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Abstract 

Two global issues are brought together in this thesis to address a facet of both water resource and 

weed management in Australia. Water resource security is of global concern as human need for water 

increases and uncertainty in future water availability associated with climate change continues to 

evolve, particularly in arid and semi-arid regions. Furthermore, invasive species modify landscapes 

around the globe in response to anthropogenic ecosystem alterations, with significant impacts within 

aquatic systems. Water savings projects are under investigation in Australia in response to resource 

over-allocation and impacts of a prolonged drought from 1997 to 2009 (‘The Millennium Drought’). 

An overarching aim of such investigations is to return water to the environment to meet future 

consumptive and environmental water requirements. In southeast Australia, invasive willows 

(Salicaceae: Salix spp.) have been identified as naturalized weeds which invade stream beds. In 

natural systems, stream beds are generally unoccupied and willow establishment increases total 

riparian leaf area and therefore total evaporative losses. Anecdotal evidence suggested water could be 

returned to creeks and streams if willows were removed, creating water saving. Strategies exist within 

State and Commonwealth agencies in Australia to monitor willow invasion, reduce environmental 

impacts and establish programs to reduce further spread. However, current methods to identify and 

monitor willow distribution are costly and time consuming. 

In this dissertation, field investigations were undertaken to quantify water use of willows and to 

determine the potential water savings associated with removal of willows from creeks and streams 

within the Murray-Darling Basin. Methods are described which can potentially be applied across 

riparian zones worldwide, to aid water accounting and water resource management. Three years of 

sap flow and water balance measurements, undertaken to determine willow evapotranspiration, 

indicate that removal of Salix babylonica located within stream beds with permanent access to water 

(‘in-stream’ willows) in semi-arid areas will potentially return 5.5 ML ha-1 year-1 of willow crown 

projected area to the stream when removed. A similar yearlong study undertaken in a cooler temperate 

region established potential water savings of 3.9 ML ha-1 year-1 if Salix fragilis stands were removed 

from stream beds. Evapotranspiration of willow and endemic woody species were compared, 

establishing that removal of willows from water limited environments is unlikely to return a water 

saving. Two Penman-Monteith models (a model for S. babylonica and S. fragilis) were calibrated 

using field measurements of leaf area index and stomatal conductance. Each model was validated 

using field measured evapotranspiration and then run to calculate monthly pan coefficients (the ratio 

of evapotranspiration to pan evaporation) for each species across broad climatic ranges in Australia. 

Derived monthly pan coefficients and monthly pan evaporation predict evapotranspiration of willows 

across various climatic zones to assist accounting and management of water resources at broader 

scales. Furthermore, development of a simple open water evaporation model coupled with 

39



evapotranspiration pan factors provides a means to estimate potential water savings from willow 

removal across broader climatic zones. The pan coefficient method presented has broader application 

across riparian systems worldwide providing a method to scale woody vegetation evapotranspiration 

across climatic zones using validated evapotranspiration models.  

To further enhance and improve willow management practices, an economical remote sensing 

technique was developed to discriminate canopy area of willows located within stream beds from 

native vegetation and willows situated on banks which are generally water limited environments. A 

method is described using very high resolution WorldView-2 imagery (2x2 m) to identify and 

calculate total canopy area of both in-stream and water-limited willow infestations within a target 

region. Delineating willow canopy area provides a method to scale willow evapotranspiration and 

water savings predictions associated with removal of in-stream willows to catchment scale, to account 

for catchment evaporative losses, thus providing essential information to catchment managers. 

As intensive and science-based resource management policies are required to address predicted future 

water scarcity in Australia, the knowledge delivered from this research addresses some important 

knowledge gaps. For example, current and future water availability is predicted within catchments 

using hydrological models, while vegetation evapotranspiration is predicted from remote sensing. 

Direct measurement of riparian evapotranspiration strengthens water availability estimates and 

addresses some ‘unspecified losses’ associated with Murray-Darling Basin water balance estimates. 

Estimates of potential water savings related to removal of willows also assists with catchment water 

accounting. Tools derived within this dissertation provide methods to scale willow and native riparian 

evaporative losses and water savings estimates from local to regional scales, further improving efforts 

to account for and manage water resources in Australia and worldwide.  

This thesis provides evidence that water savings can potentially be achieved by removing willows 

located within stream beds which have permanent access to water and inhabit an otherwise 

unoccupied niche, increasing both total canopy leaf area and riparian evaporative losses. Methods are 

also provided to scale willow water use information from local to regional catchment scales.  
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Introduction and Context 

Importance of water accounting to the Murray-Darling Basin 

Water scarcity is an increasing phenomenon worldwide, brought to the attention of the general 

population by the uncertain future impacts of global warming and climate change on water resources. 

Australia has been referred to as the “driest inhabited continent” (Smith, 1998) with landscapes 

strongly water limited by evaporative demand exceeding rainfall across the majority of the continent. 

Over 70% of Australia is designated as an arid or semi-arid zone (James et al., 1995), so projected 

shifts in climate resulting in less rainfall and higher temperatures pose a significant threat to water 

resources in Australia. Fears have recently been amplified as the most severe drought on record, ‘The 

Millennium Drought’ (Timbal et al., 2010; Leblanc et al., 2012), between 1997 to 2009, greatly 

reduced water availability in the nation’s food bowl – the Murray-Darling Basin (Leblanc et al., 2012; 

Figure 1). Approximately 60% of Australia’s water is used for agricultural irrigation within the Basin 

(CSIRO, 2008). In preparation for predicted future water shortages, the Australian Government 

requires science-based resource management policies to protect water resources and environmental 

assets. Currently an integrated approach to water reform is underway, to improve the accounting and 

management of water resources within the Murray-Darling Basin. Accounting for hydrological fluxes 

within designated catchment areas is critical to our understanding of overall water availability in the 

Basin, in an effort to balance environmental and consumptive water use requirements. To date this 

balance has not been achieved, culminating in severe degradation of environmental assets within the 

Basin and significant agricultural economic losses (Wei et al., 2011). 

