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AIM 
 

To characterise the residual value of different P sources and changes in soil fertility (SOC, 

CEC, pH, nutrient supply, non-wetting and compaction) after 30 plus years, using soil 

measurements and bioassay cropping.  

BACKGROUND 
 
Current concerns with the limited supply of world A grade phosphate rock (PR) which is used 
for the manufacture of water soluble P fertilisers, has brought into focus the use of previously 
non-economic, high grade but lower manufacturing quality rock phosphate. Such deposits 
include the silica rich “Duchess” deposits in the Georgina basin in Queensland, as well as 
deposits at Mount Weld and some of the residual B and C grade ores at Christmas Island 
and Mount Weld which are iron and aluminium rich.  
 
We are revisiting a long-term trial at Badgingarra to gain insight into long term (~ 30 years) 
residual value of P from sources of differing water- and citrate P solubility. This trial was 
established in 1980 on new land on a grey sandy soil at Badgingarra (80Ba6 – Bolland et al 
1987, AJEA 27, 647-56) and was part of a series which investigated alternative P sources in 
the ‘70s and ‘’80s as readily available supplies  of A grade P rock (hydroxyapatite) from 
Australia (Narau and Christmas Islands) were running out. The field trial was conducted for 7 
years from 1980 with a sown sequence of sweet lupin, sub-clover, serradella, sweet lupin, 
then volunteer pasture for 2 years and finally in 1986, wheat, oats and barley were sown 
across the plots.  We don’t have precise records of land use since that time, though it is 
clear that the volunteer blue lupins have been growing without other treatments being 
applied for at least 10 years. 
 
This trial compared the growth response and residual value of P from three sources; single 
superphosphate (super), C grade ore from Christmas island (C-ore) and C-ore heated to 
500◦C (C-500).  C-ore is a high P content (11%) material (crandallite-millesite) which is 
aluminium and iron rich.  It is completely insoluble under non-acid conditions. When calcined 
(C500 - heated to 500 C), it contains 13.5% P of which 50% is citrate soluble and is more 
plant available.  C-ore and C-500 were tested against super (9.6% P) with about 80% water 
soluble P which leaches on poorly buffered sands. The C-ore and C-500 could have similar 
chemistry to that of the end products of the reaction of soluble P with iron and/or aluminium 
rich soils.  Insights about the long term availability of P in such sources give insights on the 
residual value of P from historic applications of super P on sesquioxide (iron and aluminium 
rich) soils such as occur in much of the light land of WA. Very high rates of the three P 
sources were applied to allow for measurement effects into long term and also to depth on 
this very coarse, P leaching sandy site. 
 
With long term regenerating blue lupins on the high available P treatments, this trial will allow 

us to investigate soil fertility changes such as soil pH profiles, cation exchange capacity 

(CEC), soil organic carbon levels (OC%) and nutrient availability.  There was also an 

opportunity to look at the comparative effects on problems being addressed by current 

projects such as soil non-wetting and subsoil compaction. The site will also be used to 

demonstrate the value of using nutrient and ripping strips to directly diagnose on farm 

constraints within paddocks. 



 

 

DEMONSTRATION SITE DETAILS 
 
Other results have been reported in papers by Bolland et al 1987 and to the 2015 and 2017 crop updates.   

 
The trial is currently on the property (Twyata Pools) of Geoff Pearson (was owned by David 
Franklin in 1980) about 2km east of the Brand Highway and scrub country just south of the 
Watheroo road. 
The soil type is a deep grey over pale yellow sand with sparse, if any, ironstone gravel. 
 

 
Figure 1. The trial site between the bush lines showing residual high P plots as lupins(grey) 
 
Briefly, the original trial consisted of 13 treatments.  These were nil and 4 levels of P applied 
as super, C-ore and C-500.  There were three replicates (nine for the nil) and the plots were 
60 metres long and 2.1 metres wide on 3 metre centres.  
 
The P was top-dressed immediately prior to seeding and the high rates of P (involving 
multiple runs with a drill with possible sub-soil compaction) allowed for the long term run 
down in availability of P. In the initial years, the trial had sweet lupins (L angustifolius – cv 
Illyarrie) in 1980 and 1983, sown sub-clover pasture (Seaton Park) in 1981, Pitman 
Serradella in 1982, volunteer pasture (subclover, serradella, capeweed, erodium and rye 
grass) in 1984 and 1985.  Prior to seeding in 1986, 4 rates of P were applied to the 1980 nil 
plots and adjacent, previously un-fertilised land resulting in 3 replicates of 17 main 
treatments (nil and 4 rates of P from 4 “sources”: super 1980 (s80) and 1986 (s86), C-ore 
and C-500. Jacup wheat, Mortlock oats and Forrest barley were sown across the P rate 
treatment plots and basal dressings of potash, sulphur and nitrogen were also applied.   
 
