistics: Polynomial regression equations using Excel S tatistics.
Cate & Nelson for the combined relationship



Vierfontein
Clay: 0 - 600 mm = 2.5% 

Maximum yield over  two seasons:  4.1 – 9.1 ton/ha
133 kg N/ha = 100% yield

Results



Viljoenskroon
Clay: 0 - 600 mm = 10.7%. 

Maximum yield over  four seasons: 3.8 – 6.1 ton/ha
70 kg N/ha = 100% yield 



Dingleydale
Clay: 0 - 600 mm = 14.5%. 

Maximum yield over four seasons: 3.8 – 6.7 ton/ha. 
133 kg N/ha = 100% yield



Derby
Clay: 0 - 600 mm = 20.0% 

Maximum yield for one season: 11.8 ton/ha
170 kg N/ha = 100% yield



Dirkiesdorp
Clay: 0 - 600 mm = 55.6%. 

Maximum yield over two season: 5.5 - 6.9 ton/ha.
120 kg N/ha = 100% yield



Combined over 5 localities
Clay: 0 - 600 mm = 2.5 – 55.5% 

Maximum yield over 15 site-years: 3.8 - 11.8 ton/ha
100 kg N/ha  = 90 – 100% yield



RSA Pre-Side Dress Threshold = 100 kg N/ha in terms  of concentrations

Soil Density (g/cm 3) 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

0 - 300 mm (mg N/kg) 37 33 30 28 26 24 22 21 20

0 - 600 mm (mg N/kg) 19 17 15 14 13 12 11 10 10

� USA Pre-side dress  threshold 0 – 305 mm = 20 - 25 mg  N/kg
(Havlin et. al.1999)

� RSA Pre-Plant threshold 0 – 600 mm = 8 mg/kg 
(Van der Walt and du Preez 1991) 



Conclusions

� Thresholds for localities at 100% yield: 70, 120  a nd 133 kg N/ha; 0 – 600 mm.

� Threshold over all localities  for 90 – 100% yield =  100 kg N/ha; 0 - 600 mm

� Other soil depths: 100 kg N/ha might also be applic able 

� To be used as a Pre- or Post side dress N-test

� N Requirement factor  should be clarified

� Check economic realities

� Multiple N testing under irrigation 

� Upper limit for N management = 174 kg N/ha; 0 – 600 mm



�N-deficiencies or excess can be avoided

�Mostly economically justifiable for expected 
yields between 90% and 100%

Pre- or Post-Side Dress N-test



Don’t let this happen! 

Adriaanse 2010 Be wise – analyse! 

Inorganic N = 47 kg/ha, 0 – 600 mm



1Presented at the Technical Symposium of the Fertilizer Association of Southern Africa.  August 12, 2013, 
Pretoria, South Africa. 
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Introduction 

 Phosphorus (P) is an essential element in the life cycle of plants.  An abundant element in soil 

mineralogy, phosphorus composes 2 – 3% of the tillable soil profile, where it is strongly bonded to calcium, 

aluminum, iron and other elements as a phosphate (PO4
-) anion.  The different types and quantity of phosphate 

minerals determine the total phosphorus inherent in the soil profile.  This total phosphorus can be measured by 

strong acid digestion of the soil.  There is, however, no reliable correlation between this total soil P and crop 

response.  Research has shown only a very small portion of the total soil P is available for plant uptake.  It is this 

portion, ranging from < 0.01 – 0.02% of total P that soil scientists have found to be useful in developing analytical 

methods.  These methods are then used to determine how available soil phosphorus can affect crop response 

and what effect applying phosphorus fertilizers has on the available soil P.  Many different P extraction methods 

have been developed over time.  This paper is going to compare the three major P tests currently used in North 

America; Bray P1, Olsen P (a.k.a. sodium bicarbonate P) and Mehlich 3 P and also highlighting the current use of 

Mehlich 3 as a multi-element extractant. 

 

Major Soil P Analytical Methods 

 The Bray P1 extractant, 0.025M HCl - 0.03M NH4F (pH 2.6), (Bray & Kurtz, 1945) was developed on 

Midwestern U.S. soils.  These soils are mostly slightly acidic to neutral pH with low to moderate cation exchange 

capacities. The Bray P1 test was found to be a very good indicator for these soils’ available phosphorus fertility 

versus crop response.  This test is considered the father of modern soil P analytical methods and is still widely 

used worldwide. 

 



 As more and varied soils were analysed, it became apparent that Bray P1 had a problem in highly 

calcareous soils with pH >7.2.  The high calcium content interferes with the fluoride reaction preventing 

complete extraction of the available P.  Therefore, Bray P1 significantly underestimates the available P in 

these soils.  This was a problem when dealing with many of the western North American soils. 

 

 The Olsen extractant, 0.5M NaHCO3 (pH 8.5), (Olsen, et al., 1954) was developed to 

complement the Bray P1 test in calcareous and alkaline soils.  Olsen buffers the calcium and aluminium 

activity in these soils thereby increasing the available P extractability.  The Olsen test shows good 

correlation between calcareous soil available P and crop response, but is not reliable in acid soils.  Olsen 

test results are lower than Bray P1 test results, so the Olsen method must create and use its own 

calibration response curve.  Together the Bray P1 and Olsen methods uncover levels of plant available 

phosphorus on all ranges of soils. 

 

 Mehlich 3 extractant, 0.2N HOAc - 0.25N NH4NO3 - 0.015N NH4F - 0.013N HNO3 - 0.001M EDTA 

(pH 2.5), (Mehlich, 1984) is the third and most successful attempt to develop a multi-element or universal 

soil extractant.  The Mehlich 3 P soil test is very efficient and correlates very well with the other two P 

tests.  When correlated to Bray P1 on acid soils the r
2
 = 0.966 and to Olsen on alkaline soils the   r2 = 

0.918.  Currently Mehlich 3 is the most widely used phosphorus test in U.S.  Figure 1 (Mallarino, 1995) 

shows the comparison between the Bray P1, Olsen P and Mehlich 3 P tests done separately on each soil. 

 

 The analytical reproducibility of each test on dry soil basis is similar using colorimetric detection.  

Bray P1 has a 2 ppm detection limit and is reproducible within +/- 10%.  Olsen P has a 2 ppm detection 

limit and is reproducible within +/- 12%.  Mehlich 3 P has a 1 ppm detection limit and is reproducible 

within +/- 8%. 

 

 

Crop Response Curves 

 Having a reliable soil P test is paramount in interpreting how these values correspond to the crop 

response in the field.  Crop response curves were developed using the soil P test data versus crop yield 

for Bray P1 and Olsen.  These curves are still the basis used in determining the crop’s phosphorus 

fertilizer requirements today.  When we analyse Figure 2 (Iowa State University), three areas are 

apparent under the curve; Likely, Marginal and Unlikely.  These three areas represent how likely an 

economic response will occur in the crop as the soil P increases.  Economic response is defined here as 

producing more crop than the cost of the fertilizer input.  Optimum economics are reached when the cost 

of the fertilizer to produce another bushel or kilo of crop is greater than its commodity price per bushel or 

kilo.  This is also referred to as the point of maximum economic yield. 

 



 Using this guideline, threshold levels are established for the various methods.  The threshold 

range for Bray P1 and Mehlich 3 P is 16 – 21 ppm and the threshold range for Olsen P is 12 – 15 ppm.  

Areas with low subsoil P level need to reach the higher soil P test value to obtain the maximum economic 

yield.  These values have varied a little over the decades as more concern has been placed on 

environmental phosphorus and soil erosion.  

 

 

Figure 1) Comparison of Bray 1, Olsen, and Mehlich 3 P versus pH 

 

 

 

Figure 2) Crop Response vs. Soil Test 

 

 

 Two fertilizer philosophies currently prevail in the U.S.; sufficiency, and build-up plus 

maintenance.  Sufficiency or ‘spoon feeding’ is only replacing the nutrients that the plant removes.  This 



approach is often used on rented ground, during tough economic times, or when nutrient threshold levels 

have been exceeded.   The big issue is that low soil fertility yields lower productivity.  Build-up plus 

maintenance stresses applying crop removal levels of fertilizer plus extra levels of fertilizer to increase 

your soil test to the threshold levels over time.  Research has shown that it takes 18 lbs. P2O5 / acre (20 

kg / ha) to increase the P soil test levels by 1 ppm.  Using this conversion allows the grower to know how 

much additional P2O5 must be applied to bring the P soil test values to their threshold levels.  Crop 

phosphorus removal is determined by how much phosphorus is retained in only the harvested portion of 

the crop.  The crop residue will be recycled into the soil matrix.  The University of Illinois Agronomy 

Handbook lists corn grain as removing 0.43 lbs. P2O5 / bushel, 0.85 lbs. P2O5 / bushel for soybeans and 

0.9 lbs. P2O5 / bushel of wheat.  These are the expected removal rates for both fertilizer methods. 

 

 

Sample Collection 

 “A soil test result can only be as good as the soil sample that’s collected.” (Anonymous multitudes 

of soil scientists)  As the quote indicates soil sample collection should be as uniform and consistent as 

possible to achieve the best results.  No matter how good the chemistry is, it cannot make up for a bad 

sample.  The first thing that must be decided is the area the sample should represent.  If the soils in a 

field were homogenous then one sample would suffice, unfortunately the soils are a heterogeneous 

composition.  This has led to much debate about how large this sample area should encompass.  Some 

suggest one composite sample for the whole field, others suggest one composite sample per soil type in 

the field and others suggest a grid pattern of composite samples per field.  When determining the number 

of samples to collect, what should be done (information gathered) must compromise with what can be 

done (cost).  The most commonly suggested sample frequency currently used in the U.S. Midwest is one 

composite sample per 2.5 acres (1 hectare).  A composite sample consists of 5 soil cores.  Each core is 

taken from the soil surface down to a depth of 7 inches (18 cm).  When mixed together these 5 cores 

create one composite sample.  Resampling is done every 3 – 4 years. 

 

 When taking multiple samples from a field, it is important to individually identify the sample and 

map which area of the field where the samples were taken.  This is important because observing future 

samples can show the changes that occur with fertilization over time in the sampled zones.   

 

 In the early 1990s the release of Global Positioning System (GPS) technology for civilian use 

spawned the beginning of ‘Precision Agriculture’ or ‘Site- specific Agriculture’.  Utilising this GPS 

technology allows samplers to pinpoint the areas of the field the samples were taken.  GPS allows the 

resample to be taken within 1 meter of the original sample site, thus reducing soil heterogeneity and 

creating a more consistent representative soil sample.  This makes following the responses to fertilization 

easier to interpret and helps determine trends within the field.  In the simplest context, where soil test 



levels are at threshold levels or greater, this means one of three conditions have occurred.  Resampled 

soil test values stay the same means correct amount of fertilizer being applied.  Soil test values rising 

means over application of fertilizer.  Soil test values decreasing means under application of fertilizer. 

 

Variable Rate Technology (VRT) Fertilization 

 Combining the knowledge obtained through soil testing research to develop nutrient and crop 

response curves with modern GPS technology gave rise to Variable Rate Technology (VRT) fertilizer 

application.   

 

 Prior to the advent of VRT, most cropland generally had a single fertilizer application rate spread 

across the entire field based on the average nutrient soil test for that field.  Therefore some areas were 

getting more fertilizer than needed and others not enough thus affecting the total crop yield for a field.  

With VRT the correct amount of nutrient is applied only in the necessary places.  This economically 

benefits the grower by potentially increasing the total crop yield and / or reducing input costs.  VRT is 

environmentally friendly by reducing potential excess nutrient runoff. 

