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Executive Summary

A total of 7398 t dry solids (t DS) of lime-amended biosolids (LAB) were produced
during 2007/8 from the Subiaco Wastewater Treatment Plant (WwTP) and applied to
agricultural soils surrounding Perth. The production of LAB at Subiaco WwTP involves
the addition of quicklime (CaO) as a post-treatment to secondary treated dewatered
sludge cake to raise the pH of the mixture and destroy pathogens. The Water
Corporation of Western Australia promotes the beneficial use of biosolids, particularly
within agriculture and therefore there was a need to investigate the effect that LAB was
having on agricultural soils around Perth. Previous research to date primarily focussed
on the crop response to anerobically digested dewatered biosolids cake (DBC)
produced by Perth’s two other major WwTPs. The effect of nutrients and metals in DBC
has been reported previously as part of the National Biosolids Research Program
(NBRP) (McLaughlin et al. 2007, Pritchard and Collins 2006). However, prior to this
study there was no information in Western Australia pertaining to the neutralising value
of LAB, the plant response to LAB or the economic value of LAB in agriculture.
Alternatively, if LAB was deemed unsuitable for agricultural land application, the
potential landfill costs would escalate to almost $2 m/pa (i.e. 22,977 wet tonne at $85/t)
(Penney 2005).

Soil acidification is an increasing problem throughout many agricultural regions in
Australia typically on lighter-textured soils that have a low buffering capacity to changes
in soil pH and/or that may be naturally acidic. Crops and pastures grown on acidic soils
are subject to problems such as aluminium toxicity (particularly in the subsoil),
nodulation failure in legumes and a reduced availability of some nutrients. Lime and
dolomite are products that are commonly applied to neutralise soil acidity and improve
plant productivity with application rates often determined by their neutralising value and
particle size of the product, and the pH buffering capacity (lime requirement) of the soil.
There is a need to establish suitable agricultural loading rates for LAB to ensure that
plant needs are being met, plant growth is not compromised and to establish the
neutralising value of LAB. There is also potential to seek a return on the value of the
lime input, estimated at $33,000/pa in 2007/08 (7398 t DS LAB contains 3329 t lime at
value of $10/t lime). If successful, this form of biosolids stabilisation/production may be
considered for future sludge handling for other WwTPs in the Perth region (Penney
2005).

To investigate the effect of lime amended biosolids (LAB) produced from Subiaco
WWwTP as a product for neutralising soil acidity and for improving crop growth, four rates
of LAB (0, 5, 10 and 15 t DS/ha), four comparable rates of agricultural lime product (O,
2.3, 4.6 and 6.7 t/ha), plus one rate of dewatered biosolids cake (DBC) at 7 t DS/ha
were applied to an acidic red/brown sandy loam at Wongamine (20 km north-east of
Northam) in the central wheatbelt of Western Australia. The experiment was conducted
over three years and sown to wheat (Triticum aestivum), canola (Brassica napus) and
then wheat in 2005, 2006 and 2007, respectively. Plants were sampled at 8 weeks and
at harvest to determine the effect of LAB, lime and DBC on crop growth, nutrient uptake
and grain yield. Samples of surface soil (0-10 cm) were collected at harvest annually
and analysed for pH and major nutrients.

Soil pH had increased significantly with increasing rates of either LAB or lime at the end
of the first year, but there was no change in soil pH following the addition of the DBC
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treatment. No further changes in soil pH had occurred by the end of the second year,
with similar values recorded between equivalent values of lime product. The growth of
all crops, however, was affected to a greater extent by nutrients (typically nitrogen) in
the LAB than by the reduction in topsoil acidity. There were no significant changes in
soil pH in the subsoil (10-30 cm), after the three years of experiments. It is
recommended that LAB application rates of approximately 10 t DS/ha are required for
optimal crop production, based on the plant available N content of the product, rather
than be based on the lime content.

Project objectives

The objectives of the project, as set out in the scope, were as follows:

)] to establish if the current LAB application rates meets the required pH
adjustment to sustain crop growth;

i) to establish maximum application rates to meet soil pH adjustment and
nutrient requirement to sustain crop growth;

iii) to establish the value of LAB from an agricultural perspective with the view
of establishing a suitable monetary return; and

iv) to establish more accurate mineralisation rates of biosolids products to
enable the NLBAR to be fine-tuned for WA conditions.

Major milestones

The major milestones of the project, were as follows:

Year One (2006)

1. Continuation of the field site used for the pilot study (2005),
preparation of site;

2. Collection of appropriate topsoil and soil depth samples (year 2 only);
and

3. Completion of second annual crop cycle of rotational crop (canola),
with further data on nutrient supply capacity and bio-availability of
nutrients and changes in soil pH measured.

Year Two (2007)

1. Selection of more detailed sites for subsequent field trials, preparation
of site management plans and relevant approvals from respective local
governments as well as the Department of Environment Protection;

2. Application of selected biosolids products (LAB and DBC) in subplots
and seeding with two crop species (wheat and canola); and

3. Completion of crop cycle, including analyses of crop performance,
nutrient supply and soil pH and nutrient changes.
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Year Three (2008)

1. Assessment of the effects of biosolids products on total soil nutrient
pools over two seasons;

2. Finalisation of field studies with an assessment of the residual effects
from the frequency of biosolids applications on nutrient with respect to
bio-availability in different agricultural systems;

3. Re-sample treatments defined for soil depth cores sampling specifically
for nitrogen;

4. Complete outstanding soil and plant analysis; and

5. Integration of data from all sources to facilitate the development of
most effective use of LAB in Western Australia.

Three years of crop and soil data were collected, including a pilot study in 2005 and two
further years of investigation in 2006/7. Milestones 1-3 were met in year 1, and in year
2 milestones 2 and 3 were met. It was not appropriate to select further sites for
subsequent field trials (Year 2, milestone 1), as the neutralising value of LAB was found
to be consistent with that of agricultural lime applied at equivalent rates. This is
discussed further in ‘Results and Discussion’, with reference to the work of Davies et al.
(2006) (p20).

After completion of the 3 year crop cycle, soil samples were collected in the 0-10 cm
profile to investigate residual value of biosolids applications (Year 3, milestones 1 and
2); in addition to pH soil was analysed for bicarbonate extractable P, organic C and total
N, this is discussed in the ‘Results and Discussion’ section. The project is currently in its
final year, and the remaining Year 3 milestones are discussed in ‘Further Work’ (p23).

Reports, conference papers, journal articles and co  llaboration

2006

A paper summarising the 2005 (Year 0) trial was presented at the Australian
Water Association, Biosolids Speciality Conference in Melbourne, 2006: Collins,
D., Pritchard, D. and Penney, N. 2006. The response of wheat on acidic soil
using lime-amended biosolids. In Proceedings: Biosolids Specialty Conference
lll, Melbourne, June 7-8, 2006. Australian Water Association.