Water extraction for irrigation purposes began in Australia in the late nineteenth century, particularly 

in the Murray-Darling Basin, and has continued throughout the twentieth century with ever-increasing 

pressure on water resources, as development has continued with little resource management. Growth 

in irrigation diversions in the latter half of the twentieth century has subsequently caused serious 

environmental degradation and intensified competition between water users, culminating in water 

reform with the development of the National Water Initiative in 2004 (CoAG, 2004). The focus has 

since shifted from developing water resources to maximising productivity while ensuring 

environmental, economic and social sustainability (Leblanc et 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 established and funded government company, 

‘Water for Rivers’ was commissioned to achieve significant improvements in environmental flows in 

the Snowy River in New South Wales and the River Murray. The objective of the company was to 

find 282 gigalitres in annual water savings through infrastructure improvements and water savings 

projects. Increased riparian water use from invasive willow species (Salicaceae: Salix spp.) within the 

complex Basin river system was an option investigated as a potential source of water saving. 

Anecdotal evidence suggested willows were high water users. Accurate water accounting and recent 

development of water trading markets could potentially fund the cost of willow removal if real water 

savings are demonstrated. Investigation is therefore required to determine the impact that invasive 

willow species have on water availability from local to regional scales.  

Considerable effort is underway to improve the accounting of hydrological fluxes within the Murray-

Darling Basin. Modelling undertaken within the Basin integrates available stream flow and 

consumptive water use data and estimates of evapotranspiration losses to create water accounts within 

18 catchment zones to report future water resource availability under various climate change scenarios 

(CSIRO, 2008). More recently, the Water Information Research and Development Alliance 

(WIRADA, http://www.csiro.au/partnerships/wirada) has been designated a principal role of 
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forecasting water availability across Australia. However, the current national scale modelling 

approaches using a median climate change scenario to predict water availability in 2030, have large 

uncertainty surrounding them (Leblanc et al., 2012), requiring finer scale approaches to quantify 

water availability. 

At the local scale, Catchment Management Authorities (CMAs) are required to protect and enhance 

the ecological assets in their regions, balanced with sustainable productive farming practices, and to 

facilitate irrigation efficiencies and water sharing plans. Tools to aid catchment managers to identify, 

monitor and manage invasive species and to understand associated risks to water resources within 

their catchments are therefore required. 

Invasive species 

Floodplain ecosystem health deteriorated severely in the Murray-Darling Basin during the Millennium 

Drought as a result of reductions in flooding frequency (Murray-Darling Commission and Brett Lane 

Associates, 2005; Armstrong et al., 2009; Cunningham et al., 2010), compounded by other factors 

such salinity, grazing, pests and weeds (Mac Nally et al., 2011). Invasive species, particularity in the 

riparian zone, establish as a result of disturbance or hydrologic alteration (Poff et al., 1997; Busch and 

Smith, 1995). River systems are spatially and temporally dynamic environments influenced by high 

flow variability and sporadic, often unpredictable flooding, in which riparian communities are more 

susceptible to invasive species than adjacent upland communities (Gregory et al., 1991; DeFarrari and 

Naiman, 2000; Stohlgren et al., 1998, Hood and Naiman, 2000; Brown and Peet, 2003). Floods in 

smaller streams and tributaries within the Basin can displace existing vegetation and remove and 

redeposit sediment, creating cleared substrate patches in which competition for light, space and 

nutrients is decreased (Ede et al., 2010). These altered riparian ecosystems are vulnerable to invasion 

by weed species (Lonsdale, 1999; Parks et al., 1997) such as Salix. In some cases, weed invasions 

increase the total riparian canopy area, leading to additional riparian evaporative losses. In Australia, 

high invasiveness of willows is facilitated by long-distance propagule dispersal along riverine 

corridors (Hancock et al., 1996; Tickner et al., 2001; Richardson et al., 2007), allowing willows to 

establish on stream banks and within stream beds in an otherwise unoccupied habitat, to increase total 

riparian canopy area.  

Phreatophytes are plants that frequently access the saturated zone for their water supply (Robinson, 

1958). Salix species are known obligate phreatophytes (Stromburg et al., 2010), and thus are restricted 

to environments with consistently high water availability afforded by shallow depths to watertable 

Froend and Drake, 2006). In fact, Salix presence in the landscape has been recognised as an indicator 

of shallow groundwater (Busche et al., 1992). Likewise, in Australia, Salix species are closely 

associated with perennial channels which provide reliable sources of water, indicative of their 
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perceived ability to extract large amounts of water from the environment (Thorp, 2001). A detailed 

literature review of Salix evapotranspiration is provided in Chapter 2. 

Over recent decades, there has been increasing concern globally over the environmental impacts of 

‘environmental weeds’ (invasive plant species). Environmental weeds are defined as introduced 

species which have naturalized and invaded natural ecosystems (Adair and Groves, 1998). 

Environmental weeds are the “most important drivers of change in ecosystems” (Millennium 

Ecosystem Assessment, 2005), however, surprisingly little is known about their overall impact on 

ecological processes (Millennium Ecosystem Assessment, 2005). 

In Australia, national concern over the potential threat willows pose to stream and wetland ecology 

with respect to high water use, alterations to stream geomorphology and flow and dense deciduous 

canopies, has resulted in the majority of willow species being declared as ‘Weeds of National 

Significance’ (ARMCANZ, 2001). A national strategy co-coordinating effort to manage and control 

willows throughout Australia (Farrell, 2003) is underway in an attempt to prevent further alteration of 

waterways. Extensive willow removal programs have been undertaken since the 1990s to restore 

stream health with an assumption that willow removal will return water to streams. These programs 

are expensive however, with no research to quantify willow water extraction and few studies that 

quantify impacts on aquatic ecosystem function. Lester et al., (1994), Schulze and Walker (1997), 

Yeates and Barmuta (1999), and Jayawardana et al., (2006) report macroinvertebrate food sources and 

species richness and density for Salix infested streams in comparison to native species. Yeates and 

Barmuta (1999) conclude that macroinvertebrates might prefer willow leaves as a food source, 

Schulze and Walker (1997) found few differences between invertebrate colonists of willows and 

native River Red Gums, with Jayawardana et al., (2006) presenting a similar conclusion when 

comparing willow root habitat to native Phragmites habitat. Lester et al., (1994) however, found 

depressed invertebrate density in small New Zealand streams in sections occupied by willows. 

