Plant Availability of Water in Soils Being Reclaimed from the
Saline-Sodic State

Thesis submitted by
Nguyen Duy Nang

BSc (Agronomy), University of Agriculture and Forestry, Vietnam
MSc (Soil Science), University of the Philippines, Philippines

For the degree of Doctor of Philosophy

in the

School of Agriculture, Food and Wine
Faculty of Sciences
The University of Adelaide
Adelaide, South Australia, Australia

December 2012



Table of contents

Page

LISE OF TADIES ... v

TS 0 o O =TSSR SROSI vii

AADSEFACT ...t Xii

DIECIATALION. ...ttt bbb bbbt bbb XV

ACKNOWIBAGMENT......cceieee et sttt e be et e st e e ta e besbeese e besreeseesreaneeneas Xvi

Chapter 1 Introduction and lItErature FEVIEW .........ccciiiiieriiiieiie e se e sresne s 1

0 O 13 (00 LTy o) W OO 1

1.2 LILETALUIE TEVIEW ....euviuieniitieiertietteteett et et eat et es et e sbe et e bt es e e e ebeente bt ententesee et e sbeeneenbesneenes 2

1.2.1 Factors affecting plant available Water in SOIlS..........ccccueveverciieiiierieeriesee e 2

1.2.2 Factors affecting SO1l SIIUCLUIE .......c.eevierieeiieiieieeieeieeseesveereesreeteesaeseresenessseesseesseesees 9

1.2.2.1 EXChangeable CALIONS ..........cceieieieiiisisie s 9

1.2.2.2 OrganiC MALLET .........cuiiiieriiieieieiee sttt ettt b bbb e 12

1.2.2.3 Clay swelling and diSPersiON.........c.ccuuiriiererieieieesi et 13

1.2.2.4 NULFITIONAD EfFECES ....oviieicieee e 15

1.2.3 Effects of soil structure on soil strength, aeration, and hydraulic conductivity............... 16

1.2.4 Salt-affected soils and their reclamation .............ccoeceeiieiiieiiiniiiieeee e 18

1.2.5 Models of plant available Water............ccocieiieiiiiieiiieeeeeeeee e 21

1.2.5.1 HiStOriCal MOTEIS.......cviiiiiiiiieisieieiee e 21

1.2.5.2 Integral Water Capacity (IWC) MOdel .........cccovviiiiiiiiic e 25

1.2.5.3 Example of IWC calCUlations ...........cccoveiiiiiiiiiiiiic e 26

1.2.6 CONCIUSIONS ....eoouviieiiieeiieeeiie e et e et e et e e et e e e teeeeteeestbeeeteeesaseeeaseeesseesnsesesseesasesesseesereean 35

1.3 Overall problem, research questions and hypotheses. .........cccccoevieveniincnincnininieneee. 36

1.3.1 ReSEAICh UESLIONS ......eeuiiiiiiiieiiiieie ettt ettt ettt ettt set e st esnteenteebeesseesneesaneeas 36

1.3.2 HYPOLRESES ..ttt ettt ettt ettt ettt a e sae e s bt e s st e snteenteesseesaeesneesaneens 37
Chapter 2 Variation in soil water availability down the profile of a saline soil

using the Integral Water Capacity (IWC) MOdel ..........coooiiiiiiiiie s 38

0 U 513 (o Ta L o7 o) s TSRS 38

2.2 Materials and MeEthods .........ccceeoiiriiiieieeeeese ettt 39

2.2.1 Site selection and sample COIECHION.......ccviiiiiiieiicie et 39

2.2.2 Saturated hydraulic conductivity, water retention, and soil penetration resistance. ........ 42

2.2.3 Salinity and OSIMOLIC SIIESS ....ccvervieerierrierieerieireereesteesteesteesteessressreeseeseesseesssessseessessens 43

2.3 Result and diSCUSSION ....cc.eeueiriieieiieiieie ettt ettt te et e e s ee et eee st eneeeneeneas 44

2.3.1 Saturated hydraulic CONAUCTIVILY .....c..covieriiiiiiiiiiie ettt sereeareeres 44

2.3.2 Waater TELENILION CUIVES......ueiteeutetieuteienteetentesttetesteettenteeseeeesbeeatestesbtensesbeeseensesbeeneenbeenees 44

i



2.3.3 Soil PeNetration TESISLANCE. .....cuueirerieerieeiieerreeesieesreeeteeesseeeseeessseeesseeessseesssesessseessseenns 46

