Quantifying water savings from willow removal in southeastern
Australia

Tanya Marree Doody

A thesis submitted for the degree of
Doctor of Philosophy

in the Faculty of Science

School of Earth and Environmental Sciences

The University of Adelaide, Australia

September 2013






DECLARATION

| certify that this work contains no material whichs been accepted for the award of any
other degree or diploma in any university or otieetiary institution and, to the best of my
knowledge and belief, contains no material previppsablished or written by another
person, except where due reference has been mé#uetiext. In addition, | certify that no
part of this work will, in the future, be used isa@mission for any other degree or diploma
in any university or other tertiary institution Wwaut the prior approval of the University of
Adelaide and where applicable, any partner ingtitutesponsible for the joint-award of this
degree.

| give consent to this copy of my thesis when dépdsn the University Library, being made
available for loan and photocopying, subject toghmrisions of the Copyright Act 1968.

The author acknowledges that copyright of publishedks contained within this thesis
resides with the copyright holder(s) of those works

| also give permission for the digital version of thesis to be made available on the web,
via the University’s digital research repositotye tLibrary catalogue and also through web
search engines, unless permission has been giaytbd University to restrict access for a
period of time.

Name:

Signature:

Date:







Statement of Authorship

Title of Paper

Quantifying water savings from willow removal in Australian streams

Publication Status

® Published. O Accepted for Publication O Submitted for Pubiication, Q Publication style
¥ Y

Publication Details

Doody TM, Benyon RG. 2011. Quantifying water savings from willow
removal in Australian streams. Journal of Environmental Management
92: 926-935.

Author Contributions

By signing the Statement of Authorshup. each author certifies that their stated contribution to the publication 15 accurate and that

permission 1s granied for the publication to be included in the candidate’s thesis

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Develop research goals, site selection and establishment, collection and analysis of all
data, interpreted data, wrote paper, corresponding author.

Signature

Name of Co-Author

Date | fg-373

Richard Benyon

Contribution to the Paper

Supervised development of the project, advised on data analysis and interpretation,
participated in establishment of field sites and data collection in early stages of the
project, appraised drafts of the paper, advised on revisions of the paper in response to
reviewers' comments.

Signature

|D3te ‘ /2/3/2,0}3

Name of Co-Author

Caontribution to the Paper

Signature f Dale '
Name of Co-Author

Contribution to the Paper

Signature Date







Statement of Authorship

Titte of Paper

Development of pan coefficients for estimating evapotranspiration from riparian woody
vegetation

Publcation Status

® Published O Accepted for Publication. O Subnitted for Pubhcation O Fublication style

Pubhcation Delails

Doody, TM, Benyon, RG, Theiveyanathan S, Koul V, Stewart L. 2013. Development of
pan coefficients for estimating evapotranspiration from riparian woody vegetation.
Hydrological Processes. DOI: 10.1002/hyp.9753

Author Contributions

By signing the Stalemeant of Authorship each author certifies that ther stated contribution to the pubhcation s accurate and that

permission is granted for the pubhcation to be included n the candidate’s thesis

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualized method for data collation and analysis, interpreted data, wrote paper,
corresponding author.

Signature

Date fj“-g}_g

Name of Co-Author

Richard Benyon

Contribution to the Paper

Advised on analysis and interpretation of field data and maodelling of open water
evaporation, participated in establishment of field sites and data collection in early
stages of the project, appraised drafts of the manuscript and advised on revisions in
response to reviewers' comments.

Signature

o | (2/3/20)3

Name of Co-Author

Tivi Theiveyanathan

Contribution to the Paper

Provide training in use of Penman-Monteith model, assist with data interpretation,
appraise manuscript.

Signature

Name of Co-Author

Vijay Koul

Contnbulion to (he Paper

Assist with field data collection.

Signature

J_f“";‘ii_J, , -







Statement of Authorship

Title of Paper

Development of pan coefficients for estimating evapotranspiration from riparian woody
vegetation

Publication Status

@ Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody, TM, Benyon, RG, Theiveyanathan S, Koul V, Stewart L. 2013. Development of
pan coefficients for estimating evapotranspiration from riparian woody vegetation.
Hydrological Processes. DOI: 10.1002/hyp.9753

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate's thesis.

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualize method for data collation and analysis, interpreted data, wrote paper,
corresponding author.

Signature

Date

Name of Co-Author

Richard Benyon

Contribution to the Paper

Assist with data interpretation, appraise manuscript.

Signature

Date

Name of Co-Author

Tivi Theiveyanathan

Contribution to the Paper

Provide training in use of Penman-Monteith model, assist with data interpretation,
appraise manuscript.

Signature

Date

Name of Co-Author

Vijay Koul

Contribution to the Paper

Assist with field data collection.

Signature

Date ;L'/ogl/ZDB







Statement of Authorship

Title of Paper

Development of pan coefficients for estimating evapotranspiration from riparian woody
vegetation

Publication Status

® Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody TM, Benyon RG. 2011. Quantifying water savings from willow
removal in Australian streams. Journal of Environmental Management
92: 926-935.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate's thesis.

Name of Principal Author (Candidate)

Contribution to the Paper

Signature

Date

Name of Co-Author

Leroy Stewart

Contribution to the Paper

Assist with field data collection.

Signature

Date / -4?’ .1,7/ /3

Name of Co-Author

Contribution to the Paper

Signature Date
Name of Co-Author

Contribution to the Paper

Signature Date




10



Statement of Authorship

Title of Paper

Development of pan coefficients for estimating evapotranspiration from riparian woody
vegetation

Publication Status

® Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody, TM, Benyon, RG, Theiveyanathan S, Koul V, Stewart L. 2013. Development of
pan coefficients for estimating evapotranspiration from riparian woody vegetation.
Hydrological Processes. DOI: 10.1002/hyp.9753

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualize method for data collation and analysis, interpreted data, wrote paper,
corresponding author.

Signature

Date

Name of Co-Author

Richard Benyon

Contribution to the Paper

Assist with data interpretation, appraise manuscript.

Signature

Date

Name of Co-Author

Tivi Theiveyanathan

Contribution to the Paper

Provide training in use of Penman-Monteith model, assist with data interpretation,
appraise manuscript.

Signature Date 11 March 2013
Name of Co-Author Vijay Koul

Contribution to the Paper Assist with field data collection.

Signature Date

11




12



Statement of Authorship

Title of Paper

A method to map riparian exotic vegetation area to inform water resource
management

Publication Status

Q Publishad. O Accepted for Publication. ® Submitted for Publication. O Publication style
P Y

Publication Details

Doady TM, Lewis M, Benycn RG, Byrne G. A method to map riparian exotic
vegetation area to inform water resource management. Submitted - Hydrological
Processes.

Author Contributions

By signing the Statement of Authorship, each author cerlifies that their stated contribution to the publication 15 accurate and that
permission is granted for the publication to be included in the candidate's thesis

Mame of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Signature

Conceptualize research, data collection, analysis and interpretation, wrote manuscript,
corresponding author.

Date l fg',_f'f‘g

Name of Co-Author

Megan Lewis

Contribution to the Paper

Signature

Supervised development of project. advise data analysis methods, appraise
manuscript.

Date l /3/5/220/3

Name of Co-Author

Richard Benyon

Contribution to the Paper

Appraised drafts of the manuscript.

Signatura

e | 12/3/2043

Name of Co-Author

Guy Byrne

Contribution to the Paper

Remote sensing technical assistance

Signature

Date

13




14



Statement of Authorship

Title of Paper

A method to map riparian exotic vegetation area to inform water resource
management

Publication Status

O Published, O Accepted for Publication, ® Submitted for Publication, O Publication style

Publication Details

Doody TM, Lewis M, Benyon RG, Byrne G. A method to map riparian exotic
vegetation area to inform water resource management. Submitted - Hydrological
Processes.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualize research, data collection, analysis and interpretation, wrote manuscript,
corresponding author.

Signature

Date

Name of Co-Author

Megan Lewis

Contribution to the Paper

Supervised development of project, advise data analysis methods, appraise
manuscript.

Signature Date
Name of Co-Author Richard Benyon

Contribution to the Paper Appraise manuscript

Signature Date

Name of Co-Author

Guy Byrne

Contribution to the Paper

Remote sensing technical assistance

Signature

Date 153\5

15




16



Statement of Authorship

Title of Paper

Potential for water salvage by removal of non-native woody vegetation from dryland
river systems

Publication Status

@© Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino K, Hultine KR, Benyon RG.
2011. Potential for water salvage by removal of non-native woody vegetation from
dryland river systems. Hydrological Processes, 25, 4117-4131.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualize manuscript structure, wrote manuscript, developed water salvage
checklist, corresponding author,

Signature I Date | S22

Name of Co-Author Pamela Nagler

Contribution to the Paper Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

lDate ] /lq.qu'(‘/_/m /5, 20/3

Name of Co-Author

Edward Glenn

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

(o | [are ) 1{205

Name of Co-Author

Georgianne Moore

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

| Date i

17




18



Statement of Authorship

Title of Paper

Potential for water salvage by removal of non-native woody vegetation from dryland
river systems

Publication Status

® Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino K, Hultine KR, Benyon RG.
2011. Potential for water salvage by removal of non-native woody vegetation from
dryland river systems. Hydrological Processes, 25, 4117-4131.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate's thesis.

Name of Principal Author (Candidate)

Tanya Doody

Contribution to the Paper

Conceptualize manuscript structure, wrote manuscript, developed water salvage
checklist, corresponding author,

Signature

Date

Name of Co-Author

Pamela Nagler

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Edward Glenn

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Georgianne Moore

Contribution to the Paper

Signature

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

lDate 3"/.2'/3

19




20



Statement of Authorship

Title of Paper

Potential for water salvage by removal of non-native woody vegetation from dryland
river systems

Publication Status

@® Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino K, Hultine KR, Benyon RG.
2011. Potential for water salvage by removal of non-native woody vegetation from
dryland river systems. Hydrological Processes, 25, 4117-4131.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Kiyomi Morino

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Kevin Hultine

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Richard Benyon

Contribution to the Paper

Appraise manuscript

Signature

Date

Name of Co-Author

Contribution to the Paper

Signature

Date

21




22



Statement of Authorship

Title of Paper

Potential for water salvage by removal of non-native woody vegetation from dryland
river systems

Publication Status

@ Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino K, Hultine KR, Benyon RG.
2011. Potential for water salvage by removal of non-native woody vegetation from
dryland river systems. Hydrological Processes, 25, 4117-4131.

