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Abstract

The soils of Australia have extensive macro and micronutrient disorders varying 

greatly in their capacities to provide the chemical nutrients essential for plant growth. 

Assessment of nutrient availability in soils is important in order to maximise fertilizer 

efficiency and crop yields and to minimise environmental pollution associated with over 

fertilisation. Nutrient availability has proven difficult to assess due to the complexity of 

trace element soil chemistry and plant uptake mechanisms. The relatively new method, 

Diffusive Gradients in Thin Films (DGT), provides the potential to become an alternative 

soil test that could accurately predict nutrient availability.

To date, DGT technology has only been designed for separate assessment of 

anionic and cationic species in waters or soils typically at concentrations characteristic of 

highly contaminated systems. In this study a new mixed binding gel (MBL) was 

developed capable of simultaneous assessment of cations and anions in a single assay at 

concentrations more representative of uncontaminated agricultural soils, sediments and 

waters. The MBL has the potential to eliminate measurement errors associated with very 

fine spatial scale changes in element concentrations in these environments. 

The MBL consisted of ferrihydrite and Chelex-100 cation exchange resin 

combined together in a binding gel. Results from the MBL were comparable to 

experiments performed using individual Chelex gels and ferrihydrite gels that have been 

shown to work successfully for DGT methodology. To facilitate combined analysis of P 

and cations by ICP-MS, HCl (1 M) was used for gel elution to minimise interferences 

from 14N16OH or 15N16O on 31P. All elements tested (Cd, Cu, Mn, Mo, P and Zn) were 

bound successfully to the MBL.  DGT measurements obtained using the MBL on 

agricultural soils correlated well (r2 = 0.95) with measurements obtained using pure 

Chelex and ferrihydrite binding layers. This suggests that the MBL could be used for 

simultaneous measurement of cationic and anionic element availability in soils. 



vi

Performance of the Diffusive Gradient in Thin Films (DGT) technique was 

compared with three other common testing methods (Colwell, Olsen, Resin) for available 

soil P in terms of the ability of each to predict wheat, canola, lupin and barley 

responsiveness to applied P on 21 Australian agricultural soils. DGT accurately predicted 

plant responsiveness in > 90 % of the soils used. In contrast the other soil testing methods 

failed to correctly predict plant response to P on numerous occasions.  These observations 

reveal that the DGT technique with the newly developed MBL can predict plant available 

P on these soils with greater accuracy than other traditional soil P testing methods and 

could become a useful tool for predicting P fertilizer requirements.

The DGT method using the MBL was also used to test Zn deficiency thresholds 

for canola and wheat in a manufactured soil (acid washed sand). DGT successfully 

determined the threshold for Zn deficiency in this soil, overcoming detection limit issues 

usually accompanying such low levels of Zn. This method also provides that potential to 

assess other micronutrients (Mn, Cu) and with further modification potentially assess K.

Before DGT can become established as an alternative soil testing method, 

validation of the performance is required under field conditions. This study has shown 

that it out performs current common soil testing methods in glasshouse conditions but 

questions still remain if this will be reflected out in the field.



vii

Declaration

This work contains no material which has been accepted for the award of any other 
degree or diploma in any university or other tertiary institution and, to the best of my 
knowledge and belief, contains no material previously published or written by another 
person except where due reference has been made in the text.

I give consent for this thesis, when deposited in the University Library, to be available for 
loan and photocopying.

Sean David Mason                                  Date



viii

Acknowledgements

This project was funded by the Grains Research Development Corporation 

(GRDC) and I would like to thank them greatly for their contribution, which meant that 

throughout the scholarship I was never in a restricted situation financially. I would also 

like to acknowledge the contribution from Adelaide University towards my scholarship.

A huge thankyou must go to my supervisors Rebecca Hamon, Annette Nolan and 

Hao Zhang for their leadership, enthusiasm and scientific contributions. I would specially 

like to thank Rebecca Hamon for her mentoring and advice, which greatly contributed to 

my development as a scientist. 

I would like to acknowledge both Hao Zhang and Bill Davison for their 

hospitality and guidance during my study stint at Lancaster University. They both made 

me feel very welcome and made my time there most enjoyable. 

For her support and technical assistance I would like to thank Jenny Anderson, 

without her much of this work would not have been possible.