 

 Many computer mapping programmes have appeared to crunch all this data and create multi-

coloured maps visually showing a myriad of information.  Some examples of these maps could include 

sample sites, separate nutrient soil tests, and fertilizer application maps.  Fertilizer application maps show 

where and how much fertilizer is being applied to the field.  These programs synchronise with the 

controller on the fertilizer applicator to determine when, how much, and where to apply the product.  Yield 

monitors have also been developed using GPS to collect on the go crop yield for the entire field.  Layering 

the fertility data and the yield for specific sites in the field allows for a better interpretation of the crop 

response.  Over time as more and more data is layered, trends and patterns begin to appear which help 

to fine tune the fertility needs.  In effect, each field becomes its own research site.  

 

 

Mehlich 3 Multi-element Extractant 

 Chemicals and labour are major expenses in the lab, but time is what costs us the most.  Looking 

for ways to streamline the time needed for multiple extractions from one sample, one for each nutrient 

tested, Mehlich 3 extractant was developed to extract P, K, Ca, Mg, Na, Zn, Fe, Mn and Cu.  S and B 

have been added to the list in many North American laboratories.  Potential additions include Co, Al, As, 

Ni, Pb and Cr although these have more environmental than agricultural significance. 

 

 The introduction of the first Inductively Coupled Plasma (ICP) spectrophotometer which can 

simultaneously detect and analyse multiple elements made Mehlich 3 extraction very popular, particularly 

in high volume labs.  This instrument could replace the colorimeter used for P, S and B and the Atomic 



Absorption (AA) for K, Ca, Mg, Na, Zn, Fe, Mn and Cu.  Both are very fine instruments but are time 

consuming because each nutrient must be analysed separately. 

 

 Earlier in this paper, it was shown that there is a good correlation between Mehlich 3 P and Bray 

P1 and Olsen P.  In addition, Mehlich 3 correlates well with the widely accepted neutral ammonium 

acetate extractions for K, Ca, Mg and Na.  There are good correlations between Mehlich 3 and DTPA 

extracted Zn, Fe, Mn and Cu.  Several studies have been done showing these correlations.  Figures 3 – 

11 are from a University of Missouri Study (Manjala Nathan et al, 2005).  There appears to be a good 

linear correlation for all these elements.  Because of the linearity, a regression expression can be 

developed for Mehlich 3 versus the established method.  (Fig. 12) 

 

 Calcium phosphate is a common sulphur extractant in North America.  It extracts both sulphate S 

and labile organic S.  Mehlich 3 also extracts these two forms of S; except in sandy soils, neither one of 

the tests correlates well with crop response.  This is probably due to the mobility of these two forms of S.  

International Plant Nutrition Institute (IPNI) has guidelines (Fig. 13) that set the threshold levels for 

calcium phosphate S  > 9 ppm and for Mehlich 3 S  >18 ppm.  An inert purge gas is necessary to prevent 

sulphur oxidation in an ICP assay. 

 

 

 

 

Figure 3) ICAP P vs. Colorimetric P               Figure 4) Ammonium Acetate K vs. Mehlich 3 K 

 



 

Fig. 5) Ammonium Acetate Ca vs. Mehlich 3 Ca       Fig. 6) Ammonium Acetate Mg vs. Mehlich 3 Mg 

 

 

Figure 7) DTPA Zn vs. Mehlich 3 Zn              Figure 8) DTPA Fe vs. Mehlich 3 Fe 

 

 

Figure 9) DTPA Mn vs. Mehlich 3 Mn          Figure 10) DTPA Cu vs. Mehlich 3 Cu 

 



 

Figure 11) Ammonium Acetate Na vs. Mehlich 3 Na 

 

 

Figure 12) Relationship between Mehlich 3 Extractable Nutrients and Standard University of 

Missouri Soil Tests (Nathan et. al.  2005) 

 

 

 

 

Figure 13) International Plant Nutrition Institute Guidelines on S Soil Tests 

 

Hot water extraction has been the standard test for boron in North America.  It is a messy, time 

consuming test.  The Mehlich 3 ICP detection delivers a considerable time savings.  Boron contamination 

can occur with Mehlich 3 exposure to borosilicate glassware.  This can be easily controlled by using 

Sulfur Test         Very Deficient           Deficient                Borderline                  Adequate 

Calcium phosphate S           0 – 3 ppm                     4 – 6 ppm                    7 – 9 ppm                      > 9 ppm 

Mehlich 3 S                          0 – 6 ppm                     7 – 12 ppm                 13 – 18 ppm                   > 18 ppm 



plastic ware instead of glassware in the lab.  Both tests are variable under 1 ppm, but toxicity levels 

correlate well in both tests (Fig. 14) (Miller, 2011). 

 

 

 

Figure 14) Mehlich 3 B vs. Hot Water B 

 

 

Conclusions 

 Mehlich 3 P compares so well with Bray P1 on neutral and acidic soils that the values are now 

used interchangeably in the U.S. Midwest.  There also exists a very good linear relationship between 

Mehlich 3 P and Olsen P on alkaline soils, so a good regression equation can be developed.   Existing 

regression equations can be used as a guideline, but local research should be conducted for any local 

‘fine tuning’.   

 

 Mehlich 3 can be used as a cost effective multi-element extractant.  The elements P, K, Ca, Mg, 

Na, S, Zn, Fe, Mn, Cu, and B are commonly analysed each soil sample Mehlich 3 extraction.  Currently, it 

is being widely used as such in many parts of North America.  Results for P, K, Ca, and Mg are basically 

interchangeable with accepted established soil methods.  Micronutrients have good linear relationships 

with DTPA soil extractions, but DTPA results are not extremely successful in determining micronutrient 

needs.  Laboratories are generating ‘mountains’ of micronutrient data using Mehlich 3 and the ICP.  

Future data analysis may yield some new guidelines.  Additionally, reviewing successive resampling test 

results may reveal trends and needs.  Plant analysis, in conjunction with soil analysis, is presently the 

best indicator of micronutrient and crop response.   

 

 Utilising the many ‘tools’ of site-specific technology provides better fertilization recommendations 

based on the trends found in individual field responses.  Putting the correct amount of fertilizer in the right 



spot results in maximum economic yields and minimizes any environmental impact from excess fertilizer 

runoff.  
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PHOSPHORUS IN SOIL 

 Phosphorus composes  2 – 3 % of the soil profile 

 Only 0.01 – 0.02% is plant available 

 This plant available P determines the soil’s 

productivity  

 Subsoil phosphorus content directly effects the 

surface availability of phosphorus. 

 This led to the original development of the 

analytical methods to determine the phosphorus 

levels in soil 
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PHOSPHORUS ANALYTICAL METHODS 

 Bray P1 Extractant (Bray & Kurtz, 1945) 

• 0.025M HCl; 0.03M NH4F (pH 2.6) 

 Olsen Extractant (Olsen et al., 1954) 

• 0.5M NaHCO3 (pH 8.4) 

 Mehlich 3 Extractant (Mehlich, 1984) 

• 0.2N HOAc; 0.25N NH4NO3; 0.015 NH4F;  

         0.013N HNO3; 0.001M EDTA (pH 2.5) 

 



4 © SGS SA 2012 ALL RIGHTS RESERVED 

BRAY P1 EXTRACTANT 

Bray P1 Extractant (Bray & Kurtz, 1945) 

 025M HCl; 0.03M NH4F 

 Developed for midwestern U.S. silt loams with moderate to low 

CEC  

 Problematic in highly calcareous soils with a pH > 7.2   

 The high Calcium content interferes with Flouride preventing the 

Phosphorus extraction  

 Bray P1 will significantly underestimate the available P in these 

soils, this led to the development of the Olsen method 
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OLSEN EXTRACTANT 

Olsen Extractant (Olsen et al., 1954) 

0.5M NaHCO3 

 Developed to compliment the Bray P1 test in calcareous, 

and alkaline soils  

 NaHCO3 solution buffers the Ca and Al activity thereby 

increasing Phosphorus extractability 

 Test results are lower than Bray P1 and must utilize its 

own calibration response curve  

 Organic color is extracted and can cause interference with 

colorimetry 
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MEHLICH 3 EXTRACTANT 

 Mehlich 3 (Mehlich, 1984) 

0.2N HOAc; 0.25N NH4NO3; 0.015 NH4F; 0.013N HNO3; 

0.001M EDTA 

 The Mehlich 3 method is very efficient and well correlated 

to other two P methods  

 Most widely used in the U.S. 

 Correlated with the Bray P1 test on Acid soils  (r2=0.966) 

 Correlated with the Olsen method on Alkaline soils 

(r2=0.918) 
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EXAMPLES OF U.S. MIDWESTERN SOILS 
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PHOSPHORUS METHOD COMPARISON 
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PHOSPHORUS METHOD COMPARISON 

Bray P1    (ppm) 

Olsen P     (ppm) 

Mehlich 3   (ppm) 

6.22     7.60      6.57    7.10     8.02      5.81  pHw  

309 19 36 85 32 15 

113 20 69 13 34 

39 133 371 

7 

106 51 17 
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BRAY P1, OLSEN, MEHLICH 3 COMPARISON 
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P TEST REPRODUCIBILITY 

 Bray P1 

• +/- 10% (dry soil basis) 

• 2 ppm detection limit 

 Olsen 

• +/- 12% (dry soil basis) 

• 2 ppm detection limit 

 Mehlich 3 

• +/-  8% (dry soil basis) 

• 1 ppm detection limit 

 

 NCR 221 (Rev.) 
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FERTILIZER RECOMMENDATIONS 

Two Methods: 

 Sufficiency  

 Only replacing the nutrients that the plant 

removes 

 Issue:  Low fertility yields low productivity 

 Buildup plus removal 

 Buildup raises the phosphate to the minimal 

optimum level 

 Takes 9 lbs of P2O5 to raise the P1 - 1 lb/A  (20 

Kg/Ha of P2O5 raises P1 - 1 ppm) 

 Adding back crop Removal or Maintenance 

that the crop has consumed 
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INTERPRETING SOIL TEST RESULTS 
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INTERPRETING SOIL TEST RESULTS 
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INTERPRETING SOIL TEST RESULTS 
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CROP REMOVAL RATES 

 Corn: 0.43 lbs / bushel of P2O5    

     i.e. 150 bu / A = 65 lbs / A (9240 kg / ha = 72 kg / ha) 

 Soybeans: 0.85 lbs / bushel of P2O5 

     i.e. 50 bu / A = 40 lbs / A (3300 kg / ha = 44 kg / ha) 

 Wheat: 0.9 lbs / bushel of P2O5 

     i.e. 100 bu / A = 90 lbs / A (6600 kg / ha = 100 kg / ha) 
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SAMPLE COLLECTION: NORTH AMERICA 



20 © SGS SA 2012 ALL RIGHTS RESERVED 

GPS TECHNOLOGY 
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SAMPLE COLLECTION: SITE SPECIFIC 
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SAMPLE COLLECTION: SOIL TYPE 
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PHOSPHORUS DATA 
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SOYBEAN DRY YIELD DATA 
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RECOMMENDATION USING REMOVAL 

FROM YIELD 
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BEAN RECOMMENDATION USING SOIL 

DATA FOR BUILDUP, MAINTENANCE 
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CORN RECOMMENDATION USING SOIL 

DATA FOR BUILDUP, MAINTENANCE 
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RECOMMENDATION USING SOIL DATA 

FOR BUILDUP AND REMOVAL FROM 

YIELD 
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SOYBEAN DRY YIELD DATA 
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PHOSPHORUS DATA 
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RECOMMENDATION USING REMOVAL 
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BEAN RECOMMENDATION USING SOIL 