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Kiyomi Morino

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date ?\; P \2‘)

Name of Co-Author

Kevin Hultine

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Richard Benyon

Contribution to the Paper

Appraise manuscript

Signature

Date

Name of Co-Author

Contribution to the Paper

Signature

Date

23




24



Statement of Authorship

Title of Paper

Potential for water salvage by removal of non-native woody vegetation from dryland
river systems

Publication Status

@ Published, O Accepted for Puslication, O Submitted for Publication, O Publication style

Fublication Details

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino K, Hultine KR, Benyon RG.
2011. Potential for water salvage by removal of non-native woody vegetation from
dryland river systems. Hydrological Processes, 25, 4117-4131.

Author Contributions

By signing the Statement of Authorship each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate's thesis

Name of Principal Author (Candidate)

Kiyomi Marino

Contribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Kevin Hultine

Cantribution to the Paper

Appraise manuscript, contribute knowledge from water salvage research in the United
States.

Signature

Date

Name of Co-Author

Richard Benyon

Contribution to the Paper

Appraised drafts of the manuscript, suggested revisions to the structure of the paper.

Signalure

pae | 12/3/290)3

Name of Co-Author

Contrbution to the Paper

Signature

Date

N
()]




26



Table of Contents

27



28



Table of Contents

QUANTIFYING WATER SAVINGS FROM WILLOW REMOVAL IN SOUTHEAST AUSTRALIA

DECLARATION.... ...ttt ettt e e e e ettt e e e e e e be et e e e s nne et e e e e s asee e e e e nn s e e eeaesan e aanneeeeseaannneneeeeaansnnneeaeasnneees

AUTHORSHIP STATEIMENTS. ...ttt ettt e e et e te e e s et e e e e e s ass e e e e e e e sanneeeeeeeannrneeeeeeeaannsnneeeannnns

TABLE OF CONTENTS.......ceeiiiieiiiiee ettt e e e ettt e e e s e e e e e e e e s e s e e e eeane et e e e e e e anebeeeeeansseeeseeeeeaanseeeeeesennnnneenaann

LIST OF FIGURES. ...ttt ettt sttt st e e e b e e e bb e e e e aab e e e et b e e e aabe e sabeeesnbeesanees

LIST OF TABLES..........coeeitiititiiieet ettt e e bt e bt e st e s bbbt e ebe e s ab e e e e abbe e e bbbt e sab e e e eabbeeeabeeesanbeesansnennnee

ABSTRAGCT ...ttt ettt e ettt e bt e e b bt e e s i bt e s bt e e e bt et e bt e s ab e e e e s b e e e e b be s enb e e s e b b e e e bt e e e be e e e breennes

DEDICATION. ...ttt ettt e e e ettt e e e e e e e saaat e e e e e s e sneee e e e s s seeeeease et eeesaannseeseeeee e ansseeeeeesannteeesennsneeeesnres

ACKNOWLEDGEIMENTS........ooiiiiiiiiieiee ettt e ettt e e e s sttt e e e e e s s bt e e s e et e e e e s ansaeeeesanssaeeeeeeeeennreeeeessannnsenaan
CHAPTER 1

INTRODUCGTION......cooitiiiitiitieeiee sttt e site ettt e sbte e bt e e s beesabeesbeessbeesbeesabeesabeesabeesasbeesabaesnseesnnseenane

Background QNA CONTEXE.........cccueeieeeeeeeiieeeeeeet e eeee e e st ee e e s stee e setaee e e abeeessssaeesesseeesssteseesnnnees

Importance of water accounting in the Murray-Darling Basin.........cccccoeecvviieeeeenccnnnneen...

INVASIVE SPECIES. cevituiuruieiereietettiiiattratere b e eesasasesssasaaaaaaaaseaesesanaaeeeanans

Water resource accounting and weed management in the Murray-Darling Basin...........

R Yoo ] o -2 PRSP

TRESIS SEIUCLUI®. ...ttt ettt ettt e sa e et s bt e s sbb e e bt e s be e s bt e s abeesabeesabaesabeeenaeesnsts
CHAPTER 2

QUANTIFYING WATER SAVINGS FROM WILLOW REMOVAL IN AUSTRALIAN STREAMS.............

Y Y 2 X 1 o ot ST PR PP PPRUPPPRNt

INEFOGUCTION. ..ottt sttt b e e s e s be e sabe e st be e sabeesateesabaesnbeees

1Y L2 g Lo o KOO PRSP TP PTPPPR

Site @STADIISHMENT... i e e

(61112 - T OO P PR PR TP

EVaPOtranspiration. ..o

BN E o1 L[] o DO N

AV ToToT =) 4 o] o PN

LN =T Col=] o1 A To] o PR T PP

Water saving CalCUIatioNS.........uiiicieec et e et nre s

(@ do 1V Y ol oY o [Tot {=Te - | T ISP

AVl g T=TTd o i £ - SRR

RESUIES ..ottt ettt ettt ettt e e ettt e sttt e e s abbe e e s abe e e e abaeaeesabeeeeaabeeeeeabeaeeenaneees

Transpiration iN 2005/20086...........ccoeieieeeirreeeireeeeeeeeeeeereeeireeesteeeeseeeereeesseesssseessessreesssens

Transpiration in 2006/2007 and 2007/2008.........ccueeeeeeireeeeiereseeeereeeereeeereesereeereesseesenns

EVaPOtranspiration. ..o

Statistical confidence intervals and potential sources of error........cccceeevvevevcieeeccieeeenns

DUSCUSSION.....ceveieieeeee ettt e e e e e e et et e e e s r e e e e e e e e e e snnreneeeeeeeesennnneee

Willow water use and potential water SAVINGS.........cccuieeiviiiiecciee e

Inhibiting factors to WilloW Water USE..........ooiii it

Potential water saving from willow removal..........ccccoooiiiiiiiiii e,

Comparison of results With [iterature............ooeeeiiii e

Riparian Red GUM Water USE..........uuiiieiiiiiiiiiiiiee e e ettt e e e e e e eeetaae e e e e e e s earaaeeeeseaeeeennsannnes

Environmental Management........coociiiiiciiie ettt e e e e e e s eae e e ennes

CONCIUSION.....eeeiiieeeeeee ettt ettt ettt et e s et e bt e s sabe e s abe e s st e e s abe e bt beenbeeenatesabeeesaseenanes

g =1 = ol =TSSRt
CHAPTER 3

DEVELOPMENT OF PAN COEFFICIENTS FOR ESTIMATING EVAPOTRANSPIRATION FROM
RIPARIAN WOODY VEGETATION..........ocooviiiiiiiiiii s



ADSEIOCT ...ttt ettt ettt ettt e te et ettt ebe et et et e b ensese s st et essess s et enseaeeteeteneeteeteebeneeten 71

INEFOGUCTION. ...ttt ettt ettt ettt bbb ettt b e s st e e s et besnnas 71
1Y =114 o T TSRS 72
OVBIVIBW.. .ttt ettt s b et et e st et et e st ehe s eae e st eae et esesb et emees e ebe s entebeasesenteneesensannan 72
Penman-Monteith model of evapotranspiration...........cccccoeeieeieieiiccccecee e 73
Field measurements for model calibration and validation...........cccceeeervienvnceneineeeee 74
Application of the Penman-Monteith model to develop pan coefficients for 30
AUSLFalian refErENCE SILES.. ..ottt b e e 75
Open water evaporation MOEl.........cc.ccoveuiiiiiiiieiiceeeeee e 77
RESUILS ..ottt etttk et bbbtk b et b bbbtk e s 77
1= Lo o 1 - TSRS 77
Penman-Monteith model validation..........cccoveireiieeieee e 78
Open water evaporation MOUEL...........cooiuiiiiiiiicceceee e 80
Derived pan coefficients and estimation of evapotranspiration and water savings......... 81
DUSCUSSION.......ceieeeeiiset ettt ettt h e bt b b et et e b e b st st eb e b e e 82
CONCIUSION. ...ttt et bbbttt bbbt s ettt et e b et et be s e s e e ees 85
REFEIEICES........ovoeeeeeeeeeeeeee ettt ettt ettt b ettt b et et et et e se b tese st et ens et e se st st ese s eaessetane 85
CHAPTER 4 93

A METHOD TO MAP RIPARIAN EXOTIC VEGETATION AREA (Salix spp.) TO INFORM WATER

RESOURCE MANAGEMENT.......c.coiiiiriititeteteieieieertsisisest sttt ettt bttt bebeses e e sanesbesesanennsesasans 95
ADSEIACT ..ottt ettt bbbttt sttt b ettt A ket b bbbttt et ettt tetas 95
L g o [V ot o Lo OSSR 95
1Y =114 oo R ST 97

STUY SIEO ..ttt ettt et et e te st be et et ene e sbeebe b eneebesbe b ensereetensens 97

RV A=T =] - Ao o TSRS SRS 97
L= == OO OOPTRRRRPR 97
M Pre-PrOCESSING. .. eiuiiiieeieierieetintt et rie st e e st et esbesaeestestessesaeestebesssentestesseensenssessesseensas 98
Discriminant analysis and image classification............ccccoceeirieiiicicce e 99
Image classification to discriminate WilloWs...........cc.cooiiiiicicieiccccee e 99
Classification aCCUracy ass@SSMENT........ccociiiiiieicicece ettt e s b senens 100

L T o T T - PSR 100
RESUIES ...ttt ettt sttt ettt e a s e et e sese s e s e ae st eeese s esene et e aeneebe st s e senenetene st 101
Linear discriminant @nalySiS.........ccoceieieieieuiieiiieieicteeteeet ettt e 101
ClaSSIHfICAION ....veuiiiiiete e sttt ettt ettt 101
WIilIOW ClasSITICatiON...c.cuiuiiiriieiccce et 102

L T o T T = PSR 103
DUSCUSSION........oneeeee ettt ettt a e a et e b e et et e st e ae et e e e st ese s e st eneebeebe st e st ebesbenseneaes 103
Weed management and water resource implications..........ccccceveeiieceveccicccceeecece e 104
Benefit of improved WorldView-2 spatial and spectral resolution............cccccceevevieenennnnee. 105
Significance of Weed MapPPiNg......cccciiiicieiieiceeeee ettt 107
CONCIUSION. ...ttt ettt bbbttt bbbt e s e ettt st b et et be s e s e e ens 107
REFEIEICES ...ttt sttt ettt b ettt ettt e b et e se st tese bt e st et e se st et ess s eaessetane 107
CHAPTER 5 111

POTENTIAL FOR WATER SALVAGE BY REMOVAL OF NON-NATIVE WOODY VEGETATION

FROM DRYLAND RIVER SYSTEIVIS..........oceiiitiiiiiiririsieteieteteeistesestese sttt sas e nesessesssesesans 111
ADSEIACT ...ttt et w113
Introduction 113

History of US saltcedar and Australian Willows.............ccooieiiiiiiciicicececeeee e 114
Case study of saltcedar in the USA...........c.o ettt 115
Case study of Willows in AUSEralia..........c.cooiiuiiiiieeieeeee e 120
Factors determining the likelihood of water salvage.........c.ccoceoeveviviiciieecccecee 122
CONCIUSION. ...ttt bbbttt bbbt s ettt et et bt sesen e e ees 123
REFEIEICES.........ovoeeeeeeeeeeee ettt ettt ettt b ettt ettt e b et e se bt ete st et e st et e st e b ess s eaessetane 124

