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Preface
Nitrogen (N), phosphorus (P), potassium (K)
and sulfur (S) fertilisers are key inputs to
maintain a productive, profitable and
sustainable cropping industry in Western
Australia (WA). However, excessive fertiliser
use or inappropriate application practices can
lead to significant nutrient pollution of land,
water and air. Both under and over
fertilisation may lead to economic losses.
Best management practices (BMPs) are
actions applied that have been demonstrated
through research to provide the best known
combination of economic, social, and
environmental performance. Because the
resources for crop production (e.g. soil,
climate, etc.) vary from one site to another,
BMPs are site-specific for fertiliser
application.
Best management practices for fertiliser use
can be achieved by applying the International
Plant Nutrition Institute (IPNI 2012) 4R
Nutrient Stewardship concept: right sourcerate-time-place for fertiliser management.
The 4R nutrient stewardship principles are
the same globally, but how they are used
locally varies depending on field and site
specific characteristics such as soil, cropping
system, management techniques and climate
(Figure 1). The scientific principles of the 4R
framework include.


Right Source – Ensure a balanced supply
of essential nutrients, considering both
naturally available sources and the
characteristics of specific products, in
plant available forms.



Right Rate – Assess and make decisions
based on soil nutrient supply and plant
demand.



Right Time – Assess and make decisions
based on the dynamics of crop uptake,
soil supply, nutrient loss risks, and field
operation logistics.



Right Place – Address root-soil dynamics
and nutrient movement, and manage
spatial variability within the field to meet
site-specific crop needs and limit potential
losses from the field.

Figure 1. “4R Nutrient Stewardship – The 4R
nutrient stewardship concept defines the right
source, rate, time, and place for plant nutrient
application as those practices producing the
economic, social, and environmental
outcomes desired by all stakeholders to the
soil-plant ecosystem” (IPNI 2012).

Producers and their advisors need the best
possible information and decision support
tools when making fertiliser decisions if they
are to satisfy the dual goals of profitability and
environmental sustainability.
The Better Fertiliser Decisions for Cropping
project (BFDC) (2009-2012) was completed
to provide comprehensive information to
improve fertiliser decisions for the cropping
industry in Australia (Speirs et al. 2013a). The
WA component provides interpretation of
results from crop nutrient application
experiments for the WA cropping system, and
developed a tool for estimating nutrient
losses from cropping systems soils.
The BFDC-WA project aims to use the 4R
principles by producing a series of bulletins
on nutrient management for the cropping
system of WA.
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Soil test (P, K, S and N) – crop (wheat, lupin
and canola) response relationship for soil
types (sands, duplexes, gravels and loams)
and rainfall zones of the south-western
Agricultural Region. This approach assists
grain growers to determine the right source of
nutrients to apply using locally defined soil
test calibration curves. It also provides
information for determining the right rate of
fertiliser.
Historic field nutrient (N, P, K and S)
experiment results for Australian broad-acre
crops have been collated within an on-line
database (www.bfdc.com.au) referred to as
the BFDC National Database (Watmuff et al.
2013). The data can be interrogated through
a web browser interface referred to as BFDC
Interrogator (Watmuff et al. 2013).
The WA component of the BFDC National
Database consists of experiments conducted
by the Department of Agriculture and Food,
Western Australia (DAFWA) (93% of
treatment records) and industry sources
(7%). The data was derived from scientific
publications, industry reports and
unpublished data. All data used in the
development of the soil test – crop response
relationships met rigorous quality assurance
criteria. This included the use of a zero
application (control) and application of N, P, K
or S at levels high enough to reach maximum
yield. Basal applications of non-target
nutrients were used to remove the risk of
other limiting factors in crop yield.
A summary of the 1892 WA experiments
contained in the BFDC National Database
(Watmuff et al. 2013) for each nutrient and
crop is presented in Table 1.
The BFDC web site provides an interactive
database containing all the nationallycompiled data. Users are required to
undertake a training course to obtain access
to the database and the interrogator. Once
trained the user can examine results from
individual fertiliser experiments or analyse
soil test – crop response relationships for
selected regions and soil types. Papers
analysing the database are provided in a
special issue of Crop and Pasture Science
volume 64, 2013.

Table 1. Number of West Australian
experiments contained in the BFDC National
Database for each nutrient and crop.

Nutrient

Crop

P

Wheat
Lupin
Canola
Wheat
Lupin
Canola
Wheat
Lupin
Canola
Wheat
Canola

K

S

N
Total

No of
experiments
388
460
51
149
23
100
60
6
131
386
138
1892

Experimental
period
1966-1999
1973-1994
1993-2005
1992-2001
1977-2003
1993-2005
1993-2006
1997-2005
1993-2005
1975-2009
1999-2008
1966-2010

Once logged into the web site, the user will
select the BFDC home page. The user then
selects the annual trials button and enters the
database search page. The user can then
use the drop-down menus to select a
particular nutrient (K, N, P or S). Sampling
period can be defined by specifying the
starting year (from year drop-down menu)
and finishing year (to year drop-down menu).
Then the user can select state, farming
system and season, crop and soil type using
the drop menus to enter the “Analyse” page.
The BFDC Interrogator uses the Australian
Soil Classification (Isbell 2002). The present
Bulletin simplified the presentation of soil
types into sand (Tenosols), duplex
(Chromosols and Sodosols), gravel (sesquiNodular or G in Interrogator), loam
(Kandosols) and clay (Vertosols). Soils were
also separated by colour (Brown, Red, Grey
or Yellow) as colour of the soil correlates with
differences in properties affecting nutrient
availability.
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Assessment of soil nutrient status
Nutrient analysis of soils is currently done
using a 0-10 cm sampling depth. These
samples are sent to laboratories that
measure nutrient (P, K, S and N)
concentrations expressed in mg of a nutrient
per kg of soil (mg/kg).
The soil tests for measuring soil extractable
or plant available nutrients in WA are,


Soil P test or bicarbonate extractable P
(Colwell 1963)



Soil K test or bicarbonate extractable K
(Colwell and Grove 1976)



Soil S test or KCl-40 extractable S (Blair
et al. 1991)



Soil N test or 2 M KCl extractable
inorganic N which provides measurement
of nitrate-N and ammonium-N (Rayment
and Lyons 2011).

Other measurements that are either required
or aid the interpretation of soil nutrient tests
include soil pH, soil carbon content and P
sorption capacity, currently measured as
Phosphorus Buffering Index (PBI).
The 0-10 cm soil layer was chosen because
nutrients, especially P, and the plants roots
are concentrated within this layer.
Increasingly, there is evidence of the need to
also assess production constraints for grain
crops from sub soil layers. This includes
constraints from soil acidity, which is better
understood by also measuring the soil pH of
the 10-20 cm and 20-30 cm soil layers. With
the adoption of the Yield Prophet® model,
growers and consultants are beginning to
also measure inorganic N deeper in the soil
profile. Awareness of the importance of sub
soil K and S contributions to plant nutrient
uptake has also been known for a long time.
The response of crops to nutrients can be
explored from the relationship between crop
yield and soil test values. These relationships
can be expressed in terms of the extractable
nutrient concentration by a soil test or from
estimates of plant-available nutrient content
in the soil profile. The nutrient content of soil
profiles is expressed as kg of a nutrient to a
specified depth per hectare (kg/ha). This
value is obtained by multiplying nutrient
concentration from the soil test (mg/kg) with

the depth of soil layer (mm), and then
multiplying by bulk density divided by 100.
Bulk density was not measured for most
experiments, so for this work, bulk density
was assumed to be related to soil texture.
Thus sand, which includes the sand layer of
duplexes, was assumed to have a bulk
density of 1.5 g/cm3. In contrast, loams were
assumed to have a bulk density of 1.3 g/cm3.
The gravel content of the soil is also
important in undertaking this calculation. As
the gravel content of the soil increases, the
nutrient content, expressed in units of kg/ha,
will decrease. This is because gravel takes
up some of the volume that would otherwise
be occupied with the finer soil fraction that
contains nutrients that are measured in the
soil test.
Crop responses to nutrient applications are
currently assessed using the 0-10 cm soil
layer. However, nutrients contained in soil
below 10 cm are also important hence we
also assessed the crop response relationship
for greater depths for all nutrients.
An accurate soil test – crop response
relationship is a key input for making fertiliser
recommendations. The soil test – crop
response relationship can be used to make
two important fertiliser decisions.
The first decision relates to a crop’s
biophysical response. This decision
determines if a nutrient should be applied
based on whether the soil test value is
greater than or less than the upper or lower
critical range value. The accuracy of this
decision can be determined by the error
associated with defining the critical value as
represented in the critical range. For an
accurately defined critical value, the
confidence interval will be in the order of 10
per cent. That is, for a critical value of 25
mg/kg the critical range would be between
22.5 to 27.5 mg/kg. If the soil test
measurement is greater than the upper value
(i.e. 27.5 mg/kg in this example) the site is
not likely to respond to an application of the
nutrient. If the soil test value is less than the
lower end (i.e. 22.5 mg/kg in this example)
the site is highly likely to respond to an
application of the nutrient. For values within
the range there is less certainty about
whether a response will occur. In this case
6