Since 1986, nothing has been done to the site except for occasional grazing by sheep and 
kangaroos.  However, blue lupins (L cosentini) have been introduced to the site at some 
(unknown) time.  From historic aerial photography and satellite imagery the high P plots 
were evident since 1992 so it is assumed that the blue lupins had invaded the site by that 
time.   
 



 
Figure 2. October 2013, Google satellite image of the trial site 
 
In 2013, Bill Bowden noticed that old plots were showing marked treatment effects (Fig 2.).  
Closer inspection showed that some treatments stood out as heavy stands of blue lupins 
(estimated at 5-7 t/ha biomass when in full pod).  The low performing plots had about 1 t/ha 
of volunteer grasses (rye grass, silver grass, soft brome and rip-gut brome) and herbs 
(sparse serradella, erodium and capeweed). 
 

 

Figure 3.  Lupin regrowth on high P plots, October 2014 

 

Selected plots were surface soil sampled in late spring 2014 and profile soil sampled at 

about the same time in 2015.  Soil samples from 1981and 1986 were also sourced from the 

DAFWA soil bank.  Samples were analysed by CSBP for various chemical, soil fertility 

factors and to characterise P leaching and P recovery as well as nutrient recycling for the 

various treatments.  

 

The site was unsuccessfully cropped to wheat in 2015. A combination of a dry start to the 

season, late sowing (for optimum weed control) and non-wetting soils led to very poor crop 

establishment (<50 plants/m2).  The crop was also severely grazed by kangaroos. The 

intended bio-assay of residual nutritional effects was not possible and planned field days and 

aerial photography was not carried out.  As a result, an application for an extension of time 

and some top up funds was made so that the site could be re-cropped in 2016. 



The 2016 wheat crop was sown earlier and deeper (to moisture) and gave a far better crop 

establishment.  Kangaroos were again a problem but were eventually excluded for about 5 

or 6 weeks prior to anthesis when the recovered plants were sampled for nutrient 

concentration and uptake measurements.  A drone overflew the plots and took a high 

resolution photograph which unfortunately was too late to reflect crop growth differences but 

showed marked residual effects of the 1980treatments in the volunteer capeweed and blue 

lupins in the unsprayed areas (Fig 4.) 

 

 
Figure 4. An aerial view (drone – thank you Stan from Murdoch University) of trial site 

in  

 

October 2016. The vertical, green, striping reflects capeweed and blue lupin growth on the 

1980 high available P plots.  The central grey area is in the kangaroo exclosure which was 

sprayed for weed growth and when the remaining wheat crop was maturing, at about soft 

dough stage 

 

RESULTS and DISCUSSION 
 
The plots were rated for lupin biomass levels in October 2014. Assuming a maximum 
biomass of 6 t/ha, the results for selected treatments are shown in Table 1.  
 

 

October 2014, 0-10cm soil analyses
P 

applied

P 

fertiliser

Mineral 

N

Colwell P Colwell K Organic 

Carbon

Total N CEC pH Level total P lupin 

rating

non 

wetting

kgP/ha source mg N/kg mg P/Kg mg K/Kg % % meq/100g CaCl2 mg P/kg t/ha wdpt min

0 virgin '80 2 0.32 0.02 1.3 5.0 27 0

0 nil 2.3 3.3 32.0 0.83 0.07 2.25 5.3 73 0.1 1

237 c500 2.3 4.3 39.7 0.98 0.09 2.62 5.3 94 2.5 75

396 c500 3.3 6.3 37.3 1.00 0.08 2.53 5.3 130 3.8 94

792 c500 5.0 14.7 35.3 1.19 0.09 2.70 5.5 235 5.4 161

1188 c500 4.5 20.0 39.0 0.93 0.09 2.42 5.5 318 5.9 127

693 core 2.7 4.3 39.3 1.01 0.08 2.68 5.4 285 0.6 22

1386 core 2.7 6.0 41.7 1.04 0.08 2.97 5.6 489 1.8 43

210 super '80 2.7 4.0 41.3 1.08 0.08 2.36 5.4 84 2.6 45

420 super '80 4.3 5.0 43.7 1.17 0.09 2.74 5.3 66 3.8 66

130 super '86 2.0 4.7 41.0 0.96 0.08 2.69 5.4 74 1.1 27

mean stdev 0.8 1.9 4.6 0.11 0.01 0.31 0.1 54 0.7 36



Table 1. Mean results of 0-10cm soil analyses and biomass ratings of selected 

treatments from 80Ba6 in 2014.  Differences within a column of > 2*stdev are significant. 

Apart from the obvious relationship between applied P and soil P measures (see below), 
surprisingly, the better (historical?) lupin growth on some treatments is not reflected in pH, 
total N%, OC% or CEC, although all have increased on their virgin bush, pre-trial levels.  
The lupin rating strongly reflects the level of Colwell soil test P which in turn is related to the 
amount of P applied, though both the lupin rating and Colwell P levels are low per unit P 
applied compared with the super and C 500 sources. 
 