DATA FOR BUILDUP, MAINTENANCE 
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CORN RECOMMENDATION USING SOIL 

DATA FOR BUILDUP, MAINTENANCE 
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RECOMMENDATION USING SOIL DATA 

FOR BUILDUP AND REMOVAL FROM 

YIELD 
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UTILIZING YIELD AND SOIL DATA FOR 

VARIABLE RATE SPREADING 

 Utilizing soil data for variable rate 

recommendations: Buildup and 

Maintenance 

 Utilizing yield data for variable rate 

recommendations: Maintenance (replacing 

nutrient removed) 

 Utilizing yield and soil data for variable rate 

recommendations:  Buildup and fine tuning 

maintenance levels  
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PRESCRIPTION AGRICULTURE 

 Every field becomes its own research 

laboratory 

 Yield and soil test trends can be tracked 

through the data history of the field 

 Yield and soil test data combined can 

lead to optimal utilization of fertilizer 

resources that leads to maximization of 

yield 
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INSTRUMENTATION 

 Colorimetric 

spectrometry 

   

 

 Atomic Absorption (AA) 

   

 

 Inductively Coupled  

Argon Plasma (ICAP) 
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MEHLICH 3 EXTRACTANT 

 Developed as a multi-element extractant 

 Correlates well with neutral NH4OAc – K, Ca, 
Mg, Na 

 EDTA was added to chelate micronutrients to 
mimic DTPA 

 Sulfur and Boron are problematic  

 Sulfur oxidation requires the use of purge 
inert gases in ICAP 

 Borosilicate glass causes boron 
contamination  
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ICAP ANALYSIS from MEHLICH 3 

 P   

   

 K   

   

 Ca   

   

 Mg   

   

 Na   

   

 S 

 

 Zn 

 

 Fe 

 

 Mn 

 

 Cu 

 

 B 

Potential elements, i.e. Pb, As, Ni, Co, Al 
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CORRELATION 

 Instrumentation allows for analysis of 

several elements at a time 

 This allows us to easily correlate many 

samples and elements at one time 

comparing new technology vs. 

established technology  

 Example: University of Missouri Study 

2005 

  Manjula Nathan et.al.  
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BRAY1 VS MEHLICH3 BY ICP AND 

COLORIMETRY 

University of Missouri 
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AMMONIUM ACETATE-K BY AA VS. 

MEHLICH 3 K BY ICP 

University of Missouri 
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AMMONIUM ACETATE-CA BY AA VS. 

MEHLICH 3 – CA BY ICP 

University of Missouri 
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AMMONIUM ACETATE-MG BY AA VS. 

MEHLICH3-MG BY ICP 

University of Missouri 
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AMMONIUM ACETATE-NA BY AA VS. 

MEHLICH3-NA BY ICP 

University of Missouri 
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DTPA-ZN BY AA VS. MEHLICH3-ZN BY 

ICP 

University of Missouri 
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DTPA-FE BY AA VS. MEHLICH3-FE BY 

ICP 

University of Missouri 
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DTPA-MN BY AA VS. MEHLICH3-MN BY 

ICP 

University of Missouri 
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DTPA-CU BY AA VS. MEHLICH3-CU BY 

ICP 

University of Missouri 

Nutrient Deficiencies & Toxicities In Crop Plants (1996) 

 Wm. F. Bennett, Editor 
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REGRESSION TABLE 

University of Missouri 
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SULFUR 

 Sulfur analysis not well correlated with crop 

response. 

 Both calcium phosphate and Mehlich 3 extract 

sulfate S and labile organic S. 

 Purge gas necessary to prevent sulfur oxidation 

in ICAP assay  

Sulfur Test     Very Deficient   Deficient  Borderline   Adequate 

 

Calcium phosphate S         0 – 3 ppm 4 – 6 ppm  7 – 9 ppm    > 9 ppm 

Mehlich 3 S         0 – 6 ppm 7 – 12 ppm                   13 – 18 ppm  > 18 ppm 

 

IPNI Guidelines  
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BORON 

 Time saving method vs. hot water extraction 

 Contamination problems with borosilicate glass requires 

using plastic wherever possible  

 Low level Boron is variable with both methods (< 1 ppm) 

 Toxicity levels are well correlated with both tests 

 

 y = 0.5038x + 0.0672 
R² = 0.8633 
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CONCLUSION 

 Mehlich 3 can be used as a cost effective multi-

element extractant. 

 Good correlations and regression equations have 

been developed to mimic known responses to other 

currently accepted testing methods. 

 Use of plant analysis in conjunction with soil data 

leads to better determination of micronutrient needs. 

 Utilizing site specific technology provides better 

fertilization trends based on the individual field 

responses.    



THANK YOU FOR 

YOUR TIME 



 

Bray 1 and Ambic 1 extractable 
Phosphorus threshold values, 
developed for South African 
dry-land maize production 

 
 

Dr Chris Schmidt 
 

Sidi Parani Fertilizers 

 

Introduction 

The  nutritional  value  and  importance  in  phosphorus  (P)  in  crop  physiology  is well 
known for (a) playing a key role  in the transfer of energy, thus  including photosynthesis and 
other  chemico‐physiological  processes,  (b)  cell  differentiation  and  the  development  of  the 
tissues  (i.e.  the  growing  points  of  the  plant;  FAO,  2000),  (c)  root  development,  (d) 
determining the early plant growth, and (e) plant vigor throughout the season (Havlin, Beaton, 
Tisdale & Nelson, 1999; Addiscott & Thomas, 2000).   Phosphorus  therefore  favors  (a)  crop 
quality, (b) resistance of young plants to low temperature, (c) the reproductive phase, viz. the 
maturity and quality of seeds, (d) optimal rate of N to be used without risk of upsetting the 
vegetative cycle, (e) quick establishment of young plants, (f) absorption of Mo (Epstein, 1972), 
(g)  early maturity  as  ample  P  nutrition  reduces  the  time  required  for  grain  ripening,  (h) 
greater straw strength, and (i) tolerance to root diseases (Havlin et al., 1999).  

 
PART 1 ‐ South African history of P fertilizer guidelines 

Sustainable  production  of  dryland  maize  under  semi‐arid  conditions  of  the  South 
African Highveld  can be  among  several  things,  attributed  to proper  fertilization  guidelines.  
These guidelines for N, P and K fertilization evolved from a large number of calibration trials 
done by the Fertilizer Society of South Africa (FSSA) over many years.  An initial version of the 
guidelines was  published  in  the  first  edition  of  the  Fertilizer Handbook  (MVSA,  1974).   As 
more  information was gained from calibration trials the guidelines were revised.   The  latest 
version  of  these  guidelines  was  published  in  the  fifth  edition  of  the  Fertilizer  Handbook 
(MVSA, 2007) and  is shown  in Table 1.   Meanwhile, and prior to this, Farina already started 
with  P‐calibrations  trials  as  early  as  1965/66  in  KwaZulu‐Natal  (M.P.W.  Farina,  Consultant, 
Howick: Personal communication). 
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Table 1  : P guidelines developed by the Fertilizer Society of South Africa (MVSA, 2007). 

Soil P* P recommendation for maize target yields (t ha
-1

) : 

Bray 1 2 3 4 5 6 7 8 9 10 

mg kg
-1

 kg ha
-1
 

0-4 20 42 65 88 109 130 130 130 130 

5-7 17 31 47 63 67 90 93 95 97 

8-14 13 19 30 42 50 59 64 67 68 

15-20 10 13 21 29 36 42 47 50 53 

22-27 7 10 15 19 26 31 34 38 41 

28-34 6 9 12 15 18 22 24 27 30 

* only for acid, light to medium textured soils with low organic matter content 

 

 
The above shown guidelines remained almost unchanged from the first publications by the 

FSSA.  However, there is an advantage and some disadvantages concerning the guideline.  The 

advantage is that it is easy to use, since it is a table, linking certain soil P levels and certain target 

yields to recommended applications.  The disadvantages of the guideline is that it is to be applied 

over soils (not taking soil properties into account), it is developed from trials where fertilizers were 

banded but samples do not represent enriched zones (samples were collected between rows, 

therefore not taking banding of fertilizers into account), soil samples were collected at varying soil 

depths, the guideline is developed over all types of soils (excluding those explained in Table 1), and 

finally the P application rates used in trials were not always high enough to reach and exceed the 

maximum yield. 

 

These guidelines, based on target yields and extractable soil P levels, resulted from more 

than 15 years of calibration trials.  However, after a drought in the early 1980’s, the guidelines were 

scaled down by the Department of Agricultural Development for the low potential, high risk maize 

producing regions on the Highveld (Anonymous, 1988), which eventually lead to some confusion in 

the industry.  Considering the disadvantages as mentioned earlier, in response to this confusion, the 

ARC-Grain Crops Institute appointed Human & Van Biljon approximately during 1991 to critically 

evaluate P fertilizer guidelines for maize on the Highveld. 

 

During 1993 the sixth volume of Maize in Natal was published by Farina, Manson & Johnston.  

They established a relationship between clay content and optimum P soil test (P threshold values – 

PTVs).  In this manual, intended for advisory purpose to the maize producer, a relationship between 

sample density and PTV, is shown (Figure 2).  This is possible because of a significant relationship 

between clay content and sample density for the relevant area. 
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Figure 2: Relationship between sample density and P-threshold values (optimum P soil 

test; Reconstructed from Farina et al., 1993). 

 

 

According to Farina et al. (1993), it is widely assumed that the P-requirement, like the N-

requirement, is directly related to yield potential.  In other words, that where the yield potential is lower, 

the P-requirement will also be lower.  Research results in KwaZulu-Natal do not support this view, and 

thus the P-requirement is not adjusted according to estimates of the yield potential.  A certain quantity 

of P is required to realise potential (maximum yield), whether the potential is 3 or 7 t ha
-1

.  Lower rates 

of P, which might reduce a 7 t ha
-1

 potential to say 5 t ha
-1

, will reduce a 3 t ha
-1

 potential to about 2 t 

ha
-1

.  The usage of sample density in the relationship with PTVs is also to facilitate computerisation.  

For some reason the KwaZulu-Natal guidelines were not incorporated in the FSSA-Fertilizer 

Handbook.  From the Human & Van Biljon investigation, using all available research data, a 

relationship between Bray 1 extractable P and relative yield was established (Figure 3) and published 

during 1994 (Human & Van Biljon, 1994).   
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Figure 3 : Relationship between extractable P (Bray 1; mg kg
-1

) and relative yield over all 

soils west of the Drakensberg Mountains (Reconstructed from Human & Van 

Biljon, 1994). 

 

The South African P fertilizer guidelines for dryland maize production west of the Drakensberg 

Mountains advocated by the ARC-Grain Crops Institute during the period 1994 to 2004, were derived 

from the above relationship (Figure 3).  An optimum PTV of 17 ± 2 mg kg
-1

 (Bray 1) was derived from 

this relationship at 95 % relative yield, which was considered to be near the economic optimum.  

Phosphorus requirement factors (PRF’s) of 5, 7 and 9, for three different soil texture classes, i.e. 

