5.0 Phosphorus Fertilizer Rates
Key Messages:

e Phosphorus fertilization rate should be selected to ensure that the crop can access the P that it
requires as it is needed to optimize crop growth.

e Phosphorus fertilizer rate should be based on a suitable soil test and a prediction of crop
requirement for P for the specific crop type and yield potential.

e Rates of P application can be managed for short-term sufficiency or long-term sustainability,
depending on the crop rotation, land tenure, relative cost of P fertilizer, risk of P movement
to water systems, and the P status of the soil.

e Rate of P application will interact with source, timing and placement.

e Crops differ in quantity of P removed, efficiency of P use, sensitivity to seed-placed P and
response to P application, so P fertilizer rate will differ with crop species.

e In the long-term, rate of P application should be matched to P removal to avoid excessive
accumulation or depletion of soil P over time.

e Site-specific management (e.g., varying P applications within a field based on soil variability
in available P or in risk of P movement to waterbodies) may be beneficial to optimize P
inputs, increase fertilizer use efficiency and reduce the potential environmental impact of P
applications.

Summary

Phosphorus fertilization rate should be selected to ensure that the crop can access the P that it
requires as it is needed to optimize crop growth. However, different strategies exist for
phosphorus management, depending on the time scale of production that is considered in the
management program. Phosphorus may be managed to optimize production for a single
production year, over a rotational cycle or for long-term sustainability. The management
strategy selected will be influenced by crop rotation, land tenure, relative cost of P fertilizer, risk
of P movement to water systems, and the P status of the soil.

Recommendations for P fertilizer applications based on a short-term sufficiency strategy aim
to supply just enough P to produce good yield of the current crop. Fertilization is based on
applying a rate where the net returns are maximized in the year of application. Economic value
of the residual benefits of P fertilizer is not considered. This strategy tends to be most suitable
on land with short-term tenure, where cash flow is limited, or in years where fertilizer price is
high relative to crop values. Raising or maintaining the soil test P value is not a goal in the
sufficiency method and this strategy tends to keep soil test levels in the low to medium range.
Phosphorus application rate is based on the critical threshold, soil test values and the probability
of response to P by the crop in the current year. In the Northern Great Plains, the fertilizer P
would normally be applied as starter or in band placement near the seed to improve efficiency.

A long-term sustainability strategy aims to manage the soil test P level in the soil towards a
specific critical range to ensure that the background level of P in the soil is not limiting to crop
production. If the soil test is below a critical level, fertilization would build the soil P level by
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adding more P than is removed by the crop until the target soil level is reached. If the soil test P
level is higher than desirable, no P or only a minimal amount of starter P would be applied, to
deplete the soil P reserves. After that, a balance or maintenance approach would be followed,
to apply the amount of P that is removed by the crop, perhaps plus some extra P to account for
retention and other losses, and maintain a target level of soil P. In this approach, application
rates are designed to maintain soil test values and eliminate nutrient deficiency, but not
necessarily to maximize profit from fertilization of one crop in a single year. The long-term
sustainability strategy assumes that P applied to the soil will not be lost from the system in
appreciable amounts except through crop removal. It is suited to land that has a long tenure
arrangement and where capital is available to carry the operation through the P fertility building
phases. It is also attractive if the present cost of P fertilizer is lower than anticipated future cost
or if low cost fertilizer sources such as livestock manure are readily available.

Soil testing plays an important part in the selection of P fertilization rate, regardless of whether a
short-term sufficiency or long-term sustainability strategy is used. Therefore, an effective soil
test to determine the plant-available P in the soil is essential to determine the need for fertilizer
application and an estimation of the appropriate fertilizer application rate. The type of soil test
used should be suited to the soil characteristics and calibrated for the area. The Olsen test is
commonly used in the Northern Great Plains, because it is effective across a broad range of soils,
including high pH, calcareous soils. However, the Olsen test may be less reliable on acid soils,
while the Bray test is effective only in neutral to low pH, non-calcareous soils. Kelowna and
modified Kelowna tests are also considered effective on many of the soils in the Northern Great
Plains. Resin-based tests are also available and can provide a measurement of both plant-
available P concentration in the soil and rate of replenishment of solution P at the adsorbing
surface.

While soil testing is an important guide to P requirements, the response of crops to fertilizer P
addition varies with environmental conditions (i.e., from one year to another) and is often not
precisely related to the P concentration of the soil. Therefore, soil testing will not predict exactly
how much to apply, nor will it assure that a response will be attained every year. Nevertheless,
soil test P information is good for estimating the average probability of response to P application
and assessing the accumulation or depletion of P from a field over a long period of time. It is
fair for estimating the average relative yield response to P across similar fields and yields and for
estimating the probability of response in a given field and year. However, soil tests for P are
relatively poor at predicting if a specific response will occur in a specific field and a specific
year.

In the long-term sustainability strategy, the soil test P level is an important part of the decision to
build, replace or draw down the P in the soil. The level of soil P below which a yield response to
fertilizer P application is likely to occur is often referred to as the critical level or critical
threshold. A long-term sustainability strategy would target a soil P level near the critical
threshold, which ranges from approximately 15 ppm to over 30 ppm for Olsen soil test P on the
Northern Great Plains.
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With very low levels in the soil, building of soil test P may be desirable to ensure that the crop’s
supply of P is optimized. The P can be built up slowly over time, with small surplus applications
of P fertilizer applied annually or through the crop rotation. The approach of slowly building up
a low soil P status soil to a satisfactory level will usually be economically viable over the long
term, since the applied P is eventually used efficiently. The rate of fertilizer required to build soil
test P will depend on the amount of crop removal and the P buffering capacity of the soil. The P
fertilizer in a gradual building program should be managed to optimize efficiency by seed-
placing or banding near the seed-row. In a crop rotation that includes crops with high sensitivity
to seed-placed fertilizer, it may not be possible to apply enough P with the seed to both optimize
crop yield and replace or increase background soil P.

Alternatively, if low cost sources of P are available, it may be desirable to add a large amount of
P to more quickly increase the soil test P level. This would be especially attractive if the price of
P fertilizer is low relative to crop values or if low-cost forms of P, such as livestock manures, are
available. Application of manure to satisfy crop N requirements will usually apply enough P for
several years of crop removal and increase soil P over time. Situations occur across the Northern
Great Plains where long-term annual applications of manures to satisfy N requirements have led
to excess concentrations of P in the soil. With excess concentrations in the soil it may be
desirable to deplete the soil reserves, to reduce P fertilizer costs, as well as environmental risks
such as excess P in runoff. Once the critical level is established, maintaining soils near the
critical value for the soil type and farming system is done primarily by replacing the P removed
in the harvested crop.

If the short-term sufficiency strategy is selected, a soil test will indicate the likelihood of a
response to P application and an estimate of the rate of P required to optimize crop yield in the
year of application. The rate of fertilizer application will depend on the ability of the plant to
access P from the soil, especially during the early stages of growth. If the soil supply of P is high
enough to provide an adequate supply of P to the plant throughout the growing season, P
application can be reduced or eliminated. If the soil is deficient in P, fertilizer applications can
be used to provide P to the plant as it is required, particularly early in the growing season.
Likelihood and magnitude of a response to P will tend to increase with the yield potential of the
crop but will also vary with environmental conditions. The rate of P required to optimize crop
yield is usually within a narrow range, from about 10 to 50 Ib P,Os per acre for small grains,
oilseed and pulse crops. A minimum rate of P application will be required to ensure that
individual plants have access to fertilizer granules or droplets in a timely fashion, based on the
physical distribution of the fertilizer. Reducing the rate of application to extremely low levels
limits the number of granules applied and reduces the probability of a seedling root contacting
the fertilizer.

If a short-term sufficiency strategy is used for selecting P application rates, differences among
crops in their responsiveness to P application must be considered. Different crops have different
requirements for P and different strategies that affect their ability to use soil P and their response
to fertilizer P. Phosphorus fertilization requirement and yield response of a crop depend both on
the total amount of P needed by the plant and its ability to access it from the soil at the time it is
required. Cereal crops tend to be moderately effective while canola is highly effective at using
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both fertilizer and soil P. Flax is relatively poor at using fertilizer P and is highly dependent on
mycorrhizal associations to help it access P from the soil. Soybean and other pulse crops appear
to be able to use soil P very effectively and therefore do not respond well to fertilizer P
applications in Northern Great Plains soils.

Crops such as canola, flax and pulses are sensitive to seed-placed P and yield may be reduced if
high rates of P are placed too close to the seed-row. If the rate of P needed for optimum yield is
greater than can be safely placed with the seed, it may be applied away from the seed-row or to
other, more tolerant crops in the rotation.

Available P differs substantially across a field, so uniform fertilizer application based on an
average soil test P value for the field may result in over- and under-fertilization in different areas
of the field, reducing fertilizer use efficiency. As well, P runoff may be concentrated in specific
areas of the field and ignoring differences across the field would reduce the effectiveness of
environmental P management practices. Use of more detailed site-specific information to vary P
applications within a field based on soil variability in available P or in risk of P movement to
waterbodies could help to optimize P inputs, increase fertilizer use efficiency and reduce the
potential environmental impact of P applications.

Fertilizer applications may be adjusted based on grid sampling to identify high and low-testing
zones in the field. Optical sensors linked to variable rate applicators are being tested to measure
soil P and adjust fertilizer rate on the go. Available P tends to be highly correlated to
topography, being greater in depressional areas and less on knolls, so sampling may be based on
topographical zones to identify high and low-testing areas. Application of high rates of P to
correct deficiencies on upper slope positions may be used to remediate eroded knolls and make
the P levels more uniform across the field. Manure is particularly beneficial for correction of P
deficiency on eroded knolls because the organic matter it provides can also improve soil
structure and water-holding capacity. The benefits from large applications of P would persist for
many years.

In a long-term sustainability system, where P removal is balanced by P inputs, variable P inputs
could be based on a yield map. Phosphorus removal is highly driven by crop yield. In soils with
a long-term history of uniform P application, P may have accumulated in low-yielding areas and
may be depleted in high-yielding areas. Using variable P application rates based on crop yields
would correct the rate for crop removal, if lower yields were not caused by P deficiencies.
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Detailed Information
5.1 Strategies for Managing Rates of P Fertilization

The nutrients that a crop needs to grow must come from somewhere and in managed agricultural
systems, the crop will normally access P from fertilizer additions and from the soil. If more P is
removed by the crop than is added, P is mobilized from the soil reserves and they will decline
over time. If more P is added than removed, the P in the soil will build over time. Phosphorus
may also be lost from the system by erosion or movement in runoff, or to a lesser extent,
leaching, and this removal must also be considered in the management program. Also, retention
or release of nutrients into or out of less available pools may be considered. Phosphorus
fertilization rate should be selected to ensure that the crop can access the P that it requires as it is
needed to optimize crop growth. However, strategies for managing rates of P fertilization
depend on the time scale of production that is considered in the management program.
Phosphorus may be managed to optimize production for a single production year, over a
rotational cycle or for long-term sustainability. The management strategy selected will be
influenced by crop rotation, land tenure, cost of P fertilizer, risk of P movement to water
systems, and the P status of the soil.

Recommendations for P fertilizer applications based on a short-term sufficiency strategy aim
to supply just enough P to produce good yield of the current crop. Fertilization is based on
applying a rate which maximizes the net returns in the year of application. Economic value of
the residual P fertilizer is not considered. This strategy tends to be most suitable on land with
short-term tenure, where cash flow is limited, or in years where fertilizer price is high relative to
crop values (Kastens et al. 2000). Altering the soil test value is not a goal in the sufficiency
method and this strategy tends to keep soil test P concentrations in the low to medium range and,
in many cases, leads to declines in soil test P concentrations. Phosphorus application rate is
based on the critical threshold, soil test values and the probability of response to P by the crop in
the current year. In the Northern Great Plains, the fertilizer P for annual crops would normally be
applied as starter or in band placement to maximize efficiency.

A long-term sustainability strategy (Figure 1) aims to manage the soil test P concentration in
the soil towards a specific critical level to ensure that the background level of P in the soil is not
limiting to crop production. If the soil test is below a critical level, it would be desirable to build
the soil P level by more P than is removed by the crop over a specific time frame until the target
soil test level is reached. After that, a balance or maintenance approach is followed, to apply
the P that is removed by the crop, plus perhaps some extra P to account for retention and other
losses, and maintain a target level of soil P. For example, the objective of fertilization based on
removal in lowa is to maintain a soil test range that results in a 25% probability of a yield
response. Therefore, such application rates are designed to maintain soil test values and eliminate
nutrient deficiency, but not necessarily to maximize profit from fertilization of a single crop
(Mallarino 2012).
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Figure 1. The long-term sustainability strategy for P management relies on building, maintaining
or depleting soil P, based on soil test P concentration.

The balance approach to application requires knowledge of the amount of P that is removed in
the harvested crop, which is a function of crop yield, the concentration of P in the harvested
material and the portion of the crop removed. If the straw from the crop is removed, P removal
will be greater than if only the seed is removed. The long-term sustainability strategy operates on
the principle that lower net returns in the building years will be balanced by greater net returns in
the future, because of higher and more consistent yields.

Targeting levels of soil test P to near or above critical concentrations is important to consider
because crops respond both to P fertilizer and to the background P fertility of the soil. For
example, in a long term field experiment in Saskatchewan, crop yields did not attain the full
yield potential on soils that were very low in P, even with relatively high rates of seed-placed P
(Figure 2) (Wagar et al. 1986a). In studies in Alberta, highest barley yields were obtained on
soils with moderate to high concentrations of soil P and moderate applications of P fertilizer
(Table 1) (Nyborg et al. 1999). On very low testing soils, grain yields were lower than on
higher-testing soils, even with very high rates of P fertilization.

The long-term sustainability strategy assumes that P applied to the soil will not be lost from the
system in substantial amounts except through crop removal. It is suited to land that has a long
tenure arrangement and where sufficient capital is available to carry the operation through the
building phases (Kastens et al. 2000). It is also attractive if the present cost of P fertilizer is
lower than anticipated future cost or if applying low cost nutrient sources such as manure.

At very high soil test P levels, a drawdown or depletion approach may be recommended, to
avoid excess expense and to reduce the risk of P movement to water. This may be necessary
where soil P has built up due to excessive applications of manure. In this situation, only low
rates of starter fertilizer would be applied, if any, to reduce the background level of P in the soil.
Starter P may provide a yield response, especially on cold soils, even where background levels of
P are relatively high.
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Figure 2. Yield is a function of both background P fertility in soil and annually applied fertilizer
P (Wagar et al. 1986a).

Table 1. Grain yield of barley with P fertilizer applied to soils with different concentrations of
extractable P at 0-15 cm depth in 60 field experiments in central Alberta (Nyborg et al. 1999).

Extractable Mean P Yield of barley (kg ha™*) with Marginal yield increases
P in soil insoil  No.of _ﬂ_c.mtcs_qt‘.&me_Lz.sthL‘)._ in kg™l !
(mgPkg') (mgPkg') sites 0 17 34 68 17 34 51 68
0-5.5 3.5 8 2253 2846 3062 3275 3354 349 127 125 4.6
5.6-11.0 8.5 13 2454 3031 3255 3410 3437 339 132 9.1 1.6
11.1-16.5 14.0 8 2875 3434 3582 3753 3750 329 8.7 101 -0.2
16.6-22.0 19.0 17 3270 3577 3811 3882 3546 181 13.8 42 -198
>22.0 30.0 14 3283 3320 3389 3530 3571 22 4.1 83 24
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5.2 Use of Soil Testing as the Basis for Selecting Rates of P

Soil testing plays an important part in the selection of P fertilization rate, regardless of whether a
short-term sufficiency or long-term sustainability strategy is used. An effective soil test
measuring the plant-available P in the soil is essential to determine the need for fertilizer
application and estimate the optimum rate of fertilizer application. Different soil testing methods
are available using solutions that selectively extract a portion of soil P that provides an index of
the plant-available P (Table 2).

Calibration studies are needed to determine the relationship between the concentration of P in the
extracting solution, the ability of the soil to supply P to the growing plant, and the probability of
a yield response to the crop under locally relevant field conditions. The calibration studies are
then used to determine if a response to P fertilizer is likely to occur and to estimate the amount of
P that should be applied, based on the P management strategy being used on the farm.

lon exchange resins may also be used to estimate the P-supplying power of the soil (Qian and
Schoenau 2002; Qian et al. 2007; Qian et al. 1992; Schoenau et al. 1993). Two forms of ion-
exchange resins are commercially available. One is in the form of a membrane while the other is
in the form of resin beads that are enclosed in a nylon bag (Figure 3) (Qian et al. 2007). The
resins are organic polymers with a charge that is neutralized by a selected counterion of opposite
charge and so behave much like the cation exchange on a soil colloid. The resins act as a sink to
attract the nutrient ion that is being measured.

Resins can be used in a batch system in a laboratory, where they are placed in an aqueous
suspension with a soil sample and adsorb the ions being released from the soil. Resins can also
be placed directly into the soil in the field to measure both the rate of release of the ions from the
various soil components and their diffusion through the soil to the resin over a specific time.
After the resin has been allowed to adsorb the ions for the selected time period, the resin is
treated with HCI as an eluent to desorb the ions and the concentration of nutrient in the eluent is
measured. As with chemical extractants, calibration is required to relate the measured values
with crop response in the field.

The type of soil test used should be suited to the soil characteristics and calibrated for the
specific region (Table 2) (Carter and Gregorich 2008; Howard 2006). The Olsen test is effective
across a wide range of soils, including high pH calcareous soils, although it may not be suitable
for acid soils, while the Bray test is effective only in neutral to acid pH, non-calcareous soils
(McKenzie et al. 1995b). Kelowna and modified Kelowna tests are also considered effective on
many of the soils in the Northern Great Plains (Ashworth and Mrazek 1995; McKenzie et al.
1995b; Qian et al. 1994).
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Table 2. Summary of soil test phosphorus extraction methods adapted from (Howard 2006).