2.3.4 Salinity and OSIMOLIC STIESS ....uvervirerieerierrierieereeeteeseesseessaessesssesseesseesseesssesssesssesssesssenns 47
2.3.5 Weighting fUNCHONS .....cc.eeiiiirieriieiieiteieesee st ete et eteesteeseaessaessseasseesseesseesssesssessseensenns 49
2.3.5.1 Weighting the differential water capacities for salinity ............cccccovvvininineiennn. 49
2.3.5.2 Weighting the differential water capacity for high soil penetration resistance. ....... 50
2.3.5.3 Weighting the differential water capacity for poor soil aeration.............cc.cc.ceeenee. 52

2.3.5.4 Weighting the differential water capacity for declining soil hydraulic

CONTUCTIVITY. vttt bbb e ettt b b n e 54
2.3.6 Summarizing the effects of weighting the water capacity .........ccccveevveviervereercieerieeniens 56
2.4 CONCIUSIONS ...ttt ettt ettt ettt et ettt e s bt e sat e e te e be e bt e sueesabeenbe e bt e bt esseesmeesateenteeseans 60

Chapter 3 In situ response of plants to saline conditions in the field ..........cccccooiiiiiiiiiciens 61
T 641 (0T L o1 T ) SRS PTUPRRRPRRRRSRIN 61
3.2 Materials and MEthOS .......cocuiiiiiiiieiiee ettt st 62
3.2.1 EXperimental deSIZN......c.ceeutirieriieiieiteieerite sttt ettt ettt e sttt et sbe e bt e satesnteeteens 62
3.2.2 Water balance mMOdel.........c.oooiiiiiiiiieieie ettt 64
3.2.3 Calibrating the CPN 503 Hydroprobe neutron moisture meter.............cceeeeveereerreeennenne 68
3.3 Results and diSCUSSION .......eevuieruieiiieiieitetiesite sttt ettt et e st e et e be e bt e saeesatesneeeeeens 71
3.3.1 Plant water use from full canopy establishment to plant death..............ccccoocrviiniinncnn. 71
3.3.2 Plant water use and root diStribUtION.........c.eeoviiuieieiiiieerce e 72
3.3.3 Evaluation of the IWC model against water use by real plants............ccceevevverrenvreennnnn. 76
3.4 CONCIUSIONS ...ttt ettt ettt et et e et e e et e e st e eessteneeneeeseenseeseenee st eneanseeneensesseeneanseas 80

Chapter 4. Changes in IWC during reclamation of a salt-affected soil .............cccccoveveveieinnnnns 81
T I 63U (o Ta Lo 5 T W TP RRPS 81
4.2 Materials and MethodsS ............cooerieiiiiee et 82
4.2.1 Experimental approach and deSigN .........ccccvvieviieriiiriierieniecie et eereereeeeens 82
4.2.2 EXPErIMENTAl UNILS ...ccvveivieerieiieiiesiieseeeteeteeteeteesteesseesssesssesssessseessessseesssesssesssesssesssenns 83
4.2.3 EXperimental PrOtOCOL.......ccuiiviiirieriieiieiteereeteeteesteesttesevesereesseesseesseesssesssesssesssessenssenns 84
4.3 Result and diSCUSSION ......c.veiicviieiiieeiie et e etee ettt e et e et eeeveeeeteeesareeebeeeseseesaseeesseesasaeenneas 86
4.3.1 Changes in saturated hydraulic conductivity during reclamation .............ccccceevvverieennnnn. 86
4.3.2 Changes in water retention curves during reclamation ............cceccveveerienvenciencieeneenieens 88
4.3.3 Changes in soil penetration resistance during reclamation ............c.ccceeceevverevercieenieenenns 93
4.3.4 Changes in IWC during reclamation...........cccecveriierierienienieeieeieesieesee e seveeseeseeneeens 96
4.4 CONCIUSIONS ...ttt ettt ettt et ettt et b et e st sb et s be e e bt sae e e e 101