I would also like to acknowledge significant contributions made to this project 

from Bill Bowden (Soil Collection) and Bernie Zarcinas, Jason Kirby, Claire Wright 

(ICP-MS analysis).

Thankyou to fellow staff and students from Adelaide University for their support 

and guidance, which made the working environment very enjoyable and also to the staff 

of CSIRO Land and Water for their friendship and assistance.

Lastly I would love to thank my family and friends for their encouragement and 

support through the madness and a special mention to my partner Michelle, who has 



ix

somehow put up with me and who has been a massive rock throughout this journey, for 

that I am forever grateful.



x

Abbreviations

Area (cm2)
Atomic Adsorption Spectrometer
Anionic Exchange Membrane
Silver
Aluminium
Arsenic
Anodic Stripping Voltammetry 
Barium
Calcium
Calcium Chloride
Calcium Carbonate
Cadmium
Concentration DGT
DGT interfacial concentration (diffusion only case)
Effective concentration (DGT)
Concentration of the eluted gel (DGT)
DGT interfacial concentration of labile analyte species 
Liable element pool on the solid phase
Chloride
Centimetre
Cobalt
Cobalt Sulfate
Carbon Dioxide
Chromium
Commonwealth Scientific Industrial and Research Organisation
Soil solution concentration (diffusion-only case)
Copper
Copper Sulfate
Diffusion gradient of element through the diffusive layer
Diffusive Gradients in Thin Films
Deionised
DGT Induced Fluxes in Sediments and Soils
Element diffusion coefficient in water
Dissolved Organic Carbon
Density of soil particles (2.65 g cm-3)
Diffusion gradient of element through soil
Diethylenetriamenepentaacetate acid
Electrical Conductivity
Ethylenedinitrilotetraacetic acid
Fluoride
Flux of analyte through diffusive and filter layers (DGT)
Fluvic Acid
Iron
Elution factor (DGT)
Iron Sulfate
Gram
Graphite Furnace Atomic Adsorption Spectrometer
Hour

A
AAS
AEM
Ag
Al
As
ASV
Ba
Ca
CaCl2

CaCO3

Cd
CDGT

Cdiff

CE

Ce

Ci

Cls

Cl
cm
Co
CoSO4.7H2O
CO2

Cr
CSIRO
Csoln

Cu
CuSO4.5H2O
D
DGT
DI
DIFS
Do

DOC
dp
Ds
DTPA
EC
ETDA
F
F
FA
Fe
Fe

FeSO4.7H2O
g
GFAAS
h



xi

H
ha
H2SO4

H3BO3

H3PO4

HCL
HCO3-
Hg
HNO3

I
ICPMS
ICPOES
IS
IUPAC
K
K2SO4

K2PO4

kg
l
M
m
M
MBL
MDL
Mg
MgSO4.7H2O
mg
MgCl2

ml
mM
mm
Mn
MnO2

MnSO4.7H2O
Mo
N
Na
NaCl
NaHCO3

NaNO3

NaOH
Na2SO4

ng
(NH4)2SO4

NH4

NH4F
NH4NO3

(NH4)6Mo7O24.4H2O
Ni
NO3

NO3N

Hydrogen
Hectare
Sulfuric acid
Boric acid
Phosphoric acid
Hydrochloric acid
Carbonate
Mercury
Nitatre
Intensity (soil solution concentration)
Inductively Coupled Plasma Mass Spectrometry
Inductively Coupled Plasma Optical Emission Spectrometry
Ionic Strength
International Union of Pure and Applied Chemistry
Potassium
Potassium Sulfate
Potassium Phosphate
Kilogram
Litre
Molar
Metre
Measured accumulated mass (DGT)
Mixed Binding Layer (DGT)
Method Detection Limit
Magnesium
Magnesium Sulfate
Milli-gram
Magnesium Chloride
Milli-litre
Milli-molar
Milli-metre
Manganese
Manganese Oxide
Manganese Sulfate
Molybdenum
Nitrogen
Sodium
Sodium Chloride
Sodium Bicarbonate
Sodium Nitrate
Sodium Hydroxide
Sodium Sulfate
Nanno-gram
Ammonium Sulfate
Ammonium
Ammonium Fluoride
Ammonium Nitrate
Ammonium Molybdate
Nickel
Nitrate
Nitrate-Nitrogen