Analysis method Extractant Comments
Olsen (Sodium Bicarbonate) 0.5 M NaHCO; @ pH 8.5 | - developed in Colorado by Olsen et al.
(1954)

- best suited for neutral and calcareous
soils (Qian et al. 1994)

- process of maintaining pH level,
driving off CO,, and filtering
extractant through activated charcoal
makes the procedure awkward (Qian et
al. 1994)

Mehlich-3

0.2 M acetic acid
0.25 M NH;NO;
0.015 M NH4F
0.013 M HNO;
0.001 M EDTA?

- common method for assessing crop-
available P in the United States

- viewed as reliable on neutral to acid
soils

- studies in North Dakota indicated a
good correlation with Olsen-P
concentrations across a range of pH
levels (Schmisek et al. 1998)

- P values obtained using inductively
coupled plasma (ICP) to measure P in
the extracts are significantly higher
than those obtained using colorimetric
methods (Ziadi and Tran 2008)

Bray-1 (Weak Bray)

0.03 N NH4F
0.025 N HCI @ pH 3.5

- designed for neutral — acidic soils
- not suited for calcareous soils
(Bray and Kurtz 1945)

Bray-2 (Strong Bray) 0.03 N NH4F (Bray and Kurtz 1945)
0.1 N HCI @ pH 1.0
Miller-Axley 0.03 N NH4F - not suited for high pH, calcareous
0.03 N H,SO, soils (Miller and Axley 1956)
Modified Kelowna 0.015 M NH,F - good method for a wide range of soil

(Enviro-Test)®

0.25 M ammonium acetate
0.25 M acetic acid

pH levels in the prairie provinces -
measures available P and K

Modified Kelowna

0.015 M NH,F

- good method for a wide range of soil

(Norwest)° 1.0 M ammonium acetate pH levels in the prairie provinces -
0.5 M acetic acid measures available P and K
(Ashworth and Mrazek 1995)
Kelowna 0.015 M NH,F - suitable for a wide range of soil pH
0.25 M acetic acid levels
Resin Adsorption on anion - can be used with soil samples as a

exchange resin followed by
elution with 0.5 M HCI

laboratory method or buried in the
field for in situ measurement of P-
supply (Qian et al. 2007)

4EDTA is ethylene diamine tetraacetic acid
® Formerly used by Enviro-Test Labs
¢ Formerly used by Norwest Labs
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Figure 3. Diagram of PRS™ membrane probes (a) and UNIBEST resin capsules (b) (Qian and
Schoenau 2002)

Many of the soil testing methods are highly correlated with one another although the amount of
available P measured in the soil test and associated with sufficiency or deficiency will vary with
method (IPNI 2015; McKenzie et al. 1995b). In a study using 214 surface soil samples from
across Manitoba, 51 of which had received manure applications in the past, the relationships
among a wide range of soil P tests were assessed (Kumaragamage et al. 2007). Agronomic
methods were Olsen (O-P), Mehlich-3 (M3-P), Kelowna-1 (original; K1-P), Kelowna-2
(modified and formerly used by Enviro-Test; K2-P), Kelowna-3 (modified and formerly used by
Norwest; K3-P), Bray-1 (B1-P) and Miller and Axley (MA-P), while environmental STP
methods were water extractable (W-P), CaCl, extractable (Ca-P) and iron oxide impregnated
filter paper (FeO-P) methods. The different methods extracted different amounts of P with the
mean amount extracted decreasing in the order M3-P ~ K1-P > K2-P ~ K3-P > B1-P = FeO-P =
MA-P > O-P > W-P ~ Ca-P. However, the various methods were well-correlated with each
other, especially when they contained extractants of similar chemistry, and therefore could be
related to one another using a simple linear model. The regressions were stronger among the
agronomic soil test methods than between agronomic and environmental methods and among the
environmental methods, possibly because the environmental methods extract a smaller amount of
the P and are more sensitive to variations in soil conditions.

Studies in Saskatchewan on soils with various loadings of cattle and swine manure also showed
that modified Kelowna, Olsen extractable, water extractable, and Plant Root Simulator® probes
reflected P additions and were well-correlated with one another (Stumborg and Schoenau 2008).
However, the water-extraction is not generally regarded as effective for measuring labile
reserves of P that are present in less soluble solid phase organic and inorganic forms.

Similarly, in studies on 145 soils across Alberta, resin P, Olsen P and Kelowna P soil tests were
highly correlated, although Olsen extracted less P than resin or Kelowna methods (McKenzie
and Bremer 2003). The Miller-Axley method was poorly correlated with resin P, likely because
it was less effective in soils with high pH levels.
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Even using the same extractants, soil test P concentrations may vary with time of sampling. Soil
samples on the Northern Great Plains are commonly taken in the fall. A study using three
extractants on samples taken from fall to spring on three sites in Alberta showed that soil test P
values varied with the sampling time and extractant (Nyborg et al. 1992). Extractable P
increased to a similar degree for all extractants from early to late fall sampling and through the
frozen soil period, but the values decreased at the spring sampling after soil had thawed.

Another study on 53 sites in Alberta showed extractable P was less in fall- than spring-sampled
soil at most sites, with a greater difference and a poorer correlation between fall and spring
sampling when the samples were taken in early rather than late fall (Malhi et al. 1991). A 24-
year study at Swift Current monitored bicarbonate-extractable P (Olsen P) every autumn and
spring in four cropping systems (Campbell and Zentner 1993). Although there were some
apparent overwinter increases in Olsen P, there were also some decreases and very few of the
overwinter changes were significant, even at the 0.10 probability level. In Minnesota, five sites
ranging in size from 3.7 to 4.4 ha were soil sampled for Bray-1 and Olsen P in the same locations
in a 18.3 x 18.3-m grid either three or four times over a 2-yr period (Lamb and Rehm 2002). One
site showed no pattern and two sites had cyclic patterns where the spring sample values were
greater than the fall. Based on the varying results observed in these studies, it appears that
although soil test P may differ from fall to spring, the change is not consistent and sampling in
late fall should be an acceptable practice.

While soil testing is an important guide to P requirements, it is important to remember that the
response of the subsequent crop to fertilizer P addition is often not precisely related to the soil
test P concentration of the soil. Soil testing will not predict exactly how much to apply, nor will
it assure that a response will be attained every year. Soil test P information is good at estimating
the average probability of response to P application and assessing the accumulation or depletion
of P from a field over time. It is fair at estimating the average relative yield response to P across
similar fields and yields and at estimating the probability of response in a given field and year.
However, a soil test is relatively poor at predicting if a specific response will occur in a specific
field and a specific year. A wide range of factors that vary from year to year and location to
location will modify crop P demand and the availability of P for plant uptake and therefore
influence the relationship between soil test P and crop response. Therefore, P tests should be
used to broadly define levels of P in the soil where crop response to P is highly likely, probable,
or unlikely to occur (Table 3).

Studies across the prairies provinces showed that frequency of statistically significant yield
responses to P fertilizer was higher at lower soil test P levels, but even at very low soil test
levels, some crops did not respond, while at very high soil test levels, some crops did respond
(Figure 4) (Karamanos 2007). In studies conducted in Alberta, resin P, Olsen P and Kelowna P
methods were all related to crop P response, indicating that they all measure potentially plant-
available P (McKenzie et al. 1995b). For Kelowna and the two modified Kelowna methods
(formerly used by Norwest and Enviro-Test) which all use ammonium fluoride and acetic acid in
their extraction solutions, approximately 85% of all wheat, barley, and canola sites responded to
phosphate fertilizer with a two bushel or greater yield when soil test P was less than 10 ppm.
When soil test P concentration was <5 ppm for the Kelowna and modified Kelowna methods,
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approximately 100% of wheat and >80% of barley sites responded statistically to phosphate
fertilizer. The Miller-Axley and Olsen methods did not predict response of wheat and barley as
well when compared to the other methods. None of the methods performed well at predicting
frequency of P response by canola. At a soil P concentration of <5 ppm, only the modified
Kelowna method formerly used by Envirotest had a frequency of canola response of 100% while
the Kelowna, modified Kelowna used by Norwest and Miller-Axley methods were at 50%, and
the Olsen method at 0%.

Table 3. Approximate soil test phosphorus sufficiency ranges? for crop production in Northern
Great Plains soils using various soil testing methods.

Soil Test Method Very Low to Medium Medium to High  High to Excessive
----------------- parts per million (ppm) or mg/kg® -----------------
Olsen (Sodium Bicarbonate) <10 10 to 20 >20
Mehlich-3 <20 20 to 40 >40
Bray-1 (Weak Bray) <15 15t0 25 >25
Bray-2 (Strong Bray) <27 27 to 40 >40
Miller-Axley <13 13to 22 >22
Modified Kelowna (Enviro-Test)° <15 15 to 25 >25
Modified Kelowna (Norwes.t)d <15 15 to 27 >27
Kelowna <15 15t0 30 >30
Water <3 3to5 >5

% Ranges were established using Olsen P calibration data as the base (Hedlin 1962; Karamanos et
al. 2010; Saskatchewan Ministry of Agriculture 2019), then calculating corresponding values
for other soil test methods, based on regression equations from Kumaragamage et al. (2007),
McKenzie and Bremer (2003), Ige et al. (2006), Qian et al. (1994), and McKenzie et al. (1995)
and from information provided in IPNI (2015). These ranges generally define soil test levels
as low to medium, medium to high, and high to excessive, where a crop P response is highly
likely, probable or unlikely to occur, respectively. However, other factors such as
environmental conditions and crop species will also affect the probability of P response.

® To convert soil test P values from ppm or mg/kg to an estimate for Ib/acre for a 6 inch layer of
soil, multiply the ppm values by 2. However, the soil test value in Ib/acre is only an
approximation of soil test extractable P for determining whether the soil’s P fertility is low,
medium or high and is not an estimate of the total quantity of P available to crops.

¢ Formerly used by Enviro-Test Labs

4 Formerly used by Norwest Labs
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Figure 4. Percentage of sites responding to phosphorus application at various Olsen-P soil test
ranges (Karamanos et al. 2010). Of the 47 sites, 5 sites tested less than 5 ppm, 14 sites tested
between 6 and 10 ppm, 20 sites tested between 11 and 15 ppm, 4 sites tested between 16 and 20
ppm and 4 sites tested 21 ppm or more.

Availability of soil P for crop uptake and the response of a crop to P fertilization depends on
many factors, including the forms and amounts of P present in the soil, temperature and
moisture, crop type, crop yield potential and microbial interactions. Therefore, response to P
fertilization will vary from year to year even at the same site, depending on environmental
conditions. In a long-term study at Swift Current, SK., when spring wheat was seeded on stubble,
there was an average increase of about 2 bu/acre to seed placement of 20 Ib P,Os/acre while on
summer fallow, the increase averaged 4 bu/acre (Figure 5) (Campbell et al. 2005; Roberts et al.
1999). However, the response varied substantially from year to year, from a slight negative
response to as much as 16 bu/acre for fallow wheat and 9 bu/acre for stubble wheat. Similarly,
in southern and south central Alberta, in a study including 427 research sites (145 wheat, 159
barley and 123 canola) yield increases with P application to wheat and barley were more
frequent on fallow than on stubble sites (McKenzie et al. 1995b). Yield responses to phosphate
tended to be greater on fallow than stubble for wheat and barley, while canola was equally
responsive on both fallow and stubble.

P Fertilizer Rates page 13



a) Wheat on fallow

2000
£ ‘Tm1600
= c
O O
w X
- S~
L @
&) N Mean = 339
£ =
T 5
QL
> o
I~ o I~ o M~ o ~ o
O P~ I~ e8] (e 0] (o] [e)] (o]
(o)} (o] (o] D (o] (o)) e)) o
- -— -— ~ — ~— ~— (9]
Year
b) Wheat on stubble
2000
£ <, 1600
=
2 21200
8
5 _g 800
c = Mean = 188
s T 400
Qo
> o 0
-400
M~ (9] I~ o ~ o I~ ()]
(<] M~ M~ 0 [e0] (®)] ()] o
()] (o] D (o] D (®)] (o] (@]
-— - ~— ~— ~— ol - [a]

Year

Figure 5. Spring wheat response to annual applications of seed-placed P fertilizer at a rate of 20
Ib P,Os/acre on stubble and fallow in a fallow-wheat-wheat rotation at Swift Current, SK from
1967 to 1998 (Campbell et al. 2005).

Similarly, in a 72-year study (1930 to 2002) conducted using a fallow-wheat-wheat system in
Scott, SK., response to fertilizer P varied considerably, depending on the environmental
conditions (Table 4) (Brandt 2007). The 24 driest years (May-July precipitation averaging 4.25
in.), 24 near normal years (May-July precipitation averaged 6.25 in.), and the 24 wettest years
(May-July precipitation averaged 8.36 in.) were compared for the response of spring wheat to P
fertilizer additions of 30 Ib P,Os/acre. The absolute yield increase was greatest in the wettest
years and lowest in the average years, but on a percentage basis, the response was largest in the
driest years. Phosphorus fertilizer helped the crop to use water efficiently during dry years and
to take advantage of the higher yield potential during wetter years.
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Table 4. Crop yield response to fertilizer P addition to wheat grown on fallow near Scott, SK
(Brandt 2007).

Check, P added, Gain, Gain,
Treatment bu/A bu/A bu/A %
24 driest years 18.7 241 54 29
24 average years 241 28.6 4.5 19
24 wettest years 31.2 38.7 7.5 24

5.3 Selecting Rate of P Application in the Long-Term Sustainability Strategy

In a long-term sustainability strategy, the soil test level is an important part of the decision to
build, replace or draw down the P in the soil. The level of soil P below which a yield response to
fertilizer P application is likely to occur is often referred to as the critical level or critical
threshold. Phosphorus fertilizer applications are used very inefficiently in the year of application
when soil test P concentration is much above the critical value (Syers et al. 2008). A long-term
sustainability strategy would aim to target a soil P level near the critical threshold, that may
range from approximately 15 ppm (Malhi et al. 1993) to over 30 ppm (McKenzie et al. 2003b;
McKenzie et al. 2001b) in the Northern Great Plains.

With very low levels in the soil, building of soil test P may be desirable to ensure that crop
supply is optimized. The P can be built up slowly over time, with small surplus applications of P
fertilizer applied annually or during specific phases of the crop rotation. The approach of slowly
building up a low soil P status soil to a satisfactory level will usually be economically viable,
since low rates of applied P are generally used efficiently (Syers et al. 2008).

The rate of fertilizer required to build soil test P will depend on the amount of crop removal and
the P buffering capacity of the soil. The amount of P that a crop requires depends on the crop
species and the crop yield potential. Different crops have different levels of P uptake and
different P removal rates, depending on the concentration of P on the tissue (Table 5). For
example, canola has a greater total uptake and total removal of P in the harvested grain per
bushel or kg than cereal crops (Heard and Hay 2006; Kalra and Soper 1968; Malhi et al. 2006;
Malhi et al. 2007; McKenzie et al. 1995b; Racz et al. 1965). As the yield potential of the crop
increases, the total amount of P needed to support crop growth as well as the amount of P
removed in the harvested portion will also increase, although the change will not necessarily be
linear. The amount of P that must be applied to build soil test concentrations will increase with
greater crop removal. Conversely, depletion of excess P will also be more rapid with greater
crop removal.
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Table 5. Phosphorus uptake and removal (Ibs per unit of yield) for a range of crops®.

Uptake Removal
Crop Unit Min Max Prairies Min Max Prairies

for Yield - Ib P,O5
Spring wheat  Bushel 0.73 0.88 0.68 0.53 0.65 0.51
Barley Bushel 0.50 0.61 0.33 0.38 0.46 0.29
Oats Bushel 0.36 0.45 0.27 0.26 0.28 0.23
Canola Bushel 1.31 1.63 0.87 0.94 1.14 0.68
Faba Beans Bushel 1.78 2.19 - 1.10 1.34 -
Flax Bushel 0.75 0.92 0.71 0.58 0.71 0.64
Lentil Bushel 0.76 0.92 - 0.60 0.66 -
Peas Bushel 0.76 0.92 0.53 0.62 0.76 0.44
Corn Bushel 0.57 0.69 0.46 0.39 0.48 0.39
Sunflowers CWT 1.15 1.40 1.90 0.70 0.90 1.20
Soybeans Bushel 1.10 1.32 1.37 0.80 1.00 1.17
Dry Beans CWT - - 1.39 1.40 1.40 1.12
Potatoes CWT 0.15 0.18 0.18 0.08 0.10 0.16

% Low and high values are estimates from the Canadian Fertilizer Institute (CF1 2001) and values
for Canadian Prairie crops are from Heard and Hay (2006). Values for lentils and faba bean are
from https://saskpulse.com/files/general/160401_ Phosphorus_management for_ pulses2.pdf,
accessed March 25, 2019). It is important to note that these values are strongly affected by crop
yield potential, genetics and environment. Much of the data contributing to this table was
collected using older cultivars and management practices. Efforts are currently underway to
update uptake and removal values using more current information.

A 39-yr study at Swift Current evaluating wheat production in a continuous wheat and a fallow-
wheat-wheat rotation that received either P only or N plus P showed that changes in Olsen P over
time in a long-term cropping study largely reflected the balance between P addition and P
removal in the crop (Figure 6) (Selles et al. 2011; Selles et al. 2007). Factors that increased P
removal, including moving to continuous cropping, favourable moisture and increased use of N
fertilizer, led to a trend towards lower Olsen P in the soil (Selles et al. 1999).

When the removal of P by the crop is large, due to high yields or high P concentrations in the
harvested material, higher rates of P application will be required to maintain critical soil P
values. Regular soil testing as infrequently as every 4 or 5 years can be used to assess the
effectiveness of the program. However, annual testing is the most reliable method to track trends
in soil test P.
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Figure 6. Soil test P values reflect the balance between P input and P removal in the crop in long-
term studies at Swift Current, SK (Selles et al. 2011).

Ideally, the P fertilizer in a gradual building program should be managed to optimize efficiency
by seed-placing or banding near the seed-row. However, in a crop rotation that includes crops
with high sensitivity to seed-placed fertilizer, it may not be possible to apply enough P with the
seed to both optimize crop yield and replace or increase background soil P (Table 6). In that
case, other options such as banding P away from the seed-row or increasing rate of P application
in less sensitive crops should be considered.

Table 6. Phosphorus balance for moderate crop yields of selected crops, using maximum
recommended safe rates of seed-placed fertilizer from the Manitoba Soil Fertility Guide (Grant
2012).