A summary of the 2005/06 data was presented by D. Collins at the Biosolids
Research Symposium, 27 September 2006, Leederville, Perth. The field site was
visited by Dr Stephen Smith, Imperial College, UK (keynote speaker for the
Biosolids Research Symposium & AWA Biosolids Specialty Conference). Dr
Smith gave two presentations at the meeting on ‘The significance of organic
contaminants in biosolids recycled to agricultural land’ and ‘Pathogen survival in
biosolids-amended agricultural soil’ The symposium was attended by over 70
delegates form the water and agricultural industries, the Department of Health,
WA, local government, and researchers from the SCIRO and five Universities
from around Australia.
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2007

A paper summarising the 2005-2006 (Years 0-1) trial was presented at the 12
European Biosolids and Organic Resources Conference in Wakefield, UK:
Pritchard, D., Collins, D., Allen, D. and Penney, N. 2007. Changes in soil pH and
crop growth following the application of lime-amended biosolids. In Proceedings:
12th European Biosolids and Organic Resources Conference, Workshop and
Exhibition, Manchester, November 12-14, 2007. Aqua Enviro, UK.

2008

A paper summarising 2005-2007 (Years 0-3) was presented at the 4" Biosolids
Speciality Conference in Adelaide: Pritchard, D., Collins, D., Allen, D. and
Penney, N. 2008 Land application of lime-amended biosolids. In Proceedings:
Biosolids Specialty Conference 1V, Adelaide, Australia, June 11-12,
2008. Australian Water Association. (Slides presented in Appendix 4).

A summary of three years of data for the LAB project was presented by D.
Pritchard at the Water Corporation Technology Transfer day, July 27 2008,
Leederville, Perth.

A paper summarising 2005-2007 (Years 0-3) has been prepared for submission
to Australian Journal of Agricultural Research.

[ R = Aielir
%huesponse of wheal o ac Idic

s ecoll ysing lime-amended '
) biosotids

Plate 1. Presentation by D.Collins at the Biosolids Research Symposium, Water Corporation, September
2006.
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Budget

A summary of the budget is provided in Table 1.

Table 1. Summary of the annual budget

1.0
a)
b)

1.1

2.0
2.1

2.2
23

2.4

2.5

Income - Water Corp
Income - DNA

Personnel Costs
Deborah Pritchard
David Collins
R&D

Provisional Sums
Chemical Analysis
Costs

Laboratory &
Consumables

Seeding & Harvesting
Travel to & from field
sites

Air Travel to
meetings/conferences

Payment 1 & 2 (Sep 06 - Aug 07)

Budget Actual
$56,589.14 $56,589.14

$12,699.94 $252.00
$20,089.77 $31,411.12
$6,672.63 $6,672.64

$5,610.00 $3,166.00

$3,000.00 $865.13
$3,000.00

$2,516.80 $1,287.25

$3,000.00 $3,007.65

$0.00

$12,447.94
-$11,321.35
-$0.01

$2,444.00

$2,134.87
$3,000.00

$1,229.55

-$7.65

The project expenditure was within budget as of January 1 2008.
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Payment 3 & 4 (Sep 07 - Aug 08)

Budget
$56,136.67

$12,009.12
$20,598.52
$6,672.63

$5,610.00

$3,000.00
$3,000.00

$2,246.40

$3,000.00

B/Fwd
$56,136.67

$24,457.06
$9,277.17
$6,672.62

$8,054.00

$5,134.87
$6,000.00

$3,475.95

$2,992.35

Actual
$28,068.34
$10,000.00

$604.25
$26,249.13
$3,336.31

$1,922.87

$216.63

$3,234.75

Payment5 & 6 (Sep 08 - Apr 09)

Diff
$28,068.33

$23,852.81
-$16,971.96
$3,336.31

$8,054.00

$3,212.00
$6,000.00

$3,259.32

-$242.40

Budget
$55,574.24

$12,377.12
$19,668.09
$6,672.63

$5,610.00

$3,000.00
$3,000.00

$2,246.40

$3,000.00

B/Fwd
$83,642.57

$0.00
$0.00
$36,229.93
$2,696.13
$10,008.94
$0.00
$0.00

$13,664.00

$6,212.00
$9,000.00

$5,505.72

$2,757.60
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Field sites and methodology

Trial establishment

Site details

A field experiment was established at Wongamine, 90 km north-east of Perth, Western
Australia in 2005 to study the effect of LAB on plant growth and yield using an annual
cropping rotation sequence of wheat (Triticum aestivum L. cv. Calingiri) and canola
(Brassica napus L. Surpass) over three years. The region has a Mediterranean climate
with cool, wet winters and hot, dry summers and an average rainfall of 390 mm. The soil
was acidic red/brown loamy sand, or a Red Chromosol as characterised by the
Australian Soil Classification (Isbell 1996). Some properties of the <2 mm fraction in the
top 0-10 cm surface are as follows: 90% sand, 5% silt, 5% clay; pH 4.7 (0.01M
CacCly;1:5); 5.3 mS/m EC (1:5); 0.87% organic carbon (W/B); 0.071% total N; 243 mg/kg
total P; 48 mg/kg bicarbonate extractable P; 4.3 mL/g P Retention Index; 94 mg/kg
bicarbonate extractable K; 7.06 cmol(+)/kg total exchangeable cations (Ca, Mg, Na, K
and NH,) (Chemistry Centre WA, Report 05A493/1-3).

Trial design

The experiment consisted of nine treatments arranged in a completely randomised
block design with three replicates. Each plot was 20 m long by 2 m wide. There were
combinations of four rates of LAB, four rates of lime and one rate of dewatered biosolids
cake (DBC).

The DBC was included in the study as it is the predominant biosolids product produced
by Perth Wasterwater Treatment Plants (WwTPs) and thus provides for comparative
research in terms of crop yield conducted by Pritchard and Collins (2006). The DBC
was sourced from Beenyup WwTP, which has a typical analysis consisting of 20% DS,
50,000 mg/kg total N and 25,000 mg/kg total P and pH 7. The LAB from Subiaco WwTP
has a lower nutrient content with a typical analysis comprising 35% DS, 30,000 mg/kg
total N, 10,000 mg/kg total P and pH 13; with an expected neutralising value of 44.9%,
as indicative of the proportion of lime in the product.

Rates of LAB and DBC used in the experiment were determined by multiples of the
nitrogen limited biosolids application rate (NLBAR) using the following Department of
Environmental Protection (DEP) et al. (2002) formula:

NLBAR = Crop N required / plant available N

Where,

1) the amount of crop N required is determined as the amount of N removed by a crop
in a given year;

2) the plant available N is determined from the proportion of organic N and inorganic N
that is expected to be available to plants from the biosolids in the first season. This is
determined using a 20% mineralisation rate of organic N and 50% volatilisation rate of
ammonia.
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Therefore, if crop N requirement=64 kg N/ha, for LAB with an organic N content=30,000
mg/kg and ammonium N content=414 mg/kg, 1IXNLBAR=10.3 t DS/ha (i.e. 64 kg N/ha/
6,207 mg/kg). In the case of LAB, ammonia concentration is negligible as the majority of
the ammonia is volatilised due to the high pH. Therefore, the Water Corporation
assume plant available N for LAB is equivalent to 20% of the total N.