xii

O2

P
Pb
Pc

Q
QLD
r
r2

Rdiff

S
S.A.
SO4
Sr
t
TDS
TEMED
μg
μm
μmol
μS
Ve
Vg
VIC
W
W.A.
WHAM
WHC
Zn
ZnCl2

ZnSO4.7H2O
Φ
Δg

Oxygen
Phosphorus
Lead
Particle concentration
Quantity 
Queensland
Correlation coefficient
Coefficient of determination for a fitted regression curve
Ratio between CDGT and CE (DGT), calculated using 2D DIFS
Sulfur
South Australia
Sulfate
Strontium
Time (secs) DGT
Total Dissolved Solids
Tetramethylethylenediamine
Micro-gram
Micro-metre
Micro-molar
Micro-Siemens
Volume of the acid added to elute the gel (DGT)
Volume of the binding layer (DGT)
Victoria
Watt
Western Australia
Windermere Humic Aqueous Model
Water Holding Capacity
Zinc
Zinc Chloride
Zinc Sulfate
Porosity
Diffusive layer thickness



xiii

List of Tables

Table 1.1 Soil types and locations in Australia experiencing nutrient deficiency (Peverill 
et al., 2003). .........................................................................................................................1
Table 1.2 Influence of soil properties on nutrient availability in the rhizosphere (adapted 
from Marschner 1993 and McLaughlin et al. 2003). ...........................................................7
Table 1.3 Relative strength of bonding of cations normally found in soils to cation 
exchange sites under varying pH and redox status. Cations normally present in significant 
amounts are underlined (Corey 1990)..................................................................................8
Table 1.4 Common precipitates in soils (underlined) and other elements that can form co-
precipitates with common precipitates (Corey 1990). .......................................................11
Table 1.5 Examples of common soil P extractions and conditions (Moody 2003) ..........25
Table 1.6 Correlation coefficients between plant material concentration and soil 
measurement concentrations (determined for 12 soils) (Nolan et al. 2005). .....................38

Table 2.1 The pH and selected total nutrient concentrations of soils used for DGT 
deployment prior to amendment with additional nutrients as indicated. ...........................54
Table 2.2 Calculated blanks and method detection limits (MDL) for selected 
elements using the mixed binding layer (MBL) (refer to text for the method used to 
calculate the MDL). ...........................................................................................................56
Table 2.3 Soil solution concentrations for selected elements from a wide range of 
agricultural soils throughout Australia...............................................................................58
Table 2.4 Mean calculated CDGT/ICP-MS ratios for elements P, Mn, Cu, Zn and Mo 
using the mixed binding layer (MBL) for all experiments. ...............................................68

Table 3.1 Selected soil properties of the 8 Australian soils used in this study. ............... 77
Table 3.2 Soluble NO3-N (1: 30, soil: water) and S (1: 5, soil: water) concentrations from 
21 Australian agricultural soils Detection limits are 0.02 mg l-1 NO3-N in solution (0.6 mg 
kg-1 in a 1:30 dilution) and 0.054 mg l-1 S (0.27 mg kg-1 in a 1:5 dilution)……………...83
Table 3.3 Concentration of total soluble CO3 species calculated by GEOCHEM for a 
closed system at different pH values with charge balanced using Cl- for a) Ca and b) Mg 
as the associated cation with the corresponding decrease in P sorption that would be
anticipated (refer to Figures 3.3d and 3.5d) for both the DGT and resin methods........... 87
Table 3.4 Calculation of effective concentration (CE) from DGT measurements by 
calculating Rdiff using 2D DIFS. Input parameters for Rdiff calculation include the density 
of the soil particles (dp), soil porosity (Φ), diffusion coefficient in soil (Ds), and particle 
concentration (Pc). Refer to section 1.5.4 for detailed calculations of these parameters. 91
Table 3.5 Resin P values (mg kg-1) obtained for solutions containing varying amounts of 
the 8 soils per 30 ml of DI water....................................................................................... 92
Table 3.6 DGT measurements (µg kg-1) when placed in solutions containing varying 
amounts of the 8 soils per 30 ml of DI water.................................................................... 93