<10 %, 10 to 20 % and 21 to 35 % clay content, were recommended (Human & Van Biljon, 1994; 

LNR-Instituut vir Graangewasse, 1994; F.G. Adriaanse, ARC-Grain Crops Institute, Potchefstroom: 

Personal communication).  Basically the same shortcomings as for the FSSA’s P-guideline, applies to 

this one established by Human & Van Biljon (1994) plus the one or two extra, i.e. (a) the relationship 

was established on data from soil samples collected between maize rows at varying depths and did 

not include the enriched zones over the rows which result from band placement and fixed row 

systems, (b) one relationship was determined over all soil texture classes, (c) soils with a clay content 

higher than 35 % were not included, (d) the relationship was not established at absolute values, but at 

applications of 5 to 11 kg P ha
-1

 in the band at planting and (e) the R
2
-value for the relationship was 

only 50 %.  At that stage during the early 1990s the ARC-Grain Crops Institute could not find any 

relationship between extractable soil P and absolute yield over localities/soils and seasons.  The 

reason for this is illustrated in Figures 4a and 4b, viz. the relationship between absolute yield and P 

application rates, and between relative yield and P application rates, respectively.  A study was 

undertaken to establish P fertilizer guidelines that took differences in soils, the banding of fertilizers 

and an appropriate soil sampling procedure, into consideration. 
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Figure 4 : (a) Effects of extractable soil P (Bray 1) concentrations and quantities in a 300 

mm wide strip over rows and in the total soil volume to a depth of 150 mm on 

absolute yield [over localities] and (b) on relative yield [over localities; n = 105] 

(Schmidt, 2003). 

 

From Figures 4a and 4b it is evident that relationships between P measurements and yield, 

whether absolute or relative, cannot be established over soils and seasons.  This implies that a 

relationship for different soils should be established, where after optimum P levels (P threshold 

values) for each soil should be linked to soil properties.  A project was then initiated by the ARC-Grain 

Crops Institute to obtain PTVs as concentrations (mg kg
-1

) and quantities (kg ha
-1

) for both the Ambic 

1 and Bray 1 extraction methods at 90% and 95% relative yield.  Localities and some properties are 

summarized in Table 2. 
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Table 2  : Some geographical and climatological information on eight localities where 

nine maize fertilization trials were done (Schmidt, 2003). 

 

Locality Province Altitude (m) Rainfall (mm year
-1

)
1
 

Lichtenburg North West  1447 592 

Wolmaransstad North West  1377 494 

Koppies
2
 Free State  1419 620 

Ventersdorp North West  1494 589 

Viljoenskroon Free State  1334 578 

Stilfontein North West  1357 535 

Heidelberg  Gauteng  1607 702 

Dirkiesdorp Mpumalanga  1370 765 
 

1 Long-term annual rainfall obtained from the ARC-Institute for Soil, Climate and Water (2001) and 

the South African Weather Bureau (2001);  
2
  At Koppies two trials were carried out side by 

side with 0.9 m and 2.2 rows respectively 

 

 
Typical response functions of maize yield (%) to extractable soil P were established for localities.  

That for the Heidelberg trial is illustrated in Figure 5. 

 
Figure 5: Typical maize yield (%) response to extractable soil P (Bray 1) on a soil from 

the Heidelberg area (Schmidt, 2003). 
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After relationships were established for each soil (and PTV’s established), soil parameters 

were investigated to find the one which explains variation in PTVs over localities to obtain 90% and 

95% relative yield, the best.  Clay and silt content of soil was the property explaining variation the best.  

The effect of clay and silt content in the top 150 mm soil (only non-calcareous soils) on extractable P 

(Bray 1) concentrations and quantities required for 90% yield is illustrated in Figure 6.  The same 

relationship was also established for Ambic 1 extractable P.  It seemed that 90% relative yield would 

be a more economical realistic norm to be used, rather than 95%. 
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Figure 6:  Effects of clay and silt content on extractable P (Bray 1) in non-calcareous soils required for 

90% yield (Schmidt, 2003). 

 

Since clay and silt content explained variation between PTV’s the best, it is summarized in 

Table 3, sorted according to the clay content from largest to smallest. 

 

 
Table 3: Clay and silt content (%) of soils from different localities sorted according to 

the highest to smallest clay content (Schmidt, 2003). 

 

Locality Clay Silt Clay + Silt Silt:Clay ratio 

 
------------------------%--------------

--- 
 

Koppies 47 1.8 48.8 0.0 

Dirkiesdorp 44 5.3 49.3 0.1 

Athole 39 8 47.4 0.2 

Lichtenburg 24 13.2 37.4 0.5 

Stilfontein 18 7.1 25.5 0.4 

Vrede 17 4.7 22.1 0.3 

Heidelberg1 17 6.7 24 0.4 

Heidelberg2 16 7.1 22.8 0.5 

Ventersdorp 14 11.1 25.4 0.8 
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Belfast 13 10.9 23.9 0.8 

Wolmaransstad 12 22.3 34.7 1.8 

Viljoenskroon 8.4 1.4 9.8 0.2 

 
 

From Table 3 the spread between low (8%) and high (47%) clay is evident, resulting in a low 

10% and a high 49% clay-plus-silt content.  The ratio however between silt and clay content varies 

widely and may be the reason why clay-plus-silt explains variation in PTVs better, than only the clay 

content.  The shown relationships (Figure 6) can be used for P recommendations, provided that the 

clay and silt content of the soil (0-150 mm) is known.  Both relationships in Figure 6 for 90% relative 

yield, as well as for 95% relative yield (not shown) are converted to a more practical format and are 

summarised in Table 4, below.  This provides information to an option between the Ambic 1 and Bray 

1 extraction methods, the level of relative yield (90% or 95%), as well as an option between 

concentrations and quantities. 

 

 

Table 4 : The concentration and quantity of extractable P (Ambic 1 and Bray 1) required 

in the top 150 mm soil layer for either 90 or 95% relative yield for various clay-

plus-silt contents as derived from previously established relationships, 

excluding soils containing free lime (Schmidt, 2003). 

 

P threshold values for soils with different clay-plus-silt content 

Clay-plus-silt ----------------------------------Ambic 1----------------------------- 
---------------Ambic 1------------ 

-------------------------------------Bray 1------------------------------- 
-----------Bray 1--------- % mg kg

-1 kg ha
-1 mg kg

-1 kg ha
-1 mg kg

-1 kg ha
-1 mg kg

-1 kg ha
-1 

 -------------90% yield----------- -----------95% yield---------- -----------90% yield------------ ----------95% yield--------- 
13 25 55 30 69 34 74 38 85 

15 22 51 26 60 30 70 35 80 

20 17 42 20 47 25 60 30 71 

25 14 36 17 39 22 53 27 64 

30 12 31 14 34 20 48 25 58 

35 10 26 12 30 18 43 24 53 

40 9 22 11 27 17 38 23 49 

45 8 19 10 25 16 35 22 45 

50 8 16 9 23 16 31 21 42 

55 7 13 9 21 15 28 21 39 

60 7 11 8 20 15 26 20 36 

 

Conclusion 

The main objective of this study to determine the extractable P concentrations and quantities 

based on Ambic and Bray 1 extractions required in the top 150 mm soil layer for either 90 or 95% 

relative yields was achieved to a large extent.  Extractable PTV’s were derived for all nine trials that 

were included in this study.  These extractable PTV’s were related to soil properties.  Degree of 

leaching and silt-plus-clay content were the parameters that explained most of the variation.  Results 

from this study suggesting a correlation between degree of leaching and extractable P threshold 
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values are in accordance with reports by Möhr (1975) and Nienaber & Groenewald (1979a, b).  The 

degree of leaching (DOL) is defined by the SOIL CLASSIFICATION WORKING GROUP (1991) as : 

 

DOL = [(exchangeable cations x 100) / clay %] cmolckg clay 
-1
 

However, for reasons, it was decided only to explore the relationships between extractable 

PTV’s and silt-plus-clay contents over soils in more detail. By excluding data from two localities of 

which the topsoil contained free lime, the R
2
 values of the mentioned relationships improved 

substantially.  Extractable PTVs could be derived from a wide range of silt-plus-clay contents using 

these relationships.  These threshold values can certainly be incorporated in P fertilizer 

recommendations for maize, provided that there is no free lime in the soil.  The obtained threshold 

values for soils containing lime can, however, also be implemented separately under similar 

conditions.  It is suggested that not only the effect of silt-plus-clay content, but also the effect of the 

degree of leaching on extractable P warrants inclusion in future studies. 

Phosphorus threshold values obtained in this study differ drastically from previous guidelines 

reported by the Fertilizer Society of South Africa (MVSA, 1974 & 2002) and Human & Van Biljon 

(1994) which were applicable to soils of the Highveld.  PTV’s (Bray 1) required to obtain 90 or 95% 

relative yield reported in this study were much higher on sandy soils and lower on clayey soils, i.e. at 

a silt-plus-clay content of 13%, 33.5 and 38.1 mg kg
-1

 for 90 and 95% relative yield, respectively, but 

at a silt-plus-clay content of 60%, 14.6 and 20.1 mg kg
-1
 for relative yields of 90 and 95%, respectively.  

Results in this study correlate well with results from Farina et al. (1993) in KwaZulu-Natal, although 

production practices and environmental conditions for all trials but the Dirkiesdorp trial differed to a 

large extent. 

 

 

PART 2 - Ambic 1 vs. Bray 1 extractable P and vice versa 

Depending on the extraction solution used, various forms and amounts of P in soil can be estimated 

(Sharpley, 2000).  As far as the Bray 1 extractant (0.025 mol L
-1

 HCl + 0.03 mol L
-1

 NH4F; Bray & 

Kurtz, 1945) is concerned, the main forces behind the solubilisation of Al-, Fe- and Ca-phosphates is 

the protonation of PO4
3-
, complexation of fluoride with Al

3+
 and Fe

3+
 and precipitation of CaF2.  In the 

case of the Ambic 1 extractant (0.25 mol L
-1

 NH4HCO3 + 0.01 mol L
-1

 (NH4)2 EDTA + 0.01 mol L
-1

 

NH4F + 0.05 g L
-1

 Superfloc N100; Van der Merwe, Johnson, Ras & Schultz, 1981; The Non-affiliated 

Soil Analysis Work Committee, 1990) the effect of protonation of PO4
3-

 is less due to the relatively 

high pH of 8.3 caused by the presence of NH4HCO3.  In this instance the complexation of Al
3+

, Fe
3+

 

and Ca
2+

 by EDTA is the main solubilising factor, with the effect of the fluoride being minor (Thomas & 

Peaslee, 1973; Olsen & Sommers, 1982; Hahne, Van der Merwe & Loock, 1988).  Thus different 

forms and amounts of soil P will be extracted by the Bray 1 and Ambic 1 procedures (Farina & 

Channon, 1979).  The Ambic extraction method was developed by Van der Merwe, Johnson & Ras 

(1984) by modifying the ISFEI extraction method of Hunter (1975).  Prior to this, Farina (1981) 
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reported on the simplicity and effectiveness of the Hunter system as part of assessing the possibility 

of adopting and implementing the system in South African laboratories.  Instead of NaHCO3 and Na-

EDTA, NH4HCO3 and NH4-EDTA are respectively used for the preparation of the extractant, and the 

pH of the extractant is adjusted using NH4OH and not NaOH.  Considering the chemicals, similar 

forms and amounts of soil P should therefore be extracted by these two methods.   

However, little work on the relationships of either ISFEI or Ambic 1 to Bray 1 has been 

published, despite the fact that much work has been done internationally and locally comparing 

various P extraction methods.  For example, internationally Mallarino & Blackmer (1992) compared 

the efficacy of three extractants for determining critical extractable P concentrations for maize, i.e. 

Bray 1, Mehlich 3 and Olsen.  Locally, Farina & Channon (1979) compared several P availability 

indexes, which included ISFEI and Bray 1, however only correlation coefficients and no actual 

regression equations were reported.  Hahne et al. (1988) compared the Bray 2 and ISFEI/Ambic 

extractants, but not Bray 1.  Work has also been done by Thompson in the Western Cape on 

relationships between the four extractants Bray 1, Bray 2, ISFEI and Mehlich 3 with citric acid (T. 