The four rates of LAB were applied at 0, 0.5, 1 and 1.5xNLBAR (i.e. 0, 5.2, 10.3 and
15.4 t DS/ha, respectively) and the DBC was applied at the standard Water Corporation
rate of IXNLBAR (i.e 7 t DS/ha). At present, the standard application rate of LAB being
applied to land is 5 t DS/ha, which is lower than DBC as it is calculated on the lime
content typically applied by farmers in the region rather than on the N value. For
example, LAB with a total solids content of 35%, and an expected neutralising value of
44.9% would require spreading at a rate of 4.4 t DS/ha to achieve an application rate
equivalent to a lime application rate of 2 t/ha.

Agricultural lime is commonly applied in Western Australia at rates between 1 and 2 t/ha
(Gazey et al. 2002). In this experiment, agricultural lime was applied at 0, 2.3, 4.6 and
6.9 t/ha to enable comparison to the four rates of LAB used. Thus at 1XNLBAR, the LAB
(10.3 t DS/ha) would be expected to provide the equivalent in neutralising value to the
4.6 t/ha lime treatment. The lime used in the experiment had a neutralising value of 96%
and was <0.25 mm in size. All lime treatments were supplied with a basal fertiliser
dressing of 100 kg/ha urea (46% N) and 100 kg/ha diammonium phosphate (DAP: 20%
N, 18% P) annually to supply a total of 66 kg N/h and 18 kg P/ha. This rate of inorganic
N was selected to be comparable to the plant available N in the 1XNLBAR treatments
for both the LAB and the DBC.

Seeding

The experiment was sown to wheat in 2005, canola in 2006 and wheat in 2007. Prior to
each seeding operation, the site was cultivated with discs and a knockdown herbicide
applied (Roundup at 1L/ha). Lime and biosolids products were applied as a once off
treatment in 2005 by hand and incorporated during the seeding operation using a 12-
row disc combine. The lime treatments received DAP at seeding and were top-dressed
with urea 12 weeks after sowing at tillering, annually. The treatments containing
biosolids products did not receive additional fertiliser and consequently the residual
value of the nutrients could be examined over time compared with the freshly applied
inorganic fertiliser treatments. The nil treatment did not receive any fertiliser in 2005 and
2006, so the response to all added nutrients could be established, and in 2007 a single
application of LAB at 1XNLBAR was applied to establish the response of freshly applied
LAB relative to the other treatments. The seeding dates over the three years were as
follows: wheat 04/06/05, canola 26/05/06 and wheat 28/05/07. A summary of crop
establishment, time of seeding and biosolids application is given in Table 2.
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Table 2. Summary of sowing dates, biosolids and fertiliser application and chemicals applied from 2005-

2007

Year
2005

Site preparation
Pre-sowing weed control
Treatment application

Seeding
Plant counts & early DM

Inorganic fertiliser treatments
Final harvest

2006

Soil sampling

Site preparation
Inorganic fertiliser control
Seeding

Post sowing weed control
Plant counts & early DM
Inorganic fertiliser treatments

Final harvest

2007
Soil sampling

Pre-sowing weed control
Repeat biosolids application

Inorganic fertiliser control
Seeding

Plant counts & early DM
Inorganic fertiliser treatments

Final harvest
2008

Soil sampling

Sampling

Activity

15 May: Cultivated site with discs

25 May: Site sprayed with 1 I/ha Roundup and 500 ml/ha
Chloropyrphos

1-4 June: Lime and biosolids products applied. All lime treatments
received a basal dressing of DAP at 100 kg/ha

4 June: Callingari wheat sown at rate of 59 kg/ha, then disc drill.

Plant establishment counts 9 days after seeding and DM harvest at 8
weeks

27 August: All lime treatments received a top dressing of urea at 100
kg/ha

10 December

February: Samples taken from 0-10 cm for pH
25 May: Cultivated site with discs

26 May: All DAP treatments reapplied at 100 kg/ha TD
26 May: 9 kg/ha Surpass 501 canola TD then disc drill

28 May: 1.5 I/ha Simmazine; 300 ml/ha Lorsban; 500 ml/ha Roundup
Plant counts 9 days after seeding and DM harvest at 8 weeks

All lime treatments received a top dressing of urea at 100 kg/ha 12
weeks after sowing

15 November: Canola swathed and hand harvested and then dried in
glasshouse

February: samples taken from 0-10 cm for pH, available P, total N
and total C measurements

25 May: Site sprayed with Roundup at 1 I/ha

26 May: LAB applied at 1 NLBAR (10.3 dry t/ha) to old unamended
control

28 May: All DAP treatments reapplied at 100 kg/ha TD

28 May: 60 kg/ha Annuello wheat with disc combine

Plant counts 9 days after seeding and DM harvest at 8 weeks

All lime treatments received a top dressing of urea at 100 kg/ha 12
weeks after sowing

3 December

28 March: 0-10 cm samples collected from each plot for pH, available
P, total N and total C measurements

2 May: collected depth samples (10-20 cm and 20-30 cm) from each
plot for pH measurements

For each crop species, plant establishment was measured in each plot over three x 1 m
rows (0.54 m?). The total dry matter (DM) of shoots was measured at 8 weeks after
seeding and prior to harvest over 3 x 1 m rows following drying at 70°C for 24 h. Grain
yield was determined using a mechanical plot harvester and sub-samples of grain
retained. Shoot and grain material were prepared by grinding (<0.5 mm) and the
concentration of N measured by Leco and the concentrations of various other nutrients
(B, Ca, Cu, Fe, K, Mg, Mn, Mo, Na, P, S and Zn) measured by ICP-AES. Following
each harvest, composite soil samples were collected from the surface (0-10 cm) of each
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plot and sieved <2 mm and then analysed for pH (0.01M CaCl,; 1:5) to compare the
neutralising effect of LAB to agricultural lime. At the end of three years (34 months after
initial application), soil samples were collected from depth (10-20 cm and 20-30 cm) to
investigate the effect of lime application on change in subsoil pH. Composite soil
samples from the surface (0-10 cm) of each plot were analysed for organic C (%W/B),
total N and bicarbonate available P (0.5M NaHCO; 1:100) in 2006 and 2007. All
analyses were performed by the Chemistry Centre (WA) East Perth, which is accredited

by the National Association of Testing
methodologies.

Authorities (NATA) using approved

Plate 2. Comparison of pH and nutrient responses in
wheat to application of lime-amended biosolids
(RHS) and biosolids (LHS) at Wongamine, June
2005

Plate 3. Wheat emergence counts, June 2005.

Plate 4. Wheat grown in lime-amended biosolids at
harvest, December 2005 showing evidence of
remnants of biosolids.

Plate 5. Higher incidence of ‘Take-all’ in the LAB plots
observed in comparison to the DBC plots, December
2005.
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Statistical analysis

Data were analysed for differences between the treatments using an ANOVA model in
GENSTAT (Release 8.2 and 9.1) program (Lawes Agricultural Trust, Rothamsted
Experimental Station, UK). A single least significant difference (I.s.d.) value of P at the
5% level of significance was used to compare different treatment means.