Table 4.1 Location and chemical characteristics of the soils collected for the purpose of 
this study. .........................................................................................................................101



xiv

Table 4.2 Calculation of effective concentration (CE) from DGT measurements by 
calculating Rdiff using 2D DIFS. Input parameters for Rdiff calculation include the 
density of the soil particles (dp), soil porosity (Φ), diffusion coefficient in soil (Ds), 
and particle concentration (Pc). Refer to section 1.5.4 for detailed calculations of 
these parameters...............................................................................................................104
Table 4.3 Yield data (g/pot) of wheat grown in 21 agricultural soils (control + P 
application). .....................................................................................................................111
Table 4.4 CE values (measured by DGT) of the control and with applied P for the 3 
highly P fixing soils. ........................................................................................................115
Table 4.5 Resin P measurements on 18 agricultural soils that were pretreated prior to 
resin P analysis by either incubating at 50 % WHC for 4 days (wet) or oven-dried 
(dry) (40oC). .....................................................................................................................118

Table 5.1 Percentage increase in DGT measurements (CE) on soils with the addition of P 
(30 mg kg-1) compared to the control soil and the resulting increase in yield (Chapt 4).124
Table 5.2 Calculation of Rdiff values using 2D DIFS. Input parameters for Rdiff

calculation include the density of the soil particles (dp), soil porosity (Φ), diffusion 
coefficient in soil (Ds), and particle concentration (Pc). Refer to section 1.5.4 for detailed 
calculations of these parameters. .....................................................................................126
Table 5.3 Increases in yield (%) from the control at the corresponding P application rate 
for the 8 soils used. ..........................................................................................................130

Table 6.1 Calculation of effective concentration (CE) from DGT measurements by 
calculating Rdiff using 2D DIFS for a) canola, b) barley and, c) lupin. Input parameters for 
Rdiff calculation include the density of the soil particles (dp), soil porosity (Φ), diffusion 
coefficient in soil (Ds), and particle concentration (Pc). Refer to section 1.5.4 for detailed 
calculations of these parameters. .....................................................................................138
Table 6.2 Location and chemical characteristics of the soils used for the purpose of this 
Chapter. Asterisks highlight which soils were used for each crop species......................140

Table 7.1 Calculated blanks for selected elements for DGT devices with additional acid 
wash and normally prepared DGT devices. .....................................................................154
Table 7.2  mean % increase in yield (canola) with standard deviation (2 replicates) at 
each Zn application rate. ..................................................................................................155
Table 7.3 mean % increase in yield (wheat) with standard deviation (2 replicates) at each 
Zn application rate. ..........................................................................................................158
Table 7.4 mean % increase in yield (wheat) with standard deviation (2 replicates) at each 
Mn application rate. .........................................................................................................161
Table 7.5 Method detection limit (MDL) and sample measurements of DGT for Mn. 
MDL = mean CDGT (Blank) + 3*Stdev(3 Blanks). ..........................................................162
Table 7.6 Manganese measurements obtained by DGT (CE) on 21 Australian agricultural 
soils. .................................................................................................................................164
Table 7.7 DGT measurements (CE) for two deployment times (2 and 5 day) on 6 
Australian agricultural soils (control + Zn applied (10 mg kg-1)) and the corresponding % 
increase in yield. ..............................................................................................................166



xv

List of Figures

Figure 2.1 Measurement of multi-element solutions containing Cd (), Mn (●), Zn (), 
Mo (□), Cu (), K (▲) and P (■) with the ferrihydrite binding layer. Concentrations 
assessed by DGT (CDGT) are compared to the direct measurement of concentrations in the 
solution by ICP-MS………………………………………………………………..…….55 
Figure 2.2 Comparison of cation uptake with Chelex binding layers (+) and MBLs () 
placed in multi element solutions (50 g l-1) for 5 hours, a) Mn, b) Cu, c) Zn and d) 
Cd………………………………………………………………………………………...61
Figure 2.3 Effect of pH on the measurement of multi-element solutions containing P (●), 
Mn (■), Cu (□), Zn (∆), and Mo (○) (50 g l-1) with the MBL. Concentrations assessed 
by DGT (CDGT) are compared to the direct measurement of concentrations in the solution 
by ICP-MS……………………………………………….………………………………62
Figure 2.4 Effect of ionic strength (0.001 M (■), 0.01 M (□)) on the ratio of DGT 
measurements (CDGT) using the MBL with direct measurement of solution concentrations 
(ICP-MS). Error bars represent ± 1 standard error…..……………………………….….63