Similarly, Greenwood et al., (2004) report lower abundance and diversity of canopy arthropods in 

willow stands, likely related to lower wood plant diversity. It was found by Holland-Clift et al., 

(2011) that native transects had more birds, bird species and foraging guilds than willow invaded or 

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

In order to manage, monitor and account for water losses associated with invasive willows, research is 

required to quantify the water use of Salix species, determine if water savings can be achieved from 

removal of willows and to provide tools to map willow distribution and scale the findings across 

larger spatial scales and climates.  

 

 

50



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

The Murray-Darling Basin covers approximately 1 million km2 or 14% of Australia’s total land area 

with 23 river valleys (Figure 1). The Basin consumes 60% of Australia’s total agricultural water to 

generate 40% ($4.6 Billion, ABS, 2008) of national agricultural production. The majority of rice 

production and 90% of cotton grown in Australia occurs in the Basin. The Basin contains valuable 

environmental assets including 30,000 wetlands, recognized as important to water bird and fish for 

feeding and breeding (MDBA, 2010). Sixteen wetlands are listed under the Ramsar international 

convention (Ramsar, 1971) and approximately 200 wetlands are listed in the Directory of Important 

Wetlands in Australia (ANCA, 1996).  The extensive wetland system performs essential hydrological 

and biogeochemical functions (Colloff and Baldwin, 2010) which support and maintain the 

productivity and health of river systems. 

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

2 (Leblanc et al., 2012).  The Murray-Darling Basin encompasses variable climates and rainfall 

patterns which are represented by an overall average precipitation in Figure 2. Available surface water 

resources are represented as 30 mm year or 6% of rainfall in the Basin after dryland evaporative 

losses. Of the available surface water, 42% is harvested in farm dams and from watercourses (Leblanc 

et al., 2012) to support irrigated agriculture. An additional 29% is lost to ‘unspecified sources’ which 

the authors suggest is a combination of evaporative losses related to floodplain and wetland 

replenishment (Leblanc et al., 2012).  

 

Figure 2. Approximate water budget for the Murray-Darling Basin in mm
-1

 year
-1

. SOURCE: Leblanc et al., 2012. 
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Although riparian vegetation water losses are likely to be a small proportion of total evaporative 

losses within the Basin, such losses are important locally, representing large volumes of water which 

support environmental and consumptive water use. Field-based research to quantify evaporative 

losses associated with invasive willow and native riparian species may help to enhance estimates of 

unspecified evaporative losses for water management purposes. Elucidating if water can potentially be 

salvaged through removal of willows can then inform both catchment and water resource management 

bodies where water savings might be realised, while at the same time managing an environmental 

weed. Provision of tools to scale estimates of evaporative losses from local to regional estimates 

further enhances the investment in field-based research. A recent study (CSIRO, 2008) estimated 

vegetation evapotranspiration from satellite remote sensing but did not incorporate field 

measurements. Lack of field validation of evapotranspiration estimates creates some uncertainty in 

national estimates of vegetation evaporative losses.  

Key knowledge gaps within weed management and water management frameworks include (1) lack 

of knowledge on willow water use at both local and regional scales and (2) accurate evaporative loss 

information is required at local and regional scales to enhance uncertainties around current and future 

water availability modelling estimates with respect to riparian vegetation. 

Scope 

The research presented in this thesis addresses the need to improve our understanding of invasive 

riparian phreatophytic evaporative losses within the Murray-Darling Basin and provides tools to scale 

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

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

environment from removal of willows, by undertaking intensive field measurements;  

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

evapotranspiration from replacing willows with native tree species; 

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

climatic zones in Australia to regional scale estimates, using evaporative pan coefficients; 

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

delineate willow canopies from native vegetation, providing a method to link evapotranspiration and 

water savings estimated from pan coefficients to mapped regional scale areas of infestation. This 

allows accurate determination of evaporative losses and potential water savings associated with 

willow removal across climatic zones; 
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Collectively, this body of research provides essential information and to

understanding of the impact of willows on water resources in the Murray

outcomes inform accounting of evaporative losses associated with the presence of native and willow

species along riparian corridors and provide ne

objectives and assist development of science based resource management policies.

presented within this thesis which link evaporative losses to regional water accounting and aid in 

overall catchment willow management.

The body of research is presented as scientific manuscripts which are published in peer

international journals. Each manuscript provides an independent literature review relevant to the core 

area of research. The thesis is composed of 

presented as independent, published manuscripts in Chapters 2

results in some repetition, particularly in the Introduction and reference list

methodology. 

Chapter 1 

Chapter 1 (Introduction) provides a brief overview of the factors driving the need for the reported 

research and provides a unifying research theme

linkages between the published manuscripts

willow impact on water resources, and the tools developed to enhance water resource management 

and willow management from local to broader scales. 

Figure 3. Thesis conceptual framework highlighting knowledge gaps addressed and tools developed in each manuscript and 

the respective scale of the research. 

 

 

ollectively, this body of research provides essential information and tools to improve our 

impact of willows on water resources in the Murray-

accounting of evaporative losses associated with the presence of native and willow

species along riparian corridors and provide new science-based knowledge to support management 

objectives and assist development of science based resource management policies.

presented within this thesis which link evaporative losses to regional water accounting and aid in 

willow management. 