Crop Yield P Removal  Limit for Seed-Placed P Balance
(bu/acre) (Ib P,Os/acre) (Ib P,Os/acre) (Ib P,Os/acre)

Wheat 40 29 50 +21
Canola 40 40 20 -20
Soybeans 40 32 10 -22
Barley 80 38 50 +12

Flax 32 20 20 0

Peas 50 38 20 - 18
Oats 100 29 50 21
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Alternatively, if low cost sources of P are available, it may be desirable to add a larger amount of
P, to more quickly increase the soil test P concentration. Studies in Saskatchewan and Manitoba
demonstrated that single large applications of P fertilizer could increase the level of plant
available soil P for many years (Bailey et al. 1977; Read et al. 1977; Read et al. 1973; Wagar et
al. 1986a; Wagar et al. 1986b). Application of livestock manure to satisfy crop N requirements
will also lead to a P surplus for the subsequent crop and increase soil test P over time. Situations
occur across the Northern Great Plains where long-term annual applications of manures to satisfy
N requirements have led to excess concentrations of P in the soil. If excess concentrations of P
accumulate in the soil it is desirable to deplete the soil reserves, to reduce the environmental risk
of P loss to runoff. Once the critical concentration is established, either by building or depleting
P reserves, replacing the P removed in the harvested crop will maintain soils near the critical
value for the soil type and farming system.

The amount of P fertilizer required to build or maintain soil test P level will vary from soil to soil
and may be greater or less than crop removal. For example, unpublished research by Dan
Kaiser, at the University of Minnesota shows that in some soils, soil test P can be maintained by
applying rates of fertilizer P that are less than crop removal (https://mawrc.org/wp-
content/uploads/2017/02/0.2-Kaiser-Fertilizer-Recommendations-Update.pdf). Conversely, in
studies in Colorado on irrigated alfalfa stands at a location having low to medium available-P
status, 2.2 times the P removed by the alfalfa was required to maintain the Olsen-P concentration
while at a location with medium to high available-P status only 1.4 times the removed P was
required (Fixen et al. 1983). Greater amounts of P fertilizer must normally be applied on high
pH or calcareous soils to build or maintain soil test P levels, because of formation of sparingly
soluble calcium phosphates. In studies conducted across the prairies, application of increasing
rates of P at 0, 40, 80, or 160 Ib P,Os/acre/year (0, 20, 40 or 80 kg P/ha/yr) increased Olsen-P
concentration to a greater extent on low pH, coarse textured soils than on high pH, fine-textured
soils (Figure 7) (Grant et al. 2014; Mohr et al. 2016). For example the rate of surplus P (P
applied as fertilizer minus P removed by crop harvest) to raise Olsen P by 1 ppm varied from
approximately 20 Ib P,Os/acre on coarse-textured soil near Carman to 37 Ibs P,Os/acre on clay
loam soil near Brandon. Depletion was also more rapid on the low pH, coarse textured soils
when P input was terminated. The rate of change in Olsen-P when P fertilization ceased was also
greater when P had been increased to high concentrations with preceding fertilizer applications.

5.4 Selecting Rate of P Application in a Short-Term Sufficiency Strategy

If the short-term sufficiency strategy is selected, a soil test will provide an indication of the
likelihood of a response to P application and an estimation of the rate of P required to optimize
crop yield in the year of application. The rate of fertilizer application required to optimize crop
growth will depend on the ability of the plant to access P from the soil, especially during the
early stages of growth, when cold soil restricts soil P release and plant root growth. If the soil
supply of P is high enough to provide an adequate supply of P to the plant throughout the
growing season, the rate of P application can be reduced or eliminated. If the soil is deficient in
P, fertilizer applications can be used to provide supplemental P to the plant as it is required,
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particularly early in the growing season. The rate of P required to optimize crop yield is usually
within a narrow range, from about 10 to 50 Ib P,Os/acre (5 to 25 kg P/ha) for small grains,
oilseed and pulse crops.
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Figure 7. Response of Olsen-P concentration in the surface 6 inches (15 cm) of soil to
cumulative rates of fertilizer P applied to a durum-flax rotation at 6 sites over an 8-year period.
Left graph shows Olsen P in the surface soil at the end of 8 years of P fertilization, while the
right graph shows the change in Olsen P after 3 additional years of cropping with no additional
fertilizer added. Study was conducted for a total of 11 years, with fertilizer added for 8 years and
not added for the next 3 years (Grant et al. 2014).

The likelihood of a P response to fertilizer application increases as the concentration of plant-
available P in the soil decreases. The concentration of soil P below which a yield response to
fertilizer P application is likely to occur is often referred to as the critical concentration. As
mentioned previously, critical thresholds for P in the Canadian Prairies have been reported from
around 15 ppm (Malhi et al. 1993) to over 30 ppm (McKenzie et al. 2003b; McKenzie et al.
2001b). Manitoba data that evaluated the frequency of response of crops to P application at
various Olsen P ranges showed that that the probability of a response to P application dropped to
just over 50% when the Olsen test P was around 12-18 ppm (Table 7) (Hedlin 1962).

Table 7. Response of cereals and hay to phosphorus as related to Olsen soil test phosphorus in
Manitoba (Hedlin 1962).

Available P Number of Experiments % Responding to Fertilizer P
(ppm Olsen soil test P)

0-5 (Very Low) 15 100

5-12 (Low to Medium) 50 62

12-18 (Medium to High) 16 56

>18 (High to Very High) 14 29

Overall 95 63
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Saskatchewan recommendations indicate similar effects of soil test P with the probability of
response and recommended rate of P application decreasing as soil test P concentrations increase
(Table 8).

Table 8. Banded fertilizer P recommendations and probability of yield response in
Saskatchewan, as affected by soil test P level on dryland fields with average moisture conditions
(adapted from https://www.saskatchewan.ca/business/agriculture-natural-resources-and-
industry/agribusiness-farmers-and-ranchers/crops-and-irrigation/soils-fertility-and-
nutrients/phosphorus-fertilization-in-crop-production, accessed May 3, 2019)

Soil TestP  Recommended Rate of P fertilizer Probability of a Yield Response

(ppm) (Ib P,Os/acre) (%)
0-5 35-40 >75
5-10 25-30 50-75
10-15 20-25 50
15-30 15-20 25-50
>30 5-10 <25

In field experiments conducted at 60 sites in central and north-central Alberta to determine the
yield response of barley to P fertilizer on soils with different concentrations of extractable P in
the 0-15 cm soil layer, crop yield in the unfertilized plots and the frequency of response to P
application were related to the soil test P concentration (Nyborg et al. 1999). The yield of
unfertilized plots increased and the yield response and economic return from P fertilization
decreased with increasing concentration of extractable P in soil. On soils with extractable P
greater than 22 ppm, P application did not provide an economic benefit.

At research trials in 154 locations across southern and south-central Alberta that included studies
on wheat, barley and/or canola for a total of 427 site-years of data, soil test P was also a good
predictor of probability of a response to P application. Approximately 85% of all wheat, barley,
and canola sites responded with a two bushel per acre or greater response to added phosphate
fertilizer when soil test P, as measured by the Kelowna, Norwest and Saskatchewan methods,
was less than 10 ppm (McKenzie et al. 1995b). At a soil test P concentration of <5 ppm,
approximately 100% of wheat and >80% of barley sites responded to fertilizer. Conversely, the
frequency of yield response by canola was not well-related to soil test P levels.

Determination of a critical concentration will also depend on the criteria used to determine
responsiveness. For example, in studies in Alberta, 60% of wheat sites, 70% of barley sites and
60% of canola sites responded to P fertilizer at soil test P concentrations above 30 ppm based on
a two bushel yield increase while 20% of wheat sites, 30% of barley sites and 15% of canola
sites responded based on statistical analysis (p<0.05) (McKenzie et al. 1995b). Statistically
significant reductions in yield at high rates of fertilizer application were observed at 2.5% of all
sites, while yield declines of more than 4% were observed at 12% of all sites. This study
indicates a high probability of response to P fertilizer even at relatively high soil test P levels
based on a two-bushel yield increase and a lower probability of response at high soil test levels
based on statistical analysis.
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On responsive soils, crop yield will increase with P application until the crop demand for P is
satisfied, with no further yield response attained when P applications are increased further.
Choice of regression model and whether to use absolute yield increase or relative yield (yield
relative to highest yielding treatment) as a criterion for selecting optimal rate of application can
make a large difference in the final rate and critical concentration for P application selected
(Howard 2006).

Likelihood and magnitude of a response to P will tend to increase with the yield potential of the
crop. In field studies conducted in Manitoba over six site-years on soils containing low to
moderate levels of soil P, the magnitude of response and the rate required for maximum yield
was greatest in the site-year with the greatest yield potential (Grant et al. 2009). In a 42-year
field study at Swift Current, evaluating N and P management in a fallow-wheat-wheat and
continuous wheat rotation, the response of spring wheat to P fertilizer varied considerably from
year to year and was highly dependent on available water (Zentner et al. 2010). Spring wheat
responded to P application about 80% of the time in the fallow rotation and about 60% of the
time in the continuous cropping system, reflecting the higher available moisture and yield
potential when wheat was preceded by summer fallow. Greater mycorrhizal colonization under
the continuous cropping system as compared to the fallow system may also have increased plant
access to soil P and reduced the likelihood of response to P applications (Grant et al. 2005;
Hamel and Strullu 2006). Benefits from P fertilizer may increase with balanced N fertilization, if
the N fertilizer increases the yield potential of the crop. In a study including 20 sites, significant
barley yield increases with P application occurred in five sites (McKenzie et al. 2004b). At two
of the five responsive sites, yield response to P was higher where N fertilizer was applied than in
its absence. Similarly, in studies with winter wheat in Manitoba, yield response to P fertilizer
increased with increasing rates of N fertilizer (Grant et al. 1985).

Placement of P can have a large effect on optimum rate of P application, with broadcast
application requiring several-fold higher rates than seed-placed or banded P applications to
achieve similar yields, particularly on low-testing soils (Bailey and Grant 1990; Kaiser et al.
2005; Malhi et al. 2001a; Malhi et al. 2001b; Peterson et al. 1981; Read et al. 1977; Read et al.
1973; Richards et al. 1985; Sheppard and Bates 1980; Sheppard and Racz 1985; Soon 1997,
Wagar et al. 1986a). A small amount of P placed near the seed-row may be able to satisfy the
crop requirements for early season P until the roots have grown to access adequate P from the
bulk soil (Grant et al. 2001). These starter effects from small amounts of P placed close to the
seed can occur even on soils with relatively high soil test P concentrations (McKenzie et al.
2003a; Morden 1986; Wagar et al. 1986a). A minimum rate of P application will be required to
ensure that individual plants have access to a fertilizer granule or droplet in a timely fashion,
based on the physical distribution of the fertilizer. Reducing the rate of application to extremely
low levels limits the number of granules applied and reduces the probability of a seeding root
contacting the fertilizer. However, with sensitive crops such as canola or flax, placement of high
rates of monoammonium phosphate or ammonium polyphosphate (MAP or APP) in or too close
to the seed-row can reduce stand and limit yield response (Nyborg and Hennig 1969; Qian et al.
2005; Sadler 1980; Schoenau et al. 2005; Urton et al. 2012; Urton et al. 2013). Placement will
not always make a large difference in response, particularly on soils with moderate to high levels
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of available P. For example, in studies in Colorado, on a medium-testing P-responsive soil,
increases in no-till winter wheat were similar whether the fertilizer was broadcast, broadcast and
incorporated, placed near the seed-row or deep-banded (Halvorson and Havlin 1992).

5.5 Differences in P Response among Crops

If a short-term sufficiency strategy is used for selecting P application rates, differences among
various crops in their responsiveness to P application must be considered. Different crops have
different requirements for P and different strategies that affect their ability to use soil P and their
response to fertilizer P. As discussed in Chapter 2, plants may increase root development and
root proliferation, exude organic acids or phosphatases, or form associations with mycorrhizal
fungi to improve access to P. The ability of the crop to use the various strategies for P access
will influence its ability to utilize the P it needs, both from the soil or from the fertilizer
application. Therefore, P fertilization requirement and yield response to P fertilizer of a crop
will depend both on the total amount of P needed by the plant and its ability to access it from the
soil at the time it is required.

5.5.1 Small Grain Cereal Crops

Cereal crops such as wheat, oats and barley tend to have a slightly lower uptake and removal of
P on a per bushel or tonne basis than do oilseed crops, soybean, and some pulse crops (Table 5).
The cereal crops will form mycorrhizal associations, but do not tend to be highly dependent upon
mycorrhizae for P access in agricultural systems (Dai et al. 2014; Smith et al. 2015). They are
able to proliferate their roots (intensify root growth) to a moderate degree when they contact a
concentrated area of P, increasing their ability to extract P from the fertilizer band (Kalra and
Soper 1968; Strong and Soper 1973; Strong and Soper 1974a; Strong and Soper 1974b). Small
grain cereal crops are able to use both fertilizer P and soil P effectively, with fertilizer P usage
dominating during early growth and uptake from the soil reserves dominating later as the root
system expands (Kalra and Soper 1968; Mitchell 1957; Mitchell et al. 1953; Mitchell et al.
1952). In early studies on wheat, barley and oats on low-P soils in Saskatchewan, grain yield, P
accumulation and the proportion of P derived from fertilizers all increased as the rate of P
application increased, with oats and barley being more responsive to phosphate than wheat
(Mitchell 1957; Mitchell et al. 1953; Mitchell et al. 1952).

In field studies conducted in the 1960s in Manitoba, accumulation of P and response to fertilizer
P was moderate for wheat, being less than for rapeseed and greater than for flax (Racz et al.
1965). Field studies in Alberta in the 1960s also showed increases in barley yield with increasing
rates of P fertilizer to 40 Ib P,Os/acre (20 kg P/ha) with only minor increases when P rate was
increased to 160 Ib P,Os/acre (78 kg P/ha), regardless of fertilizer placement (Nyborg and
Hennig 1969). Studies with barley on 60 sites in Alberta showed that barley yield increased with
increasing rate of P fertilizer to about 60 Ib P,Os/acre (30 kg P/ha) on very low-testing soils
(Nyborg et al. 1999). As the soil test P values increased, the magnitude of response and the
amount of P required to maximize yield decreased, with small and infrequent response at soil test
concentrations above 22 ppm. In studies in Alberta, frequency of response to fertilizer P was
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greater in wheat and barley than canola (McKenzie et al. 2003a). The greatest probability of a
yield increase occurred for the first 13 Ib P,Os/acre (6.5 kg P/ha) increment of fertilizer,
especially at low soil test P levels. Wheat was more likely than barley or canola to respond to a
second increment of P on the low-testing soils, while none of the crops were likely to respond to
a third 13 Ib P,Os/acre (6.5 kg P/ha) increment, regardless of soil test level. In later studies with
barley, maximum response to P addition increased with decreasing soils test P, but a small
response could still occur even at high soil test P values (McKenzie et al. 2004b). Studies in
Alberta conducted on soils with extractable soil P from 7 to 31 ppm showed there was no
statistically significant response for a range of malting barley cultivars to P fertilizer addition,
although there was a trend for an economic response (p<0.2) at 29% of sites to the lowest rate of
application (McKenzie et al. 2005). Responses were not correlated with extractable soil P.

In Manitoba, oat yield increased with P application in two of six site-years (Mohr et al. 2007a).
Response was not directly related to soil test P, but was most likely to occur on the seasons with
a cool, dry spring. Yield increased with 26 Ib P,Os/acre (13 kg P/ha) at one location and
increased further with 52 Ib P,Os/acre (26 kg P/ha) at the second location. Studies with oats in
Saskatchewan also showed a small yield response of oats to 13 Ib P,Os/acre (6.5 kg P/ha) on
low-P soils, but no further increase when rate was raised to 26 Ib P,Os/acre (13 kg P/ha) (May
and Lafond 2007).

In field studies in Manitoba on soil ranging from 16 to 23 ppm Olsen-P, durum wheat yield
increased with banded applications of 22 Ib P,Os/acre (11 kg P/ha) (Grant and Bailey 1998).
When fertilizer was broadcast, grain yields were generally lower than with banded applications
of P. Increasing the rate of broadcast P from 22 to 44 Ib P,Os/acre (11 to 22 kg P/ha) increased
yield numerically in most site-years, although the effect was rarely significant. As broadcast
applications are used less efficiently than banded applications, higher rates of P application may
be needed to optimize yield when fertilizer is broadcast rather than placed near the seed-row.
Field studies with durum wheat in Saskatchewan showed an increase in durum wheat yield to 17
Ib P,Os/acre (8.5 kg P/ha) with no further increase when rate was increased to 34 Ib P,Os/acre
(17 kg P/ha) under drier than normal conditions and a similar trend when rainfall was high (May
et al. 2008). In a three-year field study in Manitoba on a soil with Olsen-P of 26 ppm,
application of 26 Ib P,Os/acre (13 kg P/ha) had no effect on durum wheat yield grown under
either no-till or conventional tillage management (Gao et al. 2010).

Grain yield of two winter wheat cultivars grown under no-till in Manitoba increased with
increasing rate of P fertilizer from 0 to 22 to 44 Ib P,Os/acre (0 to 11 to 22 kg P/ha) applied in
the fall with the seed (Grant et al. 1985). In Saskatchewan, no-till winter wheat yield increased
with P applications if soil test P concentrations were lower than 15 ppm (Lafond et al. 2001).
Other field studies in SK showed that yield of winter wheat grown on chemical fallow increased
with P application where available moisture was favourable and soil test P was low to moderate
(Campbell et al. 1996). In Colorado, yield of no-till winter wheat at sites with moderate soil test
P levels increased with increasing P rate up to 200 Ib P,Os/acre (101 kg P ha™ %), with similar
effects if the fertilizer was broadcast and left on the surface, broadcast and disk-incorporated,
banded near the seed-row or deep-banded (Halvorson and Havlin 1992) .
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On irrigated soft white spring wheat fields in southern Alberta, soil test P concentrations are
commonly medium to high, often between 25-35 ppm (Modified Kelowna) but economic yield
increases are still observed at 50 to 75% of sites (McKenzie et al. 2008). In studies on sites with
extractable soil P concentrations ranging from 25-60 ppm, only two of nine sites had a
significant response to P fertilizer (average yield gain of 9%), but economic yield gains occurred
at six of the nine sites. The site with very high extractable soil P had no yield gain from P
fertilizer addition. Average grain yield was 5% higher for the three highest P rates, compared to
the two lowest rates, so the optimum P fertilizer rate for irrigated soft white spring wheat in
southern Alberta was about 25 Ib P,Os/acre (13 kg P/ha) unless extractable soil P was very high.