30



CHAPTER 6 129

DISCUSSION..........oouiueieiiiiiiet sttt sttt ettt bbbt et s e ae s st e sa e b s e s ebebe s b b et s ebebesesesssssesssasesesesassesesas 129
L g o [V ot o Lo OSSR 131
Summary of specific contributions to KNOWIEAGE................coowcevueeeeeecieieeeiereesieeeeeee e 132

Water use of Willows (Chapter 2).......cceioiiececeeeesee ettt ene e 132
Modelling willow evapotranspiration using the Penman-Monteith model (Chapter 3)... 133
Mapping willow distribution using WorldView-2 imagery (Chapter 4).........cccoeeeeeneeennn. 134
Ecohydrological setting which enhance the potential for water salvage (Chapter 5)..... 135
Validation of sap floOw (APPENdiX).....cc.ueiieiiiiii e e 136
Willow management in AUSTIQIQ.............c.ceoueueeeeeeeeeeee ettt et ea e 136
LIMITEGEIONS ...ttt ettt e b e bttt bt bbbt bt b e e e b et b e e s eneebene 137
Recommendations for fUtUIre reSEAICh.................ccueeeveeceeiieeeeeeee et 138
CONCIUSION. ...ttt ettt bbbt bbbt s ettt et et bbb e s en e e ees 139
References 141
APPENDIX 147

LABORATORY VALIDATION OF SAP FLOW..........cccceiiiriirieieieirieieieieeeeses et se s st essssssnenens 147
INEFOGUCTION. ...ttt ettt sttt e sa e e s be e s bt e st e e st bt e sabeesbeeesabeenaeeas 147
IMIBLROM. ...ttt sttt ettt et sttt et e e b st e e b e e bt e s be e s tee s bteenraee s 147
RESUILS ANA CONCIUSION.....c..veeiiiiiiiiiiie ettt ettt e e s tee e st e e sbae e e snatbeeaessnnes 148

31



32



List of Figures

CHAPTER 1

Figure 1.
Figure 2.

Figure 3.

CHAPTER 2

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

CHAPTER 3

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

CHAPTER 4

Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

Map of the Murray-Darling Basin highlighting major rivers, floodplains and wetlands and
ITTIZATION @IEAS. . uiiiiii ittt st e e e e et e e e e st bt e e e s e ssbeeeaeeeessstbaaeeeesasbaaaeesesassseeeesnnass
Approximate water budget for the Murray-Darling Basin in mm™ year‘l. SOURCE: Leblanc et al.,

Thesis conceptual framework highlighting knowledge gaps addressed and tools developed in
each manuscript and the respective scale of the research.........ccccccevceeiiecceececceece e,

Daily transpiration of Red Gum trees and willows situated on the bank and in the creek in
2005/06 at Jerilderie. River height data from August 17, 2005 illustrates short term flooding......
Daily transpiration of willow trees situated in-stream in 2006/07 (Jerilderie) and Red Gum trees
and willows situated on the bank and in-stream in 2005/06 (Jerilderie). Creek level throughout
the measurement period in 2006/07 iS SHOWN. ....ccveeiiiiieieriieiese e
Daily transpiration of willow trees adjacent the weir and in the creek in 2007/08 (Yanco) and
willows situated in the creek in 2005/06 (JENIErIE). ..ccveevveeieeeieereciee et
(a) Daily water use during each measurement period based on crown projected area in 2005/06
(Jerilderie). (b) Cumulative total water use based on crown projected area for willows and Red
GUMS N 2005706 (JEFIARII®). wvveiueeeereeereeeeree ettt ettt et et et e e e et e et e e ae e et e e enseesteebeeeseeenbeenseenreas
Cumulative total water use based on crown projected area for willows (a) 2006/07 (Jerilderie)
aNd (b) 2007/08 (YANCO). covreereiieeeieieie ettt e ette et e e eeteeste e e e e sbe e beesaaeebeesbeesasseestaesaseesseeseenseeensensseans

(A) Ten biogeoclimatic zones of Australia, showing locations of some of the 30 key reference
sites (Thackway and Cresswell, 1992). (B) Salix spp. presence across continental Australia.
Credit: Weeds of National Significance (www.weeds.org.au/WOoNS/).......ccceevveveeveerireenreeseennnens
Regression relationships between leaf area index and time of year (Julian Day) for S.
babylonica. (A, B) and S. fragilis (C, D). (A and C) shows leaf area index from day 1 (January 1) to
day 200; (B and D) shows leaf area index from day 201 to day 365.........ccceevveecreenieecreenreeirvenneenne
Relationship between monthly mean measured ET and Penman—Monteith (P—M) ET (mm day")
averaged for all S. babylonica sites and years (A) and for both S. fragilis sites (C). Observed (—)
and modelled monthly ET (- - -) averaged for the same periods and sites are shown for S.
babylonica in (B) and for S. fragilis in (D). Error bars in (B) and (D) show the 95% statistical
confidence intervals for 0bSErved ET.......ociiiiiiiiiiiiieeieeieese ettt s sae e
Mean monthly measured ET in millimetres per day (—) and Penman—Monteith (P-M) (- - -) ET
for three S. babylonica measurement periods of 2005/2006 (A, modelled ET = 1910 mm year'l),
2006/2007 (B, modelled ET = 2075 mm year'l) and 2007/2008 (C, modelled ET = 2030 mm year
Y. Graph (D) displays mean monthly measured ET for S. fragilis where (—) represents the
Happy Valley site (modelled ET = 1222 mm year'), (—) represents the Tea Garden site
(modelled ET = 1333 mm year"l) and (- - -) represents Penman—Monteith ET; 95% confidence
intervals of measured ET are SNOWN.......coeiieiiiieeee et ae e e
Relationship between measured open-water evaporation (Eopen) and pan evaporation (Epan)
(mm day'). S. babylonica location (A), S. fragilis 10CatioN (@).......coveveeereeeeeeeeeseereeserereeeeeeesesenans

Location of the study site is within the extent of the rectangle in north east Victoria, Australia...
Study area showing WorldView-2 reflectance (red, green and blue bands) overlain by the
extent of aerial PROTOZIAPNY.......ui it e et e e b e s reeeae e s e e nnnean
Aerial photography illustrating complexity and heterogeneity of the riparian environment.
Willows are distinguishable by bright green foliage. Other land cover types include “native
trees and shrubs’, ‘grass’, ‘water’, ‘shaded water’ and ‘shaded vegetation’ and ‘sand'.................
Mean spectral response of willow and other riparian land cover categories. Bars indicate
standard deviation per land cover category and WorldView-2 band.........cccccovveevcieveenenrceecineene.
Distribution of regions of interest for linear discriminants one (LD1) and two (LD2). Wi-willows,
N-native, G-grass, Wa-water, SW-shaded water. Overlap between willow and grass spectra is

33

48

51

53

61

63

64

64

65

76

77

79

79

80

98

98

99

101

101



Figure 6.

Figure 7.

CHAPTER 5

Figure 1.
Figure 2.

Figure 3.

Figure 4.
Figure 5.

APPENDIX

([T LoF: 1 =T RO SO OO OSSPSRV PPORTRRRRRPO
WorldView-2 image (red, green and blue bands) illustrating the area of mapped in-stream
willows, (shown in black), along Ovens River and Tea Garden Creek. The Tea Gardens study site
is located within the rectangle in the lower south-west CoOrner.........ccveveveerieeciece e
The mapped extent of in-stream willows delineated for the Tea Garden research site shown in
Figure 6 (Doody et al., 2013). WorldView-2 reflectance (red, green and blue) for the study area
L3R o 1Yo

Recorded locations of tamarisk from compiled datasets listed in Nagler et al. (2011a, 2011b).....
Distribution of Salix spp. across Australia. Source: Australian Government.
http://www.weeds.org.au/WoNS/willows/docs/Map 2.4.39 willows_MgtActions_10_Feb_201

Schematic of an idealized bottomland ecosystem, including key physical and biological
components (from Healy et al.,

Schematic of an idealized cross section of river bottomland surfaces showing native and non-
native plant communities (from Nagler et al., 2010).......c.cccveeiiveeiieieieiee e
Diagrams of groundwater movement in relation to streamflow (from Alley et al., 1999)

Figure 1. Comparison of sap flux densities measured by the heat pulse and gravimetric methods in three

willow stems. Vertical dashed lines indicate pressure head iNCreases.......ccccvvvveeeeciieeeiieeeciieeeennnes

34

105

106

115

116



List of Tables

CHAPTER 2

Table 1.

Table 2.

Table 3.

Table 4.

CHAPTER 3

Table 1.
Table 2.

Table 3.
Table 4.

Table 5.

Table 6.

Summary of modelled and measured data on willow transpiration (average T) and
evapotranspiration (average ET) rates derived from a search of the international literature........
Measured or estimated water balance components and calculated total evapotranspiration of
Red Gums, willows and open water for the 2005/2006 and 2006/2007 measurement period at
Jerilderie, and the 2007/2008 measurement period at Yanco. “Saving” refers to potential water
saving if in-stream willows are removed. 95% confidence limits for each water balance
COMPONENT AT SNOWN...cuviiieiiitieierieetesie e st st ett et e st etesbestesseesbesaseesseestesbeesseentesseeseensensesssensensenseen
Calculated 95% statistical confidence intervals for evapotranspiration in 2005/2006 and
2006/2007 at Jerilderie and 2007/2008 at Yanco, illustrating the upper and lower limits of
potential water saving year1 ha' of willow crown Projected area......ccceeuveveereeereeneeseeeseeseeseeens
Average daily rates of transpiration and evapotranspiration for all measurement years
(calculated from annUAl tOTAlS)........cceiiiiiiieiiicee et et sre e aae s beesraebeeenne

Location and climatic characteristics of 30 reference sites for evapotranspiration modelling.......
Annual evapotranspiration of S. babylonica (Doody and Benyon, 2011) over three growing
seasons between 2005 and 2008 and S. fragilis over one growing season in 2008/2009..............
Comparison of measured and modelled open-water evaporation.........ccccceeeeeeeeererieeeseesiessennns
Monthly pan coefficients for each calibration site, determined from Penman—Monteith
modelling using 30 years of weather data and monthly pan evaporation data derived from 30
years of pan evaporation data (1980—2010).........ccceervueerrrerieeneeerieeeerreeseeeereesteessesesreesseessessneenns
ET of S. babylonica and S. fragilis across 30 reference sites predicted from Penman—Monteith-
derived pan coefficients, modelled open-water ET and estimated water savings, based on 30
years of MeteorologiCal data.......ccccvecieecee e e et ea e s e e e e e nnee s
Comparison of measured ET and open-water evaporation for S. babylonica and S. fragilis
(showing 95% confidence intervals) and 30 year mean annual modelled ET and open-water

[V o Lo T - 11 o o PO PP USROS

Appendix A. Measured water balance components and total ET of Salix fragilis and open water at Happy

Valley (HV) and Tea Garden (TG) and mixed riparian eucalypts at TG in 2008/2009. ‘Savings’
refers to potential water savings (ML year‘l) per hectare of willow crown projected area, if in-
stream willows are removed; 95 % confidence limits for each water balance component and
total ET are shown, illustrating upper and lower limits of total ET and potential water savings....