Chapter 5 Shape of the salinity weighting function, w.(h), based upon early plant
response to 0SMOLIC AN MALFIC STFESSES.....ucviiiiiereie e se st sre e sreane s 102
5.1 INEOAUCTION ...c.viiiieiiecie ettt ettt et e e te e s tbeetbesebeesbeesbeesseessessseesseesseesseesseens 102

i1



5.2 Materials @nd METROAS ......oooeiieieeeeee et eee et e e e e e eeeereeeeeeeeeeeesanes 103

5.3 Result and diSCUSSION ...c.eeeuiruieiiiiiiiieiieieeseee ettt et 106
5.3.1 Dry matter yield as a function of osmotic-, matric- and total water potential............... 106
5.3.2 A plant-based weighting function to attenuate the water capacity ........cccoceeevvecveevenne. 107
5.4 CONCIUSIONS ....eeutitieiieiteeitete ettt ettt ettt e et e e bt et ebe et e be e st entesbeeneenteebeensesteeneensesneenes 113
Chapter 6 General discussion and directions for future research ............ccoccovvvvievenieenennne 115
6.1 INETOAUCTION ...ttt ettt ettt et be et et e st et e s beese e besneenes 115
6.2 Major findings (and future reSearch) ..........ccocvvvevieciieriienierieee e 116
F N o] o 1=] a0 [0l L TSSO T PSSP PP PR PP 121
RETEIEINCES ...ttt bbbt 141

v



List of tables

Table 1.1 Available water capacity by SOl tEXtUIE ......cc.ecvevirririirieieieieiei e
Table 1.2 Criteria used to classify salt-affected soils in U.S. and Australia.............ccccevvevennnen.

Table 1.3 Summary of physical restrictions on the differential water capacity and their

EITECE ONL TWIC .. nnnann

Table 2.1 Fitting parameters, ko, k; and n, for the water retention curves in each horizon
down the soil profile. Optimization of the fitting parameters was conducted with

fixed (measured) values of the volumetric water content at saturation, 6, and

permanent Wilting point, Oyp. ......cccoiiiiiiiiiiiiiiiiiii e

Table 2.2 Fitting parameters for Equation [2.1] describing the relation between soil

penetration resistance (MPa) and soil matric head (cm), plus the matric heads, h;

and hg, respectively, at which SR(h,,) reached values of 0.5 and 2.5 MPa. .......................

Table 2.3. Measured values of the electrical conductivity of 1:5 soil:water extracts and
gravimetric water contents at saturation, plus the corresponding electrical
conductivity of paste extracts (calculated from Slavich and Petterson (1993)) and

values of h,s and h,, at wilting point (calculated from Equation 12 in Groenevelt et

A1 (2004)). oo eeeeeee e eee e eee e e ee e e et e et e e s s s s

Table 2.4. Predictions of plant available water in a saline soil profile based upon various
degrees of weighting of the differential water capacity; integrals at the top of each
column indicate the type of weighting applied: PAW = classical approach with no
attenuation, IWC = integral water capacity with attenuations to account for,

respectively: salt alone, salt + poor aeration, salt + high soil resistance, salt +

declining hydraulic conductivity, and all factors combined. ...........cccceeevvevieevienierreenneann

Table 3.1 Chemical properties (saturated paste extracts) of the soil profile in the plots

containing the NEULIrON aCCESS TUDES. ......icvviiviieriieriieeieere et et eteeseeestreeereeseesreesreesenessseenns

Table 3.2 Variation in the standard 15 second slow neutron count rate with salt

CONCENETALION. ... eeeeeeeeeeeeee e et eeeeeeeee e eeeeeeseeeeeaeeaeeeeeseesarnaaeaeeeeessaannnseeeeeeessanennaeeeeeeses

Table 3.3. Correlations between relative slow neutron count rate, RCR, and volumetric

water content, 0, at each depth in the soil profile. ..........cccocoeviiiriiiiiicii e,

Table 3.4. Predictions of plant available water in a saline soil profile (mm/m) based upon
various degrees of weighting of the differential water capacity (taken directly from

Table 2.3) compared with field-measured change in water contents with Rhodes

grass (Chloris gayana cv. PIONCET). .......ccouieirviiriieieieiiieieeie ettt sre e

Table 3.5. Predictions of plant available water (mm/m) based upon the same weightings

of the differential water capacity but ignoring salt, compared with field-measured

change in water contents with Rhodes grass (Chloris gayana cv. Pioneer) ......................