The uptake and removal of P by corn on a per bushel or tonne basis is similar to that of the small
grain cereal crops (Table 5), but because the biomass yield and grain yield tend to be higher, the
total uptake and removal of P per acre will also be greater. Corn tends to be very dependent
upon mycorrhizal associations for optimum P nutrition, particularly in soils that are low in
available P (Bittman et al. 2006; Grant et al. 2005; Miller 2000; Rogalsky 2017a). Effective
colonization by AMF can increase the ability of corn to access P (Miller 2000). Practices that
decrease AMF, such as fallow or intensive tillage or a non-mycorrhizal preceding crop can
reduce mycorrhizal colonization in corn and increase the requirement for P application (Bittman
et al. 2006; Gavito and Miller 1998; Grant et al. 2005; Hamel and Strullu 2006; Lu and Miller
1989; McGonigle et al. 1999; Miller 2000). In studies conducted near Agassiz, BC, corn showed
early-season P deficiency when the level of AMF colonization was low due to previous summer
fallow (Bittman et al. 2006). The early-season P deficiency symptoms in poorly colonized corn
were reduced by application of starter P fertilizer. Effects of colonization and starter P on
biomass yield were additive, both being required for maximum yield, even on soils with high soil
test P.

Corn that is grown after either canola may also require additional starter P applications to ensure
optimal yield. Canola is a non-mycorrhizal crop widely grown in western Canada. As a non-
mycorrhizal crop, canola will tend to reduce mycorrhizal colonization of crops that follow it in
the rotation (McGonigle et al. 2011; McGonigle et al. 1999; Miller 2000; Monreal et al. 2011).
Studies in Manitoba evaluated the response of corn to P applications after a mycorrhizal
(soybean) and a non-mycorrhizal (canola) crop (Rogalsky 2017b). Although preceding crop did
not have a significant effect on AMF colonization measured at V6, early-season biomass and
tissue P concentration response of corn to starter P was greater in corn after canola than in corn
after soybean, indicating that there may have been early-season differences in AMF colonization
that dissipated by V6 or that the activity of the AMF was greater after soybean than after canola.
Starter P advanced maturity, as indicated by earlier silking dates for corn after both crops and
reduced grain moisture at harvest for corn after canola. The high rate of monoammonium
phosphate (MAP) increased grain yield by 15.4 bu per acre (770 kg/ha) compared to the
unfertilized control. Similarly, in field studies in Quebec, if AMF was inhibited by fungicide,
corn yield was more responsive to starter P application than where AMF was not inhibited
(Landry et al. 2008).
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5.5.2 Canola (Rapeseed)

Canola is a heavy user of P with a larger uptake and removal on a per bushel or tonne basis than
cereal crops such as wheat or barley (Table 5). With the high yields obtained by modern canola
cultivars, crop removal on a per acre basis can be substantial. However, canola is also very
effective at extracting P from the soil and at utilizing fertilizer P.

Unlike most crops in the Northern Great Plains, canola (rapeseed) does not form mycorrhizal
associations (McGonigle et al. 2011; Miller 2000; Monreal et al. 2011). However, canola has
other strategies to increase its ability to access P from the soil. Canola has fine roots with many
root hairs and will respond to P deficiency by decreasing the root diameter and increasing the
number of root hairs and root hair length to increase the ability to take up P from the soil solution
(Brewster et al. 1976a; Brewster et al. 1976b; Foehse and Jungk 1983). Canola can also acidify
its rhizosphere under phosphorus deficiency through the exudation of organic acids, increasing P
availability (Hoffland 1992; Hoffland et al. 1989a; Hoffland et al. 1989b). In studies at two
locations in Alberta, canola roots lowered rhizosphere pH by as much as 0.8 units and had a
greater ability to extract P from the soil than did wheat (McKenzie et al. 1995a). Canola is also
very effective at utilizing fertilizer P. Canola will proliferate its roots in areas of high P
concentration, increasing its ability to extract the P from a fertilizer reaction zone (Strong and
Soper 1974a). As aresult, canola can use a higher proportion of fertilizer P than crops such as
oats, flax or soybean, particularly during early stages of growth (Kalra and Soper 1968).

Due to its large demand for P and its ability to use fertilizer P effectively, canola (rapeseed) will
respond well to fertilizer applications on P-deficient soils. In field studies conducted in the
1960s in Manitoba, rapeseed accumulated more P and showed a greater yield response to P
fertilization than did wheat (Racz et al. 1965). However, in studies in Alberta, frequency of
response to fertilizer P was greater in wheat and barley than in canola, possibly because canola
was very effective at accessing soil P (McKenzie et al. 2003a). In the Alberta studies, all three
crops responded well to the first 13 Ib P,Os/acre (6.5 kg P/ha) increment of fertilizer, especially
at low soil test P levels. The likelihood of response to the next increment of fertilizer was lower
for canola than for wheat, while response to the third 13 Ib P,Os/acre (6.5 kg P/ha) increment
was low for all crops and soil test levels.

Canola can effectively use soil P if soil test P values are adequate, so response to fertilizer P will
decline as soil test P concentrations increase. In early soil test studies in Manitoba, canola
(rapeseed) responded to P fertilizer if the Olsen soil test concentration was less than 10 ppm
(Soper 1971). In later studies conducted in Manitoba and Saskatchewan over three years, canola
responded to P fertilizer applications in 6 of 9 site-years, including at all sites where Olsen P was
less than 10 ppm and at 1 of 4 sites between 10 and 14 ppm (Mohr et al. 2013). In other field
studies in Manitoba, seed yield of canola increased with P application at four site-years where
the soil test levels were low and not at the two site-years with the highest soil test values (Grant
et al. 2009). Yield was optimized with 22 Ib P,Os/acre (11 kg P/ha) where soil test levels were
moderate and only increased with the next increment of P fertilizer where available soil P was
very low. Other studies in Manitoba and Quebec showed that P fertilization increased early
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season growth in 3 of 5 sites that tested low in P, but increased seed yield at only 1 site (Bélanger
et al. 2015).

Modern hybrid canola cultivars have significantly higher yield potential than older open
pollinated cultivars. They tend to require higher levels of fertilizer N, but similar levels of
fertilizer P and S to optimize yield, as compared to the conventional cultivars, indicating that
they are more effective at using soil and fertilizer P than the lower-yielding open pollinated
cultivars (Karamanos et al. 2005). The superior ability of the hybrid canola cultivars to
“scavenge” P from the soil may affect P availability for following crops in the rotation.

Canola is sensitive to seed-placed fertilizers and high rates of monoammonium phosphate (MAP)
or ammonium polyphosphate (APP) placed in the seed-row can lead to seedling damage and
yield reduction (Bailey and Grant 1990; Grant 2013; Grenkow et al. 2013; Nyborg and Hennig
1969; Qian et al. 2005; Qian et al. 2006; Schoenau et al. 2005). If high rates of P are needed to
optimize crop yield, moving the fertilizer away from the seed-row by side-banding, mid-row
banding or deep-banding should be considered.

5.5.3 Flax

Phosphorus fertilization of flax can be problematic, as flax responses to P fertilizer are usually
small or non-existent (Racz et al. 1965). In addition, flax tends to be highly sensitive to seed-
placed fertilizer and applications of moderate amounts of P with the seed can lead to severe stand
reduction (Bailey and Grant 1989; Nyborg and Hennig 1969). Application of P fertilizer is often
not used effectively by flax unless it is placed within 1 to 2 inches (2.5 to 5.0 cm) of the seed-
row (Bailey and Grant 1989; Sadler 1980). Even if fertilizer P is placed near the seed-row,
fertilizer responses of flax are often small (Grant et al. 1999; Grant et al. 2009; Lafond et al.
2003a; Lafond et al. 1998; Lafond et al. 2003b; Malhi et al. 2008; McAndrew 1999).

The poor ability of flax to respond to fertilizer P may relate to the limited ability of flax to
proliferate roots in regions of high P concentration, which restricts the ability of flax to extract P
from a fertilizer reaction zone (Strong and Soper 1973; Strong and Soper 1974a). In greenhouse
experiments, mixing phosphorus fertilizer with a portion of the soil to increase the area of the
soil fertilized increased the ability of flax to use the fertilizer, as compared to application of the
fertilizer in a pellet, presumably by increasing the volume of fertilized soil that could be
contacted by the flax roots (Soper and Kalra 1969). Because of its limited ability to proliferate
roots in regions of high soil P concentration, flax tends to be more reliant on P uptake from the
bulk soil than from fertilizer applications (Kalra and Soper 1968; Strong and Soper 1974a). In
greenhouse radiotracer studies, P uptake from both fertilizer applications and the bulk soils by
flax was lowest among 12 crops studied while the ratio of soil to fertilizer P absorption was
greater than in any crop, except for soybean (Kalra 1971). However, in these pot studies, the
uptake of P by flax from the bulk soil may have been inhibited by the lack of mycorrhizal
associations in the highly disturbed soil.

The ability of flax to extract P from the bulk soil may be enhanced by mycorrhizal associations.
Flax is highly dependent upon mycorrhizal associations and its growth can be negatively affected
when following a non-mycorrhizal crop such as canola (Grant et al. 2009; Khakbazan et al.
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2009; McGonigle et al. 2011; Monreal et al. 2011). In field studies in Manitoba, flax following
canola had less early season growth, mycorrhizal colonization and P accumulation than flax
following wheat (Grant et al. 2009; McGonigle et al. 2011). Increasing the rate of P fertilizer
either in the preceding crop or in the flax did not increase seed yield of flax grown on canola,
compared to that of flax grown after wheat, indicating that the depressive effect of canola could
not be corrected by extra P fertilization (Grant et al. 2009).

As a result of these challenges, the probability of an economic response to P application in flax is
low, except on very low P soils. Nevertheless, Manitoba recommends application of 30 to 40 Ib
P,Os ac™t if the fertilizer can be side-banded or placed below the seed-row
(https://www.gov.mb.ca/agriculture/crops/production/flax-and-solin/print,index.html, accessed
November 3, 2018). However, some regions do not recommend P fertilization of flax and,
instead, suggest a long term sustainability strategy for managing P fertility for flax fields, by
increasing rates of P fertilization for other crops in the rotation
(https://www.ag.ndsu.edu/publications/crops/fertilizing-flax#section-2,
https://flaxcouncil.ca/tips_article/fertility-requirements-for-flax/, accessed September 7, 2018).

5.5.4 Pulse Crops and Soybeans

Many pulse crops, including field pea, lentils, faba bean, various dry beans and chickpea, are
grown in the Northern Great Plains. As a group, pulse crops tend to form mycorrhizal
associations to assist in accessing soil P (Baird et al. 2010; Fraser et al. 2006) and they have a
moderate to high uptake and removal of P per tonne (Table 5).

Another legume seed crop, soybean, has become a major crop grown on the Northern Great
Plains and its acreage has recently increased substantially on the Canadian prairies, for example.
(https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210035901, accessed September 10,
2018). Soybean has a moderate rate of P uptake and removal, compared to other commonly
grown crops (Table 5). Soybean will form mycorrhizal associations to enhance the ability to
extract P from the soil (Wang et al. 2011). Soybean is very effective at extracting P from the soil
but is somewhat less effective at using fertilizer P as compared to canola (Kalra 1971; Kalra and
Soper 1968). Ontario studies show that soybean responds positively to increasing levels of soil P
(Lauzon and Miller 1997). In contrast, studies in Manitoba that evaluated the response of
soybean to soil test P levels accumulated from historical P applications found that soybean yield
was not affected by a wide range of P concentrations in the soil (Bardella 2016).

Yield response of soybean to applied P is frequently small or non-existent at even relatively low
levels of soil test P. In one study in lowa, P application increased soybean yield when soil test P
was less than 9 ppm (Borges and Mallarino 2000), while other lowa studies reported economic
returns to annual P applications in soybean if soil test P levels were less than 16 to 20 ppm
(Webb et al. 1992). Growth chamber studies in Manitoba in the 1980s showed that soybean
responded well to banded P on low-P soils under growth chamber conditions, particularly if the P
was banded directly below the seed (Bullen et al. 1983). Complementary field studies by the
same research group showed that soybean also responded well under low-P conditions if the
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fertilizer was banded below or below and to the side of the seed-row, but not if the P was
broadcast or seed-placed. Studies in Saskatchewan on a P-deficient soil found that soybean
responded to 18 Ib P,Os/acre (20 kg P,Os/ha) if it was deep-banded or seed-placed, but did not
respond to broadcast applications even when the rate was increased to 72 Ib P,Os/acre (80 kg
P,Os/ha) (Weiseth 2015). In contrast, no increase in soybean yield from P application was found
in other Manitoba field studies over five site-years, regardless of rate and placement (Gervais
2009). In 28 field studies conducted in Manitoba from 2013 through 2015, evaluating treatments
of 20, 40 and 80 Ib P,Os/acre (22.5, 45, and 90 kg P,Os/ha) applied as seed-placed, side-banded
or broadcast monoammonium phosphate (MAP), P fertilizer application increased seed yield for
soybean in only 1 of 28 site-years, regardless of fertilizer P rate, P placement or soil test P
(Bardella 2016). Conversely, in similar studies conducted at four different locations in
Saskatchewan over three years for a total of 12 site-years, P application increased yield at 3 site-
years when residual P value was very low (4, 5 and 12 ppm Olsen-P) and yield potential was
high (Holzapfel et al. 2017). However, there were also situations where response to P
fertilization was not significant, even when soil test P levels were low and yield potential
reasonably high, indicating the variability of P fertilizer response.

Soybean yield response to P application is not consistent or large, unless soil test P levels are
very low. Soybean appears to be very effective at accessing soil P (Kalra 1971), meaning that it
is able to access sufficient P from the soil unless soil P supplies are very depleted. Soybean is
also sensitive to seed-placed fertilizer, so applications in the seed-row can lead to yield
depression (Bardella 2016; Holzapfel et al. 2017). Therefore, it may be less important to
optimize P applications for soybean in the year of application and more practical to ensure that P
levels are optimized through the rotation using a long-term sustainability strategy (Mohr et al.
2016). Soybean can access enough P to optimize crop yield under a range of soil test P levels
and P fertilizer management strategies. While soybean yield responses to P fertilizer application
and soil P content are infrequent, it is important that P management strategies consider P removal
by soybean to avoid potential depletion of soil P. For this reason, a strategy for applying “extra”
P fertilizer to other crops in the rotation has been recommended to soybean growers, to ensure a
long term balance between P additions and removal (http://www.manitobapulse.ca/production-
resources/phosphorus-fertilization-strategies (Mohr et al. 2016).

Field peas are also widely grown across the Northern Great Plains. In a three-year study at
Melfort, Outlook and Saskatoon, seed yield of field pea increased with sideband but not seed-
placed application of phosphate at all locations (Henry et al. 1995). The response over six rates
of monoammonium phosphate (MAP) applied at rates of 0 to 90 Ib P,Os/acre (0 to 44 kg P ha?)
was quadratic. Pea emergence was highly sensitive to seed placement, with plant counts and
seed yield being reduced by seed-placed P at all locations. In later field experiments in
Saskatchewan, P application as monoammonium phosphate (not adjusted for N added) or triple
superphosphate (TSP) increased seed yield at 3 of 6 sites (Knight 2012). Seed or side band
placement of the recommended rate of 15 Ib P,Os/acre (16.8 kg P,Os /ha) as MAP was the most
consistently effective, although in many cases a smaller application of 7.5 or 10 Ib P,Os/acre
MAP was equally effective, with the higher rate of 23 Ib P,Os/acre (25.2 kg P,Os/ha)
occasionally being beneficial. Seedling damage was occasionally observed with seed-placed P,
but none of the treatments led to root damage.
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In 52 field trials with field pea in Alberta, phosphate applied as triple super phosphate (TSP)
increased seed yield by an average of 7% at 19 of the sites (McKenzie et al. 2001b). On the 31
sites with available P less than 15 ppm, 52% responded to P applications, with application of 25
Ib P,Os/acre (13.1 kg P ha*) generally enough to maximize yield. The average yield benefit was
similar in the Thin Black, Black and Gray soil zones, but was negligible in the Dark Brown soil
zone and in irrigated trials. There was no difference in response to seed-placement as compared
to side-banding, likely because TSP rather than monoammonium phosphate (MAP) was used.
Yield response of pea was modest and less than would be expected for cereal crops. Only one of
17 trials with soil test P concentrations of more than 15 ppm showed a seed yield response to P
application. In other field studies in Alberta, P application as MAP or TSP increased dry matter
and seed yields of field pea at all 12 sites with less than 10 ppm Olsen P but only on one of the 9
sites that contained more than 10 ppm Olsen P (Karamanos et al. 2003). Maximum yield was
obtained with P application rates of 13, 26, 40 and 52 Ib P,Os/acre (6.5, 13, 19.5 and 26 kg P ha
1) in two, six, four and one trials, respectively. Phosphorus placement affected field pea yield in
only three site-years, but where it did, side-banding was superior to seed-row placement.

Field studies in Manitoba on a soil moderate to high in P showed that stand density of field pea
decreased with increasing rates of triple superphosphate (TSP) placed below or below and to the
side of the seed-row (Gubbels 1992). Yield increased with P applications up to 45 Ib P,Os/acre
but decreased when rate was increased above 90 Ib P,Os/acre, reflecting seedling damage. Yield
responses were small because the soil was relatively high in available P. Later field studies in
Manitoba showed that field pea responded to P application in only one of four site-years, even
though Olsen P was low in three of the four sites (McAndrew 1999). Field pea did not respond
effectively even when fertilizer was side-banded to reduce the risk of seedling damage.

