Development of the diffusive gradients in thin films
(DGT) technique for plant available potassium
measurement in Australian soils

A thesis submitted to The University of Adelaide in fulfilment
of the requirement for the degree of Doctor of Philosophy

Yulin Zhang

School of Agriculture, Food and Wine
The University of Adelaide

Australia

January 2015



TABLE OF CONTENTS

ACKNOWIEAGEIMENTS. ...ttt sttt ettt sbe b v
ADSTFACT ettt ettt ettt be b eneens vi
D =Tol T U (0] o USRS IX
LiSt OF PUDIICATIONS......c.viiiiiiieiee ettt e aeeneas X
Statement of QUTNOISNIP ......c.oouiiieeee e e Xi
SErUCTtUre OF The TheSIS ......ocveieieeieeeee e xiii
Chapter 1. Review Of the HTErature ............coooveiieieieeeectee e 1
INEEOAUCTION ....eetieiie ettt ettt et et e ste e staessbeesbeesseessaeseesssessseanseasseensaessaesssesssesssenssenns 3
Role of K in plant SroWth ........ooioiiiiii ettt st et 4
Functions of K in plant phySiolOgY .........ccevvioieiiiiieieececee et 4

Effects of K deficiency on plant growth ..........c.ocooviiiiiciicicee e 5
Potassium status of agricultural SOILS .........cceviriiriiiiiiininc e 5
Potassium deficiency in agriCultural @reas ...........c.ccveeueeeeviieieriiiieeieeie et 5
Insufficient K inputs to Meet deman...........cc.ooovieiiiiiiiiiee ettt e 6
Disadvantage of gene research for maximizing plant growth .............cccoceeeeeiiveeciecieveeceeeennn. 7
Potassium balances in SOIl SYSEMS ......ccuieuiiiiieiieiie ittt ettt st eeeeaeens 8
POotassium fOrmMS N SOTIS ......coueveieieieiee et 8
Potassium balance in the Soil-plant SYStEM ..........ccoooiiiiiiiiieeee e 9

Plant @Vailable K ..ottt 10

PIant K UPtaKe .....co.eieieeieeieee ettt sttt e b e b et e b e beeeaeeeaeeeaes 11
Nutrients uptake by plants in relation 10 K...........ccooieieriiieeeee e 11

Plant acquisition of K from SOIS ..........c.oouiiiiiieiciicee e 12
Factors affecting K availability or accessibility by plants ............ccccooviiiiiiiciceeeeee 12
Traditional soil K testing Methods ..........cocviiiiiiiiiieiic ettt 15

SOIl K teStING MENOUS.........iovieieeeeeeee ettt ettt ettt eae e 15
Problems with traditional MethodsS............cooiriiiieee e 18

DIGT tECANIQUE ...ttt ettt ettt e s e e st et e bt e bt e sbeeeaeeeateenbeeabeesseesneeenes 20
DGT INEFOUUCTION......c.eiieiieiieiieiieie ettt ettt ettt ne st et e b e te s e e st eneeneeneenes 20
Process of DGT Measurement 0N SOIIS ........cooirierieieieieeeeeeceie ettt 21

The theory of the DGT MELNO.........c.ooiiiiiiiieiice et 22
Potential advantages of the DGT technique for K.........coooveiioiiieeceeeeeeee e 23

DIGT K PIOGIESS ... veeeieieieiieeteettesteesteeseresteaste e seesseesstesssessseasseassaessaessaesssessseanseenseenseesseesssennns 24
Conclusions and PrOJECT @M. .....cccvieieuieeiieeiiieesteeeeteeesteeeteeesreesteeessseessseeessseessseeessseesssesessseens 24



RETEIEIICES ...ttt ettt e e e e e e e e et e e e e e s e e e et e eeeesesseenaaeeeeeesesaaanaaaeeeeeseenas 26

Chapter 2. Optimization of the diffusive gradients in thin films (DGT) method for
simultaneous assay of potassium and plant-available phosphorus in soils... 37

AADSITACT ...ttt ettt ettt ettt h ettt e a et b et e bt e h e et e bt et e bt e a e et e ebeen b e b bt et e bt et et eneentes 41
INETOAUCTION ...ttt et et e bt e sat e st e e be e bt e bt e sbeesaeeemteembeenbeanseas 41
Material and METhOAS. ........cccviiiiiiiiiii ettt sr e et e ebe e ebeeeeabeeebeeeeaaeens 42
ReSUlts and diSCUSSION ....ceuuietiiiiiiiiiiieee ettt ettt et sb e st st st et e bt e saee e 44
CONCIUSIONS ... euvieeitie ettt et ettt e e bt e et e e et eeetteeebeeestbeeeeseeeaseeeabesesseesasesesseessseesnsesenssesensseenns 46
ACKNOWIEAGEIMENTS .....ccciiieiie ettt ettt e e ae e s e et e e ssbeesssae e sbaesnseeesseessseeensseenns 47
RETEIEIICES ...ttt ettt sttt st ettt e bt e s bt e saeeeateeabeebe e bt e saeeeaee 47