Figure 1.8 Dependence of log concentrations of Cu in above ground plant tissue on the 
log of (a) effective concentration, CE, (b) free Cu2+ activity, (c) soil solution 
concentration, and (d) EDTA extracted Cu concentration (Zhang et al. 2001). ................36
Figure 1.9 Effect of pH on the measurement of Cd, Co, Cu, Mn and Zn by DGT, 
determined by the ratio of metal concentrations measured by DGT (CDGT) to the 
concentrations obtained by direct ICP-MS measurement in solution (CICP-MS) (Gimpel et 
al. 2001). ............................................................................................................................40
Figure 1.10 Measured mass of phosphorus on ferrihydrite gel as a function of 
deployment time (Zhang et al., 1998)................................................................................43

Figure 1.1 Schematic presentation of the movement of mineral elements to the root 
surface of soil grown plants. 1) Root interception: soil volume displaced by root volume. 
2) Mass flow: transport of bulk soil solution along water potential gradient (driven by 
transpiration). 3) Diffusion: nutrient transport along the concentration gradient. ...............3
Figure 1.2 Conceptual diagram of major nutrient pools and pathways in soil 
(McLaughlin et al., 2003). .................................................................................................18
Figure 1.3 Schematic representation of a cross section through the DGT device and 
hydrogel layers (Dahlqvist et al. 2002)..............................................................................26
Figure 1.4 Processes induced by deployment of a DGT probe in soil slurry. The mass 
(M) of metal is accumulated by diffusion across the diffusion layer of exposed interfacial 
area (A) (Ernstberger et al. 2002). Further description is given in the text .......................27
Figure 1.5 (a) Examples of the linear relationship of increasing measured mass on the 
resin with time, and (b) relationship of measured mass on the resin with diffusion gel 
thickness (Gimpel et al., 2001). .........................................................................................32
Figure 1.6 Comparison of different measurements of Cu in three solutions, A, B, and C, 
in the presence of fulvic acid (FA). “Total” was the analytical measurement on the 
solution made by AAS. “ASV” was measured by anodic stripping voltammetry. 
Inorganic and organic labile species were measured separately using DGT devices with 
different gels and were also calculated using WHAM speciation code using “Total” 
concentration as an input parameter (Zhang and Davison, 2000). ....................................34
Figure 1.7 Concentrations of Cu and Zn in two lakes measured by DGT, dialysis, and 
filtration. Additional DGT and filtration measurement were made on a sample taken back 
to the lab (Gimpel et al., 2003). .........................................................................................35



xvi

Figure 2.5 a) Measured mass of P on the MBL with increasing solution concentration. b) 
Measured mass of Mn on the MBL with increasing solution concentration. Solid lines 
represent the theoretical mass that should be obtained using eqn 7……………………..65
Figure 2.6 Measured mass of Mn, Cu and Zn on the MBL at capacity. Error bars 
represent one standard error of the mean (3 reps)……………………………………….66
Figure 2.7 Performance of MBL with time after initial production. DGT devices (3) 
deployed in solutions containing P, Mn, Cu, Zn, and Mo (50 g l-1) for 24 hours using 0.8 
mm diffusive gels. Solution pH ranged from 6.6 to 6.7….……………………………...67
Figure 2.8 Measurements made by DGT devices (4) containing MBL with either 0.4 mm 
(■) or 0.8 mm (□) diffusive gels immersed in solutions containing P, Mn, Cu, Zn 
(50 g l-1) Solution pH was 6.6……...…………………………………………………..68
Figure 2.9 Measured mass (ng) obtained with the MBL compared with measured mass 

(ng) obtained with the ferrihydrite binding layer for P (●) and Mo (∆) and the Chelex 
binding layer for Cu (▼) and Mn (○). Dotted line represents the 1 to 1 line and the solid 
line represents the regression fit for the data. Soil pH ranged from 4.3 to 8.3 (see table 
2.1), two DGT devices for each type of binding layer were deployed…………………..69