..... 47

..... 49

..... 58

..... 72



Table 4.1. Bulk densities achieved for 150 mm columns of soil from each soil horizon

(cylindrical pot diameter = 152.5 mm; calculated volume of each soil column =

2740 CIM). .o

Table 4.2 Elemental analysis by ICP-MS for the major cations, plus SAR, EC and pH of
the saturation paste extracts in each of the 9 soil horizons. SAR was calculated by
dividing [Na] (mmol/L) by the square root of ([Ca] + [Mg]). The value for X
cations (mmol, L) was the sum of ([Na] + [K]) plus twice the sum of ([Ca] +

[Mg]). The values of EC,,,s were measured and they compare well with the values

for EC, ., which were calculated from X cations divided by 10. .......c.ccovevverierciriieenenns

Table 4.3 Fitting parameters for the Groenevelt et al. (2001; 2004) soil water retention

curves shown in Figures 4.4, plus the penetration resistance curves for the 6

different leaching treatments in the 9 soil horizons shown in Figures 4.5. .........ccccceeueee.

Table 4.4. Integral water capacity, IWC, of each soil horizon after leaching with solutions
of differing salinity and sodicity. IWC calculated using different weighting
functions. Initial EC for each horizon indicated in parentheses (dS m™). Shadings

in 3rd & 4th columns indicate treatments where data were combined to form single,

average water retention or S0il reSIStanCe CUTVES. .....c.vevveerueerienreereereeseeseeeseresreeseeseens

Table 5.1 Numbered list of osmotic and matric potentials/heads used in soil and solution

culture. Osmotic potentials were calculated from the EC, values..........ccccocvevvercviinennnnns

Table 5.2 Parameters and constants for Equation [5.1] to describe the relative growth,

G'(hym), of Faba beans and Rhodes @rass. .........ccoceveeviveriierieniiciecie et sere e

Table 5.3. Parameters from Equation [5.2] used in preparing a weighting function to
attenuate the water capacity for salinity, based upon soil and plant factors
combined. In this study, the initial onset of osmotic stress was deduced to occur
from h; = 0.0025 bar for all examples. The value of h; in this table is the matric
potential at which wilting occurs under the salinity conditions corresponding to the

EC.; values were calculated from Equation (12) of Groenevelt et al. (2004). Colour

shaded data are shown in Figure 5.4 above. .........cccoeviveiieniiiniinieeiicieceeeeee e

Table 5.4 Estimates of plant available water in soil of varying salinity based on soil

properties, or a combination of soil properties and plant response for Faba beans

ANA RNOAES GIaSS. ..ccuviiiiiiiiiieitieciie ettt ettt e et eete e teestaestbeeabeesbeesbeesseessseesseesseesseens

vi

..... 84

..... 84

..... 92

..... 97

.. 109



List of figures

Figure 1.1 Relative hydraulic conductivity as a function of matric head for coarse-

textured and fINE-TEXTUTEA SOLLS. .......ciiiiiiieieieeee et e e e e e e e e e eaaaees

Figure 1.2a —Diisions for classifying crop tolerance to salinity” (after Maas and

HOTEMAN 1977 et et e e e e rae e e aeeeans

Figure 1.2b Response of some grain crops (e.g. rice, corn, wheat, barley) to salinity (after

Maas and Hoffman 1977). c...couviieeiiie e e

Figure 1.3 Change in aggregate tensile strength with aggregate diameter as a function of

time (after Lal and Shukla 2004) ..........oooiiiiiiiiiiieeeeee e

Figure 1.4 The non-limiting water range (NLWR) of water contents as influenced by

restricting soil factors for plant growth in soil with (a) good structure and (b) poor

StIUCTUTE (LY 1985). ittt ettt et

Figure 1.5 Effect of increasing bulk density on the water content at which volumetric air
content = 0.10m’/m’ and soil resistance = 2 MPa, superimposed on the water

contents at FC and PWP (after da Silva et al.(1994)); shaded area represents

LLWR ettt ettt st ettt et ettt ettt et e s s

Figure 1.6 Differential water capacity, C(h,,), for the wet end (—); effective differential
water capacity, Ex(h,,), when a hydraulic conductivity weighting function ,wg(hy,),

is applied (— -); effective differential water capacity, Ex.(h,), when both wg(h,,)

and a aeration weighting function, w,(h,,), are applied(Groenevelt et al. 2001)................