Appendix B. S. babylonica pan coefficients for each reference site.........cccoeveerieeceecee e

Appendix C. S. fragilis pan coefficients for each reference site.........ccceveeveecieiecce s
Appendix D. Pan evaporation (mm day_l) for each reference site, averaged for the period 1980-2010........

CHAPTER 4

Table 1.
Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Selected studies employing remote sensing to identify and map weed distributions....................
Accuracy assessment of ground truth versus classes predicted by jack-knife analysis after linear
AISCIIMINGNT ANAIYSIS...ueiiiiiieiiiie et e s e e s be e st a e e e e sbaeesbteesabeeesbaeeestaeansaeas
Summarised maximum likelihood and Spectral Angle Mapper classification results using
WorldView-2 imagery that had (1.) no noise reduction, (2). median 5x5 filter and (3.) MNF
transformation and median 5x5 filter. The classification result with the highest kappa is shown
[T g I ={ <2 2O PP UPPOOTUPPRRRt
Error matrix for MNF and median filtered maximum likelihood classification result, classifying
willows with all other land covers amalgamated into ‘Other’.........ccccovvvrieecieecee e
Error matrix for the median filtered maximum likelihood classification result, classifying willows
with all other land covers amalgamated into ‘Other’...........ccccouvviiiiieiiie e,
Error matrix for the median filtered maximum likelihood classification result, classifying willows
and all other [aNd COVET CatEEONIES. .. .ccciuiii ettt e st be e e sta e e e eabeessbaeesseeaas
Error matrix for the MNF and median filtered maximum likelihood classification result,
classifying willows and all other [and coOver CategOries.......ccvuiereereeriierieeeeree e

35

60

65

65

66

73

78

80

81

82

82

88
88
89
90

97

102

102

103

103

104

104



CHAPTER 5

Table 1.
Table 2.
Table 3.

Table 4.
Table 5.

Table 6.

Table 7.

APPENDIX

Table 1.

Global examples of introduced riparian Plant SPECIES.......uuvvreceereerie e se e
Summary of willow distribution in Australia by state or territory........cceceevveevceessceeecese e,
Annualized rates of evapotranspiration (ET) by Tamarisk stands measured using different
MELOAS ON WESTEIN US FIVEIS....eiiiieiiieieeiie ettt ettt ettt st e sbe e sabeeatesbeesaeeebesaseenne
Estimates of evapotranspiration by native riparian vegetation in the southwestern USA.............
Annual evapotranspiration of native riparian vegetation and Salix species within semi-arid and
cool temperate climatic ZoNes iN AUSTIAlia.......ccvieeiieiie e e
Measured annual evapotranspiration or evapotranspiration range of various native vegetation
TYPES TN AUSTIAIIA. c..iei it e e e e s e e e ste e e s e eabeeesbae e e bbeesbaeeerbaeeasnaeanns
Generalized checklist to aid understanding of the potential for water salvage from removal of
introduced riparian VEETatioN.........cii it st

Comparisons of mean sap flux density determined from the heat pulse and gravimetric
methods. Average sap flux densities are shown for three sample stems at two pressure heads
LT AT 12 ) YOS oo

36

116

117
118

121

121

123

149



ABSTRACT

37



38



Abstract

Two global issues are brought together in thisishtes address a facet of both water resource and
weed management in Australia. Water resource sgadsrdf global concern as human need for water
increases and uncertainty in future water avaitgbdssociated with climate change continues to
evolve, particularly in arid and semi-arid regioRsirthermore, invasive species modify landscapes
around the globe in response to anthropogenic starsyalterations, with significant impacts within
aquatic systems. Water savings projects are umgestigation in Australia in response to resource
over-allocation and impacts of a prolonged drodghm 1997 to 2009 (‘The Millennium Drought’).
An overarching aim of such investigations is toumetwater to the environment to meet future
consumptive and environmental water requirements.sdutheast Australia, invasive willows
(SalicaceaeSalix spp.) have been identified as naturalized weedshwimvade stream beds. In
natural systems, stream beds are generally uncatugpnd willow establishment increases total
riparian leaf area and therefore total evapordtgses. Anecdotal evidence suggested water could be
returned to creeks and streams if willows were ngrdpcreating water saving. Strategies exist within
State and Commonwealth agencies in Australia toitmomwillow invasion, reduce environmental
impacts and establish programs to reduce furthexasip However, current methods to identify and

monitor willow distribution are costly and time @ming.

In this dissertation, field investigations were artdken to quantify water use of willows and to
determine the potential water savings associatéd removal of willows from creeks and streams
within the Murray-Darling Basin. Methods are deled which can potentially be applied across
riparian zones worldwide, to aid water accounting aater resource management. Three years of
sap flow and water balance measurements, undertaketetermine willow evapotranspiration,
indicate that removal dBalix babylonica located within stream beds with permanent accesgater
(‘in-stream’ willows) in semi-arid areas will potally return 5.5 ML h& year" of willow crown
projected area to the stream when removed. A giyglarlong study undertaken in a cooler temperate
region established potential water savings of 3L19Hd” year! if Salix fragilis stands were removed
from stream beds. Evapotranspiration of willow amddemic woody species were compared,
establishing that removal of willows from water iied environments is unlikely to return a water
saving. Two Penman-Monteith models (a model Sobabylonica and S. fragilis) were calibrated
using field measurements of leaf area index anthatal conductance. Each model was validated
using field measured evapotranspiration and thanawalculate monthly pan coefficients (the ratio
of evapotranspiration to pan evaporation) for espécies across broad climatic ranges in Australia.
Derived monthly pan coefficients and monthly paapmration predict evapotranspiration of willows
across various climatic zones to assist accourdimd) management of water resources at broader

scales. Furthermore, development of a simple opeterwevaporation model coupled with
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evapotranspiration pan factors provides a meansstionate potential water savings from willow
removal across broader climatic zones. The parficmeft method presented has broader application
across riparian systems worldwide providing a metttoscale woody vegetation evapotranspiration

across climatic zones using validated evapotraatipir models.

To further enhance and improve willow managemercizes, an economical remote sensing
technique was developed to discriminate canopy afeaillows located within stream beds from
native vegetation and willows situated on bankscitdre generally water limited environments. A
method is described using very high resolution \diéw-2 imagery (2x2 m) to identify and
calculate total canopy area of both in-stream aatemlimited willow infestations within a target
region. Delineating willow canopy area provides atmod to scale willow evapotranspiration and
water savings predictions associated with remof/ai-etream willows to catchment scale, to account

for catchment evaporative losses, thus providisg@sal information to catchment managers.

As intensive and science-based resource manag@uiggies are required to address predicted future
water scarcity in Australia, the knowledge delivkffeom this research addresses some important
knowledge gaps. For example, current and futuremavailability is predicted within catchments
using hydrological models, while vegetation evagospiration is predicted from remote sensing.
Direct measurement of riparian evapotranspiratitnengthens water availability estimates and
addresses some ‘unspecified losses’ associatedMithay-Darling Basin water balance estimates.
Estimates of potential water savings related toorerhof willows also assists with catchment water
accounting. Tools derived within this dissertatmovide methods to scale willow and native riparian
evaporative losses and water savings estimatesléoahto regional scales, further improving eféort

to account for and manage water resources in Aiastrad worldwide.

This thesis provides evidence that water savingspmentially be achieved by removing willows
located within stream beds which have permanenesscdo water and inhabit an otherwise
unoccupied niche, increasing both total canopy d&@é and riparian evaporative losses. Methods are

also provided to scale willow water use informatitom local to regional catchment scales.
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I ntroduction and Context

Importance of water accounting to the Murray-Darling Basin

Water scarcity is an increasing phenomenon worldwiosrought to the attention of the general
population by the uncertain future impacts of glakarming and climate change on water resources.
Australia has been referred to as the “driest inbdbcontinent” (Smith, 1998) with landscapes
strongly water limited by evaporative demand exoegdainfall across the majority of the continent.
Over 70% of Australia is designated as an arideonisarid zone (Jamest al., 1995), so projected
shifts in climate resulting in less rainfall andyinér temperatures pose a significant threat torwate
resources in Australia. Fears have recently begilifted as the most severe drought on record, ‘The
Millennium Drought’ (Timbalet al., 2010; Leblanast al., 2012), between 1997 to 2009, greatly
reduced water availability in the nation’s food thevthe Murray-Darling Basin (Leblaret al., 2012;
Figure 1). Approximately 60% of Australia’s waterused for agricultural irrigation within the Basin
(CSIRO, 2008). In preparation for predicted futwvater shortages, the Australian Government
requires science-based resource management pdlicigotect water resources and environmental
assets. Currently an integrated approach to waferm is underway, to improve the accounting and
management of water resources within the Murray#@Basin. Accounting for hydrological fluxes
within designated catchment areas is critical tounderstanding of overall water availability ireth
Basin, in an effort to balance environmental andscoptive water use requirements. To date this
balance has not been achieved, culminating in sedegradation of environmental assets within the

Basin and significant agricultural economic los@#&'si et al., 2011).

Water extraction for irrigation purposes began irs#alia in the late nineteenth century, partidular

in the Murray-Darling Basin, and has continued tigtmout the twentieth century with ever-increasing
pressure on water resources, as development hdaummhwith little resource management. Growth
in irrigation diversions in the latter half of theventieth century has subsequently caused serious
environmental degradation and intensified commetitbetween water users, culminating in water
reform with the development of the National Watstiative in 2004 (CoAG, 2004). The focus has
since shifted from developing water resources toximiging productivity while ensuring

environmental, economic and social sustainabiligb{ancet al., 2012).
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Figure 1. Map of the Murray-Darling Basin highlighting major rivers, floodplains and wetlands and irrigation areas.

During the Millennium Drought, an independently addished and funded government company,
‘Water for Rivers’ was commissioned to achieve gigant improvements in environmental flows in
the Snowy River in New South Wales and the Riverrsjy The objective of the company was to
find 282 gigalitres in annual water savings througinastructure improvements and water savings
projects. Increased riparian water use from invasiillow species (Salicaceagalix spp.) within the
complex Basin river system was an option investigahs a potential source of water saving.
Anecdotal evidence suggested willows were high masers. Accurate water accounting and recent
development of water trading markets could poténtfand the cost of willow removal if real water
savings are demonstrated. Investigation is thezefequired to determine the impact that invasive

willow species have on water availability from lbtaregional scales.