Figure 3.4 GEOCHEM calculations of concentrations of soluble CO3 species with 
increasing CaCO3 concentrations at four different pH levels 6 (Δ), 7 (○), 8 (▲) and 9 (●). 
The model was charge balanced with addition of Cl- and run as a closed system to reflect 
the ‘worst-case’ scenario…………………………………………………………………87

Figure 3.7 Relationships between DGT (CE) and resin P measurements with different soil 
to water ratios. 1 g in 30 ml (●), 0.6 g in 30 ml (○), 0.3g in 30 ml (♦), 0.1g in 30 ml (◊). 
Note that the 1 g in 30 ml data is taken from Figure 3.6………………….……………..94

Figure 3.1 Measured mass of P on the resin strip with increasing solution concentration. 
Solid line represents the linear relationship from the first 4 solution concentrations....... 79
Figure 3.2 Effect of pH on the recovery of resin P values. Open circles represent a typical 
available P concentration of a P non-responsive soil and solid circles represent a typical 
available P concentration of a P responsive soil. .............................................................. 80
Figure 3.3 DGT measurements (converted to CDGT) with increasing anion solution 
concentrations, a) Nitrate, b) Chloride, c) Sulfate and d) Bicarbonate............................. 86

Figure 3.5 Resin P values with increasing anion solution concentrations, a) Nitrate, b) 
Sulfate, c) Chloride and d) Bicarbonate. Open circles represent P concentration typical of a 
P non-responsive soil and solid circles are representative of a P responsive soil 
concentration..................................................................................................................... 90
Figure 3.6 Relationship between DGT measurements (CE) and resin P measurements (1: 
30 soil to water ratio) on 8 Australian agricultural soils................................................... 91

Figure 3.8 Regression between resin P values obtained using AEM in Cl- form and those 
obtained with AEM in HCO3

- form for the 6 soils. Errors bars represent the standard error 
from 2 replicates. Dotted line represents the 1 to 1 line and the solid line represents the 
regression fit for the data………………………………………………………………...95
Figure 3.9 Comparison of pH values obtained with the 1: 30 soil to water solutions after 
removal of a) AEM in HCl form and b) AEM in HCO3

- form, with pH values obtained at 
the typical 1: 5 soil to water ratio Dotted lines represent the 1 to 1 line and the solid lines 
represent the regression fit for the data.………………………...………………………..96



xvii

Figure 4.1 Relationship between Colwell P and Olsen P measurements. Open circle 
represents the outlier mentioned in section 4.3.1.1..........................................................106

Figure 5.3 Comparison of the resin P values obtained on the moist and dried soil samples
Dotted lines represent the 1 to 1 line and the solid lines represent the correlation fit for 
the data………………………………………………………………………………….129

Figure 4.2 Relationships of CE values (measured by DGT) with a) resin P, b) Olsen 
P, and c) Colwell P. Open circles represent the outlier mentioned in section 4.3.1.2 .....108
Figure 4.3 Relationship between resin P values and a) Olsen P and b) Colwell P. 
Open circles represent outliers mentioned in section 4.3.1.2 ..........................................109

Figure 4.4 Percentage increase of dry matter response to applied P over the control as a 
function of resin P measurements. (o) non-responsive soils () responsive soils (Δ) 
outliers discussed in section 4.3.4.3. Dashed box includes the region of non-responsive 
and responsive soil overlap with respect to resin P values. Solid box excludes outlier 
mentioned in the text……………………………………………………………………112

Figure 4.5 Percentage increase of dry matter response to applied P over the control as a 
function of Colwell P. (o) non-responsive soils () responsive soils (Δ) outliers discussed 
in section 4.3.4.3. Dashed box includes the region of non-responsive and responsive soil 
overlap with respect to Colwell P values. Solid box excludes outlier mentioned in the 
text………………………………………………………………………………………113

Figure 4.6 Percentage increase of dry matter response to applied P over the control as a 
function of Olsen P. (o) non-responsive soils () responsive soils (Δ) outliers discussed in 
section 4.3.4.3. Dashed box includes the region of non-responsive and responsive soil 
overlap with respect to Olsen P values. Solid box excludes outlier mentioned in the 
text………………………………………………………………………………………114