Beyers, Nitrophoska,  Stellenbosch : Personal communication).  Unfortunately it appears that most 

work on relationships were restricted to unpublished reports.  In their contributions Buys & Venter 

(1980) and Venter & Forbes (1983) reported relationships between either ISFEI and Bray 1 or Ambic 

1 and Bray 1 extractable P values.  

 

The evaluation of soil P status and the calibration of soil test values with yield response data 

form an essential part of the prediction of optimum rates of P fertilization.  However, the South African 

fertilizer industry prefers to use Bray 1 extractions for fertilizer recommendations and the ARC-Grain 

Crops Institute at Potchefstroom at that time used Ambic 1 extractions for calibration research.  

Therefore, the objective of the study was to establish relationships between the P extracted by the 

two methods, firstly over soils, secondly in specific soils and thirdly, if possible, to relate differences in 

these relationships between specific soils to soil properties.  

 

Soil samples collected to a depth of 150 mm from 12 phosphorus fertilizer trials were used for 

the establishment of relationships between Ambic 1 and Bray 1 extractable P.  Approximately 3000 

soil samples were retrieved and analysed at the ARC-Grain Crops Institute for extractable P using 

both the Ambic 1 and Bray 1 methods (The Non-affiliated Soil Analysis Work Committee, 1990).  Soils 

were also analyzed for particle size distribution (pipette; Schroeder, 1984; Brady & Weil, 1999), 

electrical conductivity (saturation extract), pH (distilled H2O and M KCl), exchangeable acidity (M KCl), 

organic C (Walkley-Black), exchangeable Ca, Mg, K, Na, Fe, Mn and Zn (Ambic 1).  From the above 

mentioned analyses the base and acid saturation, as well as ECEC (effective cation exchange 

capacity calculated as the sum of cations) value of soils were calculated.  In addition, the 

mineralogical composition of the samples was also determined with X-ray diffractometry as well as the 

dithionite-citrate-bicarbonate (DCB) extractable free oxides of Al, Fe and Mn (Velde, 1992; Kämf, 

Scheinost & Schulze, 2000) at the ARC-Institute for Soil, Climate and Water. 
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Simple linear regression analysis was done between the pooled Ambic 1 and Bray 1 

extractable P values from all 12 experiments.  This was followed by simple linear regression analysis 

between the Ambic 1 and Bray 1 extractable P values from each experiment, whereafter the slopes of 

these relationships were compared as described by Draper & Smith (1981).  Lastly, multiple and 

simple regression analysis was done between these slopes and the properties of the corresponding 

A-horizons.  The simple regression between Ambic 1 and Bray 1 extractable pooled values for all soils 

and localities are shown in Figure 7. 

Figure 7: Relationship between Ambic 1 and Bray 1 extractable P values over 12 soils [n = 

2028; reconstructed from Schmidt et al. (2003) and Schmidt et al. (2004)]. 

 

 

The simple regression equation obtained in this study over soils between Ambic 1 and Bray 1 

extractable values with R
2
-values of 91% (P < 0.001) is summarised with other local published 

equations in Table 5 below.  
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Table 5 : Relationships between either Ambic 1 or ISFEI and Bray 1 extractable P values 

over soils from this and other studies. 

Study -----------------Number of------------------- Clay content -------------------------Equation-------------------- R
2
-value 

 soils samples (%)   (%) 

This study
1
 12 2028 8 - 47 

2
Ambic 1-P  =  -1.2204 + 0.73596.Bray 1-P 91 

Venter & Forbes (1983) 11 Unknown 8 - 18 
2
ISFEI-P  =  -0.3673 + 0.75260.Bray 1-P Unknown 

Buys & Venter (1980) Unknown 36 Unknown 
3
ISFEI-P  =   1.0700 + 1.49000. Bray 1- P 90 

Buys & Venter (1980) 4 174 Unknown 
3
ISFEI-P  =   0.8500 + 0.96300. Bray 1- P Unknown 

Buys & Venter (1980) 1 54 Unknown 
3
ISFEI-P  =  -1.7000 + 1.02200. Bray 1- P 97 

1 
Bray 1-P (mg kg

-1
)  =  3.8214 + 1.23085Ambic 1-P (mg kg

-1
);    

2 
Gravimetric;    

3 
Volumetric 

 

 
Using the equation reported by Venter & Forbes (1983) and the one derived in this study 

(Table 5) Ambic 1 P values were calculated for a range of selected Bray 1 P values (Table 6 below).  

 

 

Table 6 : Conversion of a selected range of Bray 1 P values to Ambic 1 P values using 

two different equations established over soils from this and another study 

(Table 5). 

 Ambic 1 values 

Bray 1 values This study Venter & Forbes (1983) 

--------------------------------------------------------mg kg
-1

------------------------------------------
------------------- 

5 2 3 

10 6 7 

15 10 11 

20 13 15 

25 17 18 

30 21 22 

35 25 26 

40 28 30 

45 32 33 

50 36 37 

 

 
Ambic 1 values derived from Bray 1 values equal and less than 50 mg kg

-1
 for the two 

different equations correspond well (Table 6).  Slopes of localities were found to differ significantly 

from each other (Draper & Smith, 1981)  and are shown sorted in Table 7, below. 
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Table 7: Slopes of simple regressions between Ambic 1 and Bray 1 extractable P values 

for localities, sorted (Schmidt et al,. 2003; Schmidt et al., 2004). 

 

Slopes (12 localities) sorted 

Ambic 1 = a + b(Bray 1; mg kg
-

1
) 

Bray 1  = a + b(Ambic 1; mg kg
-

1
) 

0.39 1.98 

0.53 1.82 

0.55 1.69 

0.62 1.53 

0.70 1.41 

0.73 1.32 

0.73 1.34 

0.86 1.15 

0.87 1.12 

0.88 0.97 

0.92 0.95 

1.08 0.88 

 
 

The impact of variation in slopes of regressions between Ambic 1 and Bray 1 extractable P 

values on predicted extractable Bray 1 values between soils can be illustrated in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Impact of variation in slopes of regressions between Ambic 1 and Bray 1 extractable P values on predicted extractable Bray 1 values 

 

It is evident (Figure 8) that due to variation in slopes, the predicted Bray 1 value (from a used 

45 mg kg
-1

 extractable Ambic 1 value) may vary between 42 mg kg
-1

 (Athole locality) and 89 mg kg
-1

 

(Lichtenburg locality).  The above mentioned variation as a result in slope variation was tested by the 

Restricted Maximum Likelihood Method to estimate components (REML; Marie Smith, Chief 

Statistician, Pretoria: Personal communication). 
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Conclusion 

A good relationship between Bray 1 and Ambic 1 values is no justification for either of the two 

equations being used if slopes of the same relationship for individual soils differ significantly from each 

other . 

 

PART 3 - Ambic 1 and Bray 1 extractable P comparison 

It is common to find guidelines for the conversion of extractable P values in local publications 

and information guides.  Two such, for example, were published (Bray 1, Bray 2, Ambic 1, Olsen, 

Citric acid) in the Guidelines for production of small grains in the winter and summer rainfall region 

(ARC-Small Grains Institute, 2011), as well as the Fertilizer Society of South Africa Fertilizer 

Handbook (Bray 1, Bray 2, Ambic 1, Olsen; MVSA, 1997).  The last mentioned is shown in Table 8 

below. 

 

 

Table 8 : Extractable P value extrapolation between different extraction methods (mg kg
-1
 

P; MVSA, 1997). 

 

 

 

 

 

 

 

 

 

 
 

 

During the 2002 until 2004 period, 51 soils were collected at 24 localities nationally.  These 

soils were selected for variation in clay-, silt-, Ca-content and pH.  Once collected only co-ordinates 

were recorded.  At the ARC-GCI Potchefstroom soils were air-dried, sieved, mixed and stored in 

containers.  Thereafter, soils were analysed according to standard methods as mentioned in Part 2.  

The distribution of the 24 localities is shown below in Figure 9 and soil properties are summarized in 

Table 9. 

Extraction method (mg kg
-1

 P) 

Bray 1 Bray 2 Ambic 1 Olsen 

7 9 5 4 

10 13 8 6 

13 18 11 9 

16 22 13 11 

19 26 15 13 

23 31 18 15 

27 36 21 17 

30 40 24 19 

33 45 27 22 
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Figure 9: Distribution of 54 soils collected at 24 localities for the purpose of Ambic 1 and 

Bray 1 comparisons (Unpublished data ARC-Grain Crops Institute). 

 

 

 

Table 9: Chemical properties of soils collected at 24 localities nationally (Unpublished 

data ARC-Grain Crops Institute). 

 

Paramete
r 

Unit Minimum Maximum Average Median 

pH(KCl)  3.9 8 5.4 5.1 

Bray 1 P 

mg kg
-1

 

1 33 11 9 

Ambic 1 P 0+ 79 10 5 

Ca 14 5090 1194 405 

Mg 4 1275 209 91 

K 16 643 174 123 

Na 1 201 19 1 

Acid Sat 

% 

0 77 11 1 

Ca 8 91 65 64 

Clay 2 55 17 11 

Silt 0+ 68 13 8 

Clay + Silt 2 76 29 22 

Silt:Clay  0.2 6.7 1.0 0.6 

CEC cmol(+) kg soil
-1
 0.9 37.5 8.4 3.9 

DOL
c
 cmol(+) kg clay 

-1
 3 597 82 25 

DOL
c+s

 
cmol(+) kg clay+silt 

-

1
 

2 199 36 16 

 

 
With reference to published guidelines, the general assumption excists that Ambic 1 

extractable P values will be smaller than Bray 1 values.  To test this assumption, sorted Bray 1 
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extractable P values (smallest to largest) and accompanying Ambic 1 values were plotted against 

some soil properties, i.e. (a) number of soils, (b) pH(KCl) and (c) exchangeable Ca, and shown in 

Figure 10. 

Figure 10: Sorted Bray 1 extractable P values (smallest to largest) and accompanying 

Ambic 1 values plotted against (a) number of soils, (b) pH(KCl) and (c) 

exchangeable Ca (Unpublished data ARC-Grain Crops Institute). 

 

 

From the data and graphs shown, no pattern or explanation could be distinguished, but it is 

clear that in this range of soils, some Ambic 1 extractable P values are bigger than Bray 1 values.  

After removing all Ambic 1 extractable P values bigger than Bray 1 values, the sorted Bray 1 values 

and associated Ambic 1 values were plotted again (Figure 11a).  The Ambic 1 extractable P values 

bigger than Bray 1 values were plotted separately with the sorted Bray 1 values in Figure 11b. 
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Figure 11 ab: Sorted Bray 1 extractable P values plotted against Ambic 1 values (a) where 

Ambic 1 values are smaller than Bray 1 values and (b) Ambic 1 values are 

bigger than Bray 1 values (Unpublished data ARC-Grain Crops Institute). 

 

 

It is clear from Figure 11 that Ambic 1 and Bray 1 extractable P values are much more in a 

controlled pattern in Figure 11a where the Ambic 1 values are smaller than the Bray 1 values, while 

the pattern in Figure 11b where Ambic 1 values are bigger than Bray 1 values, is much more distorted.  

To compare the two groups of soils with each other trying to get clarity on the difference in Ambic 1 

extractable P behaviour towards Bray 1, minimum, maximum, average and median values of some 

soil properties are compared with each other in Table 10.  Actual values for the group where Ambic 1 

extractable P values are bigger than Bray 1 values (n = 11) is summarized in Table 11. 