Considerable effort is underway to improve the aoting of hydrological fluxes within the Murray-
Darling Basin. Modelling undertaken within the Basintegrates available stream flow and
consumptive water use data and estimates of evaaysptiration losses to create water accounts within
18 catchment zones to report future water rescawvadability under various climate change scenarios
(CSIRO, 2008). More recently, the Water Informati®tesearch and Development Alliance

(WIRADA, http://www.csiro.au/partnerships/wirgdeéhas been designated a principal role of
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forecasting water availability across Australia. wéwer, the current national scale modelling
approaches using a median climate change scewapetiict water availability in 2030, have large
uncertainty surrounding them (Leblaet al., 2012), requiring finer scale approaches to dfyant

water availability.

At the local scale, Catchment Management Authari(f@MAS) are required to protect and enhance
the ecological assets in their regions, balanceld ststainable productive farming practices, and to
facilitate irrigation efficiencies and water shariplans. Tools to aid catchment managers to identif

monitor and manage invasive species and to unaerstasociated risks to water resources within

their catchments are therefore required.
Invasive species

Floodplain ecosystem health deteriorated sevendlya Murray-Darling Basin during the Millennium
Drought as a result of reductions in flooding freqey (Murray-Darling Commission and Brett Lane
Associates, 2005; Armstrorgg al., 2009; Cunninghanet al., 2010), compounded by other factors
such salinity, grazing, pests and weeds (Mac Natlgt., 2011). Invasive species, particularity in the
riparian zone, establish as a result of disturbamndeydrologic alteration (Potk al., 1997; Busch and
Smith, 1995). River systems are spatially and tealfyodynamic environments influenced by high
flow variability and sporadic, often unpredictalfi@oding, in which riparian communities are more
susceptible to invasive species than adjacent dgammunities (Gregorst al., 1991; DeFarrari and
Naiman, 2000; Stohlgrea al., 1998, Hood and Naiman, 2000; Brown and Peet3R@oods in
smaller streams and tributaries within the Basin dplace existing vegetation and remove and
redeposit sediment, creating cleared substrateh@atin which competition for light, space and
nutrients is decreased (Edeal., 2010). These altered riparian ecosystems arexaible to invasion
by weed species (Lonsdale, 1999; Paatkal., 1997) such aSalix. In some cases, weed invasions
increase the total riparian canopy area, leadiradttitional riparian evaporative losses. In Augiral
high invasiveness of willows is facilitated by ledstance propagule dispersal along riverine
corridors (Hancoclet al., 1996; Tickneret al., 2001; Richardsost al., 2007), allowing willows to
establish on stream banks and within stream beds mtherwise unoccupied habitat, to increase total

riparian canopy area.

Phreatophytes are plants that frequently accessatugated zone for their water supply (Robinson,
1958).Salix species are known obligate phreatophytes (Strogréta ., 2010), and thus are restricted
to environments with consistently high water avallty afforded by shallow depths to watertable
Froend and Drake, 2006). In fa&slix presence in the landscape has been recognisediadicator

of shallow groundwater (Buschet al., 1992). Likewise, in AustraliaSalix species are closely

associated with perennial channels which provideabie sources of water, indicative of their

49



perceived ability to extract large amounts of wdtem the environment (Thorp, 2001). A detailed

literature review ofalix evapotranspiration is provided in Chapter 2.

Over recent decades, there has been increasingrooglbally over the environmental impacts of
‘environmental weeds’ (invasive plant species). iEBmnmental weeds are defined as introduced
species which have naturalized and invaded natacalsystems (Adair and Groves, 1998).
Environmental weeds are the “most important drivefschange in ecosystems” (Millennium
Ecosystem Assessment, 2005), however, surprisilitly is known about their overall impact on

ecological processes (Millennium Ecosystem Assesgr2605).

In Australia, national concern over the potentiakat willows pose to stream and wetland ecology
with respect to high water use, alterations toastreyeomorphology and flow and dense deciduous
canopies, has resulted in the majority of willoweaps being declared as ‘Weeds of National
Significance’ (ARMCANZ, 2001). A national strategp-coordinating effort to manage and control
willows throughout Australia (Farrell, 2003) is w@rdiay in an attempt to prevent further alteratibn o
waterways. Extensive willow removal programs haeerb undertaken since the 1990s to restore
stream health with an assumption that willow renhavill return water to streams. These programs
are expensive however, with no research to quamifipw water extraction and few studies that
guantify impacts on aquatic ecosystem function.tdrest al., (1994), Schulze and Walker (1997),
Yeates and Barmuta (1999), and Jayawaréaak, (2006) report macroinvertebrate food sources and
species richness and density falix infested streams in comparison to native spedeates and
Barmuta (1999) conclude that macroinvertebrateshingyefer willow leaves as a food source,
Schulze and Walker (1997) found few differencesmeen invertebrate colonists of willows and
native River Red Gums, with Jayawardagtaal., (2006) presenting a similar conclusion when
comparing willow root habitat to nativehragmites habitat. Lestert al., (1994) however, found
depressed invertebrate density in small New Zealstneams in sections occupied by willows.
Similarly, Greenwoodkt al., (2004) report lower abundance and diversity arfapy arthropods in
willow stands, likely related to lower wood planiversity. It was found by Holland-Clifet al.,
(2011) that native transects had more birds, hpeties and foraging guilds than willow invaded or

cleared transects. These studies indicate potergtive impacts of willows on aquatic ecology.

In order to manage, monitor and account for watesés associated with invasive willows, research is
required to quantify the water use $lix species, determine if water savings can be acthiéoen
removal of willows and to provide tools to map will distribution and scale the findings across

larger spatial scales and climates.
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Water resource accounting and weed management in the Murray-Darling Basin

The Murray-Darling Basin covers approximately 1limil km? or 14% of Australia’s total land area
with 23 river valleys (Figure 1). The Basin consgn@®% of Australia’s total agricultural water to
generate 40% ($4.6 Billion, ABS, 2008) of natiomaricultural production. The majority of rice
production and 90% of cotton grown in Australia wscin the Basin. The Basin contains valuable
environmental assets including 30,000 wetlandsygized as important to water bird and fish for
feeding and breeding (MDBA, 2010). Sixteen wetlaags listed under the Ramsar international
convention (Ramsar, 1971) and approximately 200awds are listed in the Directory of Important
Wetlands in Australia (ANCA, 1996). The extensivetland system performs essential hydrological
and biogeochemical functions (Colloff and BaldwiB010) which support and maintain the

productivity and health of river systems.

A stylised summary of the approximate water budgethe Murray-Darling Basin is shown in Figure

2 (Leblancet al., 2012). The Murray-Darling Basin encompassesabe climates and rainfall
patterns which are represented by an overall aggueggipitation in Figure 2. Available surface wate
resources are represented as 30 mm year or 6%inéélran the Basin after dryland evaporative
losses. Of the available surface water, 42% isdsted in farm dams and from watercourses (Leblanc
et al., 2012) to support irrigated agriculture. An amail 29% is lost to ‘unspecified sources’ which
the authors suggest is a combination of evapordigses related to floodplain and wetland
replenishment (Leblaret al., 2012).

Precipitation

472

Dryland ET

442

Farm dam interception

Soil Open water
. evaporation o
154 p Diversions
14.2
Outflow to sea
Groundwater SRi\;er 28 3 Wetland losses
ystem .

Unspecified

Groundwater Inter-basin losses
extraction transfer

Figure 2. Approximate water budget for the Murray-Darling Basin in mm™ year'l. SOURCE: Leblanc et al., 2012.
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Although riparian vegetation water losses are Vikiel be a small proportion of total evaporative
losses within the Basin, such losses are impoltaally, representing large volumes of water which
support environmental and consumptive water useldfiased research to quantify evaporative
losses associated with invasive willow and natiparian species may help to enhance estimates of
unspecified evaporative losses for water managemepbses. Elucidating if water can potentially be
salvaged through removal of willows can then infdroth catchment and water resource management
bodies where water savings might be realised, wdtilthe same time managing an environmental
weed. Provision of tools to scale estimates of eratpre losses from local to regional estimates
further enhances the investment in field-basedarese A recent study (CSIRO, 2008) estimated
vegetation evapotranspiration from satellite rematensing but did not incorporate field
measurements. Lack of field validation of evapatpmration estimates creates some uncertainty in

national estimates of vegetation evaporative losses

Key knowledge gaps within weed management and watgragement framewaorks include (1) lack
of knowledge on willow water use at both local aadional scales and (2) accurate evaporative loss
information is required at local and regional ssateenhance uncertainties around current andgutur

water availability modelling estimates with respictiparian vegetation.
Scope

The research presented in this thesis addressasetitbto improve our understanding of invasive
riparian phreatophytic evaporative losses withim Murray-Darling Basin and provides tools to scale

results across broader spatial scales and climaties. The aim of the research is specifically to:

(1) quantify Salix water use (evapotranspiration) and estimate thenpal to return water to the

environment from removal of willows, hyndertaking intensive field measurements;

(2) undertake additional native riparian water useasurements to quantify the net impact on

evapotranspiration from replacing willows with natitree species;

(3) develop a tool to scale local willow evapotairstion and water savings estimates across seven

climatic zones in Australia to regional scale eat®s, using evaporative pan coefficients;

(4) assess the feasibility of using remote senginmap willow distribution and develop a tool to

delineate willow canopies from native vegetatiorgviling a method to link evapotranspiration and
water savings estimated from pan coefficients t@ped regional scale areas of infestation. This
allows accurate determination of evaporative lossed potential water savings associated with

willow removal across climatic zones;
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Collectively, this body of research provides essgntnformation and tols to improve ou
understanding of thémpact of willows on water resources in the Mu-Darling Basin. The
outcomes informaccounting of evaporative losses associated wélptesence of native and will
species along riparian corridors and providw sciencebased knowledge to support manager
objectives and assist development of science bassdurce management polic Tools are
presented within this thesis which link evaporativsses to regional water accounting and ai

overall catchmenwillow managemen

Thesis Structure

The body of research is presented as scientificus@ipts which are published in p-reviewed
international journals. Each manuscript providesnalependent literature review relevant to the
area of research. €hthesis is composed wsix Chapters (Figure 3)The tody of the thesis is
presented as independepiblished manuscripts in Chaptel, 3, 4 and 5This style of presentatic
results in some repetition, particularly in therdatuction and reference Is, with some overlap i

methodology.
Chapter 1

Chapter 1 (Introduction) provides a brief overvietthe factors driving the need for the repol
research and provides a unifying research tl. Figure 3 highlights theonceptual framework ar
linkages betweethe published manuscrij which address knowledge gaps of willow water useé
willow impact on water resources, and the toolsettgyed to enhance water resource manage

and willow management from local to broader sc:

Knowledge Gaps Tools Scale
Chapter 1 Introduction Water resource management
Weed management
Chapter 2 Willow evapotranspiration _ tocsl
s
. = «
Chapter 3 Penman-Monteith % g § Look-up tables
evapotranspiration = @ E % Regional
: . g = £ = Remote Sensing
Chapter 4 Willow Mapping § = Method
Chapter 5 Water savings Ecohydrological Global
checklist
Chapter 6 Conclusion

Figure 3. Thesis conceptual framework highlighting knowledge gaps addressed and tools developed in each manuscript and
the respective scale of the research.
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Chapter 2

Doody TM, Benyon RG. 2011. Quantifying water sagifiggm willow removal in Australian streams.