Figure 4.7 Percentage increase of dry matter response to applied P over the control as a 
function of CE (measured by DGT). (o) non-responsive soils () responsive soils (Δ) 
outliers discussed in section 4.3.3.3. Solid box includes the region of non-responsive and 
responsive soil overlap with respect to CE (DGT) values………………………………116

Figure 4.8 Relationship between resin P measurements performed on dry and moist 
soil samples. Dotted line represents the 1 to 1 line and the solid line represents the 
regression fit for the data.. ...............................................................................................118

Figure 4.9 Relationship between resin P values obtained from incubated moist soil 
samples with wheat yield response to P. Solid box includes the region of non-responsive 
and responsive soil overlap with respect to resin P values……………………………..119

Figure 4.10 Percentage increase of dry matter response to applied P over the control as a 
function of resin P a) normal 1: 30 soil: water ratio and b) 0.1: 30 soil: water ratio. (o) 
non-responsive soils () responsive soils. Solid box includes the region of non-responsive 
and responsive soil overlap with respect to resin P values……………………………..120

Figure 5.1 Relationship between DGT (CE) and resin P measurements.........................128
Figure 5.2 Resin P measurements obtained on pre-wet and dried soil samples with 
applied P...........................................................................................................................129

Figure 5.4 Relationship between relative dry-matter yield of wheat and effective 
concentration (CE) measured by DGT, a) all data, b) two largest CE measurements 
removed…………………………………………………………………………………131



xviii

Figure 7.1 Ratio of DGT measurements (CDGT) with direct measurement of solution 
concentrations (ICP-MS) for acid washed DGT devices (■) and normally prepared DGT 
devices (□)……………………………………………………………………………...155
Figure 7.2 Comparison of CE values (measured by DGT) with increase in yield (%) of 
canola to Zn application for different DGT deployment times, a) 1 day, b) 2 day and c) 5 
day. (▲) CE values above DGT detection limit, (Δ) CE values below DGT detection limit. 
The area inside the rectangle illustrates the difference in CE values from the detection 
limit to the deficiency threshold………………………………………………………..157
Figure 7.3 Comparison of CE values (measured by DGT) with increase in yield (%) of 
wheat to Zn application for different DGT deployment times, a) 1 day, b) 2 day and c) 5 
day. () CE values above DGT detection limit, () CE values below DGT detection limit. 
The area inside the rectangle illustrates the region of the deficiency threshold in regard to 
CE values………………………………………………………………………………..161
Figure 7.4 Comparison of DGT measurements (CE) with a) % increase in yield in 
response to increasing Mn applications, b) % relative yield, dashed line indicates 
deficiency threshold corresponding to 80 % of the relative yield on the fitted Mitscherlich 
curve…………………………………………………………………………………….163

Figure 6.1 Mean DGT measurements (CE) for various soils used in each plant P 
responsive experiment for lupin, canola, wheat and barley.............................................141
Figure 6.2 Percentage increase of dry matter response of canola to applied P over the 
control as a function of a) CE (measured by DGT) and b) resin P. (o) non-responsive soils 
() responsive soils ..........................................................................................................143
Figure 6.3 Percentage increase of dry matter response of lupin to applied P over the 
control as a function of CE (measured by DGT). (o) non-responsive soils () responsive 
soils ..................................................................................................................................144

Figure 5.5 Relationship between relative dry-matter yield of wheat and resin P 
measurements (mg kg-1)...................................................................................................132
Figure 5.6 Relationship between relative yield (%) with P application for 3 soils 
(Waranine, Lancelin, Kojonup) and resin P measurements (mg kg-1) made on, a) dry soil 
samples, b) moist (50 % WHC) soil samples and c) the corresponding effective 
concentration (CE) measured by DGT. ............................................................................133

Figure 6.4 Percentage increase of dry matter response of barley to applied P over the 
control as a function of a) CE (measured by DGT) and b) Resin P. (o) non-responsive 
soils () responsive soils………………………………………………………………..145


	TITLE PAGE: Diffusive Gradients in Thin Films (DGT) as a technique to predict nutrient availability to plants
	Table of Contents
	Abstract
	Declaration
	Acknowledgements
	Abbreviations
	List of Tables
	List of Figures