Figure 1.7 Weighted differential water capacities for a loamy soil accounting for salt-free

conditions and for conditions where EC of the saturated soil = 1, 2, 4, and 7.2 dS/m

(Groenevelt € al. 2004). ......coovuiiueerieieeeetiete ettt ettt et e et b et s b re b e steereenre s

Figure 1.8 Representation of the water retention curve using data and model for a loamy

sand published in Groenevelt et al. (2004). .......coeveirieieiiiiceee e

Figure 1.9 Differential water capacities for the loamy sand of Figure 1.8 when the soil is
salt-free (solid blue line) and when the soil has an osmotic head of 2 m in its

saturated state (dashed red line). The dotted ellipse identifies the section of the

curves discussed in Figure 1.10. ......ccoooiiriiiiienieieeeee et

Figure 1.10 Differential water capacities for salt-free soil (solid blue line, 1), Saline soil
with hes = 2 m (solid red line, 2), Saline soil with poor drainage (dashed red line

segment, 3), and Saline soil with poor drainage and high strength (dashed purple

JINE SEOMENT, 4). .ttt ettt enes

Figure 1.11 Weighting function to attenuate the water capacity for the effect of poor soil

aeration between the matric heads of h,, = 0.51 t0 1.41 M. weeeeeeeeeeeeeeeeeeeeeeeeeeee e

vil

....... 7

..... 24

..... 28

..... 31

..... 33



Figure 1.12 Weighting function to attenuate the water capacity for the effect of

increasingly high soil penetration resistance between the matric heads of h,,; =2 m,

0 T 5 IMhe et et e e s e et et e e e e e e ———reeeesanan———aees
Figure 2.1 Roseworthy paddock C1 ........coviiieiiiiiieieieiieiese ettt
Figure 2.2 EXposed SOl Profile........c.iiiiiiriieieiiiiieieie ettt ettt esse s
Figure 2.3 Collecting undisturbed soil cores down the profile in paddock Cl..........cccoveeennnene

Figure 2.4 Laboratory set-up to measure saturated hydraulic conductivity on undisturbed

soil cores prior to measuring their water retention curves using field-isotonic

SOLULIONS. «.evvviieeeeeeeeeee ettt ettt e e e e e e et e et e e e e e s e e aaeeeeessessasaaateeeesesaseasaasaeeeesssssannneaeeees

Figure 2.5 Saturated hydraulic conductivities of undisturbed soil cores down the soil

profile using isotonic solutions applicable to each depth (horizontal red bars are

Y7 1016 £ (s AT K0 < TR

Figure 2.6 Water retention curves for the 9 soil horizons examined in this study: a) 0 to

25cm,b)25t0o 75 cm,c) 75to 115 cm, and d) 115 t0 150 CMeveeeveeeeiiieiiieiiieceee,

Figure 2.7 Soil penetration resistance (SR, MPa) as a function of matric head (h,, cm)
for the same soils presented in Figures 2.6. The data falling between the horizontal

green and red dashed lines represent conditions that increasingly restrict root

EEOWEh 1N the SOTL....ceiiiiiii et

Figure 2.8 Differential water capacities for the nine water retention curves shown in

Figure 2.1 weighted (dotted lines) or not weighted (solid lines) for salt content

according to Groenevelt et al. (2004). ......ccceviiiiiiiiierieereereeeee e

Figure 2.9 Three possible shapes for weighting functions to attenuate the water capacity
based upon the ability of different plants to exert higher or lower root growth
pressures on their surroundings. Upper dotted lines come from using = 0.2 (for

strong plant roots), solid lines come from using B = 0.5 (for medium-strength plant

roots), and lower dash-dotted lines come from using B = 1 (for weak plant roots). .........

Figure 2.10 Three possible shapes (of many) for weighting functions to attenuate the
water capacity for poor soil aeration by varying the A-parameter in Equation [2.5]

from 0.2 (upper dotted lines), 0.5 (middle solid lines), and 1.0 (lower dash-dot

lines) according to the ability of different plants to tolerate poor soil aeration.................

Figure 2.11 Three possible shapes for weighting functions to attenuation the water
capacity based upon the ability of different plants to cope with declining hydraulic
conductivity in dry soils. The lowest dotted lines come from using t = 0.2 in
Equation [2.9] for sensitive plants; the highest dash-dot lines come from using t =

1.0 for tolerant plants, and the central solid lines come from using Tt = 0.5 for

MEATUM PLANTS. ..ooiiieiieiieiieeeee ettt e st eete et e e teessaesnseenseenseenseensnes

viii

..... 34

..... 42

..... 52

..... 57



Figure 2.12 Amount of plant available water down the profile of a saline soil (mm/m)

predicted by taking into account different soil physical restrictions listed in Table

s TSRS 59
Figure 3.1 Diagram of experimental plots showing dimensions and locations of neutron