 

 

Table 10: Comparison of soil properties of the two groups of soils, i.e. the group where 

Ambic 1 extractable P values are bigger than Bray 1 values (n = 11) and the 

group where the Ambic 1 values are smaller than the Bray 1 values (n = 40; 

Unpublished data ARC-Grain Crops Institute). 

 

Parameter Unit 
Minimum Maximum Average Median 

n
1
 n

2
 n

1
 n

2
 n

1
 n

2
 n

1
 n

2
 

pH(KCl)  4.8 3.9 8 7.1 6.9 5 7.1 4.8 

Bray 1 P 

mg kg
-1

 

2 1 32 33 16 9 11 7 

Ambic 1 P 3 0 79 18 27 5 28 4 

Ca 354 14 3516 
509
0 

2154 930 2693 349 

Mg 58 4 663 
127
5 

300 184 249 81 

K 40 16 597 643 202 166 199 112 

Na 1 1 177 201 35 14 3 1 

Acid Sat 

% 

0 0 1 77 0 14 0 2 

Ca 66+ 8 91 80 75 54 70 60 

Clay 2 2 28 55 7 19 7 13 

Silt 0+ 2 27 68 11 13 8 8 

Clay + Silt 2 4 55 76 20 32 15 23 
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Silt:Clay  0.2 0.2 2.8 8.7 1.4 0.9 1.2 0.5 

CEC cmol(+) kg soil
-1
 2.6 0.9 21.4 37.5 13.9 6.9 16.4 2.9 

DOL
c
 cmol(+) kg clay 

-1
 46 3 597 293 223 44 204 19 

DOL
c+s

 
cmol(+) kg clay+silt 

-1
 

17 2 199 73 95 19 102 12 

 

 

Table 11: Chemical properties for soils separated where Ambic 1 extractable P values are 

bigger than Bray 1 values (n = 11; Unpublished data ARC-Grain Crops Institute). 

 
pH 

(KCl) 
Bray 1 

P 
Ambic 1 

P Ca Clay Silt Clay+Silt Silt:Clay CEC(SUM) DOL
c
 DOL

cs
 

 
-------------- mg kg

-1
 -----------

---- 
------------------ % ------------------

--- ratio 
cmolc kg 

soil
-1
 cmol(+) kg clay

-1
 

4.8 1.9 3 909 67 15 24 38 1.6 7 46 17 

7.9 7.1 15 2818 86 7 8 15 1.2 16 249 112 

7.1 7.7 9 1216 68 2 3 5 2.0 9 597 199 

7.4 8.6 31 2944 88 7 7 14 1.1 17 247 118 

7.1 9.2 11 3044 72 11 11 22 1.0 21 190 96 

8.0 11.1 29 3516 82 11 10 21 1.0 21 204 102 

6.4 12.3 13 772 68 5 8 13 1.6 6 114 43 

7.5 25.3 79 3500 91 7 19 26 2.8 19 283 75 

7.1 27.4 28 354 69 2 0 2 0.2 3 143 117 

5.7 28.1 41 1933 70 5 6 10 1.3 14 308 133 

6.9 32.4 40 2693 66 28 27 55 1.0 20 72 37 

 
 

From Tables 10 and 11, it is clear that the group of soils where Ambic 1 extractable P values are 

bigger than the Bray 1 values differ in terms of several properties, viz. : 

 

- Much higher pH(KCl) median value (7.1 vs. 4.8), 

- much higher exchangeable Ca median value (2693 vs. 349 mg kg
-1

), 

- much higher exchangeable Mg median value (249 vs. 81 mg kg
-1

), 

- higher exchangeable K median value (199 vs. 112 mg kg
-1

), 

- higher exchangeable Ca saturation median value (70 vs. 60%; all higher than 66%), 

- tendency of a higher silt to clay ratio median value (1.2 vs. 0.5; all higher than 1, except one 

soil), 

- much higher CEC median value (16.4 vs. 2.9 cmol(+) kg soil
-1

), 

- much lower degree of leaching
Clay

 median value (204 vs. 19 cmol(+) kg clay
-1

), 

- much lower degree of leaching
Clay+silt

 median value (102 vs. 12 cmol(+) kg clay+silt
-1

). 

 

 

Conclusion 

Based on an overview of basic data available, without statistical application, it seems that 

extractable Ambic 1 values may be bigger than Bray 1 values on soils containing free lime, associated 

with a higher pH and thus a higher CEC value.  The degree of leaching will possibly be low and the silt 

content may be higher than the clay content. 



19 

 

 

Overall conclusions Parts 1 - 3 

- PTVs differ among soils, 

- Soil clay+silt content explains variation of PTV between soils (excl. high pH), 

- Lower clay+silt content relates to higher PTVs, 

- Higher clay+silt content relates to lower PTVs, 

- Keep P-requirement factors in mind (ARC-GCI), 

- For conversion of extraction methods, soils (different characters) cannot be pooled, unless in 

a multidimensional model with locality as an input, unless........... 

- Silt plays important role in P behaviour, 

- P behaviour knowledge lacking, especially on high pH soils, 

- Plant Nutritional Research INCOMPLETE......... 
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P 



Some ”Bone-digging” 

”Official” guidelines for P fertilization evolved from a large number of calibration 
trials done by the Fertilizer Society of South Africa (FSSA) over many years. 

1965 
Dr Farina (Cedara) started with first NPK- + lime-trial at Dundee  
(Department of Agriculture and Agricultural Research Council) 

1970's 
Farina also started with trials Bergville, Normandien, Winterton, Greytown, 
Geluksburg (NPK, lime). 

1974 First edition of the Fertilizer Handbook published by FSSA. 



P guidelines developed by the FSSA (MVSA, 1994, 1997, 2002, 2007) 

Soil P* P recommendation for maize target yields (t ha-1) : 

Bray 1 2 3 4 5 6 7 8 9 10 

mg kg-1 kg ha-1 

0-4 20 42 65 88 109 130 130 130 130 

4-7 17 31 47 63 67 90 93 95 97 

8-14 13 19 30 42 50 59 64 67 68 

15-20 10 13 21 29 36 42 47 50 53 

22-27 7 10 15 19 26 31 34 38 41 

28-34 6 9 12 15 18 22 24 27 30 

* only for acid, light to medium textured soils with low organic matter content 

Optimal soil-P 
Higher than Optimal soil-P; maintain only 

Below Optimal soil-P; Increase  extractable P-levels 

”Bone-digging” continued 



”Bone-digging” continued 

- These guidelines, based on target yields and extractable soil P 
levels, resulted from more than 15 years of calibration trials.   
 

- However, after a drought in the early 1980s, the guidelines 
were scaled down by the Department of Agricultural 
Development for the low potential, high risk maize producing 
regions on the highveld, which eventually led to some 
confusion in the industry.   

Schmidt et al. (2003; 2007) 



Advantages and disadvantages concerning the FSSA guideline 
  
Advantage 
- Easy to use, since it is a table, linking certain soil P levels and certain target 

yields to recommended applications. 
 
Disadvantages 
- To be applied over soils (not taking soil properties into account),  
- developed from trials where fertilizers were banded, but samples were 

collected between rows, therefore not taking enriched zones into account, 
- soil samples were collected at varying soil depths, 
- developed over all types of soils, excluding those explained in previous 

Table, 
- P application rates used in trials were not always high enough to reach and 

exceed the maximum yield. 
  

”Bone-digging” continued 

Schmidt et al. (2003; 2007) 



”Bone-digging” continued 

1990/91 

Considering the disadvantages as mentioned earlier, in response 
to this confusion, the ARC-Grain Crops Institute appointed Human 
& Van Biljon to critically evaluate P fertilizer guidelines for maize 
on the Highveld.  
 
At that stage the ARC-Grain Crops Institute could not find any 
relationship between extractable soil P and absolute yield over 
localities/soils and seasons. A project/study was undertaken to 
establish P fertilizer guidelines that took differences in soils, the 
banding of fertilizers (soil sampling procedure) into consideration. 
 
ARC-Grain Crops Institute (Potch) started with P-calibration 
studies. 

1993 Maize in Natal Volume 6 published. 



”Bone-digging” continued 

Farina et al. (1993) 

Relationship between sample density and optimum P soil test 
(KwaZulu-Natal; Natal Maize, Volume 6) 

Sample density (g ml-1) 
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p
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m

u
m
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 (
m

g 
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) 

Notes 
- Actual relationship with 

clay content (%) 
- Excellent relationship 

between clay content 
and sample density 



”Bone-digging” continued 

1994 
 

Human & Van Biljon: Using all available research data, a relationship 
between Bray 1 extractable P and relative yield was established. 
 
ARC-Grain Crops Institute – Fertilizer guidelines for dryland maize 1.   
 
Third edition FSSA Fertilizer Handbook. 



”Bone-digging” continued 

(Reconstructed from Human & Van Biljon, 1994) 

Relationship between extractable P (Bray 1; mg kg-1) and relative 

yield over all soils west of the Drakensberg Mountains  



- The guideline is based only on soil analysis.   

- An optimum P soil test of 17 ± 2 mg kg-1 (Bray 1) was derived at 95 % 

relative yield which was considered to be near the economic optimum. 

- Phosphorus requirement factors (PRFs) of 5, 7 and 9, for three different 

soil texture classes, i.e. < 10 %, 10 to 20 % and 21 to 35 % clay content, 

were recommended.   

- Shortcomings of this guideline are :  

(a) Same as for the FSSA guideline mentioned earlier,  

(b) one relationship was determined over all soil texture classes,  

(c) soils with a clay content >35 % were not included,  

(d) relationship was not established at absolute values, but at 

 applications of 5 to 11 kg P ha-1 in the band at planting, and  

(e) the R2-value for the relationship was only 50 %. 

”Bone-digging” continued 

Human & Van Biljon (1994); ARC-Grain Crops Institute (1994); F.G. Adriaanse,  
Personal communication 



Some ”Bone-digging” 

1997 Fouth edition FSSA Fertilizer Handbook. 

2002 Fith edition FSSA Fertilizer Handbook. 

2003 
PhD – Changes in the Phosphorus status of soils and the influence on maize 
yield (Schmidt). 
ARC-Grain Crops Institute – Fertilizer guidelines for maize  2. 

2004 
Relationships between Ambic 1 and Bray 1 extractable phosphorus in some 
South African arable soils (Schmidt et al.). 

2007 

Extractable soil phosphorus threshold values for dryland maize on the South 
African Highveld (Schmidt et al.). 
Latest version (7th edition) of P-guidelines published in FSSA Fertilizer 
Handbook. 