Field studies in Saskatchewan evaluated P fertilization of chickpea (Gan et al. 2003). Starter P at
a rate of 14 Ib P,Os/acre (15 kg/ha) had a marginal effect on plant growth and seed yield, but a
higher rate of P (30 Ib P,Os/acre) increased Kabuli chickpea seed yield. Other field studies in
Saskatchewan evaluated the effect of P application on desi and Kabuli chickpea (Walley et al.
2005). Desi chickpea seed yield increased with P application, with little difference in seed yield
occurring between the rates of 18 and 36 Ib P,Os/acre. Application of P fertilizer had no effect
on either seed yield or harvest index of Kabuli chickpea (Walley et al. 2005). On soils with low
levels of available P, fertilizer placed with or away from the seed at rates of approximately 18 Ib
P,Os/acre was suitable for chickpea production on the Canadian prairies (Walley et al. 2005). In
southern Alberta studies on Brown or Dark Brown Chernozemic soils, P application as triple
superphosphate (TSP) at rates of 0, 13 and 25 Ib P,Os/acre (0, 6.5 and 13 kg P/ha) rarely led to a
significant increase in seed yield of desi chickpea (McKenzie et al. 2006a). Response of
chickpea was similar to that of field pea in that no response to P fertilizer if soil test P was >15
ppm using the modified Kelowna method. The yield response to fertilizer was not correlated
with soil test P but net return from the 13 Ib P,Os/acre application rate was positive if the soil test
was less than 15 ppm and negative if it was greater.
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Dry bean (Phaseolus vulgaris L.) response to fertilizer application was evaluated at irrigated sites
across southern Alberta (McKenzie et al. 2001a). Most sites tested moderate to high in available
P (20 to 40 ppm Modified Kelowna). Only one site showed a significant response to P fertilizer
with seed yield increasing by 14% with addition of 25 or 40 Ib P,Os/acre (13 or 20 kg P ha )
with a soil test P concentration of 20 ppm using the modified Kelowna extractant. Manitoba
studies showed no significant positive response to P application, although there was a tendency
for higher yields with P application in two of the five site-years when fertilizer was side-banded
(McAndrew 1999). Seed-placed fertilizer decreased bean yield at one of the five site-years.
Recommendations from North Dakota for dry beans indicate that yield increases have occurred
with application of fertilizer P if soil test P was medium or lower (Franzen 2017). Dry beans are
sensitive to salts and fertilizers should not be placed with the seed, with placement 2 inches (5.0
cm) to the side and 2 inches (5.0 cm) below the seed-row being recommended. North Dakota
recommends up to 45 Ib P,Os per acre on very low testing soils, 10 b P,Os per acre on high
testing soils and 0 on very high soils, if the fertilizer is broadcast, with rates reduced by about 1/3
from these rates if it is banded.

In trials with lentil in southwest Saskatchewan, starter P at a rate of 15 Ib P,Os/acre (7.4 kg P/ha)
increased lentil seed yield in 4 of 6 site-years, with an average yield increase of 4% compared to
the non-P check; however, the effect was not statistically significant (p=0.21) (Gan et al. 2004;
Gan et al. 2005; Gan et al. 2003). In other studies at three locations in Saskatchewan over three
years, lentil yield showed a quadratic response to P rates from 0 to 90 Ib P,Os/acre (0 to 44 kg
P/ha) increasing at rates up to 45 Ib P,Os/acre (22 kg P/ha) if seed-placed and up to 90 Ib
P,Os/acre (44 kg P/ha) if side-banded, with a higher maximum seed yield with side-banded than
with seed-placed MAP (Henry et al. 1995). Lentil was less sensitive to seed-placed P than field
pea, but yield was still higher when side-banded than seed-placed. Faba bean yield increased
with P application, but was not affected by placement, as the faba bean stand did not decrease
with seed-placed MAP (Henry et al. 1995).

5.5.5 Small area crops

In studies in northern Saskatchewan on sites that tested moderate in soil P, hemp seed yield
response to P was variable from site to site, but the average yield for plots receiving P fertilizer
at rates of 18, 36, 54 and 72 Ib P,Os/acre (20, 40, 60 and 80 kg P,Os/ha) was 30% greater than
plots receiving no P fertilizer (Vera et al. 2010). The cultivar Finola was more responsive to P
(2.14 kg/ha seed yield gain for every additional kg/ha of fertilizer P) than Crag (0.94 kg/ha seed
yield gain for every additional kg/ha of fertilizer P). No interactions between N and P fertilizer
rates were detected.

Response of mustard to P application was evaluated at sites in southern Alberta for 20 site-years
(McKenzie et al. 2006b). Phosphorus fertilizer significantly increased seed yield of yellow
mustard at 2 of 20 sites, but at 14 of 20 sites P treatments produced seed yield more than 3%
higher than the unfertilized control, with a median increase in seed yield at all sites of 5%.
Modified Kelowna soil test P at the sites ranged from 5 to 90 ppm but was not correlated with
yield response. The small yield benefit of P fertilizer for yellow mustard was consistent with
previous studies. Mustard showed a smaller yield response than was measured for canola in
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previous studies on similar sites (McKenzie et al. 2003b), likely because of the dry soil moisture
conditions at many of the sites in this study.

In field studies in North Dakota, buckwheat was less responsive than wheat to P drill-applied as
triple superphosphate in the seed-row (Goos 1998). The fertilizer P was accessed by the
buckwheat, which showed more luxury consumption and greater PUE than wheat, but seed yield
did not increase in response to the P application. Buckwheat left most of the P it accumulated in
the straw, while wheat translocated most of its accumulated P to the grain. Buckwheat uptake
efficiency for P was much greater than for wheat, supporting the idea that buckwheat is an
efficient P feeder (Goos et al. 1998; Goos 1998; Strong and Soper 1973). Buckwheat may
solubilize P from the soil, increasing its ability to access soil P (Teboh and Franzen 2011). This
solubilisation, combined with the retention of the P in the straw, may allow buckwheat to
increase the P available for following crops, a benefit in an organic production system.

In field studies conducted in Manitoba, monoammonium phosphate (MAP) applications
increased buckwheat seed yield at a site with soil test concentrations of 6.5 ppm Olsen P but not
at a site with 8.5 ppm Olsen P (Mohr et al. 2007b). The following year, the study was conducted
at four locations and P fertilizer application significantly increased buckwheat yield at sites
having Olsen soil test P concentrations < 10 ppm. In the third year of the study, P fertilizer
application had small effects on the growth, yield and quality of buckwheat, even though two of
the three sites contained low to moderate soil test P concentration. Overall, response of
buckwheat to P appeared more likely where soil test P concentrations were low and with cool
early-season growing conditions (Mohr 2006).

Field studies in North Dakota showed that sunflower responded to P application on only two of
12 site-years where soil test P levels were medium or less and that response was poorly related to
soil test P (Zubriski and Zimmerman 1974). In 2014 and 2015, twenty-two P rate experiments
were conducted in North Dakota (Schultz et al. 2018). The first year of the study evaluated P
rates of 0, 25, 50 and 80 Ib P,Os/acre (0, 13, 26, and 39 kg P/ha) at various N rates while the
second year of the study evaluated 0 and 50 Ib P,Os/acre (0 and 26 kg P/ha). Phosphorus
fertilizer did not increase sunflower yield or oil content economically at any location. Based on
the infrequent response, it appears that P applications would not normally be required for
optimum yield of sunflowers in North Dakota.

5.5.5 Forage crops

With forage crops, large amounts of vegetative biomass are removed from the systems, with
harvests often being taken more than once per season. Therefore, forages can remove large
amounts of P from the soil reserves. Many forage crops are perennial, so effects of P on winter
survival and stand longevity are important. In addition, forage crops can be grown in mixed
stands, so impact of nutrient management on stand composition should be considered.

Alfalfa is the major forage legume grown in the Northern Great Plains. It can be grown in pure
or mixed stands. As alfalfa is a perennial crop that will normally be grown and harvested for
several years, P fertilizer can be applied prior to or during crop establishment, annually in the
growing crop, or a combination of the two. Alfalfa is an N-fixing crop, so P is often the primary
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limiting nutrient for production. In a study evaluating a range of macro and micronutrient
applications in a strip trial in Saskatchewan, irrigated alfalfa was more responsive to P than to
any of the other fertilizer treatments (Kruger and Oldhaver 2014).

Optimal rates of P for alfalfa will depend on whether the fertilizer is being applied once, at the
time of seeding, or annually in the established crop. In field experiments at two sites in Alberta,
P fertilizer was applied as triple superphosphate (TSP) either broadcast and incorporated at the
time of stand establishment at 122, 244 or 366 Ib P,Os/acre (60, 120, and 180 kg P/ha) or spread
on the soil surface annually at 0, 20, 40, 60, 80 and 120 Ib P,Os/acre (0, 10, 20, 30, 40, and 60 kg
P/ha) (Malhi et al. 1992a). The study continued for three years at the Lacombe site and for five
years at the Botha site. Hay yield increased with annual P application, but the magnitude of
response was lower at Botha than at Lacombe, presumably because the initial soil test P
concentration was 18 ppm at Lacombe and 27 ppm at Botha and the Botha site was drier, with a
lower yield potential (Table 9). At Lacombe, there was little increase in yield past the 40 Ib
P,Os/acre annual rate while at Botha, the highest yield was at the 80 Ib P,Os/acre rate. With the
large initial application, the yield averaged over the duration of the study increased with
increasing rate to 244 Ib P,Os/acre then levelled off at both sites. The residual effect of large
single P applications on hay yield lasted at least for five years.

Table 9. Yield response of alfalfa hay (t/ha) to five annual P applications (Malhi et al. 1992a).

Levels of applied P (kg P ha'!)
Location Year 0 10 20 30 40 60 SES

Lacombe 1975 5.96 6.55 6.49 6.83 6.79 7.03 0.32
1976 420 5.78 7.14 7.08 7.82 7.52 0.48
1977 3.44 6.44 8.88 8.49 8.31 8.40 0.61

Botha 1975 1046 8.61 9.19 1000 1022 11.07 1.16
1976 3.25 3.69 3.94 4.84 6.02 471 0.55
1977 2.74 294 3.39 3.55 4.09 3.33 0.26
1978 6.17 6.32 6.82 6.67 7.04 6.87 0.58
1979 4.10 433 4.5 4.86 5.04 4.65 0.31

§Standard error of the mean.

In-crop applications of P can be broadcast and left on the surface or can be banded into the soil
with a knife, coulter or point injection implement. Studies in Manitoba showed that established
alfalfa responded similarly to broadcast and banded applications on a P-deficient clay loam soil,
with average yield over a four-year period increasing to 35 Ib P,Os/acre (17 kg P/ha), then
remaining constant when rate was increased to 70 Ib P,Os/acre (35 kg P/ha)(Simons et al. 1995).
In three mature pure alfalfa stands in Saskatchewan, 35 Ib P,Os/acre (40 kg P,Os/ha) as triple
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superphosphate (TSP) banded at a 4 cm depth increased alfalfa yield as compared to the
unfertilized control (Farden and Knight 2005).

A four year field experiment on a highly P-deficient Black Chernozem soil near Ponoka, Alberta
compared the yield response of an established alfalfa stand to surface broadcasting and
subsurface banding annual applications of 20, 40, 60 and 80 Ib P,Os/acre (10, 20, 30 and 40 kg
P/ha) or one-time initial applications of 100, 200, 300 and 400 Ib P,Os/acre (50, 100, 150 and
200 kg P/ha as TSP) (Malhi and Heier 1998). Phosphorus increased yield in all four years with
the highest yield occurring with banding rather than surface broadcasting, whether the fertilizer
was applied annually or only at the start of the study. With annual applications, the greatest
increase in yield occurred with the first 40 Ib P,Os/acre although yield continued to increase to
the 80 Ib P,Os/acre rate if the fertilizer was banded but only to 60 Ib P,Os/acre if it was
broadcast. With the single application there was only a minor increase in yield between 300 and
400 Ib P,Os/acre if the fertilizer was banded, but yield increased substantially between these two
rates if the fertilizer was broadcast. Banded application was used more efficiently than broadcast
application and lower rates were required to produce a similar yield with banded as compared to
broadcast application.

Differences in P response may occur between pure and mixed stands of alfalfa. In a field
experiment near Swift Current SK on a soil initially testing 5.4 ppm in Olsen P, P applied as
triple superphosphate (TSP) either prior to seeding at rates of 18, 36 or 72 Ib P,Os/acre (20, 40 or
80 kg P,0s/ha) or as annual mid-row band applications of 9, 18 and 38 Ib P,Os/acre (10, 20 or 40
kg P,0s/ha) had no effect on yield of a pure stand of alfalfa but increased the yield of alternate
and mixed row alfalfa-Russian wildrye mixtures up to 21 and 34% respectively (Selles and
Jefferson 2004). Highest yield of the mixed stands was obtained by annual applications of 35 Ib
P,Os/acre (40 kg P,Os/ha) rate, followed by application of 35 or 70 Ib P,Os/ac (40 or 80 kg
P,Os/ha) once at the time of seeding and then by annual applications of 18 Ib P,Os/acre (20 kg
P,Os/ha). The pure and mixed stands may respond differently because greater mycorrhizal
development under monoculture alfalfa may improve use of soil P.

Response of a bromegrass-red clover mixture to broadcast or banded applications of 0, 90 and
180 Ib P,Os/acre (0, 45, 90 kg P ha*) applied before planting or cumulatively applied through
annual applications of 30 or 60 Ib P,Os/acre (15 or 30 kg P/ha) each year for three years was
assessed on a P-deficient Dark Grey Solod in northern Alberta (Soon 1997). The preplant
broadcast application was incorporated by rototilling, and subsequent broadcast applications
were topdressings. Dry matter yields were measured for four years following the establishment
year in 1991. When P was applied preplant only, yield was greatest with 90 Ib P,Os/acre, with no
further increase occurring when the rate was increased to 180 Ib P,Os/acre. However, when P
fertilizer was applied annually, herbage yields increased linearly with application rates and
annual applications of 60 Ib P,Os/acre gave the highest cumulative herbage yield. The
availability of the large initial applications of P fertilizer decreased over time, resulting in lower
yield and lower herbage P concentration with the high initial rate than where the rate was split
into three annual applications of 60 Ib P,Os/acre. Application of a preplant broadcast-
incorporated application of 60 to 90 Ib P,Os/acre followed by at least one subsequent surface
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application of 60 Ib P,Os/acre would likely produce the optimum herbage production for a
legume-grass mixture.

Pure grass stands will also respond to P fertilizer on P-deficient sites. In studies on a Black
Chernozemic silt loam soil in central Alberta, smooth bromegrass (Bromus inermis Leyss.) yield
increased with triple superphosphate (TSP) applied either once initially at 20, 240 and 360 Ib
P,Os/acre (60, 120, and 180 kg P/ha) or annually for 5 years at 0, 20, 40, 60, 120 Ib P,Os/acre (0,
10, 20, 30, 40, and 60 kg P/ha) (Malhi et al. 1992b). The P fertilizer was incorporated into the
soil before seeding bromegrass for the initial applications, and the subsequent annual
applications were spread on the soil surface. The total dry matter yield increased with P rate, but
the greatest increase was with the first 20 Ib P,Os/acre (10 kg P/ha) applied annually, with minor
increases occurring at higher rates of annual application. With the initial P applications, the
greatest yield occurred with 120 Ib P,Os/acre (60 kg P/ha), with no further benefit from the
higher rates of application, even five years after application. The residual effect of P from the
initial application lasted throughout the five years of the study.

Response of irrigated timothy to P fertilizer was evaluated at two locations in southern Alberta
(McKenzie et al. 2009). The P was applied as MAP, with applications made at the time of
seeding at 0 or 175 Ib P,Os/acre (0 or 86 kg P/ha) banded at a depth of 200 mm or annually in
mid-April at 0, 25, or 50 Ib P,Os/acre (0, 13 or 26 kg P/ha yr™) either broadcast or banded at a
depth of 10 mm. Phosphorus application did not affect timothy yield at Bow Island in any year,
presumably because the Kelowna soil test P concentration was initially very high, at 41 ppm. At
Lethbridge, where the initial soil P concentration was only 10 ppm, P fertilization increased
timothy yield in all but the first of the four years of harvest. Yield was maximized with the 175
Ib P,Os/acre initial application or with the 25 Ib P,Os/acre annual application. There was no
advantage to additional annual P application where 175 Ib P,Os/acre had been applied initially.
The annual applications were used more efficiently when broadcast rather than banded. In
similar studies in the Parkland region of Saskatchewan, triple super phosphate was broadcast on
the surface applied at 0, 35, 70, 105, 140 and 175 Ib P,O/acre at Buchanan and Saltcoats, and at
0, 22, 44, 66 and 88 Ib P,Os/acre at Carrot River. Although soil test P values were similar at all
sites, timothy yields were increased only at the Carrot River site, where yield was maximized at
88 Ib P,Os/acre. Subsequent studies showed consistent but nonsignificant increases in timothy
yield when P was applied with N or with N and S, even on soil that was low to marginal in P
(Malhi et al. 2009). Generally, response of timothy to fertilizer P was not predicted well by soil
test values, but where responses occurred, yield was optimized at relatively low rates of P
application.

Silage barley is an annual crop used for animal feed. Phosphate fertilizer applied at a rate of 25
Ib P,Os/acre increased silage barley yield at 25 of 32 site year locations in studies conducted in
Alberta (McKenzie et al. 2004a; McKenzie et al. 1998). Where soil test P was below 10 ppm, P
increased yields at all sites but one. More than 70% of the sites responded to P when the soil test
was between 10 and 20 ppm. If P test was above 20 ppm, fewer than 40% of the sites responded
The P response was greatest at central Alberta sites and least at southern Alberta irrigated sites.
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Forage seed production is also an industry in some parts of the Northern Great Plains. A study
established on a three-year old alfalfa stand containing 8 ppm soil P that continued for 8 years in
northern Saskatchewan showed that response to 80 Ib P,Os/acre occurred more frequently when
the alfalfa was harvested for hay production than when it was used for seed production (Malhi
2011). In experiments conducted in Saskatchewan, monoammonium phosphate and triple
superphosphate (MAP and TSP) were applied at 0, 18 or 36 Ib P,Os/acre (0, 9 or 18 kg P/ha) to
smooth bromegrass, crested wheatgrass, intermediate wheatgrass, and timothy and at 0, 18, 36,
52 or 106 Ib P,Os/acre (0, 9, 18, 26, or 53 kg P/ha) to alfalfa (Loeppky et al. 1999). Seed yield
of all grasses except for the intermediate wheatgrass responded linearly to P application, while
alfalfa seed yield responded linearly to P fertilization at one of three sites. Magnitude of
response to fertilizer was highly related to soil test P with no response occurring on a soil that
tested high in P.

5.6 Site Specific Management

Well-designed 4R management is site specific by definition, with rate being selected based on an
effective soil test and managed based on the yield potential of the crop being grown in each field.
However, uniform fertilizer application based on an average soil test P value for the field ignores
the relatively large variability that may occur in available P concentration, crop yield response
and risk of P loss in runoff due to differences in soil type, topography or previous field
management. Use of a single P rate across the field may result in over- and under-fertilization in
different sections of the field, reducing fertilizer use efficiency. As well, runoff P losses may be
concentrated in specific areas of the field and ignoring differences across the field would reduce
the effectiveness of environmental P management practices. Use of more detailed site-specific
information to vary P applications within a field based on soil variability in available P or in risk
of P movement to waterbodies could be beneficial to reduce P inputs, increase fertilizer use
efficiency and reduce the potential environmental impact of P applications.