Chapter 3. Application of the diffusive gradients in thin films technique for available
potassium measurement in agricultural soils: Effects of competing cations on

potassium uptake by the resin gel ..o 49
F N o1 2 2 1o OO OSSPSR 53
B3T3 (o6 10175 () H USSR 54
Material and MEthOAS......ccc.eiiuiiiiiii e 55
Results and diSCUSSION .....cuieruieriieiiieiieieesiee sttt ettt ettt e et e et e bt e bt e steesaaesnseenseesseesseesnnennns 56
CONCIUSIONS ...ttt et e b e s bt sat e sat e st e bt e bt e sbeesaeesateeateenbeenbees 59
ACKNOWIBAGEIMENES ......eiiiieiieiie ettt ettt ettt e sb e e st e st e et e ebeesbeesseesneeenes 59
RETETEICES ...ttt ettt ettt sttt s ae et et e st et e e neentenseeneenees 59

Chapter 4. Diffusional supply of elements from the soil solid phase to the DGT surface:
effects of deployment time and thickness of the diffusive gel on calcium,

potassium, magnesium and phosphorus uptake by the DGT......................... 61
ADSLTACT ...t 65
INEEOAUCTION .. ceeitiiieiereee ettt ettt et sh et b e sbe b s bt e e et saeennes 66
Material and MEthOAS . ........oouiiiiiiie ettt 68
Results and diSCUSSION .......ccuiruieiiriirieiiiieieneete sttt ettt st sttt e na e 72
CONCIUSIONS ...ttt st 81
RETEIEIICES ...ttt sttt 82

Chapter 5. Prediction of wheat response to an application of potassium under different
root densities in glasshouse conditions using the DGT and extraction

METNOAS. ...ttt st ne b 85
AADSITACT ...ttt ettt b ettt e et bt et b e e h e et e bt et eh e a et bt e st e bt bt et e bt et et et entes 89
INEEOAUCTION ..ttt et b e st st e e e bt e bt e sbeesaeeemteemteenaeenbeas 91
Material and MEthOAS . ........oouiiiiiiiiee e ettt 95
RESULIES ..ttt ettt et e b e b e s bt e s a e et et e bt e bt e sbeesaeesateenteens 100

1



DISCUSSION .ttt ettt e ettt e e e e e e e et eeeeseee e e eeeeessaaaeaeereeesesasaenaeeeeeesessaesaneereeeeenns 107

CONCIUSIONS .o 110
ACKNOWICAZEIMENLS ......cuviiviiiiieiieiiecit ettt steste st e abeesbeebe e teessbesssessseasseessaessaessseassesssenssenns 111
RETETEIICES .c.ooveeeieieieeeeeeeeeeeeeeeeeeeeeeee ettt ettt ettt e et e et e e e e e e e ee e e e s e s eeeeeeaeaeaaaeeaeaasaaaeaaaaaees 112

Chapter 6. Utilization of a potassium buffering ability (KBA) measure as an indicator

of potential K supply in deficient scenarios across a range of soil types..... 119