Thesis Structure 

The body of research is presented as scientific manuscripts which are published in peer

international journals. Each manuscript provides an independent literature review relevant to the core 

e thesis is composed of six Chapters (Figure 3). The b

published manuscripts in Chapters 2, 3, 4 and 5. This style of presentation 

results in some repetition, particularly in the Introduction and reference lists, with some overlap in 

Chapter 1 (Introduction) provides a brief overview of the factors driving the need for the reported 

research and provides a unifying research theme. Figure 3 highlights the conceptual framework and 

the published manuscripts which address knowledge gaps of willow water use and 

willow impact on water resources, and the tools developed to enhance water resource management 

and willow management from local to broader scales.  

framework highlighting knowledge gaps addressed and tools developed in each manuscript and 

ols to improve our 

-Darling Basin. The 

accounting of evaporative losses associated with the presence of native and willow 

based knowledge to support management 

objectives and assist development of science based resource management policies. Tools are 

presented within this thesis which link evaporative losses to regional water accounting and aid in 

The body of research is presented as scientific manuscripts which are published in peer-reviewed 

international journals. Each manuscript provides an independent literature review relevant to the core 

The body of the thesis is 

This style of presentation 

s, with some overlap in 

Chapter 1 (Introduction) provides a brief overview of the factors driving the need for the reported 
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Chapter 2 

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

Journal of Environmental Management, 92, 926-935. 

Chapter 2 addresses the need for improved information on willow water use dynamics to aid 

management decisions relating to willow removal. A detailed literature review highlights the need to 

undertake an intensive field based water balance study in Australia. The study quantified the various 

components of willow water use in two semi-arid locations over three years and examined whether 

water savings could be achieved by willow removal. Total evapotranspiration of invasive willows, 

native riparian vegetation and unshaded open water were compared to estimate water savings from 

willow removal and replacement with native vegetation. 

Chapter 3 

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). 

Chapter 3 included additional field measurements of willow water use for one year at two cool 

temperate sites for a second willow species and presented data on how willow transpiration is related 

to stomatal conductance and leaf area index. This and data reported in Chapter 2 are used to calibrate 

and validate the Penman-Monteith model of evapotranspiration. The validated Penman-Monteith 

model is run for two willow species using 30 years of climate data at each of 30 locations across 

seven biogeoclimatic zones of Australia to produce tables of monthly pan coefficients for each 

location. These pan coefficients provide a simple method for water resource managers to estimate 

long-term monthly and annual willow evapotranspiration based on local measurements of pan 

evaporation. Coupled with a simple model of open water evaporation derived from field data, 

potential water savings for each location can be calculated. This chapter addresses the need to scale 

from local to regional measurements by extrapolating from the field study sites to other regions within 

Australia, enabling improved cost-benefit analysis of willow removal. The method developed may 

have global application. 

Chapter 4  

Doody TM, Lewis M, Benyon RG, Byrne G. 2013. A method to map riparian exotic vegetation (Salix 

spp.) area to inform water resource management. Hydrological Processes (DOI:10.1002/hyp.9916). 

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

distribution. A method to discriminate willow canopy area from surrounding vegetation is described 
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and tested. Used in conjunction with the look-up tables presented in Chapter 3, this relatively low cost 

mapping tool will enable weed and water managers to make accurate regional estimates of willow 

evapotranspiration and water savings for mapped target areas. In addition, the remote sensing tool 

provides an approach to allow catchment managers to monitor willow distribution spatially and 

temporally, using a method which has global application.   

Chapter 5 

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. 

Chapter 5 provides a global perspective on the water resource impacts of invasive species in riparian 

zones, focusing on the potential to realise water savings from weed removal. This manuscript uses the 

contrast between two case studies (saltcedar in the United States and willows in Australia) to derive a 

generalised conceptual understanding of the ecohydrological circumstances under which removal of 

riparian weeds is likely to provide a net water saving. It concludes that water savings are possible 

when the invasive species occupy unused niches, increasing total riparian canopy area. The impacts 

on water savings in gaining and losing streams are discussed and a globally applicable generalized 

checklist is presented to enhance understanding of circumstances which may lead to water savings 

from riparian weed removal. 

Chapter 6 

Chapter 6 (Discussion and Conclusion) provides an overview of the research results and synthesises 

the knowledge acquired. It discusses the significance of the findings, limitations and potential future 

areas for progression of research in the context of the thesis findings.  

Appendix 

It is important to ensure transpiration measurements undertaken using sap flow measurements 

represent xylem flow accurately in order to account for under or over estimation of tree and plot water 

use to provide scientific rigour to the results. Chapter 2 reports the results of a cut-stem validation 

technique for Salix bablylonica, showing a slight underestimation. The same technique however, was 

less successful for Salix fragilis. The Appendix therefore presents a laboratory validation technique to 

validate sap flow of both S. babylonica and S. fragilis. This component is not presented in other 

Chapters due to word limitations enforced by publishers. 
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Introduction 

The overarching goal of this thesis was to quantify how much water invasive willow species 

(Salicaceae: Salix spp.) consume, to determine if water savings can be achieved though removal of 

willows from creeks and streams in Australia. An additional goal was to determine whether estimated 

water savings would be maintained if willows were replaced with native riparian species. This 

research addresses a knowledge gap identified by the government bodies that funded the research. 

Accurate field evapotranspiration estimates address modelled regional water availability knowledge 

gaps and inform weed management strategies that are concerned with willow removal and potential to 

save water. 

This thesis has contributed to the goal by investigating willow water consumption over four years, for 

two willow species (Salix babylonica and Salix fragilis) located in a semi-arid and cool, temperate 

climate representing typical regions where willows proliferate in Australia. In each climate zone, the 

comparative studies reported in Chapters 2 and 3 were undertaken to quantify whether estimated 

water savings were maintained, should willows be removed and replaced with native trees. The 

Penman-Monteith modelling of evapotranspiration described in Chapter 3 provided a simple method 

for water resource managers to extrapolate the field results to other climates and regions. The remote 

sensing of willow canopy area described in Chapter 4 provides a means to scale point estimates of 

willow evapotranspiration and water savings to whole regions based on remotely mapped willow 

locations and extent. Chapter 5 placed the results of the Australian studies in a global context and 

provided a conceptual understanding of the circumstances under which removal of riparian weeds will 

save water more generally. 

The field studies described in Chapter 2 and Chapter 3 provide important new knowledge on willow 

water use dynamics in riparian zones. The results provided unexpected insights into riparian 

vegetation water use and water consumption in relation to niche occupancy. While willows located on 

stream banks maintained similar water use rates as co-located native species, willows situated within 

stream beds could maintain higher rates of water use. When located in stream beds, willows occupy 

an unused niche and increase total riparian canopy area, indicating that removal of in-stream willows 

will create a water saving.  