Dirkiesdorp 

Belfast 

Athole 

Vrede 

Heidelberg 

Koppies 

Wolmaransstad 

Lichtenburg 

Viljoenskroon 

Ventersdorp 

Stilfontein 

Localities P-calibration trials ARC-GCI Highveld 

Schmidt et al. (2003; 2007) 



Localities and properties 

Locality Province Latitude (S) Longitude (E) Annual rainfall1 --------------Soil type2------------

- 

Clay Silt 

        (mm) Form Family -----------%--------- 

Lichtenburg North West 26°06.861' 26°14.760' 592 Montagu Baden 24.2 13.2 

Wolmaransstad North West 27°05.404' 26°02.532' 494 Bloemdal Roodeplaat 12.4 22.3 

Koppies Free State 27°10.920' 27°37.237' 620 Rensburg Rietkuil 47.0 1.8 

Ventersdorp North West 26°06.363' 26°47.064' 589 Hutton Hayfield 14.3 11.1 

Viljoenskroon Free State 27°12.159' 26°58.330' 578 Bloemdal Waldo 8.4 1.4 

Stilfontein North West 26°43.565' 26°48.075' 535 Bloemdal Waldo 18.4 7.1 

Heidelberg1 Mpumalanga 26°42.704' 28°18.125' 702 Avalon Vryheid 17.3 6.7 

Heidelberg2 Mpumalanga 26°42.205' 28°18.447' 702 Hutton Suurbekom 15.7 7.1 

Athole Mpumalanga 26°35.548' 30°29.853' 990 Hutton Lillieburn 39.4 8.0 

Belfast Mpumalanga 25°45.940' 29°59.041' 785 Avalon Avondale 13.0 10.9 

Vrede Free State 27°32.233' 29°11.767' 654 Klapmuts Napier 17.4 4.7 

Dirkiesdorp Mpumalanga 27°07.863' 30°21.558' 765 Shortlands Empangeni 44.0 5.3 

1  ARC- Institute for Soil, Climate and Water (2001), South African Weather Bureau (2001) 
2  Soil Classification Working Group (1991) 
3  Schroeder (1984); Brady & Weil  (1999) 

Schmidt et al. (2003; 2007) 



Clay and silt content of localities (sorted) 

Locality Clay Silt Clay + Silt Silt:Clay 

  -----------%--------- 

Koppies 47 1.8 48.8 0.0 

Dirkiesdorp 44 5.3 49.3 0.1 

Athole 39 8 47.4 0.2 

Lichtenburg 24 13.2 37.4 0.5 

Stilfontein 18 7.1 25.5 0.4 

Vrede 17 4.7 22.1 0.3 

Heidelberg1 17 6.7 24 0.4 

Heidelberg2 16 7.1 22.8 0.5 

Ventersdorp 14 11.1 25.4 0.8 

Belfast 13 10.9 23.9 0.8 

Wolmaransstad 12 22.3 34.7 1.8 

Viljoenskroon 8.4 1.4 9.8 0.2 

Schmidt et al. (2003; 2007) 



Purpose of calibration project/study 

P threshold values  
 

Bray 1 Ambic 1 

Relative yield (%) 

90 95 90 95 

Concentrations (mg kg-1) √ √ √ √ 

Quantities (kg ha-1) √ √ √ √ 

Establish P threshold values (PTVs; concentrations and 
quantities) for two extraction methods to obtain 90 and 95% 
relative yield 

Schmidt et al. (2003; 2007) 



Effects of extractable soil P (Bray 1) concentrations and quantities in the top 
150 mm soil layer on relative yield for the 1995/96 and 1996/97 growing 
seasons at Heidelberg (n = 12, consisting of 9 data points each) 

Schmidt et al. (2003; 2007) 



Locality Ambic 1 Bray 1 
  90% Yield 95% Yield 90% Yield 95% Yield 
  mg kg-1 kg ha-1 mg kg-1 kg ha-1 mg kg-1 kg ha-1 mg kg-1 kg ha-1 
Lichtenburg 2 5 3 6 41 94 61 144 
Wolmaransstad 102 233 132 293 20 45 24 53 
Koppies (2.2 m) 52 83 72 113 12 20 15 24 
Ventersdorp 52 113 62 143 8 18 9 20 
Viljoenskroon 252 553 302 673 33 70 39 84 
Stilfontein 152 383 172 433 22 55 25 63 
Heidelberg 82 213 92 253 17 45 19 50 
Koppies (0.9 m) 82 133 122 193 18 29 25 41 
Dirkiesdorp 82 163 62 313 13 25 25 47 

Schmidt et al. (2003; 2007) 

1 Calculated from Ambic 1 concentrations; 2 Calculated from Bray 1 concentrations; 3 Calculated from Ambic 1 
concentrations;  4 Calculated from Bray 1 concentrations 

Extractable P concentrations and quantities required in the top 
150 mm soil layer to obtain 90 or 95% relative yield 



Explanation of variation between PTV’s 

Schmidt et al. (2003; 2007) 

- Soil properties which explained the variation in extractable soil 
P threshold values most consistently were in decreasing order; 
degree of leaching, silt-plus-clay content and organic C 
content. 

 
- The emphasis in this study was on the silt-plus-clay content 

and not the degree of leaching since it is more likely that the 
chemical soil properties were affected by the treatments than 
the physical soil properties.   

 



Explanation of variation between PTVs 

Schmidt et al. (2003; 2007) 

- In future, a thorough investigation into the relationships 
between degree of leaching and extractable soil PTV’s is 
warranted since findings of other researchers (Mohr, 1975; 
Nienaber & Groenewald, 1979a; 1979b) support this 
observation.   
 

- By using data from 41 depletion trials that formed part of long-
term maize fertilization experiments, Möhr (1975) concluded 
that soil form and degree of leaching mainly determine 
optimum extractable soil P.  



Explanation of variation between PTVs 

Schmidt et al. (2003; 2007) 

1 DOL = Degree of leaching  =  [(exchangeable cations x 100) / clay %] 
SOIL CLASSIFICATION WORKING GROUP (1991) 

Soil properties 

Ambic 1 Bray 1 

mg kg-1 kg ha-1 mg kg-1 kg ha-1 

R2 (%) P R2 (%) P R2 (%) P R2 (%) P 

90% yield threshold 

Silt + Clay (%) 65 0.0084 66 0.008 43 ns (0.05460 47 0.0414 

DOL1 (cmolckg-1) 63 0.0103 70 0.005 48 0.0381 58 0.0178 

95% yield threshold 

Silt + Clay (%) 64 0.0096 59 0.015 28 ns 40 ns (0.0691) 

DOL1 (cmolckg-1) 43 ns (0.0547) 71 0.005 37 ns (0.0822) 46 0.0462 



Effects of silt-plus-clay content in the top 150 mm soil layer on 
extractable P (Ambic 1) concentrations and quantities required for 
90 as well as 95% relative yield 

Note 
Data points from 
Ventersdorp and 
Lichtenburg trials, indicated 
by x-markers, were excluded 
from relationships, since 
these soils in contrast to the 
others, contained free lime, 
resulting in different yield 
responses to extractable P. 

Schmidt et al. (2003; 2007) 



Effects of silt-plus-clay content in the top 150 mm soil layer on 
extractable P (Bray 1) concentrations and quantities required for 
90 as well as 95% relative yield 

Note 
Data points from 
Ventersdorp and 
Lichtenburg trials, indicated 
by x-markers, were excluded 
from relationships, since 
these soils in contrast to the 
others, contained free lime, 
resulting in different yield 
responses to extractable P. 

Schmidt et al. (2003; 2007) 



Ambic 1 and Bray 1 PTVs 

Silt-plus-clay Ambic 1 Bray 1 

% 
mg kg-1 kg ha-1 mg kg-1 kg ha-1 mg kg-1 kg ha-1 mg kg-1 kg ha-1 

90% yield 95% yield 90% yield 95% yield 

15 22 51 26 60 30 70 35 80 

20 17 42 20 47 25 60 30 71 

25 14 36 17 39 22 53 27 64 

30 12 31 14 34 20 48 25 58 

35 10 26 12 30 18 43 24 53 

40 9 22 11 27 17 38 23 49 

45 8 19 10 25 16 35 22 45 

50 8 16 9 23 16 31 21 42 

55 7 13 9 21 15 28 21 39 

60 7 11 8 20 15 26 20 36 

Schmidt et al. (2003; 2007) 



Part 2 

Ambic 1 vs. Bray 1 extractable P 
and vice versa 



Studies on P-conversions (2003/04) 

Little work on the relationships of Ambic 1 to Bray 1 has been published 
- Mallarino & Blackmer (1992) compared efficacy of three extractants for 

determining critical extractable P concentrations for maize, i.e. Bray 1, 
Mehlich 3 and Olsen.   

- Locally, Farina & Channon (1979) compared several P availability indexes, 
which included ISFEI and Bray 1 (only correlation coefficients and no actual 
regression equations were reported).   

- Hahne et al. (1988) compared Bray 2 and ISFEI/Ambic extractants, but not 
Bray 1.   

- Thompson in the Western Cape worked on relationships between four 
extractants, viz. Bray 1, Bray 2, ISFEI and Mehlich 3 with citric acid (T. Beyers, 
Nitrophoska, P.O. Box 103, Stellenbosch : Personal communication).  
Unfortunately it appears that most work on relationships was restricted to 
unpublished reports.   

- Buys & Venter (1980) and Venter & Forbes (1983) reported relationships 
between either ISFEI and Bray 1 or Ambic 1 and Bray 1 extractable P values.  

Schmidt et al. (2003; 2004) 



Local Studies on P comparisons 



Relationship between Ambic 1 and Bray 1 extractable P values 
over 12 soils (n = 2028; reconstructed) 

Schmidt et al. (2003; 2004) 



Relationships between either Ambic 1 or ISFEI and Bray 1 
extractable P values over soils from this and other studies  

1 Bray 1-P (mg kg-1)  =  3.8214 + 1.23085Ambic 1-P (mg kg-1);    2 Gravimetric;    3 Volumetric 

Study ---------Number of------ Clay content -------------------------Equation-------------------- R2-value 

  soils samples (%)     (%) 

This study1 12 2028 8 - 47 2Ambic 1-P  =  -1.2204 + 0.73596.Bray 1-P 91 

Venter & Forbes (1983) 11 Unknown 8 - 18 2ISFEI-P  =  -0.3673 + 0.75260.Bray 1-P Unknown 

Buys & Venter (1980) Unknown 36 Unknown 3ISFEI-P  =   1.0700 + 1.49000. Bray 1- P 90 

Buys & Venter (1980) 4 174 Unknown 3ISFEI-P  =   0.8500 + 0.96300. Bray 1- P Unknown 

Buys & Venter (1980) 1 54 Unknown 3ISFEI-P  =  -1.7000 + 1.02200. Bray 1- P 97 

Schmidt et al. (2003; 2004) 



Ambic 1 values 

Bray 1 values This study Venter & Forbes (1983) 
---------------------------------------mg kg-1----------------------------------------- 

5 2 3 

10 6 7 

15 10 11 

20 13 15 

25 17 18 

30 21 22 

35 25 26 

40 28 30 

45 32 33 

50 36 37 

Conversion of a selected range of Bray 1 P values to Ambic 1 P values 
using two different equations established over soils from this and 
another study (”preliminary”) 

Schmidt et al. (2003; 2004) 



Relationship between Ambic 1 and Bray 1 extractable P values 
over 12 soils (n = 2028; reconstructed) 



Relationships between Ambic 1 and Bray 1 extractable P values 
over 12 soils (n = 2028; reconstructed) 



Locality Ambic 1 values Equation (mg kg-1) R2  

(%) 

P  

  n Min. Max. Median Bray 1  = a + b(Ambic 1) 

Lichtenburg 224 0.1 23.6 1.4 Y  =  -0.2010  + 1.9760X 75 <0.001 

Wolmaransstad 105 4.9 61.2 8.6 Y  = 5.2510  + 1.4091X 98 <0.001 

Koppies 610 0.1 59.5 0.3 Y  = 2.7340  + 1.8225X 97 <0.001 

Ventersdorp 335 0.0 101.8 1.3 Y = 2.5420 + 1.1501X 99 <0.001 

Viljoenskroon 163 0.1 98.1 13.2 Y  =  8.1110  + 0.9739X 86 <0.001 

Stilfontein 1031 0.1 109.6 5.3 Y  = 2.1940  + 1.3210X 97 <0.001 

Heidelberg1 229 2.3 75.7 15.3 Y  = 6.7600  + 1.3349X 98 <0.001 

Heidelberg2 126 3.5 81.9 15.1 Y  = 3.6850  +  0.9514X 88 <0.001 

Athole 114 0.8 81.7 8.7 Y  =  2.8690  + 0.8761X 95 <0.001 

Belfast 45 3.7 25.8 8.0 Y  =  -0.9270  + 1.6906X 93 <0.001 

Vrede 128 2.5 91.4 9.8 Y  = 2.3970  + 1.1238X 98 <0.001 

Dirkiesdorp 148 0.1 43.8 7.4 Y  =  0.6450  + 1.5315X 95 <0.001 

Slopes of regression equations for the conversion of 
Ambic 1 P values to Bray 1 P values 