Journal of Environmental Management, 92, 926-935.

Chapter 2 addresses the need for improved infoomabn willow water use dynamics to aid
management decisions relating to willow removabdéiailed literature review highlights the need to
undertake an intensive field based water balanadysh Australia. The study quantified the various
components of willow water use in two semi-aridatians over three years and examined whether
water savings could be achieved by willow removaital evapotranspiration of invasive willows,
native riparian vegetation and unshaded open wetee compared to estimate water savings from

willow removal and replacement with native vegetati
Chapter 3

Doody TM, Benyon RG, Theiveyanathan S, Koul V, StawL. 2013. Development of pan
coefficients for estimating evapotranspiration fronparian woody vegetationHydrological
Processes (DOI: 10.1002/hyp.9753

Chapter 3 included additional field measurementsviliow water use for one year at two cool
temperate sites for a second willow species ansiepted data on how willow transpiration is related
to stomatal conductance and leaf area index. Tidsdata reported in Chapter 2 are used to calibrate
and validate the Penman-Monteith model of evapep@ation. The validated Penman-Monteith
model is run for two willow species using 30 yeafsclimate data at each of 30 locations across
seven biogeoclimatic zones of Australia to prodtefgles of monthly pan coefficients for each
location. These pan coefficients provide a simpkthod for water resource managers to estimate
long-term monthly and annual willow evapotranspiratbased on local measurements of pan
evaporation. Coupled with a simple model of opertewavaporation derived from field data,
potential water savings for each location can beutated. This chapter addresses the need to scale
from local to regional measurements by extrapadgfiiom the field study sites to other regions withi
Australia, enabling improved cost-benefit analysisvillow removal. The method developed may

have global application.
Chapter 4

Doody TM, Lewis M, Benyon RG, Byrne G. 2013. A maihto map riparian exotic vegetatidsalix
spp.) area to inform water resource managenisir.ological Processes (DOI:10.1002/hyp.9916).

Chapter 4 examines the utility of high resolutiatetlite remote sensing to economically map willow

distribution. A method to discriminate willow canoprea from surrounding vegetation is described
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and tested. Used in conjunction with the look-ugda presented in Chapter 3, this relatively lowstco
mapping tool will enable weed and water managemhasie accurate regional estimates of willow
evapotranspiration and water savings for mappegktaareas. In addition, the remote sensing tool
provides an approach to allow catchment managenmsdnitor willow distribution spatially and

temporally, using a method which has global appitica
Chapter 5

Doody TM, Nagler PL, Glenn EP, Moore GW, Morino KHultine KR, Benyon RG. 2011. Potential
for water salvage by removal of non-native woodygetation from dryland river systems.
Hydrological Processes, 25, 4117-4131.

Chapter 5 provides a global perspective on therwas®surce impacts of invasive species in riparian
zones, focusing on the potential to realise wademgs from weed removal. This manuscript uses the
contrast between two case studies (saltcedar ibtited States and willows in Australia) to derave
generalised conceptual understanding of the ecological circumstances under which removal of
riparian weeds is likely to provide a net waterisgv It concludes that water savings are possible
when the invasive species occupy unused nichesedsing total riparian canopy area. The impacts
on water savings in gaining and losing streamsdaeussed and a globally applicable generalized
checklist is presented to enhance understandirgraimstances which may lead to water savings

from riparian weed removal.
Chapter 6

Chapter 6 (Discussion and Conclusion) provides\arvwew of the research results and synthesises
the knowledge acquired. It discusses the signifieast the findings, limitations and potential figur

areas for progression of research in the contettieothesis findings.
Appendix

It is important to ensure transpiration measuremamidertaken using sap flow measurements
represent xylem flow accurately in order to accdonunder or over estimation of tree and plot wate
use to provide scientific rigour to the results.a@ter 2 reports the results of a cut-stem validatio
technique forSalix bablylonica, showing a slight underestimation. The same teglmhowever, was
less successful f@alix fragilis. The Appendix therefore presents a laboratorydesilbn technique to
validate sap flow of botls. babylonica and S. fragilis. This component is not presented in other

Chapters due to word limitations enforced by pugrs.
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CHAPTER 2

Quantifying water savings fromwillow removal in Australian streams
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Doody, T. & Benyon, R. (2011) Quantifying water savings from willow removal in Australian streams.
Journal of Environmental Management, v. 92(3), pp. 926-935

NOTE:
This publication is included on pages 59-68 in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:

http://doi.org/10.1016/}.jenvman.2010.10.061
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CHAPTER 3

Development of pan coefficients for estimating evapotranspiration from
riparian woody vegetation
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Doody, T., Benyon, R., Theiveyanathan, S., Koul, V. & Stewart, L. (2013) Development of pan
coefficients for estimating evapotranspiration from riparian woody vegetation.
Hydrological Processes, v. 28(4), pp. 2129-2149

NOTE:
This publication is included on pages 71-91 in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:

http://doi.org/10.1002/hyp.9753
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CHAPTER 4

A method to map riparian exotic vegetation (Salix spp.) area to inform water
resour ce management
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Doody, T., Lewis, M., Benyon, R. & Byrne, G. (2013) A method to map riparian exotic vegetation
(Salix spp.) area to inform water resource management.
Hydrological Processes, v. 28(11), pp. 3809-3823

NOTE:
This publication is included on pages 95-109 in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:

http://doi.org/10.1002/hyp.9916
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CHAPTERS

Potential for water salvage by removal of non-native woody vegetation from
dryland river systems
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Doody, T., Nagler, P.L., Glenn, E.P., Moore, G.W., Morino, K., Hultine, K.R. & Benyon, R. (2011)
Potential for water salvage by removal of non-native woody vegetation from dryland river systems.
Hydrological Processes, v. 25(26), pp. 4117-4131

NOTE:
This publication is included on pages 113-127 in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:

http://doi.org/10.1002/hyp.8395
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| ntroduction

The overarching goal of this thesis was to quankibw much water invasive willow species
(SalicaceaeSalix spp.) consume, to determine if water savings @madhieved though removal of
willows from creeks and streams in Australia. Aulitidnal goal was to determine whether estimated
water savings would be maintained if willows wemplaced with native riparian species. This
research addresses a knowledge gap identified doygaliernment bodies that funded the research.
Accurate field evapotranspiration estimates addnesdelled regional water availability knowledge
gaps and inform weed management strategies thabaoerned with willow removal and potential to

save water.

This thesis has contributed to the goal by invesitigy willow water consumption over four years, for
two willow speciegSalix babylonicaand Salix fragili9 located in a semi-arid and cool, temperate
climate representing typical regions where willgwsliferate in Australia. In each climate zone, the
comparative studies reported in Chapters 2 and & wadertaken to quantify whether estimated
water savings were maintained, should willows bmaeed and replaced with native trees. The
Penman-Monteith modelling of evapotranspirationcdbsd in Chapter 3 provided a simple method
for water resource managers to extrapolate the fegults to other climates and regions. The remote
sensing of willow canopy area described in Chapterovides a means to scale point estimates of
willow evapotranspiration and water savings to wehotgions based on remotely mapped willow
locations and extent. Chapter 5 placed the residilte Australian studies in a global context and
provided a conceptual understanding of the circantsts under which removal of riparian weeds will

save water more generally.

The field studies described in Chapter 2 and Ch&ptgovide important new knowledge on willow
water use dynamics in riparian zones. The results/ihed unexpected insights into riparian
vegetation water use and water consumption iniogléabd niche occupancy. While willows located on
stream banks maintained similar water use rate®-#dgcated native species, willows situated within
stream beds could maintain higher rates of water Vihen located in stream beds, willows occupy
an unused niche and increase total riparian canog®, indicating that removal of in-stream willows

will create a water saving.

Chapter 2 reported temporal and spatial water ysardics of willows in response to heat stress,
drought and attack by willow sawfly larvaBlématus oligospilysto further clarify situations when

water salvage might be achievable. Chapter 3 irgagsd the ability of the Penman-Monteith model
to estimate willow evapotranspiration and applied validated Penman-Monteith model to derive
monthly water use and pan coefficients across sewaional climate zones. Field estimates of

stomatal conductance were important to calibrag¢entiodel for eaclsalix species, while leaf area
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index for this deciduous tree appears less impbttem assumed prior to the study. Results provide
insights into areas where willow invasion and sgrslaould be avoided, based on climatic suitability,

to prevent potential future impacts on water resesir

Chapter 4 investigated the utility of very high alegion satellite imagery (WorldView-2) to

accurately discriminate willow stands from othgrarian vegetation to provide a mapping method
which can be used to detect and monitor willow giwas across the nation. In this investigation
minimal spectral conflict with grass occurred a®sult of buffering the riparian zone and manually
removing errant pixels post-classification, usirgryvhigh resolution aerial photography to guide

decision making.

Chapter 5 investigates through review and casey/sthd ecohydrological drivers which make water
salvage possible from willow removal in Australiadaexplains why, to date, water savings have not

been realised in the United States.
Summary of specific contributionsto knowledge

Water use of willows (Chapter 2)

The primary aim of Chapter 2 was to determine will(Salix babylonica -weeping willow) and
native riparian Eucalyptus camaldulensis River Red Gum) water use from intensive fieldtera
balance measurements over three years, in a s@mélimate. The motivation was to provide
evidence rather than anecdotal accounts, that r@nodwillows will create a water savings as willow
evapotranspiration is higher than evaporation fapan water. Prior to undertaking the study, it was
assumed a water savings would result however itthvasnagnitude of the water savings that was

unknown.

The study determined annual transpiration rates) féalix and E. camaldulensistands using sap

flow sensors. Rainfall, soil and shaded water ekatpmn, open water evaporation and canopy
interception were also measured. The measuremames wged to calculate annual evapotranspiration
and water savings achievable from willow removaleddurements of leaf area and stomatal

conductance were collected for parameterisatidgh@Penman-Monteith model in Chapter 3.