ACCESS TUDCS. ¢ttt ettt ettt ee ettt e et e e e et e s bt et et e ea e et e e bt et e bt ent e te e bt e beebeeneebeeaeenee 62
Figure 3.2 Preparation of the three isolated field plots for complete profile saturation and

planting of Rhodes grass (Chloris gayana cv. Pioneer)..........ccccoevvvveciineeceenieecienieceereereeeens 63
Figure 3.3 Water supply system, rain-shelter frame, taking readings with neutron probe............... 65

Figure 3.4 Canvas suspended from rain shelter to shed any rain when expected (not

Figure 3.5 Photographs of the perennial Rhodes grass (Chloris gayana cv. Pioneer) plots

from the last irrigation (27 Jan 2011) until the plants stopped extracting water and

never recovered after rainfall (15 June 201 1). ...ccoooviiiiiiiiiiieeecee e 67
Figure 3.6 Mean standard 15 second count rate, CR;, of CPN 503 Hydroprobe in a large

drum of water having different salt concentrations as measured by EC (dS m™).

The red vertical bars through each point represent the + standard error of the mean

OF 20 TAAINES ..ot eeeteeiie ettt ettt ettt ettt e e e bt e bt e st e e sateeateesteebeesseeenteeabeenseeseennes 70
Figure 3.7a Volumetric water content as a function of depth for plots 1 and 2, from the

time of the initial profile saturation (03 Nov 2010) until the plants wilted

completely (15 June 2011). Horizontal bars represent + standard error of the mean

WALET COMELIIE. «...eutieitietieitte ettt ettt ettt ettt et e bt e sb e e sue e sat e eat e e bt e bt e sbeesbeesateeabeenbeenbeeneee 73
Figure 3.7b Volumetric water content as a function of depth for plots 3 and 2, from the

time of the initial profile saturation (03 Nov 2010) until the plants wilted

completely (15 June 2011). Horizontal bars represent = standard error of the mean

WALET COMELIIE. «...euteentietie ittt ettt ettt ettt et ettt et e sb e e she e sat e eat e e bt e bt e sbeesbtesateeabeenbeenbeenbee 74
Figure 3.8 Distribution of Rhodes grass root mass per unit volume as a function of depth

DeloW the SOIl SUMTACE. .....eoiuieeieiiieee ettt s 75
Figure 3.9. Real soil water extraction for Rhodes grass (Chloris gayana cv. Pioneer)

superimposed on estimates of water availability after various weightings of the soil

solution capacity (i.e. including consideration of Salt)...........ccccevererererenenenieeeereeeene 77
Figure 3.11. Comparative estimates of water availability from Figure 3.10 adjusted with

_gentler® coefficients in the weighting fUNCtions. ...........ccoecvveciierienieniese e 79
Figure 3.12. Comparative estimates of water availability from Figure 3.11 adjusted with

significantly _gentler‘ coefficients in the weighting functions. ..........ccccecevineiiininienenennee. 79

Figure 4.1 Dimensions of experimental pot of soil with 4 small soil cores embedded..................... 83

X



Figure 4.2 Leaching and sampling protocol for each soil horizon. Treatment numbers are

indicated in the first pot on the 1eft..........cccoeiviiiiiiiiiee e 85
Figure 4.3 Changes in saturated hydraulic conductivity of repacked soil from a profile

using leaching solutions of different EC and SAR.........c.ccoveviiviiniiniiieeeee e, 87
Figure 4.4 Summary of water retention curves grouped according to whether treatment

effects were obvious for soil horizons: a) 0-10 cm, b) 10-25 cm, c) 25-35 cm, and

d) 35-55 cm. Groupings of curves are indicated for each soil horizon. ..........cccccvevvervennnnns 89
Figure 4.4 Water retention curves grouped according to whether treatment effects were

obvious for soil horizons: e) 55-75 cm, f) 75-100 cm, g) 100-115 cm, and h) 115-

150 cm. Groupings of curves are indicated for each soil horizon. ...........coceviiiiiiniinicnn. 90
Figure 4.4 Water retention curves grouped according to whether treatment effects were

obvious for soil horizon: 1) > 150 cm. Groupings of curves are indicated. ..............cceeceeneenn. 91
Figure 4.5 Soil resistance curves grouped according to whether treatment effects were

obvious for soil horizon: a) 0-10 cm, b) 10-25 cm, ¢) 25-35 cm, and d) 35-55 cm.