F N o1 7 1o OO OO RTUPPTOPRRPRRRO 123
INETOAUCTION ...ttt ettt et et e e e ate e ebeeesabeesateeessseesasaeensseesnsesenreeas 124
Material and MEthOAS......ccc.iiiiiiiiiii ettt st 125
Results and diSCUSSION ....ccuviiiuieitiiitiiiieee ettt ettt ettt sttt et e e bt e sbeesatesaeeenneens 126
COMCIUSIONS ...ttt ettt ettt et e ettt et e st e e bt e st et e e bt e st e bt emeentesaeensenbeeneenbesaeeneenee 132
RETEIEIICES ...ttt ettt et e b e b e at e e it et e bt e bt e bt e sbeesateeateenteens 133
Chapter 7. Conclusions and fUtUre reSEarCh ............ccveeveeeieeieecieeeeeee e 135
EXECULIVE SUMIMATY ......ccviiiieiieiiesiiesteeteeteesteeseeeseaesebessseesseesseesseesssesssessseasseesseessessssssssensesseens 137
Other considerations that may impact soil K teSting ...........cceceeiiiiieiiiniiiieeeeeseee e 137
Role of soil K testing in management of S0il K r€SErves.........cevvervireiirciieciienieriesee e eve e 139
FULUIe 1€SEAICH....c..iiiiiiiie ettt st e 140
RETOIEIICES ...ttt et et et e e eebae e etbeeeatee e sbeesasaeesseesasesenseeas 143
APPENAICES ...ttt ettt ettt et e e e e e te e b e e sbeeaeebeesbeeseebeerbeereebeenaeeaeenneeneas 145
Appendix 1: Attempt to release K in soils using NaHCOj; as measured by a DGT K test ......... 147
INEFOAUCTION ...ttt sttt 147
Material and METNOUS .........c.oiviiiiiee e 147
RESUIES ...ttt sttt a e 148
Appendix 2: Attempts to increase the capacity of the resin gel for K .........ccoocvviiiiiiiiininnnnn. 149
INEFOAUCTION ...ttt b ettt sttt et enenes 149
Material and METNOUS .........c.ooueiiiiriice e 149
RESUIES ...ttt b ettt s bbb n ettt et 150
Appendix 3: Diffusive gel check and combined gel test........cccuevvercierciiiciiecieierie e 152
INSTIUCTION ...ttt sttt st 152
Material and METNOUS .........c.cc.eiiiiriiiic e 152
RESUIES ...ttt ettt b ettt 153
Appendix 4: Reuse of diffusive gels in the DGT technique .........cccccveviierierienienieeeeeeeeee, 154
INEFOAUCTION ..ottt ettt etens 154
TRBOTY ettt ettt et e ete e et eaeeteeeteeeteeetaeebe e ae e teeeteeeteeeaeeerreeraens 154
Material and METNOUS .........c.ooviiriiiiiee e 154

111



RESUIES ... e e

RETEIENCES ... e e e

Appendix 5: Pictures depicting the main experimental processes

v



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my supervisors, Dr Sean Mason, Associate
Professor Ann McNeill and Professor Michael J McLaughlin! I really appreciate the patience,
guidance and support from them throughout the duration of the project! The critical thinking
in academic career and the attitudes towards life are the most invaluable things I learnt, in

addition to the precious friendships!

I would like to acknowledge The University of Adelaide and the China Scholarship Council
(CSC) for providing me the scholarship to finish my degree. I would also like to
acknowledge the Australia Society of Soil Science Incorporated (ASSSI) for their support to
attend the Joint Australian and New Zealand Soil Science Conference in Tasmania, Australia.
I would also like to thank The University of Adelaide and the Grain Research and
Development Corporation (GRDC) for supporting me to attend the 20™ World Congress of

Soil Science in South Korea.

I would like to thank Md Mobaroqul Ahsan Chowdhury and Dr Gunasekhar Nachimuthu for
assistance in some of the experimental work, and Fien Degryse for interpreting some of the
experimental results. I am also grateful to Tim Heath, Murray Unkovich, Ashlea Doolette,
Philippa Tansing, Foyjunnessa and Melinda Moata for countless of academic and daily
consultation. Many thanks also go to all my Chinese friends and everyone who helped me at

any moment during these four years in Australia.

Last but not least, I would like to thank my family members, Mum, Dad, Linchang and
Meimei for their support and all the concerns through all these years. My parents have been
supporting me for my education since I was 6 years old. In particular, I will always
remember all the hard work my dad has done for raising the family and countless of meals

my mum cooked in the freezing cold mornings! Thank you all for your love and cares.

v



ABSTRACT

Potassium (K) is an essential plant macronutrient and the most abundant cation found in
plants. Except for nitrogen (N), K is taken up by plants more than any other nutrient from the
soil (Havlin et al. 2005). Due to the complexity of the plant K uptake process, which is
affected by multiple factors, the traditional soil K testing methods (e.g. CaCl, K, Colwell K,
NH4OAc K, etc.) have generally failed to provide an accurate indication of the amount of K
fertilizer should be applied before planting. Beyond measurements of bioavailable fractions
of trace elements, the relatively new diffusive gradients in thin films (DGT) method has
successfully predicted plant-available phosphorus (P) in agricultural soils. As the main
mechanism of K uptake by plants is by diffusion, which is the same mechanism of P uptake
by plants, it is likely that the DGT could provide an accurate prediction of plant K

requirements.