Schmidt et al. (2003; 2004) 



Locality Bray 1 values Equation (mg kg-1)  R2  

 (%) 
P 

  n Min. Max. Median Ambic 1  = a + b(Bray 1) 

Lichtenburg 224 0.1 55.9 5.2 Y =  0.5322  +  0.3789X 75 <0.001 

Wolmaransstad 105 10.3 92.9 11.5 Y  =  -3.4920  +  0.6978X 98 <0.001 

Koppies 610 0.4 111.2 20.8 Y  =  -1.2764  +  0.5295X 97 <0.001 

Ventersdorp 33 1.2 113.7 3.9 Y =  -2.1184 + 0.8588X 99 <0.001 

Viljoenskroon 163 1.4 98.3 22.6 Y  =  -4.0500  +  0.8810X 86 <0.001 

Stilfontein 1031 0.2 133.1 22.4 Y  =  -1.1920  +  0.7320X 97 <0.001 

Heidelberg1 229 6.7 103.8 22.3 Y  =  -4.5100  +  0.7327X 98 <0.001 

Heidelberg2 126 3.1 92.4 20.8 Y  =  -0.5500  +  0.9210X 88 <0.001 

Athole 114 2.1 69.2 14.8 Y  =  -2.3650  +  1.0830X 95 <0.001 

Belfast 45 5.8 41.3 9.1 Y  =  1.1900  +  0.5479X 93 <0.001 

Vrede 128 4.3 103.0 22.0 Y  =  -1.6810  +  0.8697X 98 <0.001 

Dirkiesdorp 148 0.5 70.6 11.1 Y  =  0.0640  +  0.6220X 95 <0.001 

Slopes of regression equations for the conversion of 
Bray 1 P values to Ambic 1 P values 

Schmidt et al. (2003; 2004) 



Slopes of relationship between Ambic 1 and Bray 1 extractable P 
values over 12 soils (n = 2028; reconstructed) 



Slopes of regressions between Ambic 1 and Bray 1 

Slopes (12 localities) sorted 

Ambic 1 = a + b(Bray 1; mg kg-1) Bray 1  = a + b(Ambic 1; mg kg-1) 

0.39 1.98 

0.53 1.82 

0.55 1.69 

0.62 1.53 

0.70 1.41 

0.73 1.32 

0.73 1.34 

0.86 1.15 

0.87 1.12 

0.88 0.97 

0.92 0.95 

1.08 0.88 

Schmidt et al. (2003; 2004) 



Variation in slopes of relationship between Ambic 1 and Bray 1 
extractable P values impacts negatively on prediction 

± 59 mg kg-1; Pooled regression 

± 42 mg kg-1; Athole 

± 89 mg kg-1; Lichtenburg 



Conclusion on variation in slopes 

A good relationship between Bray 1 and Ambic 
1 values (pooled) is no justification for either 
of the two equations being used if slopes of 
the same relationship for individual soils differ 
significantly from each other.  

Schmidt et al. (2003; 2004) 



Part 3 

Ambic 1 and Bray 1 extractable P comparison 



Introduction 

Corresponding extractable P values for different extraction methods 
according to a user guide (mg kg-1 P) 

ARC-Small Grain Institute (2011) 

Bray 1 Bray 2 Ambic 1 Olsen Citric acid (1:20) 

6 9 6 4 10 

10 13 8 6 15 

14 18 11 8 20 

17 22 13 10 25 

20 26 16 12 30 

24 31 20 14 35 

28 36 23 16 40 

31 40 26 18 45 

34 45 30 20 50 



Introduction 

Extractable P value extrapolation between different extraction 
methods according to the FSSA-Fertilizer Manual (mg kg-1 P) 

MVSA-Bemestingshandleiding(1997) 

Bray 1 Bray 2 Ambic 1 Olsen 

7 9 5 4 

10 13 8 6 

13 18 11 9 

16 22 13 11 

19 26 15 13 

23 31 18 15 

27 36 21 17 

30 40 24 19 

33 45 27 22 



Introduction 

- 51 soils collected at 24 localities (2002-2004), 
- Selected for variation in clay-, silt-, Ca-content and 

pH, 
- Once collected only co-ordinates were recorded, 
- At the ARC-GCI Potchefstroom soils were air-dried, 

sieved, mixed and stored in containers, 
- Soils were analysed according to standard methods 

– viz. Ambic 1 and Bray 1 extractable P, particle size 
distribution, exchangeable cations (Ambic), pH(KCl), 
exchangeable acidity. 



Introduction 

Analyses with standard methods (The Non-affiliated 
Soil Analysis Work Committee, 1990) included: 
 
- Extractable P (Ambic 1 and Bray 1),  
- Particle size distribution (pipette; Schroeder, 1984; 

Brady & Weil, 1999), 
- pH (distilled H2O and M KCl),  
- Exchangeable acidity (M KCl),  
- Exchangeable cations and Na, Fe, Mn and Zn 

(Ambic 1). 



Viljoenskroon

Wolmaransstad

Settlers

Douglas

Athole

Balmoral
Boons

Koppies Dirkiesdorp

Potchefstroom

Ventersdorp

Heuningneskloof

Barkly Wes

Upington

Prieska

Marishane

Nebo

Piet Retief

Northam

Rustenburg

Jacobsdal

Stilfontein

Luckhoff

Soil distribution 

51 Soils at 24 Localities 



Soil properties (n = 51) 

Parameter Unit Minimum Maximum Average Median 

pH(KCl) 3.9 8.0 5.4 5.1 

Bray 1 P 

mg kg-1 

1 33 11 9 

Ambic 1 P 0+ 79 10 5 

Ca 14 5090 1194 405 

Mg 4 1275 209 91 

K 16 643 174 123 

Na 1 201 19 1 

Acid Sat 

% 

0 77 11 1 

Ca 8 91 65 64 

Clay 2 55 17 11 

Silt 0+ 68 13 8 

Clay + Silt 2 76 29 22 

CEC cmol(+) kg soil-1 0.85 37.51 8.42 3.88 

DOLc cmol(+) kg clay -1 3 597 82 25 

DOLc+s cmol(+) kg clay+silt -1 2 199 36 16 

DOL = Degree of leaching  =  [(exchangeable cations x 100) / clay %]   SOIL CLASSIFICATION WORKING GROUP (1991) 



Sorted Ambic 1 and Bray 1 extractable P 
concentrations over 51 soils (n=51; mg kg-1) 
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Sorted Ambic 1 and Bray 1 extractable P 
concentrations (n=51; mg kg-1) vs. soil pH(KCl) 
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Sorted Ambic 1 and Bray 1 extractable P 
concentrations vs. exchangeable Ca (n=51; mg kg-1) 



Comment 

From the data and graphs shown, no pattern 
or explanation could be distinguished 



Sorted Ambic 1 and Bray 1 extractable P concentrations 
over 40 soils (mg kg-1; Ambic 1 > Bray 1 removed) 

Number of soils 

Ex
tr

ac
ta

b
le

 P
 (

m
g 

kg
-1

) 



Number of soils 

Ex
tr

ac
ta

b
le

 P
 (

m
g 

kg
-1

) 

Sorted Ambic 1 and Bray 1 extractable P concentrations 
over 11 soils (mg kg-1; only Ambic 1 > Bray 1) 



Parameter Unit Minimum Maximum Average Median 

n1 n2 n1 n2 n1 n2 n1 n2 

pH(KCl) 4.8 3.9 8.0 7.1 6.9 5.0 7.1 4.8 

Bray 1 P 

mg kg-1 

2 1 32 33 16 9 11 7 

Ambic 1 P 3 0 79 18 27 5 28 4 

Ca 354 14 3516 5090 2154 930 2693 349 

Mg 58 4 663 1275 300 184 249 81 

K 40 16 597 643 202 166 199 112 

Na 1 1 177 201 35 14 3 1 

Acid Sat 

% 

0 0 1 77 0 14 0 2 

Ca 66+ 8 91 80 75 54 70 60 

Clay 2 2 28 55 7 19 7 13 

Silt 0+ 2 27 68 11 13 8 8 

Clay + Silt 2 4 55 76 20 32 15 23 

CEC cmol(+) kg soil-1 2.6 0.9 21.4 37.5 13.9 6.9 16.4 2.9 

DOLc cmol(+) kg clay -1 46 3 597 293 223 44 204 19 

DOLc+s cmol(+) kg clay+silt -1 17 2 199 73 95 19 102 12 

Soil properties, separated (n1 = 11; n2 = 40) 

Ambic 1 > Bray 1 = n1;      Bray 1 > Ambic 1 = n2 



pH (KCl) Bray 1 P Ambic 1 P Ca Clay Silt Clay+Silt Silt:Clay CEC(SUM) DOLc DOLcs 

  mg kg-1 % ratio cmolc kg soil-1 cmol(+) kg clay-1 

4.8 1.9 2.7 909 67 14.5 23.8 38.3 1.6 6.8 46 17 

7.9 7.1 15.4 2818 86 6.6 8.1 14.7 1.2 16.4 249 112 

7.1 7.7 8.5 1216 68 1.5 3.0 4.5 2.0 9.0 597 199 

7.4 8.6 30.9 2944 88 6.8 7.4 14.2 1.1 16.8 247 118 

7.1 9.2 10.5 3044 72 11.1 11.0 22.1 1.0 21.2 190 96 

8.0 11.1 29.0 3516 82 10.5 10.4 20.9 1.0 21.4 204 102 

6.4 12.3 13.0 772 68 5.0 8.1 13.1 1.6 5.7 114 43 

7.5 25.3 78.7 3500 91 6.8 18.9 25.7 2.8 19.3 283 75 

7.1 27.4 28.1 354 69 1.8 0.4 2.2 0.2 2.6 143 117 

5.7 28.1 40.8 1933 70 4.5 5.9 10.4 1.3 13.9 308 133 

6.9 32.4 39.9 2693 66 28.2 26.9 55.1 1.0 20.3 72 37 

Properties for separated soils (Ambic 1 > Bray 1; n = 11) 



Localities where Ambic 1 > Bray 1 

Boons (x1 soil) 
Douglas (x2 soils) 
Prieska (x4 soils) 
Upington (x4 soils) 

(x11 soils) 



Something to think about..... 

Relating sample density to P requirement,……. the 
industry in general seems to ignore this……………… 
 
The FSSA still uses one P norm for all textural 
classes……………. 
  
There is no way, in my opinion, that we have all the 
answers. There is still a lot of research that needs to be 
done……………….. 



Conclusions 

- P threshold values (PTV) differ among soils, 
- Soil clay+silt content explains variation of PTV 

between soils (excl. high pH), 
- Lower clay+silt content ↔ higher the PTV, 
- Higher clay+silt content ↔ lower the PTV, 
- Keep P-requirement factors in mind (ARC), 
- For conversion of extraction methods, soils 

(different) cannot be pooled, unless........., 
- P behavior knowledge lacking, high pH soils, 
- Silt plays important role in P behaviour, 
- Plant Nutritional Research INCOMPLETE......... 
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