Groupings of curves are indicated for each soil horizon. ...........ccoeeeeveiiiiiiiiiiieeeees 94
Figure 4.5 Soil resistance curves grouped according to whether treatment effects were

obvious for soil horizon: e) 55-75 cm, f) 75-100 cm, g) 100-115 c¢cm, and h) 115-

135 cm. Groupings of curves are indicated for each soil horizon. ...........ccocevviiiieniininninnn. 95
Figure 4.5 Soil resistance curves grouped according to whether treatment effects were

obvious for soil horizon: i) > 150 cm. Groupings of curves are indicated. ..............ccevennenn. 96
Figure 4.6 Profiles of soil water availability calculated by weighting the water capacity

of the soil in its initial saline state for different limiting factors. ..........cccceevvvevieeveeveeriiennenns 98
Figure 4.7 Increases in plant available water (ITWC) during reclamation of the soil profile

from its initially sodic-saline state to a calcic non-saline state calculated using a)

only the osmotic weighting function of Groenevelt et al. (2004), and b) all

weighting functions. NB. The scales on the available water axis for parts a) and b)

) (S8 LD (<2 (<) 1L S TSSO 100
Figure 5.1 Soil water retention curve of Monarto soil packed at a bulk density of 1.4 g

cm”. Parameter values for the Groenevelt et al. (2004) equation are: 0, = 0.405, Owp

=0.100; ko =0.409; k; = 0.328, and 0 = 0.646. .....ceoceririerieiiireeinereeeeee e 105
Figure 5.2 Mean whole-plant dry matter yield per plant plotted as a function of the total

hydraulic potential (absolute value) for Faba beans and Rhodes grass grown in

solution culture and soil. The vertical bars represent standard deviations of each

INECAN POINL. 1vvievreiereeerieteeiteesteesaeeseeseesseesseesssessseasseeseesssesssessseassesssesssessseesssesssesssesssesssesnses 106



Figure 5.3 Relative growth, G'(h,,,), as a function of the total hydraulic potential of the

water for a) Faba beans, and b) Rhodes grass. The red-dashed line represents

Equation [5.1], the parameters for which are given in Table 5.1.......ccccccoeevvviievieneeniennenns 108
Figure 5.4 Four examples of weighting functions (Equation [5.2]) to account for salt in

the soil water for a) Faba Beans, and b) Rhodes Grass. The Blue, Green, Brown

and Red lines are for Pots 1, 11, 23 and 37 respectively (colour-coordinated data

highlighted in Table 5.3).....ccciciiiiiiiiiieeieeieeere et s eese e seessaeenseensaas 110
Figure 5.5 Differential water capacity (solid black line) with 4 x examples of effective

water capacities superimposed for Pot 1 (solid blue line), Pot 11 (dashed green

line), Pot 23 (dash-dot brown line), and Pot 37 (solid red line) for a) Faba beans

ANd D) RIOAES GIass. ....coouiiiiieiieiieiie ettt ettt ettt st st s te e te et e saeesnneeas 112

X1



ABSTRACT

The work reported in this thesis was motivated by a desire to improve our ability to estimate the
amount of plant available water in soils beyond the classical methods enveloped in the terms —Rint
Available Water” (PAW) and —LeasLimiting Water Range” (LLWR). It took the view that soils
can be considered to be water _capacitors® that are influenced primarily by the physical properties
of the soil. The soil properties of particular concern in this work were the soluble salt concentration
in the soil water, poor soil aeration in wet soils, rising penetration resistance and declining
hydraulic conductivity in drying soils. Their effects on soil water availability were embodied the
model proposed by Groenevelt et al. (2001; 2004) called the integral water capacity (IWC). The
theoretical framework for the IWC-model is quite strong, if not intuitive, but there is little
published evidence to date to evaluate its integrity using real plants growing in real soils. There is
also little information to enable one to calculate plant available water in soils being reclaimed from
the saline-sodic state. The work reported in this thesis therefore aimed to address four main

questions:

Question 1 (Chapter 2)

When soil salinity, aeration, strength and hydraulic conductivity are all taken into account, how
much soil water is available to nominally _salt-sensitive‘ plants when calculated using the IWC

model of Groenevelt et al. (2004)?