In-field variability in the soil’s plant available P supply can be large and must be identified to
allow variable-rate applications (Bermudez and Mallarino 2007; Franzen and Peck 1995; Wilson
et al. 2016). Site specific management can be based on a soil testing map created by intensive
soil sampling (Franzen and Peck 1995). The density of sampling required to produce an
effective application map will depend on the variability within the field. Highly variable fields
would need greater sampling density to accurately define management zones. In studies using
82.5, 165, 220 and 330 ft grid sampling in North Dakota over a three-year period, fertilization
based on the 220 ft grid correctly fertilized most areas that were low in P while a 330 ft grid
would have resulted in under-application on a large part of the field (Franzen and Peck 1995). In
studies in Wisconsin, sampling accuracy decreased when the grid size increased from 106 to 318
ft (Wollenhaupt et al. 1994). A coarse grid could be used for variable rate prediction on soils
that are normally high-testing in P, but in fields that have a high proportion of low to moderate P
levels, grids should be no larger than 200 ft. As an alternative to grid sampling, the sampling
procedure can be based on topography to identify areas within the field that can be treated as
management zones. The relatively stable nature of soil test P levels in the soil over a few years
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in the absence of large applications of fertilizers or manure means that detailed grid or
topographic sampling are not required on an annual basis.

Although variations in available P can be identified, varying P fertilizer applications based on
soil test P levels may not always provide a yield advantage, but may reduce P fertilizer rates and
costs. In strip trials using a corn-soybean rotation in Illinois, variable rate fall-broadcast MAP
applications based on small-scale grid-point sampling gave yields that were similar to those for
uniform applications based on average field soil test P values, but the amount of fertilizer applied
was generally lower using variable rate fertilization (Bermudez and Mallarino 2007). At the end
of two years of cropping, field variability in soil test P was lower for variable rate than for
uniform P application. Although variable rate application did not increase yield as compared to
uniform application, it was more efficient in managing the P and reduced P accumulation in
high-testing P areas, potentially reducing the risk of off-field movement of P.

Intensive soil sampling may be costly, reducing the economic benefit of variable rate P
applications. Sensor technology using near-infrared reflectance spectrometry (NIR) has been
explored as a method of on-the go assessment of P availability in the field to guide variable rate
application (Maleki et al. 2008). Near-infrared reflectance spectrometry measures the radiation
absorbed by various bonds in organic constituents in the soils (Abdi et al. 2012). The
measurements are then correlated to measured properties to predict the content of a range of soil
constituents. In studies in Quebec, there was a poor correlation between NIR and Mehlich-3 P
but NIR was successful in predicting total P, likely because of its relationship with soil organic
matter. Studies using NIR to predict various soil pools of P showed that visible near infrared
reflectance (VIS-NIR) spectroscopy was moderately useful for predicting Olsen and Mehlich-3
extractable P in soils collected from short- and long-term P management studies in Indian Head,
SK (Abdi et al. 2016). In studies in Belgium, on-the-go measurement of P was evaluated using a
subsoiler equipped with an optical unit that connected with a VIS-NIR spectrophotometer to
estimate soil P, using a model developed from soils in a large area in North France and Belgium
(Maleki et al. 2008). The sensor system was linked to a variable rate fertilization system attached
to the planter. Variable rate application was compared to a uniform application of 60 Ib
P,Os/acre (30 kg P/ha). The extractable ammonium lactate extractable P values in the field
ranged from 90 to 700 mg kg™ across a 1.55 ha field. The variable rate management led to an
average application on the fields that was 2.5 Ib P,Os/acre (1.25 kg P/ha) lower than the uniform
rate of 60 Ib P,Os/acre (30 kg P/ha) and increased corn yield while reducing yield variability,
despite the high P status of the soil.
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An alternate approach to variable rate annual applications of P is to apply one-time large
applications to build the background P level in low-testing areas and make the soil P levels more
uniform across the field. Large P applications can increase the residual P level in the field and
contribute to P growth for many years after application (Wagar et al. 1986a; Wagar et al. 1986b).
For environmental reasons, this type of building for soil P should be restricted to portions of the
field that are not subject to significant runoff of surface water.

Upper slope positions and knolls tend to be lower in available P, due to a combination of erosion
and pedogenic factors. Studies in Saskatchewan showed that moisture gradients down soil
catenas and across the soil zones had a large effect on changes in soil P (Roberts et al. 1985).
Increased moisture results in increased biomass production and increased weathering.
Weathering releases phosphate from the native apatites and the soluble phosphate ions can leach
from the soil profile, be transformed into labile and secondary inorganic P forms and/or be
converted to organic P through plant and microbial uptake. As pedogenic weathering increases
towards the lower slope positions, the pH declines, Ca-phosphates become less dominant and
secondary P fractions occur in greater concentrations. Increased plant growth is supported both
by increased moisture and by increased available P. Over time, the weathering and differences
in plant growth leads to a higher proportion of non-available Ca phosphates being present in the
drier upper slope positions and a higher proportion of organic and more available inorganic P
forms being present in the lower slope positions, even in the absence of erosion.

Measurements in Alberta across an 800 m transect showed a strong relationship between
elevation and soil P concentration, with more P in depressional areas of the landscape (Figure 8)
(Pauly 2010). Soil pH also varied with elevation, being as low as 5.3 in depressional areas and
up to 7.8 in upper slope positions, which could affect P reactions and availability. In studies in a
number of fields in SK, highest surface accumulation of P was found in depressional profiles,
largely in organic forms that were attributed to biocycling, although there may have been some
contribution of erosion (Letkeman et al. 1996). A Manitoba study on an undulating landscape
also showed that concentrations of extractable P were lowest on the upper soil positions and
highest on the lower slope positions (Manning et al. 2001). In Saskatchewan, modified Kelowna
extractable-P was higher at higher elevations while soil P supply as measured with exchange
resins was not strongly related to elevation (Noorbakhsh et al. 2008).

Similarly, in field studies on small watersheds in the glacial till region in southwestern Manitoba,
Olsen P increased from the upper slope to the lower slope positions (Wilson et al. 2016). Fields
that had not received fertilizer and no-till fields showed more in-field variability than fields that
had received fertilizer or tillage. In no-till and organic sites without manure, landscape position
and topography were more related to in-field variability than in fertilized or tilled sites.

However, even on fields that had historically been fertilized and tilled, Olsen P still varied with
landform and topography.
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Figure 8. Changes in soil test phosphorus concentration in the 0-15 cm depth and elevation
along an 800 m transect in Alberta (Pauly 2010).

Increased applications of P fertilizer or manures could be targeted to upper slope areas of the
field where available P concentration is low, such as on eroded knolls. Studies at six sites in
Alberta examined the effect of fertilizer application on yield when topsoil was artificially
removed to simulate erosion (Larney et al. 1995). Erosion substantially decreased wheat yields
on all sites and fertilizer applications were able to mitigate some, but not all, of the yield loss.
The response depended on the soil type, with fertilizer response in the order: moderately eroded
> severely eroded > non-eroded areas on the Dark Brown and Brown soils. On the Black soil,
however, the extra fertilizer was most beneficial on non-eroded areas and least beneficial on
severely eroded areas, indicating that yield response was limited by factors other than fertility on
the eroded black soils. In addition, the P level in the eroded Black soils was very low and on the
highly calcareous knoll, the magnitude of increase may have been restricted by Ca and Mg
precipitation of the P. In these studies, application rates were moderate, with a maximum of 45
Ib P,Os/acre (50 kg P,Os/ha) on the non-irrigated sites. Under the highly deficient calcareous
situation, this may not have been enough to restore fertility.

Other similar studies at two sites near Lethbridge over a 16 year period showed that although
fertilizer applications according to soil test recommendations were beneficial, manure
application had a greater and more persistent beneficial effect on crop yield on eroded soil than
did agronomic rates of synthetic N and P fertilizer (Larney et al. 2009). High rates of fertilizer P
designed to produce a residual benefit may have been more effective. Other studies in Alberta
evaluated the effects of applications of manure or high rates of P fertilizers and residues on a site
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where surface soil had been removed to artificially mimic erosion (Larney et al. 2011; Larney
and Janzen 1996). Manure was able to rapidly restore productivity in the eroded soil. Yield with
addition of straw plus 400 Ib P,Os/acre (200 kg P/ha) was initially lower than the uneroded soil,
but productivity gradually increased and was restored by 10 years after application. Once soil P
was increased by amendments, the effect was maintained over time.

Recommendations from Alberta for fertilizing eroded knolls suggest to apply a combination of P
fertilizer and manures because soil test P levels on eroded knolls will likely be very low
(McKenzie and Pauly 2013). Normal rates of P fertilizer plus 75 to 100 Ib P,Os ac™* as manure
are suggested, with manure application equivalent to 10 to 20 tons per acre.

In a long-term sustainability strategy, where P balances are managed to build, maintain or
deplete soil P reserves, variable P inputs could be based on a yield map. Phosphorus removal is
highly driven by crop yield. In soils with a long-term history of uniform P application, P may
have accumulated in low-yielding areas and been depleted in high-yielding areas. Using variable
P application rates based on crop yields would correct the rate for crop removal. This approach
would assume that lower yields were not caused by P deficiencies.

Gaps in Knowledge

More information is required on:

e soil test P calibration data for probability and magnitude of P response for new crop
varieties/hybrids, as well as new crops grown under field conditions for the Northern Great
Plains

e the appropriate target “background” soil test P concentration for long term agronomically,
economically and environmentally sustainable P management in the soils and cropping
systems of the Northern Great Plains.

e changes in soil P concentrations with P surpluses or deficits on different soil types with
more modern diversified and extended rotations.

e the impact of in-soil banding as compared to broadcast applications of large amounts of P
fertilizer on eroded and/or carbonated knolls.

¢ the long-term benefits of variable rate P application, from agronomic, economic and
environmental perspectives.

e crop demand and removal for P by improved cultivars with high yield potential.

Consideration should be given to collecting information from field experiments in a web-based
database similar to the Better Fertiliser Decisions for Cropping Systems (BFDC) National
Database from Australia (Watmuff et al. 2013) to improve decision support systems and fertilizer
recommendations.

P Fertilizer Rates page 39



References

Abdi, D., Cade-Menun, B. J., Ziadi, N., Tremblay, G. F. and Parent, L.-E. 2016. Visible
near infrared reflectance spectroscopy to predict soil phosphorus pools in chernozems of
Saskatchewan, Canada. Geoderma Regional 7(2):93-101.

Abdi, D., Tremblay, G. F., Ziadi, N., Bélanger, G. and Parent, L.-E. 2012. Predicting soil
phosphorus-related properties using near-infrared reflectance spectroscopy. Soil Science
Society of America Journal 76(6):2318-2326.

Ashworth, J. and Mrazek, K. 1995. “Modified Kelowna” test for available phosphorus and
potassium in soil. Communications in Soil Science and Plant Analysis 26(5-6):731-739.

Bailey, L. D. and Grant, C. A. 1989. Fertilizer phosphorus placement studies on calcareous and
non-calcareous chernozemic soils: Growth, P-uptake and yield of flax. Communications
in Soil Science and Plant Analysis 20(5-6):635-654.

Bailey, L. D. and Grant, C. A. 1990. Fertilizer placement studies on calcareous and non-
calcareous chernozemic soils: Growth, P-uptake, oil content and yield of Canadian rape.
Communications in Soil Science and Plant Analysis 21(17-18):2089-2104.

Bailey, L. D., Spratt, E. D., Read, D. W. L., Warder, F. G. and Ferguson, W. S. 1977.
Residual effects of phosphorus fertilizer. Il. For wheat and flax grown on chernozemic
soils in Manitoba. Canadian Journal of Soil Science 57:263-270.

Baird, J. M., Walley, F. L. and Shirtliffe, S. J. 2010. Arbuscular mycorrhizal fungi
colonization and phosphorus nutrition in organic field pea and lentil. Mycorrhiza
20(8):541-549.

Bardella, G. 2016. Phosphorus management practices for soybean production in Manitoba M.
Sc. Thesis, University of Manitoba, Winnipeg, MB. 197 pp.

Bélanger, G., Ziadi, N., Pageau, D., Grant, C., Lafond, J. and Nyiraneza, J. 2015. Shoot
growth, phosphorus—nitrogen relationships, and yield of canola in response to mineral
phosphorus fertilization. Agronomy Journal 107(4):1458-1464.

Bermudez, M. and Mallarino, A. P. 2007. Impacts of variable-rate phosphorus fertilization
based on dense grid soil sampling on soil-test phosphorus and grain yield of corn and
soybean. Agronomy Journal 99(3):822-832.

Bittman, S., Kowalenko, C. G., Hunt, D. E., Forge, T. A. and Wu, X. 2006. Starter
phosphorus and broadcast nutrients on corn with contrasting colonization by
mycorrhizae. Agronomy Journal 98(2):394-401.

Borges, R. and Mallarino, A. P. 2000. Grain yield, early growth, and nutrient uptake of no-till
soybean as affected by phosphorus and potassium placement. Agronomy Journal
92(2):380-388.

Brandt, S. A. 2007. Phosphorus fertilizer boosts yields in fallow wheat production. Better Crops
with Plant Food 91(2):15.

Bray, R. H. and Kurtz, L. 1945. Determination of total, organic, and available forms of
phosphorus in soils. Soil Science 59(1):39-46.

Brewster, J. L., Bhat, K. K. S. and Nye, P. H. 1976a. The possibility of predicting solute
uptake and plant growth response from independently measured soil and plant
characteristics. Plant and Soil 44(2):295-328.

Brewster, J. L., Bhat, K. K. S. and Nye, P. H. 1976b. The possibility of predicting solute
uptake and plant growth response from independently measured soil and plant
characteristics. Plant and Soil 44(2):279-293.

P Fertilizer Rates page 40



Bullen, C., Soper, R. and Bailey, L. 1983. Phosphorus nutrition of soybeans as affected by
placement of fertilizer phosphorus. Canadian Journal of Soil Science 63(2):199-210.

Campbell, C. A., McLeod, J. G., Selles, F., Zentner, R. P. and Vera, C. 1996. Phosphorus
and nitrogen rate and placement for winter wheat grown on chemical fallow in a Brown
soil. Canadian Journal of Soil Science 76(2):237-243.

Campbell, C. A. and Zentner, R. P. 1993. Overwinter changes in Olsen phosphorus in a 24-
year crop rotation study in southwestern Saskatchewan. Canadian Journal of Soil Science
73(1):123-128.

Campbell, C. A., Zentner, R. P., Selles, F., Jefferson, P. G., McConkey, B. G., Lemke, R.
and Blomert, B. J. 2005. Long-term effect of cropping system and nitrogen and
phosphorus fertilizer on production and nitrogen economy of grain crops in a Brown
Chernozem. Canadian Journal of Plant Science 85(1):81-93.

Carter, M. R. and Gregorich, E. G., (eds.) 2008. Soil sampling and methods of analysis. CRC
Press, Boca Raton, Florida.

CFI. 2001. Nutrient uptake and removal by field crops - western Canada. Canadian Fertilizer
Institute, Ottawa, Ontario, Canada.

Dai, M., Hamel, C., Bainard, L. D., Arnaud, M. S., Grant, C. A, Lupwayi, N. Z., Malhi, S.
S. and Lemke, R. 2014. Negative and positive contributions of arbuscular mycorrhizal
fungal taxa to wheat production and nutrient uptake efficiency in organic and
conventional systems in the Canadian prairie. Soil Biology and Biochemistry 74:156-166.

Farden, K. D. and Knight, J. D. 2005. Strategies for improving soil fertility in mature alfalfa
stands. Proc. Saskatchewan Soils and Crops Workshop, Saskatoon, SK.

Fixen, P., Ludwick, A. and Olsen, S. 1983. Phosphorus and potassium fertilization of irrigated
alfalfa on calcareous soils: 11. Soil phosphorus solubility relationships. Soil Science
Society of America Journal 47(1):112-117.

Foehse, D. and Jungk, A. 1983. Influence of phosphate and nitrate supply on root hair
formation of rape, spinach and tomato plants. Plant and Soil 74(3):359-368.

Franzen, D. 2017. Fertilizing pinto, navy and other dry edible beans. Pages 4. North Dakota
State University, Fargo, ND.

Franzen, D. W. and Peck, T. R. 1995. Field soil sampling sensity for variable rate fertilization.
Journal of Production Agriculture 8(4):568-574.

Fraser, T., Hamel, C., Hanson, K., Germida, J. and McConkey, B. 2006. Influence of pulse
crops on abundance of arbuscular mycorrhizal fungi in a durum-based cropping system.
Proc. Saskatchewan Soils and Crops Workshop, Saskatoon, SK.

Gan, Y., Clayton, G. W., Lafond, G., Johnston, A., Walley, F. and McConkey, B. G. 2004.
Effect of “starter” N and P on nodulation and seed yield in field pea, lentil, and chickpea
in semiarid Canadian Prairies. Proc. Saskatchewan Soils and Crops Workshop,
Saskatoon, SK.

Gan, Y., Hanson, K. G., Zentner, R. P., Selles, F. and McDonald, C. L. 2005. Response of
lentil to microbial inoculation and low rates of fertilization in the semiarid Canadian
prairies. Canadian Journal of Plant Science 85(4):847-855.

Gan, Y., Selles, F., Hanson, K. G., McConkey, B. G., Zentner, R. P. and McDonald, C. L.
2003. Optimizing inoculation and fertilization for chickpea and lentil. Pages 46.
Saskatchewan Agricultural Development Fund Report, Saskatoon. SK.

Gao, X., Akhter, F., Tenuta, M., Flaten, D. N., Gawalko, E. J. and Grant, C. A. 2010.
Mycorrhizal colonization and grain Cd concentration of field-grown durum wheat in

P Fertilizer Rates page 41



response to tillage, preceding crop and phosphorus fertilization. Journal of the Science of
Food and Agriculture 90(5):750-758.

Gavito, M. E. and Miller, M. H. 1998. Changes in mycorrhiza development in maize induced
by crop management practices. Plant and Soil 198(2):185-192.