Results and Discussion

Soil pH

At the rates of LAB used, soil pH (CaCl,) in the 0-10 cm depth increased significantly
from 4.4 in the nil treatment (0 LAB) to 5.8 at 0.5xNLBAR, 6.4 at 1XNLBAR and 7.2 at
1.5xNLBAR as measured eight months after application (P<0.05, Table 3). These
values remained relatively constant for each treatment over the following two years. In
comparison, there was no significant increase in pH following the application of DBC at
1x NLBAR (P<0.05, Table 3). An increase in soil pH following the use of lime-amended
biosolids (N-Viro soil) has also been reported in central New South Wales by Cooper
(2005) with a linear relationship observed between the amount of N-Viro soil applied
and soil pH (r* = 0.085, P<0.001).

Pair-wise comparisons (l.s.d.) of mean soil pH within each year demonstrated that there
were no significant differences between soil pH following agricultural lime application
and equivalent rates of lime application in LAB (Table 3).

Table 3. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on soil pH in

the 0-10 cm depth at 8, 20 and 32 months after application, and average over all years, and effect on
subsoil pH (10-20 cm and 20-30 cm) 37 months after application.

Treatment
8 months 20 months 32 months Mean_ over all 37 months
sampling dates
0-10 cm 10-20cm 2930
cm
LAB O 4.4 5.2 * 4.8' * *
LAB 0.5 5.8 5.6 5.7 5.7 4.6 5.4
LAB 1.0 6.4 6.3 6.7 6.5 4.9 5.7
LAB 1.5 7.2 7.0 6.7 7.0 5.0 5.7
DBC 1.0 4.8 49 4.8 4.8 4.9 5.6
Lime O t/ha 4.3 4.7 5.3 4.8 5.2 5.8
Lime 2.3 t/ha 5.6 6.3 6.1 6.0 4.7 5.4
Lime 4.6 t/ha 6.5 6.9 6.6 6.7 5.1 5.9
Lime 6.9 t/ha 6.6 7.0 6.7 6.8 5.0 5.8
LAB 1.0 (2007)* - - 6.6 6.6' 4.9 5.6
l.s.d (P = 0.05) 0.84 0.65 0.49 0.40° N.S. N.S.

LAB=Lime-amended biosolids, DBC=dewatered biosolids cake, biosolids products expressed as
multiples of the nitrogen limiting biosolids application rate (NLBAR)

Lime rate as t/ha and basal fertiliser applied to all lime treatments (Urea + DAP) annually

* Freshly applied 1XxNLBAR LAB was applied as a replacement to the control in year three (2007)
Reports# 05A448 & 06A271, Chemistry Centre (WA)

hot included in ANOVA

fl.s.d. for means of all treatments (excluding LAB 0 and LAB 1.0 (2007))

N.S.= not significant
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Two-way ANOVA was conducted over all years for all treatments excluding LAB 0 and
repeat LAB 1.0 (2007), this demonstrated that there was no significant difference in pH
for each treatment between years (P<0.05). Therefore, the mean pH for each treatment
over all sampling dates is presented in Figure 1, and demonstrated that the neutralising
value of the LAB was similar to that provided by equivalent rates of agricultural lime and
was not unexpected, given that the rates of LAB were chosen to achieve a comparable
neutralising content. In LAB at 0.5xNLBAR, the typical rate of LAB currently being
applied by farmers in Western Australia, the pH had increased from 4.4 to 5.8 at 8
months and remained elevated over the following two years (Table 3). This increase in
soil pH would be expected to enable farmers to better manage acidic soils. From this
preliminary investigation, the neutralising value of the lime in the LAB was similar to the
predicted value of 45%. This value is consistent with that reported by Sloan and Basta
(1995) for a 1:1 dewatered sewage sludge and cement kiln dust mixture, which is
reduced to 28% if less kiln dust is added (Cooper 2005).

5 O DBC
T O Lime
B LAB
31 O LAB*

0.0 2.3 4.6 6.9

Rate of lime application (t/ha)

Figure 1. Soil pH at 0-10 cm (mean over all sampling dates) in DBC (dewatered biosolids cake), lime and
LAB (lime amended biosolids) at rates of application of 0, 2.3, 4.6 and 6.9 t/ha of lime and equivalent
rates of lime application in the biosolids products.

LAB* = LAB freshly applied at a rate of 1 NLBAR in 2007.

Previous research has demonstrated that yield decreases may be caused by subsoil
acidification, and can be prevented by surface liming; Davies et al. (2006), collated 25
years of data from surface liming trials throughout the WA wheatbelt on sandy and
sandy loam textured soils and found that surface lime application rates of 2 t/ha may be
required to prevent subsurface liming and increase long-term productivity. Therefore
pH in the subsoil below 10 cm was measured after the experiment was completed and
is shown in Table 3. However, there were no significant differences in pH at depth
(P>0.05) between the biosolids, limed treatments and fertiliser control, with means over
all treatments of 4.9 (10-20 cm) and 5.7 (20-30 cm). The value of LAB as an ameliorant
for subsoil acidification is discussed further on p 19 of this report.
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Shoot dry matter

The site was responsive to N and/or P as indicated by the increase in shoot dry matter
at 8 weeks in all treatments containing fertiliser as compared to the nil fertiliser (LAB 0)
(P<0.05, Table 4). The shoot dry matter of wheat and canola in the un-limed standard
basal fertiliser treatment was used to calculate relative yield values (Figure 2). The
shoot dry matter of wheat (2005) and canola (2006) in the basal fertiliser treatments
were no different to the treatments containing applications of LAB or DBC. However, in
the third year (2007) the shoot dry matter of wheat was higher overall in the freshly
applied basal inorganic fertiliser treatments compared with the biosolids treatments
(P<0.05, Table 4). These results were consistent with previous research by Pritchard
and Collins (2006) in Western Australia three years after application of DBC at
IXNLBAR compared with freshly applied inorganic fertiliser as measured by shoot
growth at 8 weeks from sowing.

Table 4. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on shoot dry
matter (DM)/20 plants at 8 weeks after sowing over three years

Treatment Dry Matter (g/20 plants)
Wheat 2005 Canola 2006 Wheat 2007

LABO 5.69 2.90 *
LAB 0.5 11.73 5.31 10.19
LAB 1.0 18.61 6.74 10.96
LAB 1.5 17.61 7.80 12.96
DBC 1.0 16.34 7.19 11.47
Lime 0 t/ha 14.42 6.44 13.68
Lime 2.3 t/ha 13.24 10.21 14.63
Lime 4.6 t/ha 15.07 7.33 13.32
Lime 6.9 t/ha 14.06 7.98 15.24
l.s.d (P = 0.05) 4,95 3.26 2.93

LAB=Lime-amended biosolids, DBC=dewatered biosolids cake, biosolids products expressed as
multiples of the nitrogen limiting biosolids application rate (NLBAR), Basal = Urea + DAP, Lime rate as
t/ha

* Freshly applied 1XxNLBAR LAB applied as a replacement to the control and yielded 16.32 g/20 plants

Grain yield

Wheat, which is the primary export crop in Australia, yields on average 1.62 t/ha (2000-
03) (ABARE 2003). The grain yield of wheat at harvest in this experiment yielded
between 2.05 t/ha (2005) and 2.60 t/ha (2007) in the un-limed standard basal fertiliser
treatment and was used to calculate relative yield values (Table 5). These relative grain
yield values are also shown in Figure 2, in comparison to the 8 week DM yield. The
application of agricultural lime did not improve grain yield in any year above that of the
control, except in the 2.3t/ha lime treatment in the final year (P<0.05, Table 5). Lime
rates higher than 2.3 t/ha tended to have a net effect of decreasing cumulative grain
yield of wheat and canola over the three years of the experiment. Although agricultural
lime is expected to improve plant production in acidic soils, this is not always the case.
For example Dolling et al. (1991) found that yields of barley grain were increased by
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application of lime at 6 t/ha in only 3 of 9 grey sandy loam soils with background soil pH
between 4.3-4.8. The overall benefit of liming this site may be best studied by growing
an acid sensitive plant species or a legume.