The DGT K method has been improved to enable measurement of both plant-available P and
K in soils by using a new mixed Amberlite and ferrihydrite (AMF) gel. Compared to the
resin gel used by Tandy et al. (2012), the MAF gel has improved properties in terms of
Amberlite distribution resulting in a flat shape, which avoids the difference in length of K"
diffusion pathways caused by unevenly-distributed Amberlite particles in the gel and aids in
the process of preparing the DGT devices. With the new resin gel, it was revealed that the
DGT method can be used at longer deployment times (>2 h) and was capable of measuring
solution concentrations of K larger than 16 mg L' - limitations which were reported by
Tandy et al. (2012). It was also the first time that the diffusion coefficient of K through the
diffusive gel was fully investigated in the presence of competing cations (e.g. Ca>", Mg*" and

NH,").
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Since the MAF gel incorporates ferrihydrite, which is traditionally used for P measurement
using the DGT method, the MAF gel was shown to have the ability to measure both P and K
in solution and in soils, compared with the traditional gel containing ferrihydrite alone.
Besides having the ability to take up K, the MAF gel also has the ability to bind calcium (Ca)
and magnesium (Mg) from solution. With the measurement of elution and uptake efficiencies
of the MAF gel for Ca and Mg and the diffusion coefficients of Ca and Mg through the
diffusive gel, the DGT method can also be used to measure the available of Ca and Mg in

solution and soil environments.

Due to higher affinity of the MAF gel for Ca and Mg compared to K, measurement of
available K in soil using the DGT method is mainly restricted by Ca, the main competing
cation present in agricultural soil solutions. In some scenarios, high Ca concentrations in
soils mean that shorter deployment times must be used or else measurements of K are
affected. Larger effects of deployment time on the Cpgr of K were observed at shorter
deployment times. The effects of thickness of the diffusive gel on the Cpgr of K were found

to be inconsistent across soils.

Finally the accuracy of the DGT K method and the traditional extraction methods for K were
compared in terms of predicting wheat growth to K application in soils at two different root
densities in a glasshouse trial. For predicting wheat relative yield, the Colwell K and
NH4OAc K methods were more accurate compared than the DGT and CaCl, K methods at
low root densities, which is the situation most relevant to field conditions. The ability of the
DGT K method to predict plant response to K varied with root density, and was poor at low
root densities. However, the DGT K method was a good predictor of wheat tissue K
concentrations irrespective of root density (R%>0.84). Further investigation showed that the

increases in concentrations of K measured by the DGT method as a function of rate of K
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fertilizer application were highly (inversely) correlated to the potassium buffering abilities
(KBA) of the soils (R>=0.96). KBA may be a good predictor of soils that are potentially
prone to depletion of available K and susceptibility to deficiency, as soils with low KBA
have a reduced ability to resupply soil solution K pools in response to K removal by plant

roots.

The DGT K method is not recommended for adoption as a soil test K method for wheat
before further evaluation of the performance using crop responses to K in field conditions.
There is room for further improvement of the method to measure more strongly bound K in
soil which appears to contribute to crop K nutrition, by changes to the binding gel and the
diffusive gel in order to obtain more selective uptake of K by the binding gel and potentially
change the transport of K through the diffusive gel. As K uptake varies between plant species,
the ability of the DGT K method to predict K requirements by other crop types also requires

evaluation.
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STRUCTURE OF THE THESIS

This thesis is presented as a combination of papers that have been published and paper drafts

in publication style.

Chapter 1 provides an overview of the literature on roles K in plant growth, K status in soils,

traditional K test methods, the theory of the DGT technique and also the research aims.

Chapter 2 comprises a paper that has been published in Talanta. This chapter describes the
optimization of the DGT method for simultaneous assay of K and plant-available P in soils,

focusing on the improvement of the resin gel.

Chapter 3 comprises a paper that has been published in Analytica Chimica Acta. This chapter
invesitigates the effects of competing cations on K uptake by the resin gel and initial Cpgr of

K measurement on soil test.

Chapter 4 comprises a paper draft that will be submitted to Plant and Soil. This chapter
invesitigates the effects of deployment time and thickness of the diffusive gel on measured

Cpgr of Ca, K, Mg and P.

Chapter 5 comprises a paper draft that will be submitted to Plant and Soil. This chapter
compares the accuracy of different soil K test methods in predicting wheat response to K

application under two root densities in glasshouse conditions.

Chapter 6 comprises a paper draft that will be submitted to Plant and Soil. This chapter
assesses the KBA and soil test values and assesses the ability of the NST 3.0 modelling in

predicting wheat K uptake under different root densities.

Chapter 7 provides a synthesis of the findings contained in this thesis and includes

recommendations for future work.
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Appendices section comprises four sections of experimetns in terms of DGT K method
improvement and a photo page describing the main experiments carried out through out the

thesis.
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