Undisturbed soil samples were collected from the profile of a saline soil whose texture gradually
became heavier with depth. Water retention, soil resistance, soil aeration and soil salinity were all
measured and used to prepare appropriate weighting functions to attenuate the differential water
capacity and obtain different estimates of plant available water down the soil profile. All weighting
functions attenuated the water capacity and reduced the IWC to varying degrees, each of which
produced smaller estimates of plant available water than the classical PAW model. Weighting due
to salinity caused by far the greatest individual reduction in IWC, followed by soil resistance, soil
aeration, then hydraulic conductivity. The combination of all factors, of course, reduced IWC the
most. However, replication of the findings (and therefore a statistical evaluation of the effects) was
not possible, so these findings must be treated as tentative for now. Furthermore, many of the
weighting functions were applied with little or no knowledge of the real magnitude of their
parameters based upon real plant behaviour. To take this into account, weighting functions were
proposed for each limiting soil property having functional forms that included plant-specific

parameters, whose magnitude can be varied widely for different plants. The plant-specific
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parameters attenuate the water capacity severely when a plant species is sensitive to a restricting

soil property and not as severely when a plant species is not sensitive to it.

Question 2 (Chapter 3)

To what extent do the (laboratory-based) estimates of soil water availability using IWC coincide

with the (field-based) measurements of soil water use by real plants?

A field experiment was conducted on a saline soil, in which a water budget was constructed to a
depth of 1.5 m and a crop of relatively salt-tolerant perennial Rhodes grass (Chloris gayana cv.
Pioneer) was grown to full canopy before stopping all water inputs. The volumetric water content
was monitored regularly (using a specially calibrated neutron moisture meter) as the crop
transpired water over several months until it eventually died from water stress. The total change in
water content down the profile was determined by the difference in water contents at the time of
saturation and those at the time of permanent plant wilting. The predicted and measured amounts of
available water were compared with the classical PAW model and it was concluded that the
magnitude of attenuation proposed by Groenevelt et al. (2004) was too severe. Some effort was
made to adjust the plant-specific slope parameters, B, A, and t, but with no real knowledge of the
magnitude of these parameters for different plants, it was considered futile to expend much time

adjusting the parameters without new information about real plants.

Question 3 (Chapter 4)

When saline-sodic soils are _reclaimed® toward the non-saline, calcic state, to what extent does soil

water availability change (in terms of IWC) without significant soil disturbance in the process?

A column-leaching experiment was conducted in the laboratory using re-packed soil cores leached
first with a saline solution (isotonic with field conditions) then with various different salt solutions
to determine the extent to which changes in the pore size distribution would be accompanied by
measurable changes in salinity, soil strength, hydraulic conductivity and aeration — and thus, plant
available water (IWC). Fifty-four different average water retention curves were prepared in this
experiment, and the curves were differentiated to produce water capacities that were weighted
according to procedures outlined in Chapter 2. As in Chapter 3, it was found that the salinity
weighting function caused the greatest reduction in IWC and was probably too severe. It was also
found that the other factors reduced the water capacity somewhat, in declining order of importance:

salt > aeration > strength > hydraulic conductivity. It was a surprise to find that with no disturbance
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of the re-packed soil samples, the structure of the soil was able to be changed to a small extent

without disturbing it mechanically, simply by changing the composition of the leaching solution.

Question 4 (Chapter 5)

To what extent does the response of plants to increasing salt concentration mimic the peculiar

shape of the weighting function proposed by Groenevelt et al. (2004)?

Plants of two different types (Faba beans, Vicia faba cv. Fiord; and Rhodes grass, Chloris gayana
cv. Pioneer) were grown in a glasshouse in either pots of salt-solutions or in soil having different
salt concentrations. The idea was to develop a weighting function for salinity based upon measured
plant growth responses to varying salinity, and compare this with the peculiarly shaped weighting
function for salt proposed by Groenevelt et al. (2004). The growth reduction pattern due to salt was
similar for both plants, so the relative growth of each plant was plotted as a function of the total
water potential. It was found that the relative growth of the solution-grown plants coincided with
those for the soil-grown plants, which implied the plants responded in the same way to both
osmotic and matric stresses. Relative growth responses were then fitted to a (rather inadequate)
model, which was then used in a weighting function that included both plant- and soil-specific
fitting parameters. The results produced a more gentle attenuation of the water capacity than the
model of Groenevelt et al. (2004), which suggests there is considerable room to adjust the
_reflection coefficient* in their model. Finally, the typical _bent-stick® model used to describe plant
response to salinity was found to be out-dated and should be replaced by a more modest, smooth

decline in plant growth with increasing salt concentration.
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