Grain yield in the LAB treatments generally declined over time relative to the freshly
applied basal fertiliser treatment. Grain yield in the LAB at 1xXxNLBAR was not
significantly different (P>0.05) to the inorganic fertiliser over all years, although relative
yield declined with time as the residual nutrient value declined, decreasing from 107% in
2005 to 73% in 2007 (Figure 2). Grain yield of wheat in freshly applied LAB in the third
year (2007) was no different (P>0.05, Table 5) to the freshly applied fertiliser control
treatment. In the 0.5XxNLBAR treatment yields of wheat were reduced in all years in
comparison to the basal inorganic fertiliser treatments and the other biosolids
treatments, and this difference was statistically significant in 2005 (P<0.05, Table 5),
suggesting that these plants were nutrient deficient. Therefore, additional inorganic
fertiliser would need to be applied at 0.5xNLBAR to provide adequate crop yield, which
was on average 82% relative to that of the inorganic fertiliser treatment over the three
years (Figure 2).

In the majority of cases grain yield was similar to 8 week dry DM vyield (Figure 2).
However, in some cases, there was a discrepancy between the two measures of crop
response. For instance, in 2006 the relative DM vyield on the limed basal fertiliser
treatments was greater than the relative grain harvest for these treatments. On
agricultural lime treatments applied at a rate of 2.3 t/ha the relative yield of DM at 8
weeks was 160% compared to basal fertiliser treatments with no lime, whereas the
grain yield was just less than 100%. Canola is more sensitive to soil acidity than wheat,
and it is deeper rooting. Therefore, it may be that the surface application of lime
increased the potential yield of canola, but this effect was reduced later in the growing
season as the roots reached the subsoil. A greater initial increase in DM was also
observed with the re-application of LAB at 1.0 NLBAR in 2007, this may be a result of
the fresh input of nutrients and organic matter improving early growth and soil moisture.

The highest yield of wheat in the first year was measured in LAB at 1.5XNLBAR,
although it had a significantly (P<0.05) greater number of small or pinched grain
(32.99/100 seeds) compared to the control (41.99/100 seeds). This would suggest that
the potential yield was lower than achieved although it is uncertain as to why given that
soil moisture was not limiting at the end of the season. Plant symptoms were similar to
that caused by the root disease Take-all (Gaeumannomyces graminis var. tritici), which
is more severe in soils following liming (Loughman et al. 2000). Subsequent
investigation of plant root samples indicated a higher incidence of Take-all in the limed
plots compared to the DBC plots (Plate 4). In 2006, canola yields were highest in the
treatment having the highest rate of biosolids application, highlighting the residual value
of nutrients in the biosolids in the second season without additional fertiliser application.
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(a) Wheat 2005
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(b) Canola, 2006
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(c) Wheat, 2007
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Figure 2. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on 8 week
DM and grain yield of wheat (2005), canola (2006) and wheat (2007) relative to the fertiliser control (Lime
0).

Biosolids products expressed as multiples of the nitrogen limiting biosolids application rate (NLBAR); lime
rate as t/ha and basal fertiliser applied to all lime treatments (Urea + DAP) annually. In 2007 freshly
applied 1XNLBAR LAB was applied as a replacement to the Nil control (rLAB 1.0).
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Table 5. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on grain yield
of wheat (2005), canola (2006) and wheat (2007)

2005 2006 2007

Treatment

Grain yield of wheat Grain yield of canola Grain yield of wheat

(t/ha) and % relative to (t/ha) and % relative to (t/ha) and % relative to
the control the control the control

LAB 0O 1.23 60% 0.90 60% *
LAB 0.5 1.66 81% 1.24 83% 2.15 83%
LAB 1.0 2.20 107% 1.33 89% 1.91 73%
LAB 1.5 2.21 108% 1.65 110% 2.25 87%
DBC 1.0 1.97 96% 1.42 95% 1.96 75%
Lime O t/ha 2.05 100% 1.50 100% 2.60 100%
Lime 2.3 t/ha 1.97 96% 1.40 93% 3.23 124%
Lime 4.6 t/ha 1.90 93% 1.15 7% 2.61 100%
Lime 6.9 t/ha 2.06 100% 1.36 91% 2.52 97%
l.s.d (P = 0.05) 0.254 0.316 0.720

LAB=Lime-amended biosolids, DBC=dewatered biosolids cake, biosolids products expressed as
multiples of the nitrogen limiting biosolids application rate (NLBAR), Lime rate as t/ha and all contain
basal fertiliser (urea + DAP)

* Freshly applied 1xNLBAR LAB applied as a replacement to the control yielded 1.96t/ha (75% relative to
control)

Overall the grain yield of wheat and canola for both the LAB and the DBC in the
IXNLBAR treatments (i.e. 10.3 t DS/ha and 7 t DS/ha, respectively) were comparable
over three seasons. The large increase in soil pH caused from the addition of LAB did
not affect crop yield as compared to the DBC, although the difference in soil pH was in
the order of 6.5 and 4.8, respectively. Therefore, from this study, the preferred
application rate of LAB would be to apply at IXNLBAR, as is currently used for DBC, as
opposed to an application rate based on the lime value of the product. The rate of LAB
at 0.5xNLBAR was not optimum for crop production.

Concentrations of nutrients in plant and soil sampl es

Nitrogen

The concentrations of nutrients in shoot samples at 8 weeks, grain samples at harvest
and soil samples following harvest in 2006-2007 were examined to determine the effect
of soil pH and treatment on the uptake of critical nutrients. Concentrations of N in shoot
samples at 8 weeks and grain samples at harvest were similar between the inorganic
fertiliser treatments and 1xNLBAR biosolids treatments for wheat and canola over the
three years suggesting that the NLBAR was comparable to freshly applied inorganic N
(Appendices 1 and 2). As would be expected, the total concentration of soil N was lower
in the O (nil fertiliser) and LAB at 0.5xNLBAR and higher in the LAB at 1.5XNLBAR
(P<0.05), reflecting the relative loading rates of N at these applications (Appendix 3).
Grain yield was maximised at rates higher than LAB at 1XNLBAR indicating that the
formula on which the NLBAR is based may not be accurate for these soils and
environmental conditions. The effect of biosolids application on changes to soil mineral
N were not monitored and will be investigated further in 2008/2009 to investigate
whether the formula for the NLBAR requires modification.