Soil test – crop response
relationships
Generalised soil test – crop response
relationships are illustrated in Figure 2 and
Figure 3. The relationships allow users to
determine whether crop grain yield increase
is likely in response to nutrient application,
based on the soil test value.
Soil test – crop response relationships of the
form shown in Figure 2 and Figure 3 can be
interrogated for P, K, S and N for the southwestern Agricultural Region of WA and
partitioned according to soil type and rainfall
zones to improve the relevance of the
relationships.
The response relationships were compared
and statistically significant differences in the
critical values and ranges identified so that
relationships for predicting when fertiliser is
needed can be better matched to soil types,
locations and seasons.
Interrogation of the BFDC National database
(Watmuff et al. 2013) using the BFDC
Interrogator (Dyson and Conyers 2013) to
produce a calibration curve can define soil
test critical values (CV) and critical ranges
(CR) which correspond to 90% of maximum
yield. The web site address for access to the

For farmers making fertiliser decisions it is
recommended that the upper limit of the
critical range be used as the threshold value
to stop applying nutrients or reduce rates to
maintenance additions.

100

Yield increase (t/ha)

The second decision is to determine the rate
of nutrient application. The utility of the soil
test – crop response relationship for making
fertiliser rates decisions depends on how well
the soil test value and percentage of relative
yield relate to one another. The correlation
coefficient explains how well the difference in
crop yield is explained by the soil test value.
For example, a value of 0.75 indicates that
the soil test values account for 75 per cent of
the variation in per cent maximum yield.
Correlation coefficients are tested to
determine if the relationship is significant
(Neave 1981). Only relationships that gave a
significant correlation are presented below.
Fertiliser rates are determined using a welldefined soil test - crop response relationship
in combination with a fertiliser -crop response
curve.

data base and interrogator is
www.bfdc.com.au.

Critical
value

Low er
Limit
Critical
range

10

Upper
Limit
Critical
range

0
Soil test (mg/kg)
Figure 2. A generalized soil test – crop
response relationship between soil test value
and yield increase (t/ha) to an increase in soil
test value. From the relationship a critical
value and critical range can be defined.

100
90

Relative Yield (%)

growers have to exercise a judgement about
the costs and benefits of adding fertiliser in
the forthcoming season versus those
associated with not applying it.

Upper
Limit
Critical
range

0

Low er
Limit
Critical
range

Critical
value

Crop grow th
limited by
deficiency

Crop grow th
not limited by
deficiency

Soil test (mg/kg)
Figure 3. A generalized soil test – crop
response relationship between soil test value
and per cent maximum grain yield from which
a critical soil test value and critical range is
defined.
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Soil test critical value (CV)
Soil testing is used to assess the amount of
plant available nutrients in the soil. As soil
test levels increase, the additional crop yield
resulting from fertiliser application becomes
smaller and smaller (Figure 2).

Photograph 1. A N fertiliser experiment
illustrating N deficient wheat in the centre and
N response in plots on either side at
Mingenew 2010.

How the response relationships
were developed
Crop grain yields in units of kg of grain/ha
(kg/ha) were standardised to a percentage of
maximum grain yield to allow comparison of
experiments on different soil types and under
different seasonal conditions that produce
different maximum grain yields. For each
experiment, the percentage of maximum
grain yield or % relative yield was calculated
from the grain yield obtained when no nutrient
was applied divided by the maximum grain
yield obtained after the application of
adequate levels of the nutrient.

A soil test ‘critical value’ is the soil test value
corresponding to 90 per cent of maximum
crop yield (Figure 3). These values were
established from the soil test – crop response
relationships. The soil test critical value is a
commonly used reference point to define
where further applications of nutrients are
likely to increase yield (if the soil test is lower
than the CV) or unlikely to increase yield (if
the soil test is higher than the CV). The
critical range around the CV indicates the
reliability of the test.
In the past soil test interpretation was mostly
based on the CV. However, the critical range
is now recognised as a more accurate
representation of the variability that exists in
the crop response- soil test relationship.

In these experiments, basal soil amendments
were applied to remove other soil limitations.
The exception was that lime was not
consistently applied to correct low pH.
Unfortunately, subsequent research has
illustrated the importance of correcting soil
acidity so that the soil pH of the 0-10 cm soil
layer is greater than 5.5 and soil pH of the 1030 cm soil layer is greater than 4.8. Results
below illustrate situations were soil pH below
these values had an adverse effect on
nutrient availability and limited yield even
when soil test values suggested growth
should not be limited.
Initial soil test values and the percentage of
relative yield obtained without nutrient
addition for each experiment were used to
define soil test – crop response relationships.
These response relationships can be used to
determine the likely crop response at any
particular soil test value.
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Region
The south-western agricultural region of
Australian is defined as the south-western
corner of WA receiving greater than 275 mm
of annual average rainfall. This region has hot
dry summers and cool wet winters commonly
referred to as a Mediterranean-type climate.

DAFWA divides the south-western
Agricultural Region into four sub regions
(northern, central, southern and southwest)
as illustrated by Figure 4. The distribution of
experiments conducted within each region for
the various crops and nutrients is illustrated
(Figure 5).

(a) Phosphorus

30

Wheat
Lupin
Canola

25
20
15
10
5
0
(b) Potassium

30
25
20
Per cent of experiments (%)

Cropping is the dominant land use in areas
receiving 275–450 mm annual average
rainfall, while grazing is the dominant land
use in areas that receive greater than 450
mm annual average rainfall. This division
gives approximately 14 million ha where
cropping is the dominant land use and 12
million ha where grazing is the dominant land
use. The cropping region is commonly called
the wheat belt. Fluctuations in commodity
prices can change the proportion of land
cropped or grazed. Nevertheless, there is a
general trend over recent decades of
increased frequency of cropping for shires
which receive 450-550 of annual rainfall.

35

15
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5
0
(c) Sulphur

30
25
20
15
10
5
0
(d) Nitrogen

30
25
20
15
10
5
0
North

Figure 4. Department of Agriculture and Food,
Western Australia sub-regions of the southwest Agricultural Region referred to as:
Northern Agricultural Region , Central
Agricultural Region , Southern Agricultural
Region
and Southwest Agricultural Region
.

Central

South

Figure 5. Per cent of nutrient experiments (a) P,
(b) K, (c) S and (d) N conducted for wheat,
lupin and canola for the DAFWA North, Central
and Southern Agricultural Regions. Total for
each individual graph is 100.
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Soil Types
Soil profiles for this bulletin are described by
surface layer texture, colour, presence of
coarse fragments (gravel content) and
change in soil texture with increasing depth
(duplex soils or sand over clay).
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Other soils apart from those described above
(14 per cent of the landscape) comprise
undifferentiated soils, wet or waterlogged,
saline soils and rocky or stony soils. Because
these soils are not suitable for growing crops,
there are few experiments on them and no
records in the database.
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Grey sands appeared to be an important
separator when defining critical values for P
and K.
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This bulletin presents crop response
relationships for nutrients according to the
following soil types:

Lupin

20

In WA, soils used in crop production are
described by Schoknecht and Pathan (2012).
These can be summarised as;

They are further distinguished by colours;
grey, yellow, brown and red and depth;
shallow duplexes having depth to clay less
than 30 cm or other soils having less than 80
cm depth over rock, hardpans or cemented
gravels (ferricrete).

Wheat

Figure 6. Per cent of nutrient experiments (a) P,
(b) K, (c) S and (d) N conducted for wheat,
lupin and canola on six broad soil types. Total
for each individual graph is 100.
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The distribution of experiments among the
regions and soil types reflects where the
crops are mainly grown and the major soil
types in those regions. However, there are
significant gaps in the database for soils that
are important for grain crops but have had
limited number of nutrient response
experiments to define critical values and
critical ranges.
Canola has been grown mainly in the
Southern Agricultural Region where duplex
and gravel soils are common (Figure 5 and
Figure 6).

Photograph 2. Grey duplex or Grey Chromosol
soil profile.