An initial assumption that willows located alongestm banks and those which had colonised within
stream beds maintained similar rates of transpinatvas rapidly proven inaccurate. Instead, it was
demonstrated that riparian trees located on stiemks maintained low transpiration rates, simiar t
native vegetation nearby, while willows located hiit stream beds maintain significantly higher
rates. Estimates of native riparian and willow entggnspiration are provided for trees without

permanent access to water situated along strearks bamd willows located in-stream. A peak
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transpiration rate of 15.2 mm dayvas recorded for in-stream willows compared toydhB mm
day” for water limited bank located willows. A compambhaximum of 15.2 mm d&yfor willow
transpiration has not been reported in the liteeata date. Evapotranspiration estimates indidzdeé t
removal of bank willows would not generate a waterings as evapotranspiration was less than open
water evaporation. However, from a management petisie, removing and replacing bank willows
with E. camaldulensisvould not alter the water budget, but it would aideradicating an invasive
weed species. Predictions of water savings arertexpavith removal of willows located in-stream
which have permanent access to water. Willow evapepiration exceeded open water evaporation
by an average of 550 mm y&awover the three years, thus 5.50 ML ykaer ha of willow canopy
area could potentially be salvaged if in-streantonis were removed. It was specifically found twat t
achieve water savings, willows must have permaraacess to water and be located within a
perennial stream bed or along permanently satursttedm banks without water limitation. Water
salvage from removal of in-stream willows is poksis native vegetation does not normally colonize
within stream beds in Australia. Additional findsdighlight a propensity for willows to recover
rapidly from stress when not water limited, witlressors including extended periods of high
temperatures and low humidity and defoliation bylomi sawfly larvae. Severe drought reduced

willow transpiration significantly because everegeén the stream bed became water-limited.
Modelling willow evapotranspiration using the Pemydonteith Model (Chapter 3)

The aim of Chapter 3 was to calibrate and valida¢ePenman-Monteith model using data collected
and outlined in Chapter 2, to develop monthly paefficients (the ratio of mean evapotranspiration
to mean pan evaporation) f&alix babylonicaacross seven biogeoclimatic regions in Australia.
Collection of additional field data from a coolroktic region was requested and funded by the North
East Catchment Management Authority to expand wilwater use knowledge further and develop
pan coefficients fofSalix fragilis The motivation behind this component was to askltbe need to
understand willow evapotranspiration across broadafes and varying climatic zones, providing a
simple, economical method to estimate the potentiglacts of willows on water resources.
Additionally, evapotranspiration models have noteiously been used to model willow

evapotranspiration in Australia and globally thare no reports of willow pan coefficients.

The study involved the collection of additionallfieneasurements of sap flow and water balance
components, incorporating a second comparative ystuith native riparian tree species
(predominantly Eucalyptus camaldulengidsrom two field locations in cool temperate Vidtor
Stomatal conductance and leaf area measurements eadlected for Penman-Monteith model
calibration. All trees had permanent access to mwdtee Penman-Monteith model was calibrated
incorporating leaf area and stomatal conductancasmrements to predict evapotranspiratiorSof

babylonicalocated in-streanand validated against field data. A second moded walibrated to
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predict in-strean$. fragilis evapotranspiration and validated against fieldad&teteorological data
from 1980-2010 including mean pan evaporation fbk&y reference locations, within seven climatic
zones combined with the validated models, produggdue monthly pan coefficients for each key
location, from which mean annual evapotranspiratiem be estimated. A simple relationship between
field-determined open water evaporation and papareion was developed to estimate annual open
water evaporation at each key location. Water gmvivere estimated as the difference between

annual willow evapotranspiration and open watepevation.

Field data indicate possible average water savafg890 mm yeat from removal ofS. fraglis
situated in a cool climate, located within the atnebed. Evapotranspiration rates of bank located
willows and eucalypts were not significantly diéat from each other or from in-stream willow. This
is in contrast to the semi-arid environment whesekbwillows and Red Gum were water limited.
Modelling results indicate that field data collette calibrate each Penman-Monteith model were
appropriate, providing high correlations betweerdeiand field results 10.88S. bablylonicaand
r’=0.99S. fragilig. A vapour pressure deficit parameter derived fiihin literature forEucalyptus
trees was proven acceptable for modelling willowpmoiranspiration. Use of a constant mean willow
leaf area instead of seasonally variable leaf gawa reasonable predictions of evapotranspiration a
thus willow evapotranspiration appears to be drikgravailable energy, enabling simplification of
model input parameters in this study. Pan coefiisiavere developed for both willow species for 30
key locations. Evapotranspiration and water saviegfimates using these pan coefficients should
provide reasonable indicators of areas in Australteere willow spread should be avoided or

controlled, based on climatic suitability to spread

Mapping willow distribution using WorldView-2 imaggChapter 4)

The aim of Chapter 4 was to develop a method tarately map willow distribution along riparian
zones. The research was motivated by a need @ranéethe results and tools developed in Chapter 2
and Chapter 3, to extrapolate willow evapotrangipinaand water savings estimates to regional

scales, providing total estimates within definettlsment areas.

The study required tasking WorldView-2 satelliteamery at a time which was representative of
maximum willow leaf area but also minimum undersyograss cover to reduce spectral confusion.
The 25 km study area overlapped the region containing telel fites used in Chapter 3 in a cool
climatic area of Victoria. Very high resolution 18. m) aerial photography and a digital elevation
model (0.15 m) were used to represent ground tlath and provide a means to delineate stream
channels. Discriminant analysis, spectral anglepaafSAM) and maximum likelihood supervised
classifications and spectral noise reduction tepes were employed to differentiate willows from

other vegetative cover in the study region.
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Discriminant analysis defined WorldView-2 bands'doéstal blue’; 400-450 nm), 5 (‘red’; 630-690
nm), 6 (‘red edge’; 705-745 nm), and 8 (‘near irddi; 840-1040 nm) as optimal bands to
discriminate willow canopies. The best differentiat of willows was obtained using a maximum
likelihood classification after minimum noise friet and 5 x 5 median filtering, discriminating
between a willow category and a category of combitegher’ land cover classe&dppa= 0.92,
willow user’s accuracy 94%, overall accuracy 97%)e process was further simplified with a small
loss of accuracy, by only applying the 5 x 5 mediker (kappa= 0.91, willow user’s accuracy 93%)
to provide a simpler repeatable technique for mamamt authorities. Overall results provide a
significant improvement to a bi-seasonal remotesisgnmethod reported by Noonan and Chafer
(2007). Finally, a digitised stream channel geregraising a digital elevation model, delineated in-
stream willows from bank willows to demonstrate titiéity of a simple, economical mapping method
to aid willow and water management and water adboginTotal riparian vegetation area of 59 ha
occurs within the 25 kfrstudy area, with 19 ha of that area occupied lipws. The total area if in-
stream willows within the 25 kivstudy area, was 10.4 ha or approximately 20% etakal riparian
area. Total water savings from removal of thesstieam willows is estimated as 41 ML y&ifrit is
assumed tha8. fragilisis the dominant species, where removal will pagdigtrealise 390 mm year

ha' of willow canopy projected area.

Ecohydrological setting which enhance the poteritalater salvage (Chapter 5)

The aim of Chapter 5 was to improve our understandif the ecohydrological drivers that might
potentially lead to water being returned to theimmment following the removal of woody weeds.
This component was motivated by the need to proaiglobal understanding of how invasive species
in riparian areas impact on water resources. Aalfdlily, similar international research informs
managers about knowledge gaps not addressed ith#sis, related to improving our understanding
of situations which might reduce the potential @vage water in Australia. These include

hydrological setting, specifically losing and gaigistream scenarios.

This study was undertaken as a review of literajpreviding a detailed case study comparing
invasive willows in Australia to invasive saltced@amaricacea€famarixspp.) in the United States

of America.

The study demonstrated that willows in Australi@ugy an unused ecological niche (with respect to
woody vegetation) by invading and colonising strdaads. In doing so, willows increase the total
canopy area of riparian vegetation present, consp@areccupancy by native species only. In contrast,
saltcedar in the United States colonise along igpacorridors at similar densities but not withim a

unoccupied niche. Rather, saltcedar displace nafiegian species or coexist with them. In general,
saltcedar are unlikely to increase total riparicenapy area and maintain similar rates of

evapotranspiration to those of native species. Assalt, studies to date in the United States to
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demonstrate actual water savings have not reatizecexpected increases in flow or groundwater
storage. This result is specifically related to fmjogical setting of woody vegetation and niche
occupancy. It does not take into consideration rehof emergent non-wood macrophytes. The
study concluded that the chance and magnitudehadgiag water from removal of invasive riparian
species was highly variable and site specifics hyipothesised that water savings would be realised
Australia with removal of in-stream willows as thiegrease total riparian canopy area and occupy an
unused niche. As a result of the review, a checidipresented to provide a global perspectivehen t
ecohydrological settings that will potentially demstrate actual water salvage from removal of

invasive riparian species.

With respect to saltcedar removal studies in tha#ddrStates, the area of vegetation removed might
have represented a relatively small proportion h&f tatchment area. Bosch and Hewlett (1982)
suggest at least 20% of catchment area requiregersian from forest to grassland to be detected as
changes in stream flow. Therefore, water salvage fsaltcedar removal may be possible over larger

scales.
Validation of sap flow (Appendix)

Results presented in the Appendix add rigour tartdrespiration measurements reported in Chapter 2
and 3. Mean error of £ 7% is reported Balix less than the overall error of 35% for the hadse
velocity technique when applied Eagus grandifolialAmerican Beech; Steppt al, 2010). Of note,

is the importance of applying a wound correctiorewhising heat pulse sensors (Stegipal., 2010).
This correction is reported in Chapter 2 to be 8@ for bothSalix and Eucalyptus camaldulenis
This was later confirmed to be accurate by exargimirilled wood sections under a microscope and

measuring wound width from discolouration of danthgglem cells.
Willow management in Australia

Prior to the research presented in this thesike itas known about willow water use. Catchment and
weed managers removed willows to return waterceuiseénore natural states as open flowing water
bodies which are not heavily shaded by exotic \aget. It was assumed that willow removal might

reduce evaporative losses as well as reduce imfzaatpiatic ecology related to willow invasions.

Studies suggest potential negative impacts of willaccupancy for bird, terrestrial and aquatic
assemblages (Lestat al, 1994; Greenwoocet al, 2004; Holland-Cliftet al, 2011). Stream
geomorphology is altered as thick root mats divexter outside the natural stream channel (Beinn
al., 1993) causing bank erosion. Water quality isuced, resulting from bank erosion, root mats
clogging channels, reducing flow and large input®r@anic material in autumn following willow

senescence as opposed to annual leaf fall of exargrative species (Gregayal, 1991; Baldyet
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al., 1995; Schulze and Walker, 1997; Janssen andaNdlR99; Wilson, 2001). Water temperature is
potentially altered as large, dense canopies sbatie stream surfaces when willows are located in-
stream, altering aquatic primary production (Leskral, 1994, Van Kirk and Benjamin, 2001).
Schulze and Walker (1997) suggest bank locatedwdllinhibit understorey growth which affects

terrestrial biodiversity.