Page 18 of 30



Curtin University Progress Report September 2008

Phosphorus

The concentration of P in the dry matter of shoots at 8 weeks over three years was
significantly higher (P<0.05) in the inorganic fertiliser treatments than in the biosolids
treatments (Reports 05A222, 06A100 and 07A094: Chemistry Centre of WA, Appendix
1). Although high loading rates of P were applied in the biosolids treatments, the
inorganic P treatments appeared to provide plants with a more readily available early
source of P as indicated by 8 week shoot P concentration. However, there was no
significant difference in grain P concentration at harvest between the fertiliser
treatments and the biosolids at 1.0 NLBAR (Appendix 2). The background concentration
of available soil P at 20 months after the start of the experiment in the nil treatment was
41 mg P/kg and had increased to 62 mg P/kg in the inorganic fertiliser treatment, 79 mg
P/kg in LAB at 1xNLBAR and 114 mg P/kg in LAB at 1.5xXNLBAR (Report 06A271:
Chemistry Centre of WA, Appendix 3). The concentration of P in shoots of wheat in the
first year at 8 weeks was higher in DBC (0.33%) than LAB (0.23%) at equivalent
NLBAR, but would be expected given higher initial concentrations of P in DBC. The
increased soil concentration of P in the LAB was not reflected by increased P
concentrations in shoot or grain samples. Previous work by Pritchard (2005)
demonstrated that inorganic fertiliser P was shown to be 67% more effective than
biosolids P. These results indicate that although inorganic P was initially more available
than biosolids P, there was no significant difference on yield or grain P content at
harvest.

Other nutrients

Grain yield of wheat and canola were similar in all four rates of lime (P>0.05, Table 5),
suggesting that soil pH was of marginal influence to grain yield and N and P uptake over
the two seasons at this site. On this acidic soil, high application rates of lime raised the
pH to neutral with negligible effects on plant growth. It should be mentioned that
increasing rates of lime and LAB significantly decreased concentrations of manganese
(Mn) in the shoots of wheat and canola (Appendices 1 and 2), although concentrations
remained above the critical values reported by Reuter & Robinson (1997). The likely
explanation for this trend is related to the solubility of Mn, which declines with increasing
pH (Moore et al. 1998), also noted by Christie et al. (2001) in barley shoots grown in
alkaline-stabilised biosolids and by Brown et al. (1977) in wheat and soybean grown in
lime-stabilised biosolids. Also of interest was the increase in concentration of sulphur
(S) in shoot and grain samples of both wheat and canola as the rate of LAB increased
compared with inorganic fertiliser treatments (P<0.05), and which may have contributed
to higher yields in LAB at 1.5xXNLBAR. No other nutrient appeared to be affected by any
of the treatments.

Soil total organic carbon

Biosolids applications have previously been found to increase soil organic C (Hall and
Coker, 1981, Joshua et al., 1997; Antolin et al., 2005), which is of benefit as greater soil
organic C decreases bulk density, increasing porosity and water holding capacity.
However, soil carbon was measured following canola and wheat harvest in 2006 and
2007 and no significant difference was found between biosolids treatments and
inorganic fertiliser treatments at the rates used, up to 15 t DS/ha. It may be that large
applications of biosolids over long periods of time are required to achieve a continued
significant increase in soil organic matter, as research in temperate soils has indicated
that rates of decay of organic matter range between 50-60 % in the first year following
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application (CEC, 1992). Significant decreases in bulk density were measured by Hall
and Coker (1981) after application of undigested sludge cake on sandy, silt and clay
loams at rates of 27 t DS ha™®. Cumulative effects of biosolids application have been
found to increase soil organic carbon, and cation exchange capacity (CEC) in a semi-
arid soil, with a composition of 26.7% sand, 51.1% silt and 22.3% clay, under
Mediterranean conditions (Antolin et al. 2005). Repeated applications of anaerobically
digested dewatered biosolids of 15 t/ha over a 3 year period resulted in a significant
increase in soil organic C, although there was no significant increase following the first
year of application.

Application of results to other soil types

In this study, the large increase observed in soil pH caused by application of either LAB
or agricultural lime did not affect crop yield in comparison to DBC and the basal fertiliser
treatment with no lime application (Lime O t/ha) (Figure 2). In addition, subsoil pH was
measured and no significant difference was detected between treatments that received
no lime (DBC 1.0; Lime 0 t/ha) compared with those that had been limed. Therefore,
under these conditions, sub-solil acidification was not a factor influencing crop yield.

On the basis that the neutralising value of LAB was found to be consistent with the
equivalent application rate of agricultural lime (Figure 1), and that there were no
significant detrimental effects of lime or LAB application greater than the standard rate
of 2 t/ha, it is proposed that determination of the capacity of LAB to ameliorate sub-soil
acidity in a range of different soil type is based on previous field trials that included
agricultural lime.

Davies et al. (2006) conducted a survey of 25 years of Department of Agriculture
Western Australia (DAFWA) data from surface liming experiments throughout the WA
wheatbelt on sandy and sandy loam soils. Figure 3 shows the average increase in soil
pH at two depths in response to application of agricultural lime based on the average
pH response for 88 field trials. The survey demonstrated that, in addition to an increase
in surface pH (0-10 cm) by more than 1 unit following applications of lime of at least 2
t/ha, surface liming was effective in increasing subsoil pH. There was an average
increase of 0.5 of a pH unit over 5 years for surface applications of 2 t/ha lime and 0.3
of a pH unit for surface applications of 1 t.ha.

With applications of lime between 2-2.5 t/ha there was an average wheat grain yield
increase of 13% 1-4 years after lime application. For canola, following applications of 1-
3 t lime/ha, the increase in grain yield was 15% 1-4 years after application, and for
barley there was an average increase of 7% following application rates of 1-3.2 t
lime/ha.
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Figure 3. Average increase in soil pH at two soil depths over time in response to lime applied at 1 or 2
t/ha.
Figure taken from Davies et al. (2006)

A further trial on a sandy gravel at Bindi Bindi (Davies et al. 2006) demonstrated that
subsoil which had received no lime declined from a minimum of 4.4 at 15 cm depth to a
minimum of 3.9 at 15 cm depth, over an 8 year period between 1997 and 2004 (Figure
4).

Figure 4. Soil pH with depths over time in response to lime applied at 0, 1 or 2 t/ha in 1996 at an on farm
site near Bindi Bindi, Western Australia.
Figure taken from Davies et al. (2006).
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However, the pH was maintained at 1997 levels with lime application rates of 1-2 t/ha.
There was acidification at 25 cm depth, but the pH remained greater than the un-limed
control. Over the 8 year trial period, the prevention of subsoil acidification resulted in a
significant increase in wheat production for applications of 2 t lime/ha of 2.2-3.2 t/ha
compared to an increase of 2.2-2.5 t/ha in the un-limed control. From these results, it
can be assumed that applications of LAB at rates equivalent to or greater than 2 t ha of
lime can similarly prevent subsoil acidification with subsequent increases in crop yield.