Lupins are mostly grown on the Northern
sandplain hence the strong emphasis on
experiments on sands of the Northern
Agricultural Region (Figure 5 and Figure 6).
Nevertheless, a sufficient number of fertiliser
P placement experiments for lupins were
conducted in the Central Agricultural Region
with some of these experiments conducted
on soils with PBI values greater than 14 over
the period 1987-1992.
The K experiments for lupins were
undertaken on grey sand because these soils
are known to have low K status and are the
most likely soils to provide a K response
(Brennan and Bell 2013). This soil type was
selected to improve the likelihood of defining
a soil K test critical value for lupins.
Of the five lupin S experiments, four were on
yellow sands near Moora and Wongan Hills.
A great proportion of the wheat P
experiments were conducted on grey gravels
which are more common in the high rainfall
areas of the Central and Southern
Agricultural Regions. By contrast, a large
proportion of the wheat K experiments were
on duplex soils that are more common in the
Central and Southern Agricultural Regions.

Photograph 3. Yellow sand or Yellow Tenosol
profile.
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Australian soil classification
scheme
The BFDC Interrogator uses the Australian
Soil Classification (ASC) to categorize soils at
trial sites. The Soil Groups of WA can be
converted to ASC using the following
guidelines:


Soil with minimal pedological organisation








Soils with a strong texture contrast
between the A and B horizons (duplex):


Chromosols have soil profiles with pH
> 5.0



Kurosols have soil profiles with pH <
5.0 (Photograph 5)



Sodosols have soil profiles containing
significant levels of sodium.

Soils without a strong texture contrast
layer between the A and B horizons
(Loam);


Calcarosols have free lime present in
the soil



Ferrosols have high free iron in the B2
horizon



Dermosols have a structured B2
horizon



Kandosols have a massive B2 horizon
(Photograph 5).

Photograph 4. Gravel or Grey Kurosol profile.

Clay soils:




Tenosols or sands.

Vertosols.

Other soil groups:


Anthroposols, Organosols, Rudosols
and Podosols.

Both classification systems describe soil
according to colour (brown, grey, red and
yellow) and depth (shallow < 50 cm or Leptic,
and deep > 50 cm). Soils containing gravel
are referred to as Sesqui-Nodular.

Photograph 5. Red loamy earth or Red
Kandosol profile.
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Crop productivity is determined by seasonal
conditions, the soil plant available water
storage capacity (PAWC) and available
nutrient content. The availability of nutrients
from the soil to plants is determined by
properties such as clay content, soil pH which
impacts on both the ability of the soil to retain
nutrients (particularly P) and the capacity of
roots to access these nutrients, and organic
matter content which impacts on the supply of
mainly N and S. In general, grey sand has the
lowest nutrient supply, nutrient retention and
water holding capacity, while clays have the
highest nutrient supply, nutrient retention and
water holding capacity. Plant AWC is a
function of the texture as well as subsoil
constraints that limit root depth (e.g. Al
toxicity). Clay content of the soil interacts with
soil organic matter to influence mineralisation
rates. Soils with higher clay content have
higher organic matter content but the
mineralisation of this organic matter is
reduced by organic matter particles coating
clay.

Impact of farming practice
Conservation farming practices (no-tillage
with stubble retention) is a fairly recent
practice, with only 15 per cent of WA farmers
reporting its adoption before 1994. However,
currently, 90 per cent or more of wheat belt
growers are using conservation farming
practices.
Conservation farming practice may have an
impact on nutrient availability. For N and S
this may occur through effects on the
processes of mineralisation and
immobilisation.
Analysis of the P database illustrated that
there has been a significant change in the
shape of the P soil test crop response
relationship when comparisons are made for
experiments when the soil was tilled fully (pre
1985) and after conservation farming
practices were adopted (post 1994).

conducted over the period 1980 to 1994
(Figure 7). This compares to a critical value
and range for the wheat P soil test 23 (22 24) mg P/kg for other soils (123 trials)
conducted post 1994.

100
Relative yield (%)

Productivity

80
60
40
20
0
0

10
20
30
Soil P test (mg/kg)

40

Figure 7. Wheat P response experiments
during 1980 to 1994 (open symbols) compared
to after 1994 (enclosed symbols) for duplex
(black circle), loam (red circle) and coloured
sand (Brown, Red and yellow - red square).
The vertical dashed lines represent the critical
values.

Soil nutrient dynamics are also confounded
with time due to changes in yield potential,
use of herbicides, adoption of new varieties
and earlier sowing of crops. For this reason, it
is preferable to focus on the more recent trial
data from the 34-year period of the data
base.

Where there was sufficient trial data, soil
test values are defined in this bulletin for
post 1994 reflecting most closely the
current farming practices used by growers.

In general, soil P has become less available
under conservation farming practices. The
evidence of this change is greatest in the
wheat database. The critical soil P test value
and range was defined 19 (16 - 23) mg P/kg
for 70 trials soils other than grey sands
13
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Figure 9. Mean Western Australian wheat
yields for planting seasons from 1970 to 2011
(ABARES 2012).
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Figure 8. Wheat soil K test (mg K/kg) – crop
response relationship for yield less than 2 t/ha
(), 2-3 t/ha () and greater than 3 t/ha ()
grown on sands.

In the data analysis using the BFDC
Interrogator, the yield filter was used to
remove data associated with maximum crop
yields of less than 1.0 t ha-1 (Watmuff et al.
2013). This filter removed trials that
experienced severe crop stress, other than
from the nutrient being examined, which
limited the yield obtained for the experiment.
However, crop stress was not always
recorded in the BFDC National Database and
low yields were applied as a surrogate crop
stress indicator. Severe crop stress occurs
most commonly during droughts. State
average wheat grain yield has been below 1
t/ha in 8 out of the last 40 years during statewide drought years (Figure 9).

Applying a filter for low pH also improved the
goodness of fit and decreased the critical
range by removing points associated with
higher soil P test and low per cent relative
yield (Figure 10). Soil pH less than 4.5 may
be associated with Al toxicity which limits root
growth and hence restricts P uptake (Slattery
et al. 1999). On such sites it is better for
growers to apply lime to treat soil acidity
rather than trying to alleviate the problem by
increasing their P fertiliser rates.

Relative Yield (%)

Relative Yield (%)

Potential yield influences crop demand for
nutrients, especially for N and K, because
higher yield creates a greater demand for
nutrients. Crops with higher demand have
higher critical soil test values as illustrated by
(Figure 8).

100
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0
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20
40
60
Soil P test (mg/kg)

80

Figure 10. Wheat soil P test (mg P/kg) – crop
response relationship for soil with pH <4.5 (),
pH 4.5-5.0 () and pH>5.0 () over the period
1995-2011.
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Fertiliser placement

Relative Yield (%)

Jarvis and Bolland (1990, 1991) showed
improved yield and P use efficiency from
banded P. However, the critical soil P is
higher when P fertiliser is banded below the
seed. The evidence of this change is
contained in the lupin database. The critical
soil P test value and range was defined as 20
(18 - 23) when P was drilled, 25 (23 - 28)
when P was top dressed and 33 (29 - 38) mg
P/kg when P was deep banded (Figure 11).

100
90
80
60

These results provide significant insights into
the interactions between roots of lupin crops
and the volume of fertilised soil. Placement of
P fertiliser below the top 10 cm of the soil
profile in the banded treatments allows better
P acquisition by lupin roots and results in
higher yields – especially in moderate to
lower yielding seasons. This is presumably
due to a combination of fertiliser positioning in
moist soil where it is accessible by roots and
a greater proportion of the crop root system
being exposed to a source of available P in
the subsurface (>10 cm). This is supported
by the observation of a higher CV in the 0-10
cm for lupin when grown on soil with low
available P in the immediate subsurface
layers. This suggests that if available P is
restricted to a single (shallow) 10 cm layer of
the soil profile, the concentration of available
P required to meet crop demand will be
higher than if P were available in greater soil
volumes.

40
20
0
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20
40
60
Soil P test (mg/kg)

80

Figure 11. Lupin soil P test (mg P/kg) – crop
response relationship when P is drilled (),
top dressed () and deep banded () for
yellow sands overall years.

Difference in critical values due to P fertiliser
placement was related to yield maximum
been greater for the banded P placement
compared to drilled P which was greater than
top dressed P. These differences were linked
to seasonal conditions due to differences in
the amount and distribution of seasonal
rainfall. The advantages for banded P were
greatest in the lower yielding seasons (yields
of 1.0-1.6 t/ha), less in seasons with yields of
1.6-2.2 /ha and negligible in experiments
where yields were greater than 2.3 t/ha.
These differences in yield maximum resulted
in relative yields for deep banded P < drilled
P < top dressed P for the same soil P test,
with these effects directly contributing to the
differences in critical soil P test values at 90
% of maximum yield between P application
strategies shown in Figure 11.
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For the experimental data we have collected,
P buffering has been reported in a number of
ways.