The research in this thesis provides evidencewlastr savings are possible from in-stream willow
removal in southeastern Australia. However, important to understand that at a whole of catchment
scale, the water savings are likely to be quitellsraa the area of in-stream willows is quite sniall
comparison. Willow removal is also likely to beneffjuatic and terrestrial ecology. These benefits
however, must be weighed against the cost of reherva disposal of willow material and stream
bank stabilisation that willows provide. As willowwmoval programs have been undertaken for many
years, catchment managers have a very good unaéirggaof the costs involved. These costs can
now be considered against the additional benediviged from returning water resources to creeks
and streams across different climatic zones. Madniocosts are also likely to be reduced by the
development of a remote sensing monitoring toolcwhallows temporal willow monitoring in the
future. Monitoring is currently undertaken by fiebdsessment or from within a boat, incurring
considerable costs in time and effort with unknaaecuracy. In addition, monitoring accuracy will
improve with application of the remote sensing t@ported. Cost benefit analysis relating to willow
removal is a case by case process; however catthmearagers can be better informed by applying

the tools and knowledge of willow water use presentithin this thesis.

Limitations

Several limitations of the research presented is thesis must be acknowledged. Statistical
confidence intervals surrounding field estimates@hpotranspiration, open water evaporation and
water savings are discussed in Chapters 2 and [3.flBa measurement errors reported in the
literature range from 5 to 25% (Barredt al, 1995; Hattonet al, 1995). The 95% statistical
confidence intervals for evapotranspiration of 2f@S. babylonicaand 13% foiS. fragilisreported

in Chapters 2 and 3 falls within these previouslyarted error margins. Field experiments employed
the heat pulse technique to determine transpiratites, which is reported to be the most accurfate o
common sap flow methodologies (Steppe al, 2010), increasing confidence in the results.

Confidence intervals of approximately 20% are as¢ed with open water evaporation estimates.

This research also assumes evapotranspiration atet gavings presented are representative of the
commonSalix species in Australia. Caution is warranted wheplyapg results tdSalix species other
than S. babylonicaandS. fragilis Quantifying actual water returns and improvemeat$iydraulic

efficiency resulting from willow removal were beybthe scope of this study. To examine temporal
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and spatial variability within and between willowasds, three years of data was collectedSor
babylonicaand two field locations were used for each spedtesvas not possible to examine
temporal variability ofS. fragilis due to funding constraints. Additional field stesliwould further
improve understanding of the temporal and spatiluénce on willow evapotranspiration. This
research has not quantified the ecological impattwillows or their removal. Such research was

beyond the scope of the project.

Additionally, spectral confusion creates error \itlthe remote sensing method described, which
maps willow distribution. Willows which form an uedstorey toEucalytpusor other native species
are not fully mapped, so underestimates in aredeaxpected in this situation. Since the majaity
willows exist in-stream or on previously uncolomisgtream banks, this does not pose a significant
problem, as willows are mapped very well in thegteatons. The method described does not
distinguish between willow species. The groundhtrintvestigation was only undertaken in one
relatively small study region where water balant& ofragiliswas measured. Very high resolution
(0.15 m) aerial photography provides a suitableogate to ground truth data, but does not allow

differentiation of willow species.
Recommendations for further research

It is recommended that large-scale willow removablies be undertaken to specifically evaluate if
water is actually returned to watercourses as flbis would require detailed monitoring of gauged
river flow before and after willow removal, linkeslith diurnal observation of groundwater bores,
upstream extraction amounts and an understandirgjredm character (gaining or losing stream).

Observations over several years are required tarengater savings are long-term.

It is suggested that additional field-based stuteguantify water use d@alix babylonican a cool
temperate climate anB8alix fragilis in a semi-arid climate are undertaken as well dditianal
measurements for other common willow species. Wuosld further address temporal and spatial
influences on willow evapotranspiration estimates @rovide additional validation and rigour to

results of Penman-Monteith modelling.

It is important to consider investigating the pai@to apply existing open water evaporative medel
reported in the literature, to estimate open wat@poration and develop a new model to specifically
address open water evaporation from narrow waterses. This would reduce uncertainty related to

estimates of open water evaporation.

It is recommended that a method is developed withiate between willow species using remotely
sensed imagery by undertaking a detailed speasgonse field study. Such research would allow

differentiation between willow species to potenyiahighlight different water use patterns across
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willow species and therefore differences in potntiater savings estimates. It would be important t

assess whether timing of senescence can be usagamique to discriminate between species.

Evapotranspiration algorithms specific to Austradiach as that developed by Guerschraaral.,
(2009) could be tested for accuracy against fiedéhsnrements using WorldView-2 imagery (or other
fine resolution imagery) to provide simpler, ecomgah solutions to monitoring catchment willow
evapotranspiration and estimating potential watevings. It is recommended that research be
undertaken to investigate the utility of very higisolution remote sensing imagery to estimate willo
evapotranspiration within a whole catchment. Thisuld provide Salix catchment area and
evapotranspiration estimates and allow calculatibpotential water savings per hectare of willow
canopy removed. Previous studies applied an EMigroed vegetation index) to MODIS imagery
(Nagleret al, 2005; Glenret al, 2007, 2010). However, the spatial resolutionviddDIS is too
coarse for willow estimates. Noonan and Chafer [2@&uggest 10 m resolution is possibly suitable
for mapping willow distribution and thus calculaticof evapotranspiration, however Chapter 4
indicates the spectral resolution of 2m providedydoy World-View2 is essential for willow

discrimination.
Conclusion

Invasive willows in Australia are considered togbserious environmental threat in riparian areas an
current policies include removal. Resource managénpelicy to protect water resources and
environmental assets require a sound scientifisbBsior to the research presented in this thigsis

was assumed that willow removal would result inwater saving, but this had not been tested.

This thesis presents evidence that water savingg@assible from the removal of invasive willow
species located within stream beds in Australiee phesence of willows in an unoccupied riparian
niche in the permanently saturated stream bedeasers overall riparian canopy area. Removal of
these willows will likely return water to the ensitment. Extensive field studies indicate potential
water savings of approximately 5.5 ML yéaha' of willow canopy area removed fdBalix
bablylonicaand 3.9 ML yeat ha* for Salix fragilis These field data were used to produce tools to
assist with future monitoring and management ofowil invasions, highlighting key areas across
Australia where invasions should be controlled andided, to prevent water resource impacts. The
methods reported here are applicable globally ifoilar investigations of the water use of invasive
woody riparian species. This research addressedatefies in water accounting by enabling robust
estimates of riparian evapotranspiration along m@e¢ and intermittent streams for inclusion in

future estimates of catchment water availability.
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APPENDI X

L aboratory validation of sap flow

I ntroduction

Heat based sap flow methods to determine leaf leveihole tree sap flux have a long history
(Swanson, 1994), with three methods commonly engalpyheat pulse velocity, heat field
deformation and thermal dissipation (Stegpeal, 2010). The key issue however for each technique,
is accuracy. Within this study, the heat pulse eityotechnique is used to calculate plot scale wate
use of willows, information which will potentialliead to decisions to remove willow stands from
riparian areas in southeastern Australia. It isefoge important that errors associated with saw fl
measurements are reduced to prevent over or ursienagion of tree water use by validating
measured sap flow against actual xylem flow. A camrtechnique described in detail in Teskey and
Sheriff (1996); Smith (1991); Vertessy al, (1997) is the cut-stem experiment. This techaigias
applied in Chapter 2 to validate use of Greenspgnflow sensors irbalix babylonicawith some
success; however it appeaBslix are very sensitive to xylem flow disruption crehtey stem
segmentation and although applied to validasdix fragilis sap flow, it proved unsuccessful. The
Mariotte’s bottle laboratory technique describedSteppeet al, (2010) was thereafter applied $o
babylonicaandS. fragilisstems in the laboratory to ensure water use estgwaere accurate for each

species.
Method

Sap flow measurements were validated on willow stegtions in the laboratory using a Mariotte’s
bottle system (McCarthy 1934; Stepgteal, 2010). The Mariotte’s system holds flow ratesstant

by maintaining a constant water pressure head 8 @n stem segment. Four sap flow sensor sets
were installed at sapwood depths of 5 and 10 mtwanS. babylonicastems §. babyloniceStem A

and S. babylonicaStem B) and oné. fragilis stem. Heat pulse velocity was measured every 3
minutes while simultaneously collecting and weighthe water passing through the stem using an
electronic balance (VIBRA, SHINKO DENSHI CO, LTDoKyo Japan). Heat pulse velocity was
converted to sap flux density using the method rilessd for sap velocity in Chapter 2. Conducting
wood area was determined using starch stains,rircplar Methyl Orange as described by Kutscha
and Sachs (1962). The volume of water passing tjfirdlue stem was converted to sap flux density by
dividing by stem conducting wood area. The preshasal was increased once during each calibration

with the stem left to equilibrate for 30 minutes.
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Results and conclusion

The heat pulse and gravimetric methods producedlasimstimates of sap flux density i8.
babylonicaandS. fragilisstems (Figure 1 and Table 1). The heat pulse rdeditb not consistently
over- or under-estimate sap flux density. The m&@or was close to zero and errors ranged from a
7% over estimate i8. babylonice&Stem A at pressure head 1 to a 7 % under estim&ebabylonica
Stem B ands. fragilisat pressure head 1. Variation between the twhadstshown in Figure 1 was
similar to that noted by Steppe al, (2010) for this sensor type, with less variapihown at lower

flows.

Steppeet al, (2010) identify a slight underestimation of sayx using the Greenspan heat velocity
technique, however of the three methods analysedt, pulse velocity sensors provided the most
accurate sap flux estimates. Based on the labgratalysis forSalixand results presented in Steppe
et al, (2010), the heat pulse method employed to giyawtter use of willows, appears to provide

accurate estimates of sap fluxSnbabylonicandS. fragilisstems.
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Figure 1. Comparison of sap flux densities meashyeithe heat pulse and gravimetric methods in thiidew stems.
Vertical dashed lines indicate pressure head isesea
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Table 1. Comparisons of mean sap flux density déterinfrom the heat pulse and gravimetric method®rége sap flux
densities are shown for three sample stems at tegspre heads (PH1 and PH2).

Stem Sample M ean sap flux density M ean sap flux density
at PH1 (cm®*cm?2hr) at PH2 (cm®*cm2hr)
Heat pulse Gravimetric Heat pulse  aw@netric
S. babylonicéStem A 9.7 9.0 11.8 11.2
S.babyloniceStem B 12.8 13.7 174 17.3
S. fragilis 5.1 5.4 6.5 6.3
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