Gervais, J. P. G. 2009. Nitrogen and phosphorus fertilization of soybean (Glycine max [L.]
Merr.) in the Red River Valley region of Manitoba, Canada. M. Sc. Thesis, University of
Manitoba, Winnipeg, MB. 153 pp.

Goos, R. J., Zhang, D., Johnson, B. E., Carr, P., Schatz, B. and Edwardson, S. 1998. A
comparison of the nitrogen and phosphorus fertilizer responses of spring wheat and
buckwheat. Proc. VII International Symposium on Buckwheat: Advances in Buckwheat
Research Winnipeg, MB.

Goos, R. J. Z., D.; Johnson, B..E., Carr, P.; Schatz, B. Edwardson, S. 1998. A comparison of
the N and P response of wheat versus buckwheat. Proc. Great Plains Soil Fertility
Conference, Denver.

Grant, C., Bittman, S., Montreal, M., Plenchette, C. and Morel, C. 2005. Soil and fertilizer
phosphorus: Effects on plant P supply and mycorrhizal development. Canadian Journal of
Plant Science 85(1):3-14.

Grant, C., Stobbe, E. and Racz, G. 1985. The effect of fall-applied N and P fertilizer and
timing of N application on yield and protein content of winter wheat grown on zero-tilled
land in Manitoba. Canadian Journal of Soil Science 65(4):621-628.

Grant, C. A. 2012. Phosphorus management for sensitive crops: Managing phosphorus through
the rotation Pages 10 Manitoba Agronomists Conference. University of Manitoba,
Winnipeg, MB.

Grant, C. A. 2013. Improving nutrient management in canola and canola-based cropping
systems. Pages 27 RBPI, Brandon, MB.

Grant, C. A. and Bailey, L. D. 1998. Nitrogen, phosphorus and zinc management effects on
grain yield and cadmium concentration in two cultivars of durum wheat. Canadian
Journal of Plant Science 78(1):63-70.

Grant, C. A., Dribnenki, J. C. P. and Bailey, L. D. 1999. A comparison of the yield response
of solin (cv. Linola 947) and flax (cvs. McGregor and Vimy) to application of nitrogen,
phosphorus, and Provide (Penicillium bilaji). Canadian Journal of Plant Science
79(4):527-533.

Grant, C. A., Flaten, D. N., Tomasiewicz, D. J. and Sheppard, S. C. 2001. The importance of
early season phosphorus nutrition. Canadian Journal of Plant Science 81(2):211-224.

Grant, C. A., Hosseini, A. R. S., Flaten, D., Akinremi, O., Obikoya, O. and Malhi, S. 2014.
Change in availability of phosphorus, cadmium and zinc applied in monoammonium
phosphate after termination of fertilizer application. Pages 82 20th World Congress of
Soil Science, JeJu, Korea.

Grant, C. A., Monreal, M. A., Irvine, R. B., Mohr, R. M., McLaren, D. L. and Khakbazan,
M. 2009. Crop response to current and previous season applications of phosphorus as
affected by crop sequence and tillage. Can J Plant Sci 89(1):49-66.

Grenkow, L. A., Flaten, D., Grant, C. and Heard, J. 2013. Seed-placed phosphorus and
sulphur fertilizers: Effect on canola plant stand and yield. Pages 15 Saskatchewan Soils
and Crops Workshop. University of Saskatchewan, Saskatoon.

Gubbels, G. H. 1992. Effect of phosphorus rate and placement on the yield and cooking quality
of field pea. Canadian Journal of Plant Science 72(1):251-255.

P Fertilizer Rates page 42



Halvorson, A. D. and Havlin, J. L. 1992. No-Till Winter Wheat Response to Phosphorus
Placement and Rate. Soil Sci Soc Am J 56(5):1635-1639.

Hamel, C. and Strullu, D.-G. 2006. Arbuscular mycorrhizal fungi in field crop production:
potential and new direction. Canadian Journal of Plant Science 86(4):941-950.

Heard, J. and Hay, D. 2006. Typical nutrient content, uptake pattern and carbon: nitrogen ratios
of prairie crops. Proc. Designing cropping systems that prosper in variable weather:
Proceedings of the 7th Manitoba Agronomists Conference, Winnipeg.

Hedlin, R. A. 1962. Developments in the use of routine soil analysis as a means of predicting
fertilizer requirements. Proc. Manitoba Society of Soil Science Proceedings, Winnipeg,
MB.

Henry, J., Slinkard, A. and Hogg, T. 1995. The effect of phosphorus fertilizer on
establishment, yield and quality of pea, lentil and faba bean. Canadian Journal of Plant
Science 75(2):395-398.

Hoffland, E. 1992. Quantitative evaluation of the role of organic acid exudation in the
mobilization of rock phosphate by rape. Plant and Soil 140(2):279-2809.

Hoffland, E., Findenegg, G. R. and Nelemans, J. A. 1989a. Solubilization of rock phosphate
by rape - I. Evaluation of the role of the nutrient uptake pattern. Plant and Soil
113(2):155-160.

Hoffland, E., Findenegg, G. R. and Nelemans, J. A. 1989b. Solubilization of rock phosphate
by rape - Il. Local root exudation of organic acids as a response to P-starvation. Plant and
Soil 113(2):161-165.

Holzapfel, C., Hnatowich, G., Pratchler, J., Webber, J. and Flaten, D. 2017. Developing
phosphorus management recommendations for soybeans in Saskatchewan. Pages 24.
Saskatchewan Pulse Crop Development Board Saskatoon, SK.

Howard, A. E. 2006. Agronomic thresholds for soil phosphorus in Alberta: A review. Volume
5: Background information and reviews. Pages 42 Alberta Soil Phosphorus Limits
Project, Lethbridge, Alberta, Canada.

IPNI. 2015. Soil test levels in North America. IPNI Publication. International Plant Nutrition
Institute.

Kaiser, D., Mallarino, A. and Bermudez, M. 2005. Corn grain yield, early growth, and early
nutrient uptake as affected by broadcast and in-furrow starter fertilization. Agronomy
Journal 97(2):620-626.

Kalra, Y. P. 1971. Different behaviour of crop species in phosphate absorption. Plant and Soil
34(1):535-539.

Kalra, Y. P. and Soper, R. J. 1968. Efficiency of rape, oat soybean and flax in absorbing soil
and fertilizer phosphorus at seven stages of growth. Agronomy Journal 60:209-212.

Karamanos, R. 2007. Agroeconomics of phosphate fertilizer in Manitoba. Pages 1-9 Manitoba
Agronomists Conference. University of Manitoba, Winnipeg, MB.

Karamanos, R., Flore, N. and Harapiak, J. 2003. Response of field peas to phosphate
fertilization. Canadian Journal of Plant Science 83(2):283-289.

Karamanos, R. E., Flore, N. A. and Harapiak, J. T. 2010. Re-visiting use of Penicillium bilaii
with phosphorus fertilization of hard red spring wheat. Canadian Journal of Plant Science
90(3):265-277.

Karamanos, R. E., Goh, T. B. and Poisson, D. P. 2005. Nitrogen, phosphorus, and sulfur
fertility of hybrid canola. Journal of Plant Nutrition 28(7):1145-1161.

P Fertilizer Rates page 43



Kastens, T., Dhuyvetter, K., Schmidt, J. and Stewart, W. 2000. Wheat yield modeling: How
important is soil test phosphorus? Better Crops with Plant Food 84(2):8-10.

Khakbazan, M., Grant, C. A,, Irvine, R. B., Mohr, R. M., McLaren, D. L. and Monreal, M.
2009. Influence of alternative management methods on the economics of flax production
in the black soil zone. Canadian Journal of Plant Science 89(5):903-913.

Knight, J. D. 2012. Importance of P Nutrition on Ny-fixation, nutrient uptake and productivity
of pea. Pages 59. Saskatchewan Agricultural Development Fund, Saskatoon, SK.

Kruger, G. and Oldhaver, G. 2014. Phosphate and potassium fertilization of irrigated alfalfa
Pages 1 Saskatchewan Soils and Crops Workshop. University of Saskatchwan,
Saskatoon, SK.

Kumaragamage, D., Akinremi, O., Flaten, D. and Heard, J. 2007. Agronomic and
environmental soil test phosphorus in manured and non-manured Manitoba soils.
Canadian Journal of Soil Science 87(1):73-83.

Lafond, G., Grant, C., Johnston, A., McAndrew, D. and May, W. 2003a. Management of
nitrogen and phosphorus fertilizer in no-till flax. Canadian Journal of Plant Science
83(4):681-688.

Lafond, G., Selles, F. and Brandt, S. 1998. Enhancing flax production through better plant
nutrition. Pages 54. Saskatchewan Agricultural Development Fund, Saskatoon, SK.

Lafond, G. P., Gan, Y. T., Johnston, A. M., Domitruk, D., Stevenson, F. C. and Head, W.
K. 2001. Feasibility of applying all nitrogen and phosphorus requirements at planting of
no-till winter wheat. Canadian Journal of Plant Science 81(3):373-383.

Lafond, G. P., Grant, C. A., Johnston, A. M., McAndrew, D. W. and May, W. E. 2003b.
Nitrogen and phosphorus fertilizer management of no-till flax. Better Crops With Plant
Food 87(1):6-7, 11.

Lamb, J. and Rehm, G. 2002. Short-term stability of soil test phosphorus in agricultural fields.
Canadian Journal of Soil Science 82(2):239-247.

Landry, C. P., Hamel, C. and Vanasse, A. 2008. Influence of arbuscular mycorrhizae on soil P
dynamics, corn P-nutrition and growth in a ridge-tilled commercial field. Canadian
Journal of Soil Science 88(3):283-294.

Larney, F. J., Henry Janzen, H. and Olson, A. F. 2011. Residual effects of one-time manure,
crop residue and fertilizer amendments on a desurfaced soil. Canadian Journal of Soil
Science 91(6):1029-1043.

Larney, F. J. and Janzen, H. H. 1996. Restoration of productivity to a desurfaced soil with
livestock manure, crop residue, and fertilizer amendments. Agronomy Journal 88(6):921-
927.

Larney, F. J., Janzen, H. H. and Olson, B. M. 1995. Efficacy of inorganic fertilizers in
restoring wheat yields on artificially eroded soils. Canadian Journal of Soil Science
75(3):369-377.

Larney, F. J., Janzen, H. H., Olson, B. M. and Olson, A. F. 2009. Erosion—productivity—soil
amendment relationships for wheat over 16 years. Soil and Tillage Research 103(1):73-
83.

Lauzon, J. D. and Miller, M. H. 1997. Comparative response of corn and soybean to seed-
placed phosphorus over a range of soil test phosphorus. Communications in Soil Science
and Plant Analysis 28(3-5):205-215.

Letkeman, L. P., Tiessen, H. and Campbell, C. A. 1996. Phosphorus transformations and
redistribution during pedogenesis of western Canadian soils. Geoderma 71(3-4):201-218.

P Fertilizer Rates page 44



Loeppky, H. A., Horton, P. R., Bittman, S., Townley-Smith, L., Wright, T. and Nuttall, W.
F. 1999. Forage seed yield response to N and P fertilizers and soil nutrients in
northeastern Saskatchewan. Canadian Journal of Soil Science 79(2):265-271.

Lu, S. and Miller, M. H. 1989. The role of VA mycorrhizae in the absorption of P and Zn by
maize in field and growth chamber experiments. Canadian Journal of Soil Science 69:97-
109.

Maleki, M. R., Mouazen, A. M., De Ketelaere, B., Ramon, H. and De Baerdemaeker, J.
2008. On-the-go variable-rate phosphorus fertilisation based on a visible and near-
infrared soil sensor. Biosystems Engineering 99(1):35-46.

Malhi, S., Arshad, M., Gill, K. and McBeath, D. 1992a. Response of alfalfa hay yield to
phosphorus fertilization in two soils in central Alberta. Communications in soil Science
and Plant Analysis 23(7-8):717-724.

Malhi, S., McBeath, D. and Nyborg, M. 1992b. Effect of phosphorus fertilization on
bromegrass hay yield. Communications in Soil Science and Plant Analysis 23(1-2):113-
122.

Malhi, S., Nyborg, M., Penney, D., Kryzanowski, L., Robertson, J. and Walker, D. 1993.
Yield response of barley and rapeseed to P fertilizer: Influence of soil test P level and
method of placement. Communications in Soil Science and Plant Analysis 24(1-2):1-10.

Malhi, S. S. 2011. Relative response of forage and seed yield of alfalfa to sulfure, phosphorus,
and potassium fertilizer Journal of Plant Nutrition 34(6):888-908.

Malhi, S. S., Coulman, B. and Schoenau, J. J. 2009. Maximizing timothy forage yield and
quality by balanced nitrogen, phosphorus, and sulfur fertilization. Agronomy Journal
101(5):1182-118¢9.

Malhi, S. S., Gill, K. S. and Heier, K. 2001a. Effectiveness of banding versus broadcasting of
establishment-time and annual phosphorus applications on yield, protein, and phosphorus
uptake of bromegrass Journal of Plant Nutrition 24(9):1435-1444.

Malhi, S. S. and Heier, K. 1998. How to get the most of P fertilizer in alfalfa stands. Pages 5
Saskatchewan Soils and Crops Workshop. University of Saskatchewan, Saskatoon, SK.

Malhi, S. S., Johnston, A. M., Schoenau, J. J., Wang, Z. H. and Vera, C. L. 2006. Seasonal
biomass accumulation and nutrient uptake of wheat, barley and oat on a Black
Chernozem soil in Saskatchewan. Canadian Journal of Plant Science 86(4):1005-1014.

Malhi, S. S., Johnston, A. M., Schoenau, J. J., Wang, Z. H. and Vera, C. L. 2007. Seasonal
biomass accumulation and nutrient uptake of canola, mustard, and flax on a black
chernozem soil in Saskatchewan. Journal of Plant Nutrition 30(4):641-658.

Malhi, S. S., Lemke, R., Mooleki, S. P., Schoenau, J. J., Brandt, S., Lafond, G., Wang, H.,
Hultgreen, G. E. and May, W. E. 2008. Fertilizer N management and P placement
effects on yield, seed protein content and N uptake of flax under varied conditions in
Saskatchewan. Canadian Journal of Plant Science 88(1):11-33.

Malhi, S. S., Nyborg, M., Kryzanowski, L., Gill, K. S. and Arshad, M. A. 1991. Changes in
extractable phosphorus between fall and spring in some Alberta soils. Communications in
Soil Science and Plant Analysis 22(13-14):1439-1446.

Malhi, S. S., Zentner, R. P. and Heier, K. 2001b. Banding increases effectiveness of fertilizer
P for alfalfa production. Nutrient Cycling in Agroecosystems 59(1):1-11.

Mallarino, A. P. 2012. Nutrient management for increased crop productivity and reduced
environmental impacts Pages 10 pp XIX Congreseo Latinoamericano de la ciencia del
suelo, Mar del Plata, Argentina.

P Fertilizer Rates page 45



Manning, G., Fuller, L. G., Eilers, R. G. and Florinsky, I. 2001. Soil moisture and nutrient
variation within an undulating Manitoba landscape. Canadian Journal of Soil Science
81(4):449-458.

May, W. E., Fernandez, M. R., Holzapfel, C. B. and Lafond, G. P. 2008. Influence of
phosphorus, nitrogen, and potassium chloride placement and rate on durum wheat yield
and quality. Agronomy Journal 100(4):1173-1179.

May, W. E. and Lafond, G. P. 2007. Altering the competitiveness of tame oat verses wild oat
with phosphorous and seeding rate. Pages 8 Saskatchewan Soils and Crops Workshop.
University of Saskatchewan, Saskatoon, SK.

McAndrew, D. 1999. Phosphorus nutrition management for flax, peas and beans. Pages 59-65
Manitoba Soil Science Meeting. University of Manitoba, Winnipeg, MB.

McGonigle, T. P., Hutton, M., Greenley, A. and Karamanos, R. 2011. Role of mycorrhiza in
a wheat—flax versus canola—flax rotation: A case study. Communications in Soil Science
and Plant Analysis 42(17):2134-2142.

McGonigle, T. P., Miller, M. H. and Young, D. 1999. Mycorrhizae, crop growth, and crop
phosphorus nutrition in maize-soybean rotations given various tillage treatments. Plant
and Soil 210(1):33-42.

McKenzie, R., Bremer, E., KryzanowskKi, L., Middleton, A., Solberg, E., Heaney, D., Coy,
G. and Harapiak, J. 2003a. Yield benefit of phosphorus fertilizer for wheat, barley and
canola in Alberta. Canadian Journal of Soil Science 83(4):431-441.

McKenzie, R., Dormaar, J., Schaalje, G. and Stewart, J. 1995a. Chemical and biochemical
changes in the rhizospheres of wheat and canola. Canadian Journal of Soil Science
75(4):439-447.

McKenzie, R., Middleton, A. and Bremer, E. 2005. Fertilization, seeding date, and seeding
rate for malting barley yield and quality in southern Alberta. Canadian Journal of Plant
Science 85(3):603-614.

McKenzie, R., Middleton, A. and Bremer, E. 2006a. Fertilizer and rhizobial inoculant
responses of chickpea on fallow and stubble sites in southern Alberta. Canadian Journal
of Plant Science 86(3):685-692.

McKenzie, R., Middleton, A. and Bremer, E. 2006b. Response of mustard to fertilization,
seeding date, and seeding rate in southern Alberta. Canadian Journal of Plant Science
86(2):353-362.

McKenzie, R., Middleton, A., DeMulder, J. and Bremer, E. 2004a. Fertilizer response of
barley silage in southern and central Alberta. Canadian Journal of Soil Science
84(1):133-147.

McKenzie, R., Middleton, A., Dunn, R., Sadasivaiah, R., Beres, B. and Bremer, E. 2008.
Response of irrigated soft white spring wheat to seeding date, seeding rate and
fertilization. Canadian Journal of Plant Science 88(2):291-298.

McKenzie, R., Middleton, A., Hall, L., DeMulder, J. and Bremer, E. 2004b. Fertilizer
response of barley grain in south and central Alberta. Canadian Journal of Soil Science
84(4):513-523.

McKenzie, R., Middleton, A., Seward, K., Gaudiel, R., Wildschut, C. and Bremer, E. 2001a.
Fertilizer responses of dry bean in southern Alberta. Canadian Journal of Plant Science
81(2):343-350.

McKenzie, R., Middleton, A., Solberg, E., DeMulder, J. and Najda, H. 1998. Nitrogen and
phosphorus optimize barley silage production. Better Crops 82(4):22-23.