Economic cost of lime

The cost of lime in the LAB is valued at approximately $4.4/t and therefore if full cost
recovery for the lime was implemented, the LAB at 1XNLBAR would cost the farmer
$45/ha. However, the main benefit of LAB would be from the nutrient content of the
biosolids product rather than the lime content. The current rate of LAB being applied at
present (0.5XNLBAR) is too low to sustain crop growth without the application of
additional inorganic fertiliser. Thus it is recommended that the application rate be
increased to that based on the N content rather the lime content. The longer-term
effects on soil pH would need to be monitored prior to any economic value being placed
on the LAB. In addition, the use of LAB on neutral or alkaline soil, particularly of low
buffering capacity would not be recommended given the large potential increase in soil
pH.

Conclusions

The current application rate of LAB at approximately 5 t DS/ha may be
inadequate to satisfy the optimum production of wheat and canola in a typical
cropping rotation in Western Australia unless additional inorganic fertiliser is
applied.

The rate of LAB application should be based on the N content of the product to
be consistent with DBC land application rates and applied at 1xNLBAR, i.e.
approximately 10 t/ha. This rate of LAB is higher than typically applied in Western
Australia at present although the increase in soil pH from the lime contained in
the product at 1IXNLBAR does not appear to have an adverse effect on solil or
plant parameters.

The application of LAB would not be recommended on soil types that were not
acidic due to the large potential increase in soil pH.

The benefit of LAB over the three seasons investigated appeared to be from the
nutrient value of the recycled nutrients (typically N and P) as would be obtained
from DBC, rather than from the reduction in soil acidity.

The application of LAB would save the farmer costs in not having to purchase
and spread lime on acidic paddocks, although no improvement in plant yield was
noted as a result of a change in soil pH at this site.

Sub-soil pH was measured after the final harvest, however no significant
difference was detected between treatments. On the basis that the neutralising
value of LAB was similar to agricultural lime applied in equivalent quantities, it is
recommended that the value of LAB for prevention/remediation of sub-soil
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acidification be based on previous research using agricultural lime on a range of
soil types (Davies et al. 2006).

Work needs to be conducted on the mineralisation and volatilisation rates of N
estimated in the NLBAR calculation to accurately quantify plant available N, and
work is ongoing for the final year of the project.

Further Work

In order to achieve the remaining Year 3 milestones, a further field experiment was
established in June 2008 to determine more accurate mineralisation rates of biosolids
products to enable the Nitrogen Limited Biosolids Application Rate (NLBAR) to be fine-
tuned for WA conditions. The experimental design is based on a systematic design
similar to the work recently carried out by Hannah Rigby and Stephen Smith at Silwood
Park (Imperial College) in the UK (Rigby, 2008). If appropriate, at the end of the
growing season, soil samples will be taken at depth to monitor nitrate mobility below the
surface layer (milestone 3).

A laboratory investigation is planned to further investigate N mineralisation from LAB in
comparison to different biosolids types in different soil types under controlled
temperature and moisture conditions.
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Appendices

Appendix 1 Total concentration of elements in plant tissue at 8 weeks after sowing

Table Al. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in shoot dry matter (DM) of wheat
at 8 weeks after sowing in 2005

Total concentration of element (mg/kg DM)

B Ca Cu Fe K Mg Mn N Na P S Zn
LAB O 4.00 3633 8.47 78.0 25567 1533 148.3 25267 600 3000 2200 11.6
LAB 0.5 3.33 3192 8.63 69.0 20500 1400 126.7 28733 933 2233 2267 12.0
LAB 1.0 3.00 3400 9.73 64.7 19333 1433 102.7 30300 1733 2300 2467 15.3
LAB 1.5 3.33 3667 11.0 63.7 21567 1633 81.7 35467 733 2433 2700 15.3
DBC 1.0 3.00 3333 7.93 54.0 16367 1500 140.0 26367 900 3267 2167 14.0
Lime O t/ha 3.33 3433 10.1 67.7 18633 1533 136.7 29167 967 3333 2000 13.7
Lime 2.3 t/ha 2.67 3700 8.77 71.0 22867 1267 161.3 29000 533 3167 2000 12.3
Lime 4.6 t/ha 2.67 3767 7.33 68.3 19667 1367 119.7 27600 533 3000 1933 11.7
Lime 6.9 t/ha 3.00 4000 9.83 66.0 16767 1533 103.3 27333 1500 2767 1933 12.3
P 0.64 0.422 0.54 0.102 0.015 0.216 0.023 0.136 0.032 0.01 0.058 0.23
l.s.d. (P=0.05) N.S. N.S. N.S. N.S. 4654 N.S. 42.3 N.S 741.6 641.8 N.S. N.S.

Table A2. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in shoot dry matter (DM) of
canola at 8 weeks after sowing in 2006

Total concentration of element (mg/kg DM)

B Ca Cu Fe K Mg Mn Mo N Na P S Zn
LAB O 27.7 20467 6.27 240.0 31067 4900 253.3 1.00 50700 8800 4967 8500 33.3
LAB 0.5 25.7 22500 6.17 246.7 29867 5233 153.3 1.67 53600 8100 5167 7567 31.7
LAB 1.0 24.0 24700 6.57 190.0 30100 5900 128.3 3.00 58767 9067 5433 9400 36.0
LAB 1.5 22.7 25200 6.70 170.0 30233 6567 123.3 3.33 63633 8767 5267 9533 35.0
DBC 1.0 24.0 20467 6.27 213.3 22833 6067 380.0 2.00 56800 13533 5633 7633 38.0
Lime O t/ha 253 17333 6.43 156.7 23100 4233 266.7 1.00 64067 13200 6000 6867 36.7
Lime 2.3 t/ha 24.3 22067 6.10 176.7 22467 4200 170.0 2.00 62300 12033 5733 5967 34.3
Lime 4.6 t/ha 23.3 22133 13.13 203.3 23133 3900 156.7 1.67 61400 11733 5767 6733 45.0
Lime 6.9 t/ha 23.3 25400 6.27 210.0 26033 4400 116.7 2.00 64967 9800 5833 6167 36.7
P <0.001 <0.001 0.41 0.098 0.024 <0.001 <0.001 <0.001 <0.001 0.03 <0.001 <0.001 0.49
I.s.d.(P=0.05) 1.55 2164.7 N.S. N.S. 6297.7 580.2 51.69 0.75 5492 3609 246.5 1269.9 N.S.
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Table A3. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in shoot dry matter (DM) of wheat
at 8 weeks after sowing in 2007

Total concentration of element (mg/kg DM)

B Ca Cu Fe K Mg Mn Mo N Na P S Zn
LAB 0 * * * * * * * * * * * * *
LAB 0.5 7.00 3050 5.10 5.10 30450 1100 150.0 1.00 29400 900 3100 2400 17.0
LAB 1.0 4.00 3050 5.80 5.80 30100 1150 115.0 2.50 34550 900 3550 2600 21.5
LAB 1.5 3.00 3750 6.85 6.85 22950 1800 135.0 2.50 35650 1050 3700 2800 21.5
DBC 1.0 3.50 3100 5.20 124.0 21550 1400 170.0 1.50 25200 1100 3700 3000 16.5
Lime 0 t/ha 3.00 3650 5.45 140.0 23900 1450 160.0 2.00 36350 1500 3750 2550 18.0
Lime 2.3 t/ha 3.50 3800 5.25 135.0 24650 1300 155.0 2.00 33450 1800 3900 2500 16.5
Lime 4.6 t/ha 3.50 3550 5.60 120.0 26100 1450 190.0 1.50 36800 1150 3550 2750 21.0
Lime 6.9 t/ha 3.00 3750 4.75 155.0 25100 1250 135.0 1.50 32850 900 3700 2400 16.0
LAB 1.0 (2007)*  4.00 3300 6.60 6.60 26450 1500 200.0 1.00 38350 23500 2850 3000 22.0
P 0.293 0.029 0.016 0.403 0.003 0.053 0.177 0.078  <0.001  0.294 0.016 0.016 0.091
|.s.d.(P=0.05) N.S. 747.2 1.002 N.S. 3230.9 N.S. N.S. 1.087 32724 N.S. 487.7 347.0 N.S.
Appendix 2 Total concentration of elements in grain at harvest

