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The MDBA-NCGRT Strategic Groundwater Research Partnership was a three year, $2 million research program 

funded by the Murray-Darling Basin Authority between 2015 and 2018. Its overarching goal was to undertake 

strategic research in support of enhanced groundwater knowledge and management in the Murray-Darling Basin 

(MDB). It has examined critical science issues in three thematic priority areas, namely:  

 

• SW-GW Connectivity: improving knowledge and predictive capacity at the regional scale in 

the MDB; 

 

• Groundwater Recharge:  increasing our understanding of MDB recharge processes with a 

strong emphasis on improving recharge estimation and predictions techniques, and quantifying and 

managing uncertainty in recharge estimation; 

 

• Socioeconomics and Integration:  identifying the socioeconomic factors that will improve 

water management in the MDB, including factors such as conjunctive use; building tools and approaches 

in a participatory relationship that facilitates the integration of important biophysical and social models, 

knowledge and data. 

 

Research on these issues was advanced through a range of modelling and field-based projects. A focus case 

study was chosen to be in the Campaspe in north-central Victoria. Some activities were also undertaken in the 

Murrumbidgee catchment. Many of the approaches and findings presented in this report, and associated papers 

and reports, are based on work in the Campaspe region. We anticipate that many of the approaches developed 

here will be applicable in and transferable to many parts of the Murray-Darling Basin. However, they should be 

evaluated and tested on a case by case basis to ensure applicability and transferability.  

 

The Partnership has considerably enhanced the MDBA and NCGRT’s scientific and socioeconomic knowledge 

base; delivered state-of-the-art modelling processes and integrated assessment tools for managing  

groundwater in the Basin with a particular focus on understanding and managing surface water and groundwater 

interaction in the future; leveraged the NCGRT’s extensive national and international network of groundwater 

scientists and field research sites and equipment; trained postgraduate students to build relevant capacity for 

the future; delivered innovative new scientific and management tools and practises to support integrated 

catchment scale socio-hydrology; and produced transferable outcomes that will assist in the management of 

major Basin groundwater systems in the MDB. The approaches and findings from this Partnership will allow 

government and industry to better understand, conceptualise, measure, model, predict and manage groundwater 

behaviour in the Basin – both biophysically and socially. These underpin important policy and management 

frameworks and state / national strategic planning for water, environmental and agricultural security in the Basin.  

 

The Murray-Darling Basin Authority – NCGRT Strategic Groundwater Research Partnership has led to a number 

of key findings that form the basis for key recommendations in each of the above priority areas, as well as for 

groundwater modelling and groundwater management. These key findings and recommendations given are 

presented in this report. They are not prioritised or presented in any order of importance. 
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FINDINGS AND RECOMMENDATIONS 
 

SW-GW Connectivity  

 
 

Understanding and quantifying the interaction between groundwater and rivers is crucial for establishing robust 

limits on the amount of surface water and groundwater that can be sustainably taken. Groundwater flow models 

based on calibration to hydraulic head (groundwater level) only cannot reliably estimate surface water-

groundwater flows. However, a number of different field methods are available for estimating these water 

exchanges. At large spatial scales, groundwater discharge to rivers is best measured with river flow gauging and 

surveys of river chemistry. River chemistry surveys are particularly useful because river water quality is 

influenced by inflows of groundwater. These measurements directly inform the need for conjunctive water 

management and also provide key data for calibration of groundwater flow models. They can also assist in 

quantifying and reducing uncertainty in conceptual models as well as model parameters and predictions.  

 

Recommendation 1: Where appropriate and applicable, i t is  

recommended that river chemistry and f low gauging surveys are routinely 

applied in targeted areas to determine exchange states (e.g.,  gaining, 

losing, losing-disconnected) and quantify exchange f luxes. This wil l 

improve scientif ic understanding by quantifying uncertainty in surface 

water-groundwater exchange f luxes and help to support robust 

management and policy (See Section 2).   

 

 

Improving Confidence in Groundwater Recharge 

 
 

Over much of the MDB, the approach that has been adopted for determining groundwater that can be sustainably 

taken is, in part, based on estimates of aquifer recharge. Determining recharge is in and of itself a major 

challenge in hydrogeology. It is inherently uncertain. The RRAM approach uses the WAVES water and energy 

balance model to estimate recharge. Our work has quantified the uncertainty associated with estimates of 

recharge using the WAVES model and found them to be quite uncertain. In many cases, the uncertainty in 

recharge could be greater than the safety and uncertainty factors that have been built into the RRAM method.  

 

Recommendation 2:  Uncertainty in recharge rates using RRAM/WAVES 

based approaches should be routinely quantif ied. Due to the inherent 

uncertainty associated with the recharge model WAVES, the use of 

additional data sets, including but not l imited to evapotranspiration (ET) 

and soil moisture content,  to characterise and, where necessary, improve 

estimates of recharge and its uncertainty is recommended (See Section 

3).  
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Groundwater Model Uncertainty and Data Worth  

 
 

In some areas of the MDB, groundwater management is informed by numerical groundwater flow models. 

Although modelling practises are improving, rigorous quantification of model uncertainty is still not widely 

practised. The traditional approach of calibrating groundwater models to measured groundwater heads or levels 

only will not always produce reliable models. Multiple data sources can and should be used in groundwater 

models to reduce uncertainty.  

 

While uncertainty analysis can determine the reliability of model predictions, data worth analysis can show how 

uncertainty can be reduced using different types of data. Data worth analysis allows quantification of “bang for 

buck”, by quantifying how much the uncertainty in any given prediction can be reduced by the collection of 

different datasets and their associated spatial and temporal resolution, and hence at what economic cost. Our 

project investigated the worth of both hydraulic and chemical data for predicting groundwater levels, and for 

quantifying surface water-groundwater exchange within the Campaspe River region. Surface water flow and 

groundwater and surface water chemistry data (particularly 14C data in the groundwater) significantly reduce 

model uncertainty, although the relative importance of the different data types will vary with the hydrogeological 

setting. This approach informs efficient, effective and economic data collection strategies and ultimately provides 

greater confidence in model predictions. Uncertainty analysis is a vital part of groundwater modelling that 

underpins risk-based decision making. An understanding of uncertainty is necessary for assessing risk. 

Uncertainty should be routinely quantified in groundwater models that underpin water resource management. 

Approaches for managing, mitigating and reducing uncertainty should be routinely employed. Uncertainty 

analysis is a recurrent theme and underpins several recommendations, including Recommendations 1, 2 and 3. 

     

Recommendation 3:  Uncertainty should be routinely quantif ied in 

groundwater models that underpin water resource management. Data 

worth analyses should be conducted for supporting decisions regarding 

the collect ion of additional data types and their associated spatial and 

temporal resolut ion.  This approach informs eff icient, effective and 

economic data collection strategies and ult imately provides greater 

confidence in model predict ions.  (See Section 4a).  
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Groundwater Management Tools  

 
 

Managing pumping volumes alone (whether based on recharge, or some other approach) is not the best 

approach for protecting the groundwater and its dependent ecosystems. Volumetric approaches are a necessary 

component of any plan but do not sufficiently account for important spatial and temporal effects. The use of 

buffer zones around the river and associated ecosystems, and trigger levels that reduce pumping when river or 

groundwater levels drop to beneath critical values are likely to be more successful in protecting groundwater-

dependent ecosystems. Similar tools are currently being used by State governments to regulate groundwater 

use, and the MDBA might also consider how they can directly be used to protect groundwater users, 

groundwater-dependent ecosystems (GDEs) and surface water resources.   

 

Recommendation 4:  Due to inherent l imitations of using volumetric 

allocations alone, further considerat ion should be given to the use of 

buffer zones and tr igger levels in the management of groundwater in order 

to protect groundwater users, groundwater -dependent ecosystems (GDEs) 

and surface water resources. This is especially important where high -

value, high-risk receptors and assets (“hot spots”) have been id entif ied in 

the vicinity of pumping locations (See Section 4b).  

 

 

Integrated Assessment and Modelling and Water Management 

Opportunities 

 
 

Integrated, effective and efficient groundwater management requires the consideration of multiple 

socioeconomic and environmental outcomes and their causes. It thus relies on synthesising work from multiple 

disciplines such as climate science, ecology, socioeconomics, public policy, and law, as well as hydrogeology. 

However, the challenge of integrating and organising all of this information into a decision making framework 

remains. This integration is best achieved through the meta-discipline of integrated assessment (IA) and 

modelling. IA connects the assessment process for a set of issues of interest to policy, management and societal 

learning through engagement processes with interest groups in order to elicit and assimilate knowledge and 

perspectives, taking uncertainties into account. One major outcome often sought is a conceptual model of the 

problem that links policy drivers and uncontrollable factors to desired indicators of outcomes, here based upon 

healthy catchments and societal outcomes. Modelling and production of an integrated model allow us to quantify 

interactions and trade-offs between the different issues. An integrated model was developed in the Campaspe 

catchment using a component-based approach so that model components in surface water, groundwater, policy, 

farmer decision making and ecology could be easily swapped or updated when being applied in different 

catchments. A key feature of the methodology is the ability to apply scenario analysis or gaming methods, and 

uncertainty analysis, to the integrated model so that trade-offs can be made with appreciation of the model errors 

and future drivers like climate and policy opportunities in mind. Community engagement in all stages of the 

process ensures that knowledge is shared, trust is engendered and adoption of good outcomes is more likely.  
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Water Management Opportunities   

 
 

Discussions with community groups identified potential opportunities to store, deliver and allocate water 

beyond the current settings. Conjunctive use of surface water and groundwater, not just at the same times and 

locations, but over time and space, is one of the keys to doing this. There are many prospects such as 

managed aquifer recharge at farm and larger system scales, temporary groundwater licences in dry times, 

changes to carryover rules and piggybacking environmental flows on irrigation water, amongst others. It is 

important to work through these processes with the relevant interest groups (irrigators, managers, regulators 

etc.) at system scales in a way that generates trust and integrates knowledge and perspectives.  

 

Recommendation 5:  It is recommended that the Basin states apply 

Integrated Assessment and Modell ing principles and tools so as to use 

scenario analysis to explore a more complete range of different water 

management opportunities (see the above examples), with appreciat ion of 

uncertainty, and in conjunction with local communit ies (See Section 4c). 

 

 

Water Use Efficiency (WUE)  

 
 

Water savings are a contentious matter that warrant robust, quantitative, evidence-based decision making. 

There are various measures that are employed to achieve environmental outcomes while minimising the 

impact upon irrigation communities. The adoption of on-farm Water Use Efficient (WUE) measures is one way 

irrigators with reduced entitlements might adapt and remain viable. Based on responses from irrigators in 

surveys, we have calculated the potential for on-farm WUE to enable irrigators to effectively adapt to reduced 

irrigation entitlements. On-farm WUE has significant potential for irrigators, but the long-term impact upon the 

catchment hydrology must also be considered carefully, due to the potential reduction in return flow. 

 

Recommendation 6:  It is recommended that Water Use Eff icient (WUE) 

measures remain a key focus of future planning in the MDB , as long as 

return f lows are considered (See Section 4c). 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Photo overleaf left to right: Dr Jenifer Ticehurst, Prof Tony Jakeman (ANU), Cr James Williams (Greater 

Bendigo City Council) and Dr Daniel Partington (FU)
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1. Introduction 
 

Groundwater provides more than 30% of Australia’s total water consumption and generates national economic 

activity worth in excess of $34 billion a year across agriculture, mining and industry. In Australia, there is a myriad 

of current, pressing issues in which groundwater is crucial. The successful management of the Murray-Darling 

Basin and the implementation of the Murray-Darling Basin (MDB) Plan, the role of groundwater in urban and 

rural water security, the role of groundwater in future food and agricultural production, the role of groundwater in 

environmental flows and water quality, cultural flows, and the impacts of climate change on groundwater are just 

a few of the hugely important contemporary issues that will require rigorous groundwater science, management 

and policy.   

 

The goal of the MDBA-NCGRT Strategic Groundwater Research Partnership was to undertake strategic 

research in support of enhanced groundwater knowledge and management in the Murray-Darling Basin.   

 

Our joint research activities examined critical science issues in three thematic priority areas, namely:  

 

• SW-GW Connectivity: improving knowledge and predictive capacity at the regional scale in 

the MDB; 

 

• Groundwater Recharge:  increasing our understanding of MDB recharge processes with a 

strong emphasis on improving recharge estimation and predictions techniques, and quantifying and 

managing uncertainty in recharge estimation; 

 

• Socioeconomics and Integration:  identifying the socioeconomic factors that will improve 

water management in the MDB, including factors such as conjunctive use; and building tools and 

approaches in a participatory relationship that facilitates the integration of important biophysical and 

social models, knowledge and data. 

 

 

The Partnership also examined uncertainty in groundwater models and tools and approaches for reducing 

predictive uncertainty, and examined the potential of different groundwater management to achieve policy goals. 

The Campaspe catchment was chosen as a focal catchment for much of the research, but some activities were 

also undertaken in the Murrumbidgee catchment (Figure 1). These catchments were chosen in consultation with 

State Government representatives. Research findings, however, are not specific to these catchments.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location map, showing Murrumbidgee and Campaspe catchments, and a detailed map of the Campaspe 
catchment. 
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2. Surface Water – Groundwater Connectivity 

 

Understanding and quanti fying the interaction between groundwater and rivers is 

crucial  for establ ishing robust  l imits on the amount of  surface water  and 

groundwater  that can be sustainably taken. Groundwater f low models based on 

cal ibration to hydraul ic head only cannot re l iably estimate surface water -

groundwater f lows. However, a number of  di f ferent f ield methods are avai lable for 

estimating these water exchanges. At large spatial  scales, groundwater discharge to 

r ivers is best measured wi th r iver f low gauging and  surveys of r iver chemistry.  River 

chemistry surveys are particularly useful  because river water qual i ty is inf luenced 

by inf lows of groundwater. These measurements directly inform the need for 

conjunctive water management and also provide key data for cal ibration of  

groundwater f low models. They can also assist in quanti fying and reducing 

uncertainty in conceptual models as wel l  as model para meters and predictions.  

Where appropriate and appl icable, i t  is  recommended that r iver chemistry and f low 

gauging surveys are routinely appl ied in targeted areas to determine exchange 

states (e.g.,  gaining, losing, losing-disconnected) and quanti fy exchange f luxes. 

This wi l l  improve scienti f ic understanding by quanti fying uncertainty in surface 

water-groundwater exchange f luxes and help to support  robust management and 

pol icy.  

 

We have known for many years that surface water and groundwater systems can be connected, but it is only in 

the last few decades that we have begun to quantify this connection and to manage surface water and 

groundwater conjunctively. Surface water-groundwater exchange flux is important information for managing 

water resources. In gaining streams, higher rates of groundwater discharge indicate reduced susceptibility of 

surface water supplies to short-term variations in rainfall. In losing streams, the exchange rate defines the 

potential reduction in groundwater recharge due to reduced streamflow. The magnitude of the exchange flux 

thus determines whether conjunctive management is important, or whether surface water and groundwater 

systems can be managed separately. Reliable estimates of the exchange flux can also provide an important 

calibration or validation parameter for groundwater models. 

 

A number of different methods have been used for quantifying surface water-groundwater exchange rates. 

However, many of these methods provide estimates of the exchange flux over spatial scales of less than a few 

square metres of the riverbed and other techniques are required to extrapolate estimates to larger scales. In the 

first part of this project, we therefore conducted a review of international studies that have estimated surface 

water – groundwater exchange fluxes at large spatial scales (tens to hundreds of kilometres of river length). Four 

methods were identified: hydraulic gradient analysis, flow gauging, river chemistry and groundwater chemistry 

(Table 1). Hydraulic gradients allow estimation of exchange fluxes over scales of hundreds of metres or more if 

piezometers located at similar distances from the river are available for measurement of aquifer heads. However, 

the difficulty of measuring hydraulic conductivity at this scale, and the need for piezometers at regular intervals 

along the river, indicate that this method is likely to be inaccurate and difficult to apply in many catchments. Flow 

gauging has the potential to estimate fluxes over large scales, although it is difficult to apply in rivers where there 

is significant surface water pumping or where there are large numbers of ungauged tributaries. River chemistry 

can potentially provide estimates of exchange flux over distances of tens to hundreds of kilometres with a spatial 

resolution of hundreds of metres. Groundwater chemistry can provide estimates of loss rates at small to regional 

scales, depending upon the availability of piezometers for groundwater sampling, and the tracers that are used. 

Each method has its own advantages and limitations, and a combination of methods will usually provide most 

reliable flux estimates and an understanding of their representative spatial and temporal scales. In the Murray-

Darling Basin, river chemistry and flow gauging methods would appear to be more suitable for widespread 

implementation. 

 

The second component of this project involved a comparison of surface water-groundwater fluxes in the 

Campaspe obtained with three of these four methods (hydraulic gradient analysis, flow gauging and river 

chemistry). This work examined both the temporal and spatial variability of surface water-groundwater fluxes at 
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different time scales, and attempted to distinguish between regional groundwater flows, hyporheic exchanges 

and bank storage processes. While the latter fluxes do not impact averaged net exchanges over a long period 

of time and distance, they can represent important components of the river hydrology and can complicate 

measurement of regional groundwater flows (Cook, 2015). 

 

Table 1. Applicability of methods for estimating groundwater – river exchange in different types of rivers, and 
advantages and limitations. 

 

River levels, streamflows and conductivities (EC) were obtained from stations of the Victoria State Government 

Network and from nine data loggers set up in April 2016 in the Campaspe River between Lake Eppalock and 

Echuca. River chemistry, including radon (222Rn) activities and water stable isotopic compositions, have also 

been measured along the same river reach in April 2016, December 2016, May 2017 and January 2018. At each 

time, samples were collected at approximately 7 km intervals along the 140 km river reach. Radon is a powerful 

tracer of groundwater inflows in a stream because concentrations in groundwater are usually 100 times greater 

than those in surface water. However, radon can also be contributed to the river by inflows of hyporheic or bank 

storage waters, and so this necessitates a multi-tracer approach. Mass balance simulations of 222Rn, solutes 

and stable isotope compositions along the Campaspe River were performed and calibrated with measured data 

from the four field trips and from available gauging stations, in order to provide spatial estimations of groundwater 

inflows along the river. The repeated sampling over different flow conditions helped capture temporal variability 

of groundwater inflows and allow improved parametrisation of the river geometry and hyporheic zone. The results 

show groundwater inflows in the first 5 km of the river downstream of Lake Eppalock, then a losing stream 

upstream of the Campaspe Weir and a gaining stream downstream (Figure 2) (Bouchez et al., in preparation). 

The geochemical signature of the river is fairly stable in time in the upper reaches of the river, but large 

differences in river chemistry have been measured north of Rochester. It suggests variable water inputs in the 

last section of the Campaspe River and which could be related to large-scale irrigation in this area. A comparison 

between surface water-groundwater exchange flux obtained from river chemistry and hydraulic analysis 

(comparing groundwater levels and river levels) show overall similar patterns of exchange, but uncertainties in 

hydraulic estimates are significantly greater (Figure 2). The hydraulic gradient analysis indicates that the river is 

predominantly losing upstream of the Campaspe Weir, while river chemistry shows that it is gaining at a very 

low rate. It is likely that the river is both gaining and losing in this section. The river chemistry data indicates the 

rate of gain, whereas the hydraulic analysis indicates that on balance the river is losing. Overall, the results are 

in agreement with previous studies estimating low groundwater inflows upstream of the weir and groundwater 

discharge downstream. The project highlighted the accuracy of surface water-groundwater exchanges that could 

be obtained from a combination of flow gauging and river chemistry surveys, and provided important input data 

for the groundwater model of the region.  
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Figure 2. Groundwater input to the Campaspe River between Lake Eppaloch (distance of zero) and the Murray 
River. Estimates obtained from river chemistry (December 2016 sampling; red) and hydraulic gradient analysis (all 
data; green) are compared. The solid line shows the best estimate, and the shaded area shows uncertainty.  

Ongoing work is examining whether temporal patterns in river flow and electrical conductivity reveal temporal 

changes in surface water-groundwater exchange flux. Field estimates of surface water-groundwater exchange 

are often made under baseflow conditions, due to ease of access, and also because groundwater inflows are a 

larger percentage of river flows at these times. In contrast, examination of river hydrographs and chemical 

changes over time allows the impact of flood events on river-aquifer exchange to be investigated. We are 

therefore examining the utility of this data, which is often routinely collected at river gauging stations, to assist in 

understanding of temporal patterns in surface water-groundwater exchange.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo overleaf: Mr David Poulsen, (FU), surface water sampling, Campaspe River 



 

16 | P a g e  
 

 

 

 



 

17 | P a g e  
 

3. Groundwater Recharge  

 

Over much of the MDB, the approach that has been adopted for determining 

groundwater that can be sustainabi l i ty taken  is,  in part ,  based on estimates of 

aquifer recharge. Determining recharge is in and of  i tsel f  a major chal lenge in 

hydrogeology. I t  is inherently uncertain. The RRAM approach uses the WAVES 

water and energy balance model to estimate recharge. Our work has qu anti f ied the 

uncertainty associated wi th estimates of  recharge using the WAVES model and 

found them to be quite uncertain. In many cases, the uncertainty in recharge could  

be greater than the safety and uncertainty factors that have been bui l t  into the 

RRAM method. Uncertainty in recharge rates using RRAM/WAVES based 

approaches should be routinely quanti f ied. Due to the inherent uncertainty 

associated with the recharge model  WAVES, the use of addi t ional data sets,  

including but not l imited to evapotranspira t ion (ET) and soi l  moisture content,  to 

characterise and, where necessary, improve estimates of recharge and i ts 

uncertainty is  recommended.  

 

In the Murray-Darling Basin Plan, the Recharge Rate Assessment Method (RRAM) is used, at least in part, to 

calculate the amount of groundwater that can be sustainability taken using estimates of catchment-scale 

groundwater recharge. These recharge rates were derived from studies that used the model WAVES, which 

performs a water and energy balance of the soil zone. The Strategic Groundwater Research Partnership 

therefore conducted a systematic and quantitative assessment of uncertainties in recharge rates estimated 

using the WAVES model at both local and regional scales, to help better understand the accuracy of the 

recharge values determined using this approach.  

 

The project focussed on the Campaspe catchment, although results are likely to be representative of areas in 

other similar catchments in the MDB. We constructed a WAVES model in a similar manner to that in previous 

studies to simulate water movement beneath the root zone of typical land uses (annual pasture or dryland 

pasture) using soil and climate characteristics of the Campaspe catchment. We then used a Monte Carlo 

approach to examine potential uncertainty arising from parameter uncertainties. Finally, we explored whether 

field observations such as soil moisture and evapotranspiration could be employed to reduce recharge 

uncertainty and by how much uncertainty could be reduced.  

 

Results of this analysis show that recharge can be quite uncertain (Xie et al., 2017). For example, for a mean 
rainfall of 400 mm/y, the mean recharge rate beneath annual pasture was 66 mm/y, but the 95% confidence 
interval ranged from 27 to 114 mm/y due to the uncertainty in vegetation parameters. This confidence interval 
widened to 27 to 178 mm/y when uncertainty in soil characteristics were also considered (Figure 3). Through 
several synthetic test cases, this study showed that soil moisture time series did not provide much 
improvement in recharge uncertainty, but evapotranspiration time series information was able to reduce 
recharge uncertainty by more than 50%, provided that the error associated with the ET data is low. The 
reduction in recharge uncertainty steadily improves as the uncertainty in observations reduces. The use of 
evapotranspiration data is interesting because this parameter can be measured across large areas relatively 
rapidly using remote sensing technologies. However, our results show that the benefits of using this additional 
data to reduce predictive uncertainty will only be significant if its own inherent uncertainties are small. Photo: Dr  

 

 

 

 

 

 

 

     Photo: Dr Yueqing Xie, (FU), stream gauging in Campaspe River. 
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Figure 3. Uncertainty in recharge rates under annual pasture with 400 mm/y rainfall.  

Recharge estimated across the entire Campaspe catchment using WAVES suggests a reduction in the mean 

recharge under dryland agriculture as we move from south to north due to a reduction in rainfall and changes 

in soil characteristics (Xie et al., 2018). In contrast, irrigated areas, which occur mostly in the northern parts of 

the catchment, have much higher recharge rates. Uncertainty in recharge is lower in irrigation areas, despite 

larger mean recharge. Importantly, the differences in recharge between different areas in Figure 4 are mostly 

less than recharge uncertainties. Thus, for example, areas shown in orange on Figure 4 are likely to have 

higher recharge than areas shown in yellow, although we cannot categorically say that this is the case. While 

this might call into question the value of such recharge maps, they nevertheless represent our best estimate of 

recharge across the region.  

 

Figure 4. Map of long-term average potential recharge across the Campaspe catchment obtained with the WAVES 

water and energy model. 
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Our results show that uncertainty in recharge can be as high as one order of magnitude, and sometimes more. 

However, the errors in recharge values resulting from the RRAM method are perhaps less than this, because 

recharge rates produced by the WAVES modelling were ‘calibrated’ using the judgement of the modeller and 

expert elicitation. Notwithstanding this, the extent of any uncertainty reduction based on judgement and expert 

elicitation is difficult to quantify, unless the process is clearly documented. This is rarely the case. In part, 

uncertainties in recharge are considered, in principle, in the safety and uncertainty factors that have been built 

into the RRAM method. These are largely based on expert elicitation. These scaling factors progressively reduce 

the recharge rates so that a lower recharge value is ultimately adopted. This approach may be deemed 

conservative. However, these safety and uncertainty factors may not be sufficient in all cases to adequately 

compensate for the actual uncertainty in recharge. Indeed, it is not possible to know this a-priori without formal 

quantification of recharge uncertainty in the first place. Thus, an adopted recharge value that is believed to be 

conservative (after safety and uncertainty factors are applied) may in fact not be conservative if the system 

uncertainty is much larger in reality than what has been accounted for through the progressive scaling factors 

applied in the RRAM approach.  

 

We recommend that if the RRAM method is continued that uncertainty in the method is routinely quantified as 

part of the RRAM approach to help inform the approach (including safety and uncertainty factors that may be 

applied or by using the uncertainty information to directly and explicitly choose an appropriate recharge rate 

based on the quantified uncertainty) and that additional datasets such as evapotranspiration and soil moisture 

content are considered to reduce prediction uncertainty. We also recommend that water balance approaches 

are combined with other methods particularly chloride mass balance and tracer methods. This will yield recharge 

estimates that are representative of different spatial and temporal scales, and should produce a lower recharge 

uncertainty. 

 
4. Groundwater Management  
 

a. Accuracy of Groundwater Models 
 

In some areas of  the MDB, groundwater management is informed by numerical 

groundwater f low models. Although model l ing practi ses are improving, r igorous 

quanti f ication of model uncertainty is sti l l  not widely practi sed. The tradit ional 

approach of  cal ibrating groundwater models to measured groundwater heads or 

levels only wi l l  not always produce rel iable models. Uncertainty should be routinely 

quanti f ied in groundwater models, and mult iple data sources should be used to 

reduce uncertainty.  

 

While uncertainty analysis can determine the rel iabi l i ty of  model predictions, data 

worth analysis can show how uncertainty can be reduced using di f ferent types of  

data. In the Campaspe catchment,  surface water f low and groundwater and surface 

water chemistry data (particularly 1 4C data in the groundwater)  s ignif icantly reduce 

model uncertainty,  al though the relative importance of the di f ferent data types wi l l  

vary with the hydrogeological sett ing. Uncertainty should be rout inely quanti f ied in 

groundwater models that underpin water  resource management.  Data worth 

analyses should be conducted for supporting decisions regarding the col lection of 

addit ional data types and thei r associated spatial  and temporal  resolution.  This 

approach informs eff icient,  ef fective and economic data col l ection strategies and 

ul t imately provides greater conf idence in model predictions  

 

 

 

 



 

20 | P a g e  
 

The reliability of groundwater models that are used for water management can be assessed with uncertainty 

analysis. Where model uncertainty is too large for the desired use, data worth analysis provides information on 

the potential to improve model certainty with additional data. To demonstrate this approach and to evaluate the 

potential of different types of data in reducing predictive uncertainty we developed a groundwater model of the 

Campaspe catchment (Figure 5).  

 

A malleable model building framework, which readily allows changes to the conceptual model and updating of 

data, was developed as part of this project (Partington et al., in preparation). All model pre-processing of the 

data, as well as building, running, and post-processing of the models was carried out in this manner, using 

publicly available reproducible scripts that allow for reproduction and transparency in all of the analyses. The 

model itself simulated surface water and groundwater flow (MODFLOW-NWT) and transport (MT3D-USGS 

and custom model for stream transport) utilising the most recently released open source codes from the United 

States Geological Survey (USGS).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Area of the Campaspe groundwater model, showing different geological layers. Points 1 and 2 refer to 
Figure 6. 
 

The assessment of uncertainty and its relation to all of the various data types explored was carried out using 

linear uncertainty analysis (Partington et al., in preparation). The value of hydraulic and chemical data in 

reducing the uncertainty of groundwater head predictions at particular locations, and SW-GW exchange 

estimates at the whole of river scale, specific reaches and at annual and monthly scales was assessed. Figure 

6 shows the value of different types of data in predicting groundwater head at two locations within the 

Campaspe catchment. The analysis shows that currently, hydraulic head data provides the greatest 

contribution to the accuracy of the predictions of groundwater head at the two locations. However, river flow 

and river chemistry data (radon and electrical conductivity) provide significant constraints on the model 

uncertainty (Partington et al., in preparation). Although measurements of river chemistry are of most value for 

quantifying surface water-groundwater interactions, this data also improves estimates of head distant from the 

river, because it assists in quantifying groundwater flow rates. River stage (without flow information) does not 

provide any reduction in predictive uncertainty. Carbon-14 (14C) data in groundwater also offers some 

reduction in predictive uncertainty, because it helps to constrain groundwater velocities. In terms of new 

(potential) data, the collection of additional samples for 14C analysis offers the greatest potential. Additional 

measurements of river flow and river chemistry would provide little improvement, but some improvement could 

be obtained from measurements of hydraulic head in the deep aquifer at additional locations To some extent, 

the particular improvements that will occur from different data types will vary between catchments, and so 

there is a need for this methodology to be implemented whenever a groundwater model is developed. It is also 

expected to be dependent on other factors including the problem or question being asked of a model and 

hence prediction of interest, the associated spatial and temporal scales, and the important processes that 

underpin the prediction of interest e.g., flow only, or flow and transport.  
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Figure 6. Value of different types of data in reducing uncertainty in hydraulic head predictions at two locations in 
the Campaspe catchment. (Upper and lower plots correspond to locations 1 and 2 in Figure 5.) Data types are 

(from left to right): hydraulic head data from shallow and deep aquifers, Carbon-14 (14C) measurements in 

groundwater, river stage, river flow, radon concentrations in the river, and electrical conductivity of the river. 
 

An assessment of the trade-off between economics and uncertainty was also conducted (Partington et al., in 

preparation). Considering the various economic costs of collection of the existing data relative to the 

uncertainty for SW-GW exchange highlighted the potential trade-offs between uncertainty and economic cost, 

which is a valuable tool for decision makers and data collection agencies to focus their attention as to what to 

measure given the desired level of uncertainty and economic constraints. Figure 7 shows, for example, that 

field measurements involving the hydraulic head, radon (222Rn), and river flow, will be more accurate (lower 

uncertainty) than measurements with only head and radon, which are in turn more accurate than 

measurements of   head only but with no measurements of either radon or flow. However, there is a clear 

trade-off between accuracy and cost. The benefit of the reduced uncertainty can then be directly compared 

with the cost of obtaining the necessary data. 

 

 
 
Figure 7. Cost versus uncertainty clustering of principal data types for estimating surface water – groundwater 
interaction using a groundwater flow model. All possible combinations (presence or absence) of groundwater 
head, river stage, river flow, radon (222Rn) concentration in river, 14C concentration in groundwater and EC in river 
are plotted in the cost – uncertainty space, and clusters reflect groups having shown measurement types present. 
Clusters labelled “Mixed” had no common data types across all members of the cluster. The cost is measured per 
sample and includes approximate analytical cost and a notional collection cost. 
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It is recommended that model uncertainty and data worth analysis should be standardised for any future 

surface water-groundwater modelling. This approach informs efficient, effective and economic data collection 

strategies and ultimately provides greater confidence in model predictions. Extension of such uncertainty and 

data worth analyses to other parts of the Basin is anticipated to improve management guidance from the 

science. 

 

 

b. Simple Management Rules 

 

Managing pumping volumes alone (whether based on recharge, or some other 

approach) is not the best approach for  protecting groundwater  and i ts  dependent 

ecosystems. The use of buffer zones around the river and associated ecosystems, 

and tr igger levels that reduce pumping when river or groundwater levels drop to 

beneath cri t ical  values are l ikely to be more successful  in prote cting groundwater-

dependent ecosystems. Similar tools are currently being used by State governments 

to regulate groundwater use,  and the MDBA might also consider how they can 

directly be used protect groundwater users, groundwater -dependent ecosystems 

(GDEs) and surface water resources.  Due to inherent l imitations of using volumetric 

al locations alone, further consideration should be given to the use of buffer zones 

and tr igger levels in the management of groundwater in order to protect 

groundwater users, g roundwater-dependent ecosystems (GDEs) and surface water 

resources.  This is  especial ly important where high -value, high-r isk receptors and 

assets (“hot spots”) have been identi f ied in the vicini ty of pumping locations.  

 

The groundwater planning process frequently uses information derived from numerical groundwater modelling. 

These models can be used to predict potential impacts of different water allocation scenarios or even of 

individual licence applications. However, unless each new license application is evaluated using a numerical 

model, there is a need for simple tools. Such tools could be informed by a numerical model or may be informed 

by simple analytical equations or expert opinion (Noorduijn et al., 2018). The most common of these simple 

tools are i) basin or sub-basin scale volumetric allocations, usually based on either historic use or estimates of 

recharge, ii) trigger level management which regulates use according to observations of groundwater level, 

and iii) buffer zones, which control the location of wells, particularly around groundwater-dependent 

ecosystems (GDE). The Strategic Groundwater Research Partnership, therefore, undertook a review to (i) 

provide an outline of the efficacy of different simple management approaches, and (ii) to evaluate how they 

can be applied to protect future users of the resource and the environment (Noorduijn et al., under revision).  

 

One of the advantages of allocating water resources using the volumetric approach is that it provides a stable 

allocation to users. This approach forms the basis of many management plans, but while it is able to provide 

catchment scale protection of the resource, it does not prevent clustering of bores which may impact on some 

groundwater users and also may leave any GDEs vulnerable to degradation. The use of local scale resource 

indicators and rules provides a more refined management approach.  

 

A buffer zone, in which groundwater pumping is excluded from certain areas, can provide short-term protection 

of GDEs from the impacts of groundwater abstraction but does not necessarily prevent drawdown over longer 

timescales (due to the impact of bores outside the buffer zone). Determining an appropriate buffer zone size is 

also important and challenging. As buffer zones mostly address short-term impacts, they should only be used 

in combination with other approaches.  

 

Groundwater response triggers, using either hydraulic head or rate of groundwater decline, directly control 

groundwater availability and are attractive in that they aim to control drawdown. In principle, groundwater 

response triggers are sufficient to manage water resources in the absence of additional approaches. The 

drawbacks of using groundwater response triggers lie mainly in determining appropriate trigger levels and 

observation locations and high implementation costs. Rate of groundwater decline triggers are often used as a 

means for prolonging the productive life of an aquifer that receives minimal recharge. They may have a 
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potential for protecting GDEs, assuming that plant roots can extend to follow a slowly declining water level if 

also combined with limits on the maximum total drawdown. 

 

Using a combination of these management approaches may provide the best means of ensuring resource and 

GDE protection in groundwater reliant areas (Noorduijn et al., 2018). In general, a strong conceptualisation of 

the hydrological processes is required to best understand which management tool or tools to use, along with a 

continued commitment to monitoring the groundwater responses.  

 
c. Socioeconomic Issues & Integrated Assessment 

 

Integrated, effective and eff icient groundwater management requires the 

consideration of mult iple socioeconomic and environmental outcomes and thei r 

causes. I t thus rel ies on synthesising work from multiple discipl ines in a variety of 

discipl ines such as c l imate science, ecology, socioeconomics, publ ic pol icy, and 

law, as wel l  as hydrogeology. However,  the chal lenge of integrating and organising 

al l  of  this information into a decision making framework remains. This integration  is 

best achieved through the meta-discipl ine of integrated assessment ( IA) and 

model l ing. IA connects the assessment process for a set of  issues of interest to 

pol icy, management and societal  learning through engagement processes with 

interest groups in order to el ici t  and assimi late knowledge and perspectives, taking 

uncertainties into account  (Jakeman et al .,  2016) . One major outcome often sought 

is a conceptual model of  the problem that l inks pol icy drivers and uncontrol lable 

factors to desired indicators of outcomes, here based upon  healthy catchments and 

societal  outcomes. Model l ing and production of an integrated model al low us to 

quanti fy interactions and trade-offs between the di f ferent issues. An integrated 

model was developed in the Campaspe catchment using a component-based 

approach so that model components in surface water,  groundwater,  pol icy, farmer 

decision making and ecology could be easi ly swapped or updated when being 

appl ied in di f ferent catchments  (Iwanaga et al .,  2018) .  A key feature of the 

methodology is the abi l i ty to apply scenario analysis  or gaming methods, and 

uncertainty analysis, to the integrated model so that trade -offs can be made with  an 

appreciation of  the model errors and future drivers l ike cl imate and po l icy 

opportuni t ies in mind. Community engagement in al l  s tages of  the process ensures 

that knowledge is shared, trust is  engendered and adoption of  good outcomes is 

more l ikely.  

Discussions with community groups identi f ied potential  opportunit ies to store , 

del iver and al locate water beyond the current sett ings. Conjunctive use of surface 

water and groundwater,  not just at  the same times and locations, but over t ime and 

space, is  one of the keys to doing this. There are many prospects such as managed 

aquifer recharge at farm and larger system scales, temporary groundwater l icences 

in dry t imes, changes to carryover rules and piggybacking environmental f lows on 

irr igation water,  amongst others. It  is important to work through these processes 

with the relevant  interest groups (i r r igators, managers, regulators etc.) at  system 

scales in a way that generates trust and integrates knowledge and perspectives.  

It  is recommended that the Basin states apply Integrated Assessment and Model l ing 

principles and tools so as to use scenario analysis to explore a more complete 

range of di f ferent water management opportunit ies (see the above examples) ,  wi th 

appreciation of  uncertainty, and  in conjunction with local communities.  

Water savings are a contentious matter that warrant robust,  quanti tati ve, evidence-
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based decision making. There are various measures that are employed to achieve 

environmental  outcomes whi le minimising the impact upon irr igation communities . 

The adoption of on-farm Water Use Eff icient (WUE) measures is one way irr igators 

with reduced enti t lements might adapt and remain viable. Based on responses from 

irr igators in surveys, we have calculated the potential  for on -farm WUE to enable 

i rr igators to effectively adapt to reduced irr igation enti t lements. On-farm WUE has 

signif icant potential  for i r r igators, but the long-term impact upon the catchment 

hydrology must be considered careful ly,  due to the potential  reduction in return 

f low. I t is  recommended that Water Use Eff icient measures remain a key focus of  

future planning in the MDB, as long as return f lows are considered  (Ticehurst and 

Curtis,  2018) .  

 

 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Photo left to right: Prof Tony Jakeman (ANU), Cr James Williams (Greater Bendigo City Council), Dr Daniel 
Partington (FU), Ms Leila Macadam, Dr Baihua Fu, Dr Yueqing Xie (FU), Mr Brendan Cossens (GMW), Mr Richard 
Anderson (VFF and local farmer) on Richard's property. 

 

The vision for this theme of the Strategic Groundwater Research Partnership was to identify opportunities for 

innovations in water management that lead to improved outcomes for agriculture and the environment in the 

MDB. The premise was that stakeholders, including managers, possess crucial knowledge from many 

perspectives about the functioning of their system but that it needs to be elicited and integrated into a systems 

approach that considers alternative scenarios and their effect over time and space on outcomes of interest. 

Social science must play a guiding and fundamental role in this process of engaging stakeholders, eliciting and 

sharing knowledge, and gaining trust amongst participants. Analysis and modelling are also essential to explore 

the impacts of the different scenarios on outcomes of interest and aim to take into account uncertainties in the 

modelling and future conditions. The rationale expressed above follows the dimensions of integrated assessment 

covered in (Jakeman et al. 2016), a book on Integrated Groundwater Management that was completed during 

the first year of the MDBA partnership. 

 

Thus the project aims were to investigate the consequences of various possible futures – controllable ones like 

water policy and farmer decision making, and uncontrollable ones like climate and prices of farming inputs and 

outputs – on groundwater sustainability, farm profit, river ecology and recreational values. Conditions under 

which decisions induced beneficial outcomes, as well as those less so, could be identified through this process.  
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We have developed an integrated assessment and modelling framework that allows us to explicitly consider 

multiple resources (e.g., land, surface water, and groundwater) and how to: 

• achieve multiple objectives (e.g., economic efficiency, ecological integrity, social equity); 

• embrace multiple policy and management influences, drivers and constraints; and 

• engage multiple interest groups (e.g., farmers, environmental officers); and 

• account for uncertainties. 

 

For the modelling, software has been developed that has a modular structure, thereby allowing flexibility in 

knowledge update through addition or deletion of model components. This approach is well suited to adaptive 

management frameworks. It also facilitates a transfer of the methodology and modelling to other catchments 

where specific model components have been developed. Thus the Partnership effectively used a case study 

approach, focussed on the Campaspe catchment and its stakeholders and managers, to ground truth the 

research but at the same time develop it in a generic way for ease of application of the approaches to other 

catchments. The aims of the integrated assessment for the Campaspe case study were to: 

• explore the extent of potential water savings possible from increased on-farm water use efficiency; 

• develop a systematic framework for integrating local knowledge (e.g., water and farm management) and 

advanced science (e.g., groundwater and surface water processes) to aid holistic decision making; 

• identify conjunctive water use options for the region and explore their social acceptability (amongst 

irrigators);  

• assess the outcomes of alternative conjunctive water use options for the region, given uncertainties in 

climate, market conditions and knowledge; and 

• assess long-term sustainability of surface water and groundwater uses, ecological integrity and 

economic efficiency in the case study area. 

 

Figure 8 depicts the six stages of the process.  

 

 
Figure 8. Components of the integrated assessment undertaken (blue: social studies; green: modelling; orange: 
integrated evaluation) and their connections. 

 

Models for each system domain were developed for the integrated assessment. The models represent the 

surface and groundwater, farming activities, policy and management, and the riverine ecology. A climate 