Chapter 2 reported temporal and spatial water use dynamics of willows in response to heat stress, 

drought and attack by willow sawfly larvae (Nematus oligospilus) to further clarify situations when 

water salvage might be achievable. Chapter 3 investigated the ability of the Penman-Monteith model 

to estimate willow evapotranspiration and applied the validated Penman-Monteith model to derive 

monthly water use and pan coefficients across seven national climate zones. Field estimates of 

stomatal conductance were important to calibrate the model for each Salix species, while leaf area 
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index for this deciduous tree appears less important than assumed prior to the study. Results provide 

insights into areas where willow invasion and spread should be avoided, based on climatic suitability, 

to prevent potential future impacts on water resources.  

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

accurately discriminate willow stands from other riparian vegetation to provide a mapping method 

which can be used to detect and monitor willow invasions across the nation. In this investigation 

minimal spectral conflict with grass occurred as a result of buffering the riparian zone and manually 

removing errant pixels post-classification, using very high resolution aerial photography to guide 

decision making.  

Chapter 5 investigates through review and case study, the ecohydrological drivers which make water 

salvage possible from willow removal in Australia and explains why, to date, water savings have not 

been realised in the United States. 

Summary of specific contributions to knowledge 

Water use of willows (Chapter 2) 

The primary aim of Chapter 2 was to determine willow (Salix babylonica – weeping willow) and 

native riparian (Eucalyptus camaldulensis – River Red Gum) water use from intensive field water 

balance measurements over three years, in a semi-arid climate. The motivation was to provide 

evidence rather than anecdotal accounts, that removal of willows will create a water savings as willow 

evapotranspiration is higher than evaporation from open water. Prior to undertaking the study, it was 

assumed a water savings would result however it was the magnitude of the water savings that was 

unknown. 

The study determined annual transpiration rates from Salix and E. camaldulensis stands using sap 

flow sensors. Rainfall, soil and shaded water evaporation, open water evaporation and canopy 

interception were also measured. The measurements were used to calculate annual evapotranspiration 

and water savings achievable from willow removal. Measurements of leaf area and stomatal 

conductance were collected for parameterisation of the Penman-Monteith model in Chapter 3. 

An initial assumption that willows located along stream banks and those which had colonised within 

stream beds maintained similar rates of transpiration was rapidly proven inaccurate. Instead, it was 

demonstrated that riparian trees located on stream banks maintained low transpiration rates, similar to 

native vegetation nearby, while willows located within stream beds maintain significantly higher 

rates. Estimates of native riparian and willow evapotranspiration are provided for trees without 

permanent access to water situated along stream banks and willows located in-stream. A peak 
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transpiration rate of 15.2 mm day-1 was recorded for in-stream willows compared to only 2.3 mm  

day-1 for water limited bank located willows. A comparable maximum of 15.2 mm day-1 for willow 

transpiration has not been reported in the literature to date. Evapotranspiration estimates indicate that 

removal of bank willows would not generate a water savings as evapotranspiration was less than open 

water evaporation. However, from a management perspective, removing and replacing bank willows 

with E. camaldulensis would not alter the water budget, but it would aid in eradicating an invasive 

weed species. Predictions of water savings are reported with removal of willows located in-stream 

which have permanent access to water. Willow evapotranspiration exceeded open water evaporation 

by an average of 550 mm year-1 over the three years, thus 5.50 ML year-1 per ha of willow canopy 

area could potentially be salvaged if in-stream willows were removed. It was specifically found that to 

achieve water savings, willows must have permanent access to water and be located within a 

perennial stream bed or along permanently saturated stream banks without water limitation. Water 

salvage from removal of in-stream willows is possible as native vegetation does not normally colonize 

within stream beds in Australia. Additional findings highlight a propensity for willows to recover 

rapidly from stress when not water limited, with stressors including extended periods of high 

temperatures and low humidity and defoliation by willow sawfly larvae. Severe drought reduced 

willow transpiration significantly because even trees in the stream bed became water-limited.  

Modelling willow evapotranspiration using the Penman-Monteith Model (Chapter 3) 

The aim of Chapter 3 was to calibrate and validate the Penman-Monteith model using data collected 

and outlined in Chapter 2, to develop monthly pan coefficients (the ratio of mean evapotranspiration 

to mean pan evaporation) for Salix babylonica across seven biogeoclimatic regions in Australia. 

Collection of additional field data from a cool climatic region was requested and funded by the North 

East Catchment Management Authority to expand willow water use knowledge further and develop 

pan coefficients for Salix fragilis. The motivation behind this component was to address the need to 

understand willow evapotranspiration across broader scales and varying climatic zones, providing a 

simple, economical method to estimate the potential impacts of willows on water resources. 

Additionally, evapotranspiration models have not previously been used to model willow 

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

The study involved the collection of additional field measurements of sap flow and water balance 

components, incorporating a second comparative study with native riparian tree species 

(predominantly Eucalyptus camaldulensis) from two field locations in cool temperate Victoria. 

Stomatal conductance and leaf area measurements were collected for Penman-Monteith model 

calibration. All trees had permanent access to water. The Penman-Monteith model was calibrated 

incorporating leaf area and stomatal conductance measurements to predict evapotranspiration of S. 

babylonica located in-stream and validated against field data. A second model was calibrated to 
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predict in-stream S. fragilis evapotranspiration and validated against field data. Meteorological data 

from 1980-2010 including mean pan evaporation for 30 key reference locations, within seven climatic 

zones combined with the validated models, produced unique monthly pan coefficients for each key 

location, from which mean annual evapotranspiration can be estimated. A simple relationship between 

field-determined open water evaporation and pan evaporation was developed to estimate annual open 

water evaporation at each key location. Water savings were estimated as the difference between 

annual willow evapotranspiration and open water evaporation. 