P Fertilizer Rates page 46



McKenzie, R. and Pauly, D. 2013. Fertilizing eroded knolls. Pages 2 in A. A.F. a. R.
Development, ed. Alberta Agriculture Food and Rural Development, Lethbridge.

McKenzie, R. H. and Bremer, E. 2003. Relationship of soil phosphorus fractions to phosphorus
soil tests and fertilizer response. Canadian Journal of Soil Science 83(4):443-449.

McKenzie, R. H., Bremer, E., Kryzanowski, L., Middleton, A. B., Solberg, E. D., Heaney,
D., Coy, G. and Harapiak, J. 2003b. Yield benefit of phosphorus fertilizer for wheat,
barley and canola in Alberta. Canadian Journal of Soil Science 83(4):431-441.

McKenzie, R. H., Bremer, E., Pfiffner, P. G., Middleton, A. B., Dow, T., Oba, M., Efetha,
A. and Hohm, R. 2009. Yield and quality responses of irrigated timothy to fertilizer
application in southern Alberta. Canadian Journal of Plant Science 89(2):247-255.

McKenzie, R. H., Kryzanowski, L., Cannon, K., Solberg, E., Penney, D., Coy, G., Heaney,
D., Harapiak, J. and Flore, N. 1995b. Field evaluation of laboratory tests for soil
phosphorus Pages 505. Alberta Agricultural Research Institute, Edmonton, AB.

McKenzie, R. H., Middleton, A. B., Solberg, E. D., DeMulder, J., Flore, N., Clayton, G. W.
and Bremer, E. 2001b. Response of pea to rate and placement of triple superphosphate
fertilizer in Alberta. Canadian Journal of Plant Science 81(4):645-649.

Miller, J. and Axley, J. 1956. Correlation of chemical soil tests for available phosphorus with
crop response, including a proposed method. Soil Science 82(2):117-128.

Miller, M. H. 2000. Arbuscular mycorrhizae and the phosphorus nutrition of maize: A review of
Guelph studies. Canadian Journal of Plant Science 80(1):47-52.

Mitchell, J. 1957. A review of tracer studies in Saskatchewan on the utilization of phosphates by
grain crops. J Soil Sci 8:73-85.

Mitchell, J., Dion, H., Kristjanson, A. and Spinks, J. 1953. Crop and variety response to
applied phosphate and uptake of phosphorus from soil and fertilizer. Agronomy Journal
45(1):6-11.

Mitchell, J., Kristjanson, A., Dion, H. and Spinks, J. 1952. Availability of fertilizer and soil
phosphorus to grain crops, and the effect of placement and rate of application on
phosphorus uptake. Scientific Agriculture 32(10):511-525.

Mohr, R. 2006. Nitrogen and phosphorus fertilization for buckwheat in Manitoba (A04513):
Annual report submitted to the Manitoba Buckwheat Growers Association Pages 12.
Manitoba Buckwheat Growers Association, Brandon, MB.

Mohr, R., Grant, C., May, W. and Stevenson, F. 2007a. The influence of nitrogen, phosphorus
and potash fertilizer application on oat yield and quality. Canadian Journal of Soil
Science 87(4):459-468.

Mohr, R., Irvine, B., Grant, C., Holzapfel, C., Hogg, T., Malhi, S. and Kirk, A. 2013.
Response of canola to the application of phosphorus fertilizer and Penicillium bilaii
(JumpStart®). Pages 24. Saskatchewan Canola Development Commission, Saskatoon,
SK.

Mohr, R., McAndrew, D., McEwan, L. and Heard, J. 2007b. Nitrogen and phosphorus
management to enhance buckwheat production; Final report submitted to the Agri-Food
Research and Development Initiative (A04513) Pages 14. Agriculture and Agri-Food
Canada, Brandon, MB.

Mohr, R. M., Grant, C. A, Bardella, G. R. and Flaten, D. N. 2016. Final report: Long-term
management of phosphorus fertilizer to maximize yield and minimize cadmium in
soybeans under Manitoba conditions (Experiment B of the project ‘Phosphorus

P Fertilizer Rates page 47



Fertilization Beneficial Management Practices for Soybeans in Manitoba’). Pages 14.
Agricuture and Agri-Food Canada, Brandon, MB.

Monreal, M. A., Grant, C. A,, Irvine, R. B., Mohr, R. M., McLaren, D. L. and Khakbazan,
M. 2011. Crop management effect on arbuscular mycorrhizae and root growth of flax.
Canadian Journal of Plant Science 91(2):315-324.

Morden, G. W. 1986. The effect of time and method of phosphorus application on yield of
wheat and soil phosphorus. M.Sc. Thesis, University of Manitoba, Winnipeg, MB.
Noorbakhsh, S., Schoenau, J., Si, B., Zeleke, T. and Qian, P. 2008. Soil properties, yield, and
landscape relationships in south-central Saskatchewan Canada. Journal of Plant Nutrition

31(3):539-556.

Nyborg, M. and Hennig, A. M. F. 1969. Field experiments with different placements of
fertilizers for barley, flax and rapeseed. Canadian Journal of Soil Science 49:79-88.

Nyborg, M., Malhi, S., Mumey, G., Penney, D. and Laverty, D. 1999. Economics of
phosphorus fertilization of barley as influenced by concentration of extractable
phosphorus in soil. Communications in Soil Science and Plant Analysis 30(11-12):1789-
1795.

Nyborg, M., Malhi, S., Robertson, J. and Zhang, M. 1992. Changes in extractable phosphorus
in Alberta soils during the fall-winter-spring interlude. Communications in Soil Science
and Plant Analysis 23(3-4):337-343.

Olsen, S. R., Cole, C. V., Watanabe, F. S. and Dean, L. A. 1954. Estimation of available
phosphorus in soils by extraction with sodium bicarbonate. USDA Circ. 939. US
Government Printing Office, Washington, DC.

Pauly, D. 2010. Optimizing variable rate fertilizer application in fields with spatial variability.
2010 Annual Report. Appendix 1. Pages 36. Alberta Agriculture and Forestry.

Peterson, G. A., Sander, D. H., Grabouski, P. H., Jacobsen, J. S. and Hooker, M. L. 1981. A
new look at row and broadcast phosphate recommendations for winter wheat. Agronomy
Journal 73:13-17.

Qian, P., Schoenaru, J. J. and Karamanos, R. E. 1994. Simultaneous extraction of available
phosphorus and potassium with a new soil test: A modification of Kelowna extraction.
Communications in Soil Science and Plant Analysis 25(5-6):627-635.

Qian, P. and Schoenau, J. 2002. Practical applications of ion exchange resins in agricultural
and environmental soil research. Canadian Journal of Soil Science 82(1):9-21.

Qian, P., Schoenau, J. and Ziadi, N. 2007. lon supply rates using ion-exchange resins. Pages
135-140 in M. R. Carter, E. G. Gregorich, eds. Soil sampling and methods of analysis.
Canadian Society of Soil Science.

Qian, P., Schoenau, J. J. and Huang, W. Z. 1992. Use of ion exchange membranes in routine
soil testing. Communications in Soil Science and Plant Analysis 23(15-16):1791-1804.

Qian, P., Schoenau, J. J., King, T. and Fatteicher, C. 2005. Preliminary study on impact of
seed-row placed P fertilizer on emergence and yield of 10 crops under controlled
environment conditions. Pages 6 Saskatchewan Soils and Crops Workshop. University
of Saskatchewan, Saskatoon, SK.

Qian, P., Schoenau, J. J., King, T. and Fatteicher, C. 2006. The effect of seed-row placed
controlled-release p (crp) fertilizer on crop emergence under controlled environment
conditions. Proc. Saskatchewan Soils and Crops Workshop, Saskatoon, SK.

Racz, G. J., Webber, M. D., Soper, R. J. and Hedlin, R. A. 1965. Phosphorus and nitrogen
utilization by rape, flax and wheat. Agronomy Journal 57:335-337.

P Fertilizer Rates page 48



Read, D. W. L., Spratt, E. D., Bailey, L. D. and Wader, F. G. 1977. Residual effects of
phosphorus fertilizer: I. For wheat grown on four chernozemic soil types in
Saskatchewan and Manitoba. Canadian Journal of Soil Science 57:255-262.

Read, D. W. L., Spratt, E. D., Bailey, L. D., Warder, F. G. and Ferguson, W. S. 1973.
Residual value of phosphatic fertilizer on Chernozemic soils. Canadian Journal of Soil
Science 53:389-398.

Richards, J. E., Bates, T. E. and Sheppard, S. C. 1985. The effect of broadcast P applications
and small amounts of fertilizer placed with the seed on continuously cropped corn (Zea
mays L.). Fertilizer Research 6(3):269-277.

Roberts, T., Stewart, J. and Bettany, J. 1985. The influence of topography on the distribution
of organic and inorganic soil phosphorus across a narrow environmental gradient.
Canadian Journal of Soil Science 65(4):651-665.

Roberts, T. L., Zentner, B. and Campbell, C. 1999. Phosphorus pays—don’t seed without it!
Pages 3 News and views. Potash & Phosphate Institute of Canada, Saskatoon,SK.

Rogalsky, M. 2017a. Phosphorus beneficial management practices for corn production in
manitoba M. Sc. Thesis, University of Manitoba, Winnipeg, MB. 194 pp.

Rogalsky, M. F., D.; Lawley, Y.;Tenuta, M.; Heard, J. 2017b. Phosphorus beneficial
management practices for corn production in Manitoba. Manitoba Agronomists
Conference, University of Manitoba Winnipeg, MB.

Sadler, J. M. 1980. Effect of placement location for phosphorus banded away from the seed on
growth and uptake of soil and fertilizer phosphorus by flax. Canadian Journal of Soil
Science 60:251-262.

Saskatchewan Ministry of Agriculture. 2019. Phosphorus fertilization in crop production.
https://www.saskatchewan.ca/business/agriculture-natural-resources-and-
industry/agribusiness-farmers-and-ranchers/crops-and-irrigation/soils-fertility-and-
nutrients/phosphorus-fertilization-in-crop-production. Accessed May 29, 2019.

Schmisek, M., Cihacek, L. and Swenson, L. 1998. Relationships between the Mehlich-III soil
test extraction procedure and standard soil test methods in North Dakota.
Communications in Soil Science and Plant Analysis 29(11-14):1719-1729.

Schoenau, J., Qian, P. and Huang, W. 1993. lon-exchange resin strips as plant root simulators.
Proc. Soils and Crops Workshop, Saskatoon, SK.

Schoenau, J. J., Qian, P. and King, T. 2005. Crop tolerance and response to seed-row
phosphorus fertilizer Agricultural Development Fund, Saskatoon, SK.

Schultz, E., DeSutter, T., Sharma, L., Endres, G., Ashley, R., Bu, H., Markell, S., Kraklau,
A. and Franzen, D. 2018. Response of sunflower to nitrogen and phosphorus in North
Dakota. Agron. J. 110:685-695. doi:10.2134/agronj2017.04.0222

Selles, F., Campbell, C., Zentner, R., Curtin, D., James, D. and Basnyat, P. 2011.
Phosphorus use efficiency and long-term trends in soil available phosphorus in wheat
production systems with and without nitrogen fertilizer. Canadian Journal of Soil Science
91(1):39-52.

Selles, F., Campbell, C., Zentner, R., James, D. and Basnyat, P. 2007. Withholding
phosphorus after long-term additions—soil and crop responses. Better Crops with Plant
Food 91(4):19-21.

Selles, F. and Jefferson, P. 2004. Effect of p fertilization management on alfalfa forage
production, and on soil available P. Proc. Sskatchewan Soils and Crops Workshop,
Saskatoon, SK.

P Fertilizer Rates page 49



Selles, F., McConkey, B. G. and Campbell, C. A. 1999. Distribution and forms of P under
cultivator- and zero-tillage for continuous- and fallow-wheat cropping systems in the
semi-arid Canadian prairies. Soil and Tillage Research 51(1-2):47-509.

Sheppard, S. C. and Bates, T. E. 1980. Yield and chemical composition of rape in response to
nitrogen, phosphorus and potassium. Canadian Journal of Soil Science 60(2):153-162.

Sheppard, S. C. and Racz, G. J. 1985. Shoot and root response of wheat to band and broadcast
phosphorus at varying soil temperature. Canadian Journal of Soil Science 65:79-88.

Simons, R. G., Grant, C. A. and Bailey, L. D. 1995. Effect of fertilizer placement on yield of
established alfalfa stands. Canadian Journal of Plant Science 75(4):883-887.

Smith, S. E., Manjarrez, M., Stonor, R., McNeill, A. and Smith, F. A. 2015. Indigenous
arbuscular mycorrhizal (AM) fungi contribute to wheat phosphate uptake in a semi-arid
field environment, shown by tracking with radioactive phosphorus. Applied Soil Ecology
96:68-74.

Soon, Y. 1997. Effects of rate, placement, and frequency of P application on yield and P content
of bromegrass-red clover herbage and soil P distribution. Canadian Journal of Soil
Science 77(1):77-81.

Soper, R. 1971. Soil tests as a means of predicting response of rape to added N, P, and K.
Agronomy Journal 63(4):564-566.

Soper, R. J. and Kalra, Y. P. 1969. Effect of mode of application and source of fertilizer on
phosphorus utilization by buckwheat, rape, oats and flax. Canadian Journal of Soil
Science 49:319-326.

Strong, W. M. and Soper, R. J. 1973. Utilization of pelletted phosphorus by flax, wheat, rape
and buckwheat from a calcareous soil. Agronomy Journal 65:18-21.

Strong, W. M. and Soper, R. J. 1974a. Phosphorus utilization by flax, wheat, rape, and
buckwheat from a band or pellet-like application. 1. Reaction zone proliferation.
Agronomy Journal 66:597-601.

Strong, W. M. and Soper, R. J. 1974b. Phosphorus utilization by flax, wheat, rape, and
buckwheat from a band or pellet-like application. Il. Influence of reaction zone
phosphorus concentration and soil phosphorus supply. Agronomy Journal 66:601-605.

Stumborg, C. and Schoenau, J. 2008. Evaluating phosphorus loading from repeated manure
applications to two Saskatchewansoils. Canadian journal of soil science 88(3):377-387.

Syers, J., Johnston, A. and Curtin, D. 2008. Efficiency of soil and fertilizer phosphorus use.,
FAO Fertilizer and Plant Nutrition Bulletin No. 18.(FAO: Rome).

Teboh, J. M. and Franzen, D. W. 2011. Buckwheat (Fagopyrum esculentum Moench) potential
to contribute solubilized soil phosphorus to subsequent crops. Communications in Soil
Science and Plant Analysis 42(13):1544-1550.

Urton, R., King, T., Schoenau, J. and Grant, C. 2013. Response of canola to seed-placed
liquid ammonium thiosulfate and ammonium polyphosphate. Pages 5 Saskatchewan
Soils and Crops Workshop. University of Saskatchewan, Saskatoon, SK.

Urton, R., Qian, P., King, T., Schoenau, J. and Grant, C. 2012. Tolerance of Brassicae crop
species to seed-placed N, P and S specialty fertilizer. Pages 5 Saskatchewan Soils and
Crops Workshop. University of Saskatchewan, Saskatoon, SK.

Vera, C. L., Malhi, S. S., Phelps, S. M., May, W. E. and Johnson, E. N. 2010. N, P, and S
fertilization effects on industrial hemp in Saskatchewan. Canadian Journal of Plant
Science 90(2):179-184.

P Fertilizer Rates page 50



Wagar, B., Stewart, J. and Henry, J. 1986a. Comparison of single large broadcast and small
annual seed-placed phosphorus treatments on yield and phosphorus and zinc contents of
wheat on Chernozemic soils. Canadian Journal of Soil Science 66(2):237-248.

Wagar, B., Stewart, J. and Moir, J. 1986b. Changes with time in the form and availability of
residual fertilizer phosphorus on Chernozemic soils. Canadian Journal of Soil Science
66(1):105-119.

Walley, F. L., Kyei-Boahen, S., Hnatowich, G. and Stevenson, C. 2005. Nitrogen and
phosphorus fertility management for desi and kabuli chickpea. Canadian Journal of Plant
Science 85(1):73-79.

Wang, X., Pan, Q., Chen, F., Yan, X. and Liao, H. 2011. Effects of co-inoculation with
arbuscular mycorrhizal fungi and rhizobia on soybean growth as related to root
architecture and availability of N and P. Mycorrhiza 21(3):173-181.

Watmuff, G., Reuter, D. J. and Speirs, S. D. 2013. Methodologies for assembling and
interrogating N, P, K, and S soil test calibrations for Australian cereal, oilseed and pulse
crops. Crop and Pasture Science 64(5):424-434.

Webb, J., Mallarino, A. and Blackmer, A. 1992. Effects of residual and annually applied
phosphorus on soil test values and yields of corn and soybean. Journal of Production
Agriculture 5(1):148-152.

Weiseth, B. 2015. Impact of fertilizer placement on phosphorus in crop, soil, and run-off water
in a brown Chernozem in south-central Saskatchewan. M.Sc. Thesis, University of
Saskatchewan, Saskatoon, SK.

Wilson, H. F., Satchithanantham, S., Moulin, A. P. and Glenn, A. J. 2016. Soil phosphorus
spatial variability due to landform, tillage, and input management: A case study of small
watersheds in southwestern Manitoba. Geoderma 280:14-21.

Wollenhaupt, N., Wolkowski, R. and Clayton, M. 1994. Mapping soil test phosphorus and
potassium for variable-rate fertilizer application. Journal of Production Agriculture
7(4):441-448.

Zentner, R. P., Brandt, K., Campbell, C. A., Wang, H., Cade-Menun, B., Lemke, R., Gan,
Y., McConkey, B. G., Hamel, C., Cutforth, H. and others. 2010. Long-term response
of spring wheat to N and P fertilization in southwestern Saskatchewan. Pages 13
Saskatchewan Soils and Crops Workshop. University of Saskatchewan, Saskatoon, SK.

Ziadi, N. and Tran, T. S. 2008. Mehlich 3-extractable elements. Pages 81-88. in M. R. Carter,
E. G. Gregorich, eds. Soil sampling and methods of analysis. Canadian Society of Soil
Science.

Zubriski, J. and Zimmerman, D. 1974. Effects of nitrogen, phosphorus, and plant density on
sunflower. Agronomy Journal 66(6):798-801.

P Fertilizer Rates page 51