The soil on all treatments is extremely non-wetting to the level of being expressed in minutes 

in Table 1.  Wettable soil has a water drop penetration time (wdpt) of less than10 seconds. 

Measurements of wdpt on 1980, 1981 and 1986 surface soil samples from the DAFWA soil 

bank, were less than 10 seconds for all treatments and the virgin bush soils.  Blue lupins are 

known agents of soil non wetting but even where they did not grow on the nil and low 2014 

blue lupin plots, there were severe non wetting problems.   

Soil samples from 1981 and 1986, sourced from the DAFWA soil bank allow comparisons 

through time for the top rates of each source (table 2.) 

 

Table 2. Changes of soil fertility factors in the top 10 cm of soil as affected by time 
since application in 1980. Treatments sampled were for and the highest rate of P for 
each of the 3 P sources. Differences within columns of >2*stdev are significant.  

 

The changes of some of the soil fertility factors with time are striking 

In the 2015 crop update paper the effect of blue lupin growth on soil wettability was marked 
but even more remarkable was the general very low wettability across the site compared 
with complete wettability in 1981 and 1986. 

 

Soil organic carbon and total soil nitrogen, built up with time but surprisingly, there was little 
difference between plots/treatments which grew several t/ha of blue lupins for the last 20 
years and those which grew less than 1 t/ha of volunteer weed species over the same time.  
Summer satellite imagery suggests the ground was often quite bare and there could well 
have been wind erosional movement of surface soil across the plots. 

 

Date Source OC% Ca Mg K CEC N% P mg/kg C:N pH MED

1981 base 0.55 1.22 0.20 0.04 1.46 0.03 21.0 18.3 5.0 0.0

1986 super 0.62 1.44 0.13 0.06 1.75 0.04 69 15.5 5.1 0.0

1986 c500 0.63 1.29 0.14 0.06 1.59 0.04 379 15.8 5.3 0.0

1986 core 0.63 1.29 0.13 0.05 1.57 0.04 481 14.5 5.3 0.0

1986 nil 0.67 1.47 0.16 0.04 1.76 0.04 56 16.8 5.1 0.0

1986 stdev 0.06 0.16 0.02 0.01 0.21 0.01 93 2.2 0.04 0.0

2014 super 1.17 2.14 0.35 0.11 2.73 0.09 66 13.0 5.3 3.0

2014 c500 0.93 1.89 0.29 0.10 2.41 0.09 318 10.3 5.5 3.1

2014 core 1.04 2.35 0.36 0.11 2.96 0.08 489 13.0 5.6 2.5

2014 nil 0.83 1.78 0.27 0.08 2.25 0.07 73 11.9 5.3 1.8

2014 stdev 0.11 0.28 0.04 0.02 0.33 0.01 54 1.3 0.10 0.4

year effect? yes yes yes yes yes yes no? yes yes yes

treatment effect? no no yes? no no? no yes no yes yes?

Exchangeable cations in meq/100 g LSD roughly twice stdev MED = non-wetting index



Changes in cation exchange capacity reflected the changes in organic carbon and increased 
with time – which is common with permanent pasture leys on these coarse textured sands. 
Exchangeable calcium, magnesium and potassium all increased after 1986, probably due to 
their cycling from depth into the surface layers.  Though there was little effect of the massive 
differences in pasture (blue lupin) growth through time. 

 

C:N ratio decreased with time but again, but only slightly with treatment, despite the large 
amount of blue lupin biomass grown on the high C 500 and super plots The higher lupin 
plots (high available P plots at high rates of 1980applied super and C 500) had higher soil 
nitrogen and lower C:N ratios but these were not significantly different from the nil lupin 
treatments. 

 

Surface soil pH increased slightly with time though this effect was likely to be due to the initial 

input of lime in the form of the rock phosphates (C ore and C 500) and not due to the deposition 

of residues with an ash alkalinity (liming effect) because despite similar effects on lupin growth, 

soil on the super plots always had a lower pH that C 500. 

Soil profile samples to 90 cm depth were taken in October 2015 from the control and high P 
rate plots of the 3 sources.   

The fractional recovery of P after 35 years was calculated and plotted below (Fig. 5) 

 

 

Figure 5.  2015 fractional recovery of P, cumulated to depth, of 1980 high P rate 
treatments. The nil control of total soil P% was subtracted from that of the 3 P 
sources at their highest rate 

 

These differences were converted to kg P/ha (assumed BD of 1.5 g/ml), cumulated to depth 

and expressed as a fraction of the original rate of P applied. 