Field data indicate possible average water savings of 390 mm year-1 from removal of S. fraglis, 

situated in a cool climate, located within the stream bed. Evapotranspiration rates of bank located 

willows and eucalypts were not significantly different from each other or from in-stream willow. This 

is in contrast to the semi-arid environment where bank willows and Red Gum were water limited. 

Modelling results indicate that field data collected to calibrate each Penman-Monteith model were 

appropriate, providing high correlations between model and field results (r2=0.88 S. bablylonica and 

r2=0.99 S. fragilis). A vapour pressure deficit parameter derived from the literature for Eucalyptus 

trees was proven acceptable for modelling willow evapotranspiration. Use of a constant mean willow 

leaf area instead of seasonally variable leaf area gave reasonable predictions of evapotranspiration and 

thus willow evapotranspiration appears to be driven by available energy, enabling simplification of 

model input parameters in this study. Pan coefficients were developed for both willow species for 30 

key locations. Evapotranspiration and water savings estimates using these pan coefficients should 

provide reasonable indicators of areas in Australia where willow spread should be avoided or 

controlled, based on climatic suitability to spread.  

Mapping willow distribution using WorldView-2 imagery (Chapter 4) 

The aim of Chapter 4 was to develop a method to accurately map willow distribution along riparian 

zones. The research was motivated by a need to integrate the results and tools developed in Chapter 2 

and Chapter 3, to extrapolate willow evapotranspiration and water savings estimates to regional 

scales, providing total estimates within defined catchment areas. 

The study required tasking WorldView-2 satellite imagery at a time which was representative of 

maximum willow leaf area but also minimum understorey grass cover to reduce spectral confusion. 

The 25 km2 study area overlapped the region containing the field sites used in Chapter 3 in a cool 

climatic area of Victoria. Very high resolution (0.15 m) aerial photography and a digital elevation 

model (0.15 m) were used to represent ground truth data and provide a means to delineate stream 

channels. Discriminant analysis, spectral angle mapper (SAM) and maximum likelihood supervised 

classifications and spectral noise reduction techniques were employed to differentiate willows from 

other vegetative cover in the study region.  
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Discriminant analysis defined WorldView-2 bands 1 (‘coastal blue’; 400-450 nm), 5 (‘red’; 630-690 

nm), 6 (‘red edge’; 705-745 nm), and 8 (‘near infrared’; 840-1040 nm) as optimal bands to 

discriminate willow canopies. The best differentiation of willows was obtained using a maximum 

likelihood classification after minimum noise fraction and 5 x 5 median filtering, discriminating 

between a willow category and a category of combined ‘other’ land cover classes (kappa = 0.92, 

willow user’s accuracy 94%, overall accuracy 97%). The process was further simplified with a small 

loss of accuracy, by only applying the 5 x 5 median filter (kappa = 0.91, willow user’s accuracy 93%) 

to provide a simpler repeatable technique for management authorities. Overall results provide a 

significant improvement to a bi-seasonal remote sensing method reported by Noonan and Chafer 

(2007). Finally, a digitised stream channel generated using a digital elevation model, delineated in-

stream willows from bank willows to demonstrate the utility of a simple, economical mapping method 

to aid willow and water management and water accounting. Total riparian vegetation area of 59 ha 

occurs within the 25 km2 study area, with 19 ha of that area occupied by willows. The total area if in-

stream willows within the 25 km2 study area, was 10.4 ha or approximately 20% of the total riparian 

area. Total water savings from removal of these in-stream willows is estimated as 41 ML year-1 if it is 

assumed that S. fragilis is the dominant species, where removal will potentially realise 390 mm year-1 

ha-1 of willow canopy projected area. 

Ecohydrological setting which enhance the potential for water salvage (Chapter 5) 

The aim of Chapter 5 was to improve our understanding of the ecohydrological drivers that might 

potentially lead to water being returned to the environment following the removal of woody weeds. 

This component was motivated by the need to provide a global understanding of how invasive species 

in riparian areas impact on water resources. Additionally, similar international research informs 

managers about knowledge gaps not addressed in this thesis, related to improving our understanding 

of situations which might reduce the potential to salvage water in Australia. These include 

hydrological setting, specifically losing and gaining stream scenarios.  

This study was undertaken as a review of literature providing a detailed case study comparing 

invasive willows in Australia to invasive saltcedar (Tamaricaceae: Tamarix spp.) in the United States 

of America. 

The study demonstrated that willows in Australia occupy an unused ecological niche (with respect to 

woody vegetation) by invading and colonising stream beds. In doing so, willows increase the total 

canopy area of riparian vegetation present, compared to occupancy by native species only. In contrast, 

saltcedar in the United States colonise along riparian corridors at similar densities but not within an 

unoccupied niche. Rather, saltcedar displace native riparian species or coexist with them. In general, 

saltcedar are unlikely to increase total riparian canopy area and maintain similar rates of 

evapotranspiration to those of native species. As a result, studies to date in the United States to 

135



demonstrate actual water savings have not realized the expected increases in flow or groundwater 

storage. This result is specifically related to hydrological setting of woody vegetation and niche 

occupancy. It does not take into consideration removal of emergent non-wood macrophytes. The 

study concluded that the chance and magnitude of salvaging water from removal of invasive riparian 

species was highly variable and site specific. It is hypothesised that water savings would be realised in 

Australia with removal of in-stream willows as they increase total riparian canopy area and occupy an 

unused niche. As a result of the review, a checklist is presented to provide a global perspective on the 

ecohydrological settings that will potentially demonstrate actual water salvage from removal of 

invasive riparian species.  

With respect to saltcedar removal studies in the United States, the area of vegetation removed might 

have represented a relatively small proportion of the catchment area. Bosch and Hewlett (1982) 

suggest at least 20% of catchment area requires conversion from forest to grassland to be detected as 

changes in stream flow. Therefore, water salvage from saltcedar removal may be possible over larger 

scales. 

Validation of sap flow (Appendix) 

Results presented in the Appendix add rigour to the transpiration measurements reported in Chapter 2 

and 3. Mean error of ± 7% is reported for Salix, less than the overall error of 35% for the heat pulse 

velocity technique when applied to Fagus grandifolia (American Beech; Steppe et al., 2010). Of note, 

is the importance of applying a wound correction when using heat pulse sensors (Steppe et al., 2010). 