Table A4. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in wheat grain at harvest in 2005

Total concentration of element (mg/kg DM)

B Ca Cu Fe K Mg Mn N P S Zn
LAB O 0.9 400.0 4.9 37.3 3933.0 1200.0 40.7 1633.0 2500.0 1100.0 13.7
LAB 0.5 1.0 366.7 4.4 34.0 3800.0 1100.0 37.0 1607.0 2067.0 1100.0 11.7
LAB 1.0 1.0 400.0 5.0 33.3 4167.0 1133.3 38.3 1783.0 2533.0 1233.0 14.0
LAB 1.5 1.0 466.7 55 38.7 4467.0 1200.0 38.7 2277.0 2800.0 1500.0 19.0
DBC 1.0 1.0 366.7 4.2 35.3 4367.0 1200.0 46.3 1747.0 2833.0 1200.0 14.0
Lime O t/ha 1.0 366.7 4.2 35.0 4133.0 1166.7 41.3 1670.0 2567.0 1133.0 11.7
Lime 2.3 t/ha 1.0 333.3 4.3 34.7 4000.0 1100.0 38.0 1627.0 2500.0 1100.0 12.7
Lime 4.6 t/ha 1.0 400.0 3.8 34.3 4167.0 1166.7 41.7 1570.0 2667.0 1133.0 12.3
Lime 6.9 t/ha 1.0 366.7 4.5 36.0 3967.0 1200.0 37.0 1627.0 2433.0 1100.0 12.0
P 0.065 0.08 0.001 0.085 0.160 0.036 0.61 <0.001 0.047 <0.001 <0.001
l.s.d.(P=0.05) N.S. N.S. 0.6 N.S. N.S. 75.4 N.S. 168.0 417.6 115.4 2.1
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Table A5. Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in canola grain at harvest in 2006

Total concentration of element (mg/kg DM)

B Ca Cu Fe K Mg Mn Mo N Na P S Zn
LAB O 10.3 3833 2.73 46.3 7767 2767 51.7 0.90 32233 100.0 5500 3533 25.3
LAB 0.5 11.3 3667 2.80 51.0 7467 2900 47.7 0.90 33433 100.0 5267 3467 23.7
LAB 1.0 11.3 3600 3.30 51.0 7267 3000 42.0 0.93 38533 133.3 5400 4000 25.3
LAB 1.5 11.3 3400 3.17 53.7 7300 3033 40.0 0.90 38867 200.0 5267 4067 26.3
DBC 1.0 12.0 3833 2.83 51.3 7400 2967 53.7 0.90 36533 200.0 5467 3900 25.7
Lime 0 t/ha 11.7 3700 2.80 53.7 7733 3000 48.0 0.90 36467 166.7 5433 3767 23.0
Lime 2.3 t/ha 12.0 3767 3.20 56.7 7933 3133 46.7 0.93 37833 133.3 5733 3800 25.3
Lime 4.6 t/ha 12.3 3800 3.07 55.0 8100 3000 47.0 0.93 37967 163.3 6100 3767 25.0
Lime 6.9 t/ha 12.0 3700 3.13 53.3 7700 2900 44.0 0.90 35700 133.3 5600 3600 22.7
P 0.008 0.407 0.245 0.012 0.348 0.036 0.025 0.473 <0.001 0.179 0.067 <0.001 0.163
l.s.d.(P=0.05) 0.88 N.S. N.S. 4.63 N.S. 182.5 7.35 N.S. 2302.5 N.S. N.S. 239.6 N.S

Table A6 Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on total concentration of elements in wheat grain at harvest in 2007

Ca Cu Fe K Mg Mn Mo N Na P S Zn
LAB 0 * * * * * * * * * * * *
LAB 0.5 400 4.05 27.0 4200 1050 39.0 0.95 17750 90.0 2350 1250 13.0
LAB 1.0 550 3.80 29.0 4800 1200 68.0 1.00 20900 95.0 2900 1450 17.5
LAB 1.5 550 4.35 31.0 4800 1300 49.5 1.00 20550 90.0 3100 1450 17.5
DBC 1.0 550 4.20 30.0 4750 1250 50.5 1.00 21350 95.0 2950 1450 17.5
Lime 0 t/ha 550 4.20 30.0 4450 1150 51.0 0.90 21350 90.0 2800 1450 16.0
Lime 2.3 t/ha 500 3.85 29.0 4750 1200 60.0 0.90 21350 95.0 2900 1400 18.0
Lime 4.6 t/ha 550 4.15 29.0 4750 1200 55.0 0.90 21950 90.0 3150 1450 19.0
Lime 6.9 t/ha 550 3.80 28.5 4550 1150 43.0 0.95 20050 90.0 2750 1400 14.5
LAB 1.0 (2007)* 550 5.10 34.0 4700 1200 64.5 0.950 25650 90.0 3000 1650 26.5
P 0.183 0.059 0.124 0.619 0.183 0.710 0.161 0.161 0.50 0.462 0.273 0.056
l.s.d.(P=0.05) N.S. N.S. 4.157 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S
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Appendix 3 Post-harvest soil measurements: organic C, total N and bicarbonate available P content

Table A6 Effect of lime-amended biosolids (LAB), dewatered biosolids cake (DBC) and lime on soil organic C, total soil N and bicarbonate extractable soil P at 0O-
10 cm depth following harvest in 2006-2007

Treatment Organic C (mg/kg) Total N (mg/kg) P (HCO; extractable) (mg/kg)
2006 2007 2006 2007 2006 2007
LABO 10167 * 787 * 41 *
LAB 0.5 9767 10067 840 813 45 53.7
LAB 1.0 11933 11433 1050 1007 78 77.3
LAB 1.5 12067 11733 1113 1017 114 89.7
DBC 1.0 11233 9867 957 837 59.3 71.7
Lime 0 t/ha 11333 9200 897 803 62.3 68.7
Lime 2.3 t/ha 11700 9300 920 820 55 70
Lime 4.6 t/ha 9767 10467 837 890 57.3 63
Lime 6.9 t/ha 11933 10800 920 893 59.3 66.3
LAB 1.0 (2007)* 11967 1113 1113
P 0.18 0.157 0.023 0.005 0.024 0.11
l.s.d. (P=0.05) N.S. N.S. 175.4 155.8 36.62 N.S.

* Freshly applied 1XxNLBAR LAB was applied as a replacement to the control in year three (2007)
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