 

The C ore was very insoluble and poorly plant available except in the first year (when the 

very finest fractions were probably releasing available P – Bolland et al 1987) and so has a 

high recovery (80% to 50 cm).  C 500 has a high citrate solubility and so is more plant 

available and has a lower recovery (40 % to depth).  Superphosphate, which is 80% water 

soluble had poor recovery (15%) in the top 50 cm, but surprised with more recovery at 

greater depths – which suggests that the soil may well have a higher P buffering capacity 

down there. 

 



These results have implications for the pollution of ground water and waterways close to 

sites of P fertiliser applications.  Obviously a water soluble source such as superphosphate 

and the compound NP fertilisers will be the most plant available sources but are also the 

most leachable and can potentially escape the root zone and pollute waterways.  The very 

insoluble forms such as C grade ore and other rock phosphates, will not pollute waterways 

but are not very useful for crops in the short or long term.  The citrate soluble P sources such 

as the calcined C ore used here, or some of the more reactive phosphate ores, sit between 

the two extremes and could be useful sources of P for crops without much danger of 

damaging the environment.  It is worth mentioning that the very insoluble rock phosphates 

and also the calcined products are essentially liming materials and so, if applied to acid soils 

with pH buffering, will dissolve quite readily and release plant available P which may also be 

leachable – depending on the buffering power of the soil. 

 

 

Figure 6. Changes in soil test phosphorus with time for 3 P sources 

The bioassays of nutrient availability were singularly unsuccessful in 2015 (poor 

establishment and grazing by kangaroos).  Sampling of ungrazed plants did suggest some 

residual effect of the 1980 treatments and the 2015 applied cross strips but was inadequate 

for drawing any conclusions. 

The trial was re-sown in 2016 (fig 7.) and sampling of regrowth (after grazing) plants showed 

marked residual effects (Table 3.) 



 

Figure 7.  Seeding the trial on 9 May 2016 with the DAFWA precision planter 

 

 

Table 3.  Effect of 1980 P source treatments on the weight (g/20 plants), nutrient 

concentrations and uptakes from wheat grown in 2016.  Differences within columns of 

> 2* stdev are significant 

 

The 1980 applied phosphorus sources C 500 and super, significantly affected the availability 

of the macro nutrients, N, P and K.  The fact that P was the only macro nutrient varied in the 

1980 treatments means that, in parallel with growth responses to the P, there has been a 

build-up of N availability (via better legume growth) and K availability (via recycling by lupins 

from depth in the profile) over the 35 seasons since the trial was established.  These increases 

in N and K availability were not picked up by the surface soil analyses (Table 1.) 

CONCLUSION 
 
The residual effects after 34 years, of very high P applications as variously soluble sources, 
were assessed using soil sampling and a crop bioassay. 



 

Recoveries of applied phosphorus in the surface layers were poorest for the water soluble, 
plant available source superphosphate which had large leaching losses below 50 cm. The 
less immediately available, but citrate soluble source retained more P in the surface layers 
while the very insoluble C ore source produced poor growth but had only very low P leaching 
to depth.  The compromise in choice of source, between plant availability and leaching into 
the ground water and subsequently the waterways, is well illustrated by this trial. 

 

As a rule, soil fertility factors (non-wetting, organic carbon, CEC, soil organic nitrogen, 
acidification etc.) were all more affected by length of pasture ley than by pasture composition 
and cumulated production responses resulting from the 1980 P treatments. Cross plot 
transfer of surface soil may well have affected this finding.  

 

The trial was dogged by non-wetting and kangaroo grazing problems and so the bioassay of 
the residual effect of the original source of P treatments was poor. 

 

This project highlighted several important factors of soil fertility dynamics: 

 Long term pasture phases allow the build-up of soil organic matter reserves – with only a 
small response to cumulated pasture composition and production. 

 Non-wetting of soils relates directly to the level of soil organic matter and there was a 
slight relationship to the cumulated level of blue lupin production. 

 The build-up of soil organic matter increases the cation exchange capacity of the soil 

 Increases in plant available nitrogen was probably a result of the increased organic 
matter, while increases in plant available potassium were most likely due to recycling of 
the nutrient from depth. 

 Soil pH in the surface increases slightly with time, probably due to the ash alkalinity of 
the deposited residues. 

 Phosphorus cycling and availability followed treatments.  Water soluble superphosphate 
leached from the surface layers and its availability decreased through time.  Less 
(citrate) soluble phosphorus in C 500 initially increased in availability and then decreased 
through time while the poorly soluble C ore had an initial boost in availability due to the 
dissolution of the fines, but then stayed poorly available for 35 years. 

 The losses of P from the root zone and into the water table, were parallel to the solubility 
of the sources 

 

From a grower’s point of view, none of the above is revolutionary or new.  Even water 
soluble phosphorus (super) has very long term residual effects and its availability does not 
decay away to nothing. 
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