This correction is reported in Chapter 2 to be 3.0 mm for both Salix and Eucalyptus camaldulenis. 

This was later confirmed to be accurate by examining drilled wood sections under a microscope and 

measuring wound width from discolouration of damaged xylem cells. 

Willow management in Australia 

Prior to the research presented in this thesis, little was known about willow water use. Catchment and 

weed managers removed willows to return watercourses to more natural states as open flowing water 

bodies which are not heavily shaded by exotic vegetation. It was assumed that willow removal might 

reduce evaporative losses as well as reduce impacts to aquatic ecology related to willow invasions. 

Studies suggest potential negative impacts of willow occupancy for bird, terrestrial and aquatic 

assemblages (Lester et al., 1994; Greenwood et al., 2004; Holland-Clift et al., 2011). Stream 

geomorphology is altered as thick root mats divert water outside the natural stream channel (Bunn et 

al., 1993) causing bank erosion. Water quality is reduced, resulting from bank erosion, root mats 

clogging channels, reducing flow and large inputs of organic material in autumn following willow 

senescence as opposed to annual leaf fall of evergreen native species (Gregory et al., 1991; Baldy et 
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al., 1995; Schulze and Walker, 1997; Janssen and Walker, 1999; Wilson, 2001). Water temperature is 

potentially altered as large, dense canopies shade entire stream surfaces when willows are located in-

stream, altering aquatic primary production (Lester et al., 1994, Van Kirk and Benjamin, 2001). 

Schulze and Walker (1997) suggest bank located willows inhibit understorey growth which affects 

terrestrial biodiversity. 

The research in this thesis provides evidence that water savings are possible from in-stream willow 

removal in southeastern Australia. However, it is important to understand that at a whole of catchment 

scale, the water savings are likely to be quite small, as the area of in-stream willows is quite small in 

comparison. Willow removal is also likely to benefit aquatic and terrestrial ecology. These benefits 

however, must be weighed against the cost of removal and disposal of willow material and stream 

bank stabilisation that willows provide. As willow removal programs have been undertaken for many 

years, catchment managers have a very good understanding of the costs involved. These costs can 

now be considered against the additional benefit provided from returning water resources to creeks 

and streams across different climatic zones. Monitoring costs are also likely to be reduced by the 

development of a remote sensing monitoring tool which allows temporal willow monitoring in the 

future. Monitoring is currently undertaken by field assessment or from within a boat, incurring 

considerable costs in time and effort with unknown accuracy. In addition, monitoring accuracy will 

improve with application of the remote sensing tool reported. Cost benefit analysis relating to willow 

removal is a case by case process; however catchment managers can be better informed by applying 

the tools and knowledge of willow water use presented within this thesis.  

Limitations 

Several limitations of the research presented in this thesis must be acknowledged. Statistical 

confidence intervals surrounding field estimates of evapotranspiration, open water evaporation and 

water savings are discussed in Chapters 2 and 3. Sap flow measurement errors reported in the 

literature range from 5 to 25% (Barrett et al., 1995; Hatton et al., 1995). The 95% statistical 

confidence intervals for evapotranspiration of 20% for S. babylonica and 13% for S. fragilis reported 

in Chapters 2 and 3 falls within these previously reported error margins. Field experiments employed 

the heat pulse technique to determine transpiration rates, which is reported to be the most accurate of 

common sap flow methodologies (Steppe et al., 2010), increasing confidence in the results. 

Confidence intervals of approximately 20% are associated with open water evaporation estimates.  

This research also assumes evapotranspiration and water savings presented are representative of the 

common Salix species in Australia. Caution is warranted when applying results to Salix species other 

than S. babylonica and S. fragilis. Quantifying actual water returns and improvements to hydraulic 

efficiency resulting from willow removal were beyond the scope of this study. To examine temporal 

137



and spatial variability within and between willow stands, three years of data was collected for S. 

babylonica and two field locations were used for each species. It was not possible to examine 

temporal variability of S. fragilis due to funding constraints. Additional field studies would further 

improve understanding of the temporal and spatial influence on willow evapotranspiration. This 

research has not quantified the ecological impacts of willows or their removal. Such research was 

beyond the scope of the project.  

Additionally, spectral confusion creates error within the remote sensing method described, which 

maps willow distribution. Willows which form an understorey to Eucalytpus or other native species 

are not fully mapped, so underestimates in area can be expected in this situation. Since the majority of 

willows exist in-stream or on previously uncolonised stream banks, this does not pose a significant 

problem, as willows are mapped very well in these situations. The method described does not 

distinguish between willow species. The ground truth investigation was only undertaken in one 

relatively small study region where water balance of S. fragilis was measured. Very high resolution 

(0.15 m) aerial photography provides a suitable surrogate to ground truth data, but does not allow 

differentiation of willow species. 

Recommendations for further research 

It is recommended that large-scale willow removal studies be undertaken to specifically evaluate if 

water is actually returned to watercourses as flow. This would require detailed monitoring of gauged 

river flow before and after willow removal, linked with diurnal observation of groundwater bores, 

upstream extraction amounts and an understanding of stream character (gaining or losing stream). 

Observations over several years are required to ensure water savings are long-term. 

It is suggested that additional field-based studies to quantify water use of Salix babylonica in a cool 

temperate climate and Salix fragilis in a semi-arid climate are undertaken as well as additional 

measurements for other common willow species. This would further address temporal and spatial 

influences on willow evapotranspiration estimates and provide additional validation and rigour to 

results of Penman-Monteith modelling. 

It is important to consider investigating the potential to apply existing open water evaporative models 

reported in the literature, to estimate open water evaporation and develop a new model to specifically 

address open water evaporation from narrow water courses. This would reduce uncertainty related to 

estimates of open water evaporation. 

It is recommended that a method is developed to discriminate between willow species using remotely 

sensed imagery by undertaking a detailed spectral response field study. Such research would allow 

differentiation between willow species to potentially highlight different water use patterns across 
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willow species and therefore differences in potential water savings estimates. It would be important to 

assess whether timing of senescence can be used as a technique to discriminate between species. 