Phosphorus
The soil P test used in WA is based on
bicarbonate extractable P (Colwell 1963).
This test uses a ratio of soil and extracting
solution of 1:100 and 16 hours duration of
agitation time. As a result, the soil P test
extracts a significant amount of sorbed or
fixed P. More details of the soil phosphorus
pools and processes that influence soil P
tests measure is given in Figure 12 and by
Moody et al. (2013). The impact of different
soil P test on critical levels and ranges is
given by Speirs et al. (2013b). Hence, the
soil P test needs to be interpreted in
association with an estimate of the soil’s P
sorption capacity. The method recommended
to measure P sorption is the phosphorus
buffering index (PBI). The ability of the soil P
test to define critical values and ranges for
wheat is given in Bell et al. (2013c) and for
other crops is given in Bell et al. (2013b).

In the wheat data, soil type, clay content and
reactive iron are commonly reported, while
PRI is only reported in 34 experiments and
values ranged between 1 and 75.
In the lupin data, PRI values were reported
and values have been converted to PBI
values using the equation of Rees and
Alexander (2011).
Equation 1

PRI values of 1 were equivalent to PBI values
of 14, PRI values of 2 were equivalent to PBI
values of 20 and PRI values of 3 were
equivalent to PBI values of 24.
In the canola data, no measure of P sorption
was reported and only soil types and soil pH
were available as an estimate of this
property.

Soil types, soil texture, as well as other soil
measurements such as reactive iron and
phosphorus retention index (PRI) have been
used over time as surrogates of P sorption.
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Figure 12. The P cycle in agricultural systems.
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The wheat soil P test – crop response
relationship was separated between grey
sands and all other soils - Yellow, Red and
Brown sands, loams, clays and duplexes for
experiments conducted between 1995 and
2011 (Figure 13).
The critical value (and range) for the wheat P
soil test was 14.0 (13.0 - 16.0) for grey sands
and 23.0 (22.0 - 24.0) mg P/kg for other soils
(Table 2).
There was limited reporting of P sorption
measures in the data base such as reactive
iron and P retention index (PRI). Also, there
were no P buffer index (PBI) measurements,
the recommended P sorption technique,
within the database.
Application of P fertiliser changes soil P
availability dynamics of the soil. The use of
soil P test and a measure of P sorption
together will provide a more accurate
assessment of changes in soil P plant
availability than a simply division based on
soil type. However, date is not currently
available from the experiments examined in
this data base.

Relative Yield (%)

Wheat soil P test – crop response
relationship, 0-10 cm soil layer
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Figure 13. Wheat soil P test (mg P/kg) – crop
response relationship for duplex (), loam
(), gravel () and sand (brown, red and
yellow - ; and grey - ) soils. Filters used
included maximum yield >1.0 t/ha and pH >4.3
over the period 1995-2011. The exception was
for sands (grey) where trials covered the
period of 1980-2011.

Table 2. Wheat soil P test critical values and ranges (mg P/kg) for Grey sands and other soils when
sampling depth was 0-10 cm.

Soil types
Grey sands
Other soilsD

Number of
experiments
27
123

Critical valueA
(mg P/kg)
14
23

Critical rangeB
(mg P/kg)

r2C

13 - 16
22 - 24

0.53
0.48

A

Soil test value (mg P/kg) at 90 per cent of predicted maximum grain yield, B 95 per cent chance that this range covers the critical soil
test value, C r2 is the percentage variation in the data explained by the fitted regression line, i.e. it is an indication of the reliability of the
critical value, D duplex, loam and sand (brown, red and yellow) soil types.

Wheat soil P test critical values were 14 mg
P/kg for Grey sands and 23 mg P/kg for other
soils.
Goodness of fit of the soil test – crop
response relationship was greater for Grey
sands compared to other soils.

Photograph 6. P deficiency in wheat expressed
as stunted growth and yellowing of old leaves.
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Wheat soil P test – response
relationship, 0-30 cm soil layer
In contrast, for experiments conducted in the
1990’s there was significant amount of P
contained in the 10- 30 cm soil layers.
A single relationship was suitable for all soil
types when a sampling layer of 0-30 cm is
used (Figure 14).
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Figure 14. Wheat soil P test (mg P/kg, 0-30 cm)
– crop response relationship for Grey sands
(), and for loam, duplex and other sands with
pH >5.0 (), pH 4.5-5.0 () and pH < 4.5 ().

Phosphorus is generally immobile in soils and
P applied to the 0-10 cm layer tends to
remain in that layer. This is the case for
loams, duplexes and red and yellow sands.
However, Grey sands have low P sorption
capacity and P can leach from the 0-10 cm
soil layer in these soils and accumulate in the
soil layers below 10 cm.

The steeper slope observed for Grey sands in
Figure 13 compared to other soils is
explained by the greater plant availability of
soil P due to lower P sorption. However, it
appears P retained in 10-30 cm layer is an
important source of P for wheat grown on
Grey sands. By taking into account P retained
in the layers 10-30 cm, the ability of the soil P
test – crop response relationship to predict
soil P availability to wheat improves (Table 3).
For Grey sands, experiments conducted
during the 1980’s had an average maximum
wheat yields of only 1.5 t/ha. Also P fertiliser
rate required to achieve maximum yield was
between 20-40 kg P/ha. In contrast, for
experiments conducted during the 1990’s
maximum average wheat yields were higher
(2.2 t/ha). Also P fertiliser rate required to
achieve maximum yield was less than 5 kg
P/ha.
The critical value and range for wheat P soil
test using the soil layer 0-30 cm was 11 (10.5
– 11.5 mg P/kg) (Table 3).

For Grey sands analysis of experimental data
conducted during the 1980’s and soil P
measurements conducted to 30 cm indicates
that P mostly occurs in the 0-10 cm soil layer.
Table 3. Wheat soil P test critical value and range (mg P/kg) for all soil types when sampling depth
was 0-30 cm.

Measurement
All (mg P/kg)

Number of
experiments
126

Critical valueA
(mg P/kg)
11.0

Critical rangeB
(mg P/kg)
10.5 – 11.5

r2 C
0.83

A

Soil test value (mg P/kg) at 90 per cent of predicted maximum grain yield, B 95 per cent chance that this range covers the critical soil
test value, C r2 is the percentage variation in the data explained by the fitted regression line, Dgrey, yellow, red and brown sands, loams,
clays and duplexes but excluding gravel soils.

Wheat soil P test critical values were 11.5 mg
P/kg for all soils when the soil profile was
sampled to depth of 30 cm.
A single relationship was satisfactory for all
soils when a sampling layer of 0-30 cm is
used compared to two relationships when a
0-10 cm sampling layer is used.
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Relative Yield (%)

Lupin soil P test – crop response
relationship, 0-10 and 0-30 cm soil
layers
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Figure 15. Lupin soil P test (mg P/kg) – yield relationship for crops grown in (a) Northern Agricultural
Region on Grey sands () and Yellow sands (▲) and (b) Southern Agricultural Region on Grey sands
() and Other soils (▲), sampling layer 0-10 cm.

Lupins grown in the Northern Agricultural
Region on sands required separate soil P test
- response relationships for Grey and for
Yellow sands (Figure 15a). The critical lupin
soil P test for Grey sands was 8 (6 – 12) mg
P/kg and for Yellow sands was 22 (21 - 23)
mg P/kg. Similarly, for the Southern
Agricultural Region the critical lupin soil P test
for Grey sands was 12 (10 – 15) mg P/kg and
for Yellow sands was 30 (25 – 37) mg P/kg

(Figure 15b). Sampling layer for these
experiments was 0-10 cm.
These sites were also sampled to 30 cm and
when P concentration was averaged for 0-30
cm or the amount of extracted P was
calculated the critical lupin soil P test was 9
(8 – 10) mg P/kg.

Table 4. Lupin soil P test critical values and ranges (mg P/kg) for Grey sands and Yellow sands using
the 0-10 cm soil layer and for all soil types using the 0-30 cm soil layer.

Region and soil types
NAR Grey sands 0-10 cm
NAR Yellow sands 0- 10 cmD
CAR and SAR Grey sands 0-10 cm
CAR and SAR Yellow sands 0- 10 cmD
All 0-30 cm (mg P/kg)E

Number of
experiments
22
46
22
46
62

Critical
valueA
8
22
12
30
9

Critical rangeB

r2 C

6 -12
21 – 23
10 – 15
25 – 37
8 – 10

0.27
0.91
0.73
0.46
0.79

A

Soil test value (mg P/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value C r2 is the percentage variation in the data explained by the fitted regression line, Dyellow sands with PBI=14, Eall soils. NAR,
Northern Agricultural region, CAR, Central Agricultural region, SAR Southern Agricultural region

Using the 0-10 cm soil layer, for lupin grown
in the Northern Agricultural Region soil P
critical values were 8 (6-12) mg P/kg for Grey
sands and 22 (21-23) mg P/kg for Yellow
sands. For the Southern Agricultural Region
critical values were 12 (10-15) mg P/kg for
Grey sands and 30 (25-37) mg P/kg for
Yellow sands.

For lupin grown in the Southern Agricultural
Region critical values were 9 (8-10) mg P/kg
using the 0-30 cm soil layer
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Relative Yield (%)

Canola soil P test – response
relationship, 0-10 cm soil layer
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lupin.
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Figure 16. Canola soil P test (mg P/kg) – crop
response relationship across sand (Grey - ,
Brown - ), duplex () gravel () and loam
() soils, 0-10 cm layer.

The canola soil P test - response relationship
across a relatively even distribution of Yellow,
Red and Brown sands, gravels, duplexes and
loams is illustrated in Figure 16. The critical
soil test value of P for canola was 19 with
critical range 17 - 25 mg P/kg for these soils.
For the canola data set there were no P
sorption measurements or soil samplings
below 10 cm.

Table 5. Canola soil P test critical values and ranges (mg P/kg) across all soils for 0-10 cm depth.

Soil types
AllD

Number of
experiments
31

Critical valueA

Critical rangeB

r2 C

19

17 – 25

0.79

A

Soil test value (mg P/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value C r2 is the percentage variation in the data explained by the fitted regression line D Grey sands, duplexes, gravels and loams
but excluding gravel soils.

The canola soil P test critical value was 19
(17-25) mg P/kg for sand, gravels, duplexes
and loams.

Photograph 8. P deficiency symptoms in old
lupin leaves.

Photograph 9. P deficiency symptoms in old
canola leaves.
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Potassium
Soil K test or bicarbonate extractable K
(Colwell and Esdaile 1968) is the procedure
used in WA and is commonly referred to as
Colwell-K. The ability of the soil K test to
define critical values and ranges for crops
grown in Australia is given in Brennan and
Bell (2013). The method of extraction is the
same as used for P. The soil K test extracts
soil solution and exchangeable K on the

surfaces of clays, organic matter particles
and oxides of iron and aluminium. Sources of
potassium (K) in soil are indicated in Figure
17. Plants take up K from the soil solution.
Plant available K in soils is derived from
weathering of soil minerals such as micas
and feldspars. These minerals release K very
slowly into the soil solution as they break
down by weathering.

Applied K

Water
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K

Residue
organic K
Plant
uptake

Structural K
component
of primary
mineral

Soil solution
K

Water
insoluble
K

Runoff

Soil K test

Exchange
Exchangeable
K clay and
organic matter

Weathering
Leaching

Figure 17. The K cycle in agricultural systems.

Potassium is the main positively charged ion
(cation) in the fluid inside plant cells. In soil,
cations balance negatively charged sites on
the surface of clays, oxides and organic
matter. These cations are called
exchangeable because they can be replaced
by other cations in the soil solution. Cations
such as K can also balance negative charge
between the layers of clays. These cations
may be non-exchangeable because they
cannot be replaced by other cations from the
soil solution. The non-exchangeable cations
are only released to soil solution as the clay
structure is slowly broken down (weathered).

Non-exchangeable K is not a common form
of K in WA soils.
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Wheat soil K test – response
relationship, 0-10 cm soil layer
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Figure 18. Wheat soil K test (mg K/kg) – crop response relationship for crops grown on Grey sands
(), Yellow sands, (), gravels (), loams () and duplexes () using soil layer 0-10 cm.

Wheat soil K test – crop response
relationships for various soils are illustrated in
Figure 18 for soil measurements of the 0-10
cm layer. The critical value defined was 41
with critical range 39 – 45 mg K/kg (Table 6).
The relationship improved when differentiated
by soil type.

In particular, for loams a higher critical value
of 49 mg K/kg and similar critical range 45 52 mg K/kg was defined. The relationship
improved when the yield filter soil pH greater
than 4.5 and grain yield greater than 1.0 t/ha
was applied to duplex soils as indicated by a
higher r2 value but similar critical range of 37
- 43 mg K/kg.

Table 6. Wheat soil K test critical values and ranges (mg K/kg) for Grey sands, Yellow sands, gravels
and loams and duplexes when sampling layer was 0-10 cm.

Soil types
All
Grey sands
Yellow sands
Loams
Duplexes
Duplexes, pH>4.5, yield > 1 t/ha

Number of
experiments
188
13
37
37
77
44

Critical
valueA

Critical rangeB

r2C

41
na
44
49
41
40

39 - 45
na
34 - 57
45 - 52
37 - 44
37 - 43

0.20
na
0.11
0.61
0.30
0.49

A

Soil test value (mg K/kg) at 90 per cent of predicted relative grain yield, B95 per cent chance that this range covers the critical soil test
value, C r2 is the percentage variation in the data explained by the fitted regression line na – no relationship could be fitted to the data

The critical wheat soil K test value (0-10 cm
layer) was defined across all soil types as 41
mg K/kg with a critical range of 39 – 45 mg
K/kg to achieve a relative yield of 90 per cent.
Loams had a higher critical value of 49 mg
K/kg and critical range 37 – 43 mg K/kg.
The relationship for duplex soils was more
reliable when soil pH and grain yield filters
were applied. With the filters applied the
critical concentration for wheat on duplex
soils is 40 (37-43) mg K/kg.

Photograph 10. K deficiency symptoms in old
leaves of wheat
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Wheat soil K test – response
relationship, 0-30 cm soil layer
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Figure 19. Wheat soil K test (mg K/kg) – crop response relationship for crops grown for Grey sands
(), other sands, (), gravels (), loams () and duplexes () when sampling layer was 0-30 cm.

Wheat soil K test – crop response
relationship for various soil types is illustrated
in Figure 19, for soil measurements
conducted on the 0-30 cm layer with results
expressed as mg K/kg.
Across all soil types the wheat soil K test –
crop response relationship was poor for the
sampling depth to 30 cm. Factors which

impact on root growth such as soil acidity, soil
compaction and water logging will impact on
the ability of wheat to extract sub soil K. For
example, the outliers presented in Figure 19
are sites associated with soil acidity at levels
likely to have an adverse impact on root
growth. Work is continuing to understand the
impact of soil acidity on sub soil K availability.

Table 7. Wheat soil K test critical values and ranges (mg K/kg) for all soils (see plotted relationship in
Figure 21) when the sampling layer was 0-30 cm.

Soil types
All mg K/kg (0-30 cm)

Number of
experiments
108

Critical
valueA
na

Critical rangeB
na

r2C
0.19

A

Soil test value (mg K/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value, C r2 is the percentage variation in the data explained by the fitted regression line DSands, duplexes and loams but excluding
gravel soils, na – no relationship could be fitted to the data.

The soil K test – wheat response relationship
and critical values could not be defined for a
0-30 cm sampling depth.
Further analyses are required to examine the
impact of soil pH on soil K availability to
wheat.
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Lupin soil K test – crop response
relationship, 0-10 cm soil layer

Relative Yield (%)

The lupin soil K test – response relationship
for Grey sands is illustrated in Figure 20.
The critical lupin soil K test was defined as 25
with critical range 22-28 mg K/kg for Grey
sands.
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There were only seven experiments where
the K content of the 0-30 cm soil layer was
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response curve.
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Figure 20. Soil K test (mg K/kg) – crop
response relationship for crops grown on
Grey sands ().

Table 8. Lupin soil K test critical value and range (mg K/kg) for Grey sands when sampling layer was
0-10 cm.

Soil type
Grey sands

Number of
experiments
32

Critical
valueA
25

Critical rangeB

r2C

22-28

0.53

A

Soil test value (mg K/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value C r2 is the percentage variation in the data explained by the fitted regression line.

The critical soil K test value (0-10 cm layer)
for lupin grown on Grey sands is 25 (22 - 28)
mg K/kg to achieve 90 per cent of maximum
yield.

Photograph 11. K deficiency symptoms in old
leaf of lupin.
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Canola soil K test – crop response
relationship, 0-10 and 0-30 cm
sampling layers
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Figure 21. Canola soil K test - response relationship for (a) Grey sands (), Yellow sands, (), gravels
(), loams () and duplexes () for soil layers (a) 0-10 cm (mg K/kg) and (b) 0-30 cm (mg K/kg).

The soil K test (mg K/kg, 0-10 cm) – canola
response relationship across all soil types is
illustrated in Figure 21a. The critical soil K
test for canola was defined as 44 with critical
range 42 - 45 mg K/kg.

test for canola was defined as 31 with critical
range 28 - 45 mg K/kg.
Although soil layers 10-20 and 20-30 cm
contain K, these values are generally lower
than the values 0-10 cm soil layer. The net
effect is lower critical soil K test for the 0-30
cm layer.

The canola soil K test (mg K/kg, 0-30 cm) –
response relationship across all soil types is
illustrated in Figure 21b. The critical soil K

Table 9. Canola soil K test critical values and ranges (mg K/kg) when the sampling layer was 0-10 cm
or 0-30 cm for all soils.

Soil types

Number of
experiments

Critical
valueA

Critical rangeB

r2C

All, 0-10 cm (mg K/kg)
All, 0-30 cm (mg K/kg)

122
100

44
31

42 – 45
28 - 34

0.56
0.74

A

Soil test value (mg K/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value C r2 is the percentage variation in the data explained by the fitted regression line

The critical canola soil K test value measured
in the 0-10 cm soil layer is 44 (42-45) mg
K/kg for all soils to achieve 90 per cent of
maximum yield.
The critical canola soil K test value measured
in the 0-30 cm soil layer is 31 (28-34) mg
K/kg for all soils to achieve 90 per cent of
maximum yield.
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Sulfur
The historical, widespread use of sulfurcontaining fertilisers (e.g. superphosphate
and Agras) has generally provided adequate
S for plant growth. Hence there have been
fewer S experiments conducted compared
with those conducted for P or K. However,
with the increased use of high analysis N and
P fertilisers, which are low in S, there has
been an increased occurrence of S deficiency
in crops. Nevertheless, in years with greater
than average rainfall (i.e. greater leaching), S
deficiency using current S fertiliser practices
can occur.
The soil S test used in WA was developed by
Blair et al. (1991). This test uses a ratio of soil
and extracting solution of 1:100 and duration
of heating time of 3 hours at 40°C. This
particular combination of solution type, heat
treatment and measuring S concentration in
solution using ICP-AES means the method
measures inorganic sulphate in the soil
solution and a pool of labile organic S that
can be mineralised during the growing

season (Figure 22). The ability of the soil S
test to define critical values and ranges for
wheat and canola grown in Australia is given
in Anderson et al. (2013).
Wheat belt soils in the layer 0-10 cm
generally have soil pH of less than 5.5.
Nevertheless, sulphate sorption is generally
low for WA soils in the 0-10 cm soil layer due
to the low clay content. Also the presence of
P, which is more strongly adsorbed than S,
reduces the capacity of the soil to adsorb S.
Sulphate adsorption is known to increase with
soil depth due to increasing clay content of
the soil and decreasing P and pH. As a result
there can be significant amounts of S
contained in the subsoil, especially in soil
profiles with soil pH less than 5.0.
Occurrence of S deficiency appears to be a
complex interaction between the seasonal
conditions, crop species and plant availability
of sub soil S which impacts on the ability of
the soil S test to predict plant available S.
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Figure 22. The S cycle in agricultural systems.
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Wheat soil S test – response
relationship, 0-10 and 0-30 cm layers
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Figure 23. Soil S test (mg S/kg) – wheat response relationship for crops grown on Grey sands (),
other coloured sands, (), gravels (), loams () and duplexes () when the sampling depth was (a)
0-10 cm (mg S/kg) and (b) 0-30 cm (mg S/kg).

The soil S test – wheat response relationship
was poorly defined using a sampling layer of
0-10 cm (Figure 23a). The relationship
improved to define a critical value of 4.6 mg
S/kg and critical range 4.0 – 5.3 mg S/kg
when the 0-30 cm depth was sampled (Figure
23b).

Improved prediction of soil S availability
would be obtained using a method which
accounts for sulfate leaching. For example
the S responsive duplex site in Figure 23 a
and b can be explained by the late seeding (6
June) which was followed by 238 mm of
rainfall to the end of August which resulted in
leaching of soil S.

Table 10. Wheat soil S test critical values and ranges (mg S/kg) when the sampling layer was 0-10 cm
or 0-30 cm and in kg S/ha when the sampling layer was 0-30 cm for all soils.

Soil types
All (mg S/kg), 0-10 cm
All (mg S/kg), 0-30 cm
All (kg S/ha), 0-30 cmD

Number of
experiments
60
60
58

Critical
valuesA
4.5
4.6
na

Critical
rangeB
3.5 – 5.9
4.0 – 5.3
na

r2C

0.13
0.40
0.00

A

Soil test value (mg S/kg) at 90 per cent of predicted maximum grain yield, B95 per cent chance that this range covers the critical soil
test value, C r2 is the percentage variation in the data explained by the fitted regression line, Dall soils except gravels, na- no relationship

The critical wheat soil S test value measured
in the 0-10 cm soil layer was poorly defined.
In contrast, the critical wheat soil S test value
measured in the 0-30 cm soil layer is 4.6 (45.3) mg S/kg for all soils to achieve 90 per
cent of maximum yield.

Sulfur deficiency in wheat occurs mostly in
wet years when there is leaching of soil S.
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Lupin soil S test – response
relationship
There are only seven lupin S fertiliser
experiments in the data base. Sulfur research
on lupin has been limited because of their low
soil S requirement. Even the highly S
deficient site presented in Figure 23 did not
respond to application of S fertiliser with
lupins grown in the following year.
There is only one site which was responsive
to applied S. This occurred at sulfur values in
the soil of 3.7 mg S/kg in the 0-10 cm and an
amount of 12 kg S/ha in the 0-30 cm soil
layers. These values appear to be lower
compared to the CV observed for canola
(Figure 24).
The lower S requirement of lupin compared to
canola is related to the different pattern of
plant demand for S between the two crops.
Lupins take up most of their S later in the
growing season when the root system is well
developed. In contrast, canola has a higher S
requirement early in its life cycle when the
root system is poorly developed.

One trial indicates a S deficiency for lupin
grain yield with 91 per cent of relative yield at
soil S levels of 3.7 mg S/kg in 0-10 cm and 12
kg of S/ha in 0-30 cm soil layers.
Research into S nutrition of lupins has been
limited due to its lower requirement compared
to other crops.

Photograph 12. Wheat S deficiency on right
showing yellowing of young leaves in
particular.

Photograph 13. Symptoms of S deficiency in
canola appear as yellowing (a) and cupping (b)
of youngest leaves as well as paler flower
colour (c, on right). Photographs were
supplied by International Plant Nutrition
Institute and A Good.
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Relative Yield (%)

Canola soil S test – response
relationship, 0-10 and 0-30 cm layers
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Figure 24. Soil S test (mg S/kg) – canola response relationship grown on Grey sands (), other
coloured sands, (), gravels (), loams () and duplexes () when the sampling depth was (a) 0-10
cm (mg S/kg) or (b) 0-30 cm (mg S/kg).

The soil S test – canola response relationship
is poorly defined using a sampling layer of 010 cm (Figure 24a).
In contrast, soil S test – canola response
relationship was well defined using a
sampling layer of 0-30 cm (Figure 24b).
When expressed as average concentration
(mg S/kg) in the 0-30 cm soil layer the critical
value was defined at 7.1 mg S/kg with critical
range of 6.7 – 7.7 mg S/kg (Table 11). While
when expressed as amount (kg S/ha) in the
0-30 cm soil layer the critical value was

defined at 38 kg S/ha with critical range of 33
- 43 kg S/ha.
Sulphate leaching can reduce soil S
availability as illustrated by sites in Figure 24b
where the soil S test is high but canola yield
was depressed. The gravel site which had
low soil S test but small response to applied
S fertiliser had a relative yield of only 0.6 t/ha
when growing season rainfall was 712 mm
which indicates another soil factor was
limiting crop production.

Table 11. Canola soil S test critical values and ranges (mg S/kg) when the sampling layer was 0-10 cm
or 0-30 cm and in kg S/ha when the sampling layer was 0-30 cm for all soils.

Soil types
All (mg S/kg), 0-10 cm
All (mg S/kg), 0-30 cm
All (kg S/ha)D, 0-30 cm

Number of
experiments
131
131
104

Critical
valueA
6.8
7.1
38C

Critical
rangeB
6.0 – 7.7
6.7 – 7.5
33 - 43

r2C

0.10
0.40
0.16

A

Soil test value (mg S/kg) at 90 per cent of predicted maximum grain yield, B 95 per cent chance that this range covers the critical soil
test value, na - no relationship, C r2 is the percentage variation in the data explained by the fitted regression line, Dall soils except gravels.

The critical soil S test value for canola is 7.1
(6.0-7.7) mg S/kg and 38 (33-43) kg S/ha in
the 0-30 cm layer.

A sampling depth of 0-30 cm is
recommended for canola S soil tests
compared to a sampling layer of 0-10 cm.
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Capacity of the soil to supply N is largely
determined by inorganic and organic N
content of the soil, rotational history and rate
of nitrate leaching.

Nitrogen
Predicting N supply to crops is complex
because:


N availability depends on mineralisation
which is estimated from the soil organic N
content of the soil



the N supply from organic N that
mineralises after soil sampling is not
measured by the current soil test
procedure



N demand by the crop varies with actual
yield which depends on a range of
uncontrolled factors (e.g. seasonal
rainfall)



Substantial amounts of nitrate can be
leached.

Nitrogen requirements of non-legume crops
are determined by a large number of
environmental and soil factors which affect
plant demand for N and the capacity of the
soil to supply N to the growing crop.
Nitrogen demand by the crop is related to
actual yield, which is determined by seasonal
conditions or the amount and timing of
growing season rainfall.

The water holding capacity of the soil has two
critical interacting impacts on the plant’s
demand for N and the capacity of the soil to
supply N. First, it determines the amount of
water loss from the soil profile (leakage).
Thus it will impact on the amount of water
available for plant growth. Second, it will
determine the amount of nitrate leached from
the soil profile. Thus it will impact on soil N
use efficiency of the plant.
Due to interacting nature of plant demand
and soil supply of N, the simple soil test –
crop response relationship to predict whether
to add N fertiliser or not is less reliable than
for other nutrients. In WA, N fertiliser
recommendations are based on a series of
relatively simple, well- developed equations,
which are used in models to describe plant
demand for N and the soil capacity to supply
N. These equations attempt to predict the soil
processes of mineralisation, leaching,
volatilisation, denitrification and plant uptake
as illustrated in Figure 25.
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Figure 25. The N cycle in agricultural systems.

Soil N test

Soil N supply

The soil N test used in WA extracts nitrate
and ammonium (Rayment and Lyons 2011).
This test uses a ratio of soil and extracting
solution of 1:100 and an extraction time of
one hour at 25°C. Nitrate and ammonium
concentration in the solution are measured
colorimetrically. This method measures
inorganic nitrate and ammonium at the time
of collection of the soil sample. The soil N test
critical values and ranges to predict N
deficiency for wheat grown in Australia is
given by Bell et al. (2013a).

Soil N supply is calculated as the inorganic N
content of the soil to a specified depth plus
the amount of N mineralised from the soil
organic matter predicted in Figure 26.

N mineralisation

Growing season mineralisation (kg N/ha)

The laboratory method used to extract N from
the soil only measures inorganic N (nitrate
and ammonium) levels in the soil at the time
of sampling. To estimate capacity of the soil
to release N to the growing plant requires an
estimate of growing season N mineralisation
(Anderson unpublished data).

Nitrate leaching
Nitrate is mobile in the soil and can be
leached along with water movement through
the soil profile.
Soil N use efficiency
Soil N use efficiency or the percentage of soil
N taken up by the plant is influenced by a
large number of factors.
Within the cropping regions of WA, the
intensity of nitrate leaching is highly variable
due to impacts of daily rainfall events and
variation in the water holding capacity of the
soil. Thus crop N use efficiency will be highly
variable. Since N use efficiency is variable it
will generally result in a poor wheat or canola
soil test N – crop response relationship.
The impact of other soil factors on crop N use
efficiency relate to their impact on root
growth. Root growth can be adversely
affected by soil acidity, soil compaction and
water logging. These factors reduce the
ability of roots to grow into the soil profile
which in turn reduces crop N uptake by wheat
and canola.
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Figure 26. Relationship between soil organic
nitrogen (SON) in kg N/ha and growing season
N mineralisation (May to November) following
legume () and wheat or canola () crops in
the previous year (Anderson and Fillery 2002
and unpublished data).
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Canola N soil test – crop response
relationship

The wheat inorganic N soil test – crop
response relationship using the 0-15 cm soil
layer is presented in Figure 27 while that
based on the 0-45 cm soil layer is presented
in Figure 28.

Canola inorganic N soil test – crop response
relationship using the 0-15 cm soil layer is
presented in Figure 29. The equivalent
relationship using the 0-45 cm soil layer is
presented in Figure 30.
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Figure 27. Wheat inorganic N soil test (mg
N/kg) – crop response relationship for Grey
sands (), other coloured sands, (), gravels
(), loams (), duplexes () and calcareous
(), sampling depth 0-15 cm.
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Figure 29. Canola inorganic N soil test (mg
N/kg) – crop response relationship for Grey
sands (), other coloured sands, (), gravels
(), loams (), duplexes () and calcareous
(), using the sampling depth 0-15 cm.
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Figure 28. Wheat inorganic N soil test (mg
N/kg) – crop response relationship for wheat
grown on Grey sands (), other coloured
sands, (), gravels (), loams (), duplexes
() and calcareous () sampling depth 0-45
cm.
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Figure 30. Canola N soil test (mg N/kg) – crop
response relationship for Grey sands (),
other coloured sands, (), gravels (), loams
(), duplexes () and calcareous (), using
the sampling depth 0-45 cm.
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Wheat and canola inorganic soil N test – crop
response relationships were poor and critical
soil test values could not be defined when
using either a 0-15 or 0-45 cm sampling
layer. Attempts to improve the relationships
as described below were not successful.
Assessment of the release of inorganic N
from the mineralisation of soil organic matter
over the growing season can be made by
accounting for amounts of growing season
rainfall, previous crop residue type and the
level of soil organic carbon. Currently there is
no information available on the rotation
history associated with the experiments in the
BFDC National database. Also previous
seasonal conditions are not reported. Hence
soil organic N mineralisation was only
estimated from the soil organic N. Knowledge
of rotation and previous seasonal conditions
may have improved the relationship since the
type and level of crop residue could also be
incorporated in the estimate of mineralisation.

Soil inorganic N use efficiency increases as
the amount of nitrate leaching decreases.
Leaching intensity is driven by rainfall
patterns and the PAWC of the soil. Total
annual average rainfall provides a broad
prediction of leaching risk. Hence rainfall was
separated into four categories corresponding
to agro-climatic regions used by DAFWA:
>600 mm, 450-600 mm, 375-450 mm and
275-375 mm. Grouping sites by rainfall was
done to account for the impact of leaching on
the availability of soil inorganic N for wheat
uptake. However, daily rainfall information
especially during April, May, June and July is
required to make an accurate assessment of
nitrate leaching.
Models which use a daily time step that
keeps track of daily changes in soil inorganic
N content, root growth and N uptake are
recommended when determining soil
inorganic N availability to plants.

Table 12. Wheat soil N (nitrate- and ammonium-N) test critical values and ranges (mg N/kg) when
sampling depth was either 0-15 or 0-45 cm across all soil types.

Experiment Critical
Critical
r2C
A
Number
value
range
Wheat
0-10 cm (mg N/kg)
386
15
13 – 16
0.07
0-45 cm (mg N/kg)
334
9
8 – 10
0.06
Canola
0-10 cm (mg N/kg)
138
36
28 – 46
0.10
0-45 cm (mg N/kg)
138
22
19 – 26
0.18
B
Per cent relative yield equals 90 per cent, C95 per cent chance that this range covers the critical soil
test value, nr no relationship, C r2 is the percentage variation in the data explained by the fitted
regression line, na no relationship.
Crop

N measurement

Soil testing for mineral N in 0-15 or 0-45 cm
depths was not sufficiently accurate to predict
whether or not crops would respond to N
fertiliser.
Nitrate leaching and N mineralisation from
organic matter after soil samples are
collected have a large impact on soil
inorganic N availability to crops.
Models which account for daily changes in
soil inorganic N content, root growth, N
uptake and potential yield are recommended
when determining soil inorganic N availability
to plants.

Photograph 14. Soil pit with discussion on
water holding and rooting depth properties of
the Yellow sand.
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Summary
The BFDC-WA project has collated and
analysed relevant data from over 1890 trials
to determine critical soil test values and
critical ranges for P, K, S and N for wheat,
lupin and canola grown in the WA wheat belt.
The present study is the most comprehensive
one ever completed for soil test information in

WA and should serve as the benchmark for
soil test interpretation for grain cropping in
WA. All the records and methods for selection
and analysis of the data are accessible in the
BFDC Interrogator database
(www.bfdc.com.au) which will be updated
over time as new experiments are completed.

Table 13. Summary table of critical values (mg/kg) and critical ranges for the 0-10 cm sampling layer.
Results derived mostly from post 1994 experiments to reflect current cropping practices.

Nutrient

Crop

Soil types

P

Wheat

Grey sands
Other soils
Grey sands in Northern region
Yellow sands in Northern region
Grey sands in Southern region
Yellow sands in Southern region
All
All
Yellow sands
Loams
Duplexes
Grey sands
All
All
All
All
All
All

Lupin
Lupin

K

S

N
A

Canola
Wheat

Lupin
Canola
Wheat
Lupin
Canola
Wheat
Canola

Critical
values
(mg/kg)
14
23
8
22
12
30
19
41
44
49
41
25
44
4.5
na
6.8
15A
36 A

Critical
range
(mg/kg)
13 – 16
22 – 24
6 – 12
21 – 23
10 – 15
25 – 37
17 – 25
39 – 45
34 – 57
45 – 52
37 – 44
22 – 28
42 – 45
3.5 - 5.9
na
6.0 – 7.7
13 – 16
28 - 46

Critical values were poorly defined and should be used with caution, na - not available.

Soil P requirement differs according to soil
type and crop (Table 13). Grey sands had
lower critical soil P test values than a mix of
other soils (yellow, red and brown sands,
duplexes and loams). Critical values for Grey
sand were 8 mg P/kg for lupin grown in the
northern agricultural region and 12 for lupin
grown in the southern agricultural region and
14 mg P/kg for wheat. By contrast, for soils
other than Grey sands critical values were 23
mg P/kg for wheat, 22 mg P/kg for lupin
grown in the northern agricultural region and
30 mg P/kg in the southern agricultural region
and 19 mg P/kg for canola. There was
insufficient data to differentiate the sites by
soil types for canola.

The magnitude of the critical range should, in
addition to the critical soil test value, be taken
into consideration when making decisions
based on soil test values. Critical range for
soil P test for lupin grown on yellow sands in
the southern agricultural region was 25 – 37
mg P/kg. The smallest critical range of 22 –
24 mg P/kg occurred for wheat grown on soils
other than Grey sands. Nutrient responses
are highly likely when soil test values fall
below the lower end of the critical range and
unlikely if the soil test value is above the
critical range. However, for values the fall
within the critical range there is uncertainty
about crop response and growers when
making decisions about fertiliser application
need to weigh the costs of spending money
on fertiliser without gaining a response in the
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current season against the loss in profit if
yield decreases due to the lack of added
fertiliser. There is also a value in maintaining
adequate soil P levels for future crops.
Soil K requirement differs according to soil
type and crop with sampling depth having an
important effect on the accuracy of a crop
response prediction by the soil K test. Yellow
sands were observed to have lower critical
values than loams. Critical value for wheat
grown on Yellow sands was 44 mg K/kg
compared to critical value of 49 mg K/kg for
wheat grown on loams. The critical value for
lupins grown on Grey sands was 25 mg K/kg

while it was 44 mg K/kg for canola grown
across a wide range of soils.
Critical range for soil K test was widest for
wheat grown on yellow sands (34 – 57 mg
K/kg). This was followed by wheat grown on
duplex soils with a critical range of 37 – 44
mg K/kg.
Sampling depth to 30 cm improved the
relationship for canola with critical value
defined as 31 mg K/kg (Table 14). The
relationship for wheat when sampled to 30
cm was poor and a critical value could not be
defined.

Table 14. Summary table of critical values (mg/kg) and critical ranges for the 0-30 cm sampling layer.

Nutrient
P

K

S

Crop
Wheat
Lupin
Canola
Wheat
Lupin
Canola
Wheat
Lupin
Canola

Critical values
11
9
na
na
na
31
4.6
na
7.1

Critical range
10 – 11
8 – 10
na
na
na
28 – 34
4.0-5.3
na
6.7 – 7.5

na - not available.

As with other nutrients, there are large
differences in S requirements among crops.
Canola has a higher soil S requirement than
either wheat or lupins. Soil sampling depth
has an important effect on the ability of the
soil S test to predict deficiency. The critical
soil S test value for canola was defined as 6.8
mg S/kg with a range of 6.0 – 7.7 mg S/kg
using the 0-10 cm sampling depth (Table 13).
A similar critical value of 7.1 mg S/kg was
determined for canola using a sampling depth
of 30 cm, but the critical range was smaller,
6.7 – 7.5 mg S/kg (Table 14). Leaching of soil
S affects soil S plant availability. Further
improvement in the prediction of S deficiency
by soil testing could be achieved for canola
and wheat by better estimation of in-season S
leaching in relation to rainfall and S sorption
ability of the soil. Lupin soil S requirements
appear to be lower than for canola and wheat
but there are very few records in the data
base for this species and no critical soil test
value could be established.
Nitrogen is the most important macronutrient
for wheat and canola production. Plant
availability of soil N is influenced by the soil

processes of mineralisation and leaching.
Also plant demand for N varies greatly with
seasonal yield and rotation history. Legume N
inputs have a large impact on soil N
availability. Soil profile inorganic N values can
be high after droughts and low yielding crops.
However, even when soil types were
separated into rainfall zones it was not
possible to define reliable soil N test – crop
response relationships. The relationship may
be improved with knowledge of rotation
history and with inputs for May to August
daily rainfall events and for total rainfall
amount. In general the N soil test – crop
response relationship has limited use at this
time for N fertiliser decision making.
Modelling techniques which better account for
the complexity of predicting in-season N
availability are recommended when
considering N nutrition of wheat and canola.
Various models are available, for example
Select Your Nitrogen or SYN, Agricultural
Production Simulator or APSIM, Yield
Prophet and Soil Management Calculator or
SMCAL. Models which operate on a daily
time step are most likely to give accurate
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predictions of changes in N supply and
demand in response to rainfall events or
series of rainfall events.



Wheat K nutrition in the Southern
Agricultural region



Lupin K nutrition on yellow sands of the
Northern Agriculture region



Lupin S nutrition in WA



Canola P nutrition in the Northern
Agricultural region and



Canola N nutrition in WA



N, P, K and S for barley, oats and pulses
(field pea, faba bean, chickpea, lentil) in
WA

Recommendations
From the large data base assembled in this
study, there is clear evidence of the value of
increasing soil sampling depth to 30 cm
rather than 0-10 cm as is current practice.
Where relationships could be defined, we
have recommended critical soil test values for
0-10 cm sampling depth. However, users
should be aware that often the soil test values
in 0-10 cm were not reliable predictors of
likely crop response to a nutrient (e.g. soil S
test for canola) or that soil test critical values
varied among soil types for soil tests on 0-10
cm depth. We recommend greater frequency
of sampling for the 0-30 cm depth when using
soil tests for predicting the need for fertiliser
for the no-till cropping systems of WA.
The fertiliser experiments analysed in the
present study represent the records available
for WA in the BFDC Interrogator database.
The present analysis has drawn out the key
findings from the data base as they relate to
fertiliser decisions using soil test values in
WA grain cropping. However, we recommend
that registered Interrogator users access the
original data (www.bfdc.com.au) and make
use of its capability to examine other
relationships in the data and to update
relationships over time as new records are
added to the database. Users should note
that the present study mostly omitted pre1995 P trial records because of the effect that
recent changes in soil management
(especially minimum tillage and crop residue
retention) have had on nutrient stratification
and availability.

Gaps
The sites reported in the data base reflect
where research trials were conducted
rather than a systematic programme to
represent all the key soils and regions of
importance for each crop. Hence there
are noteworthy gaps in the coverage of
experimental records as follows:


Wheat P nutrition in the Northern
Agricultural region

Details of other gaps and lesson learnt from
the BFDC project are given in Conyers et al.
(2013). Future fertiliser response trials should
where possible aim to fill in the above gaps
and enter the results in the BFDC National
database so that on-going improvements in
critical soil test values can be accessible to
grain growers. Such trials should follow the
minimum data set recommendations of the
National BFDC project (www.bfdc.com.au). In
addition for WA soils, estimation of gravel
percentage in soil samples as a routinely
measured soil property would improve
estimation of nutrient stores available to
crops. Furthermore a reporting of PBI for
future P fertiliser trials would increase the
utility of the data for predicting P response.

Direction of future research
The soil test –crop response relationships
presented are the best available information
at this time but there is evidence that N and S
relationships in particular can be improved by
accounting for nutrient leaching and impact of
soil acidity.
The cropping systems of WA continue to
evolve as new technology is implemented.
Also over time there are changes in the form,
distribution and availability of nutrients that
can have positive or negative impacts on
nutrient availability.
The soil test – crop response relationships
have been mainly defined for experiments
over the period 1995 – 2010. During this
period minimum tillage, crop residue retention
and application of lime have been widely
adopted.
Soil acidity is having a large impact on root
growth and nutrient availability in no-till
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cropping of WA. For wheat, soils with acidity
limitations have lower capacity to supply P
(Figure 14) and K (Figure 19). More
experiments are needed to define critical P
ranges for acid soils. However, for such soils,
the emphasis should probably be on lime
application to correct acidity.
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