Evapotranspiration algorithms specific to Australia such as that developed by Guerschman et al., 

(2009) could be tested for accuracy against field measurements using WorldView-2 imagery (or other 

fine resolution imagery) to provide simpler, economical solutions to monitoring catchment willow 

evapotranspiration and estimating potential water savings. It is recommended that research be 

undertaken to investigate the utility of very high resolution remote sensing imagery to estimate willow 

evapotranspiration within a whole catchment. This would provide Salix catchment area and 

evapotranspiration estimates and allow calculation of potential water savings per hectare of willow 

canopy removed. Previous studies applied an EVI (enhanced vegetation index) to MODIS imagery 

(Nagler et al., 2005; Glenn et al., 2007, 2010). However, the spatial resolution of MODIS is too 

coarse for willow estimates. Noonan and Chafer (2007) suggest 10 m resolution is possibly suitable 

for mapping willow distribution and thus calculation of evapotranspiration, however Chapter 4 

indicates the spectral resolution of 2m provided only by World-View2 is essential for willow 

discrimination. 

Conclusion 

Invasive willows in Australia are considered to be a serious environmental threat in riparian areas and 

current policies include removal. Resource management policy to protect water resources and 

environmental assets require a sound scientific basis. Prior to the research presented in this thesis it 

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

This thesis presents evidence that water savings are possible from the removal of invasive willow 

species located within stream beds in Australia. The presence of willows in an unoccupied riparian 

niche in the permanently saturated stream bed, increases overall riparian canopy area. Removal of 

these willows will likely return water to the environment. Extensive field studies indicate potential 

water savings of approximately 5.5 ML year-1 ha-1 of willow canopy area removed for Salix 

bablylonica and 3.9 ML year-1 ha-1 for Salix fragilis. These field data were used to produce tools to 

assist with future monitoring and management of willow invasions, highlighting key areas across 

Australia where invasions should be controlled and avoided, to prevent water resource impacts. The 

methods reported here are applicable globally for similar investigations of the water use of invasive 

woody riparian species. This research addressed deficiencies in water accounting by enabling robust 

estimates of riparian evapotranspiration along perennial and intermittent streams for inclusion in 

future estimates of catchment water availability.  
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APPENDIX  

Laboratory validation of sap flow 

Introduction 

Heat based sap flow methods to determine leaf level or whole tree sap flux have a long history 

(Swanson, 1994), with three methods commonly employed; heat pulse velocity, heat field 

deformation and thermal dissipation (Steppe et al., 2010). The key issue however for each technique, 

is accuracy. Within this study, the heat pulse velocity technique is used to calculate plot scale water 

use of willows, information which will potentially lead to decisions to remove willow stands from 

riparian areas in southeastern Australia. It is therefore important that errors associated with sap flow 

measurements are reduced to prevent over or under estimation of tree water use by validating 

measured sap flow against actual xylem flow. A common technique described in detail in Teskey and 

Sheriff (1996); Smith (1991); Vertessy et al., (1997) is the cut-stem experiment. This technique was 

applied in Chapter 2 to validate use of Greenspan sap flow sensors in Salix babylonica with some 

success; however it appears Salix are very sensitive to xylem flow disruption created by stem 

segmentation and although applied to validate Salix fragilis sap flow, it proved unsuccessful. The 

Mariotte’s bottle laboratory technique described in Steppe et al., (2010) was thereafter applied to S. 

babylonica and S. fragilis stems in the laboratory to ensure water use estimates were accurate for each 

species. 

Method 

Sap flow measurements were validated on willow stem sections in the laboratory using a Mariotte’s 

bottle system (McCarthy 1934; Steppe et al., 2010).  The Mariotte’s system holds flow rates constant 

by maintaining a constant water pressure head on a 30 cm stem segment. Four sap flow sensor sets 

were installed at sapwood depths of 5 and 10 mm in two S. babylonica stems (S. babylonica Stem A 

and S. babylonica Stem B) and one S. fragilis stem. Heat pulse velocity was measured every 3 

minutes while simultaneously collecting and weighing the water passing through the stem using an 

electronic balance (VIBRA, SHINKO DENSHI CO, LTD, Tokyo Japan). Heat pulse velocity was 

converted to sap flux density using the method described for sap velocity in Chapter 2. Conducting 

wood area was determined using starch stains, in particular Methyl Orange as described by Kutscha 

and Sachs (1962). The volume of water passing through the stem was converted to sap flux density by 

dividing by stem conducting wood area. The pressure head 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 produced similar estimates of sap flux density in S. 

babylonica and S. fragilis stems (Figure 1 and Table 1). The heat pulse method did not consistently 

over- or under-estimate sap flux density. The mean error was close to zero and errors ranged from a 

7% over estimate in S. babylonica Stem A at pressure head 1 to a 7 % under estimate in S. babylonica 

Stem B and S. fragilis at pressure head 1.  Variation between the two methods shown in Figure 1 was 

similar to that noted by Steppe et al., (2010) for this sensor type, with less variability shown at lower 

flows.  

Steppe et al., (2010) identify a slight underestimation of sap flux using the Greenspan heat velocity 

technique, however of the three methods analysed, heat pulse velocity sensors provided the most 

accurate sap flux estimates. Based on the laboratory analysis for Salix and results presented in Steppe 

et al., (2010), the heat pulse method employed to quantify water use of willows, appears to provide 

accurate estimates of sap flux in S. babylonica and S. fragilis stems. 

 

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. 
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Table 1. 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 (PH1 and PH2). 

 
Stem Sample 

 

 
Mean sap flux density 
at PH1 (cm3 cm-2 hr-1)  

 

 
Mean sap flux density 
at PH2 (cm3 cm-2 hr-1)  

   
 Heat pulse        Gravimetric Heat pulse        Gravimetric 
   
S. babylonica Stem A     09.7                     09.0     11.8                     11.2 
S.babylonica Stem B     12.8                     13.7     17.4                     17.3 
S. fragilis     05.1                     05.4     06.5                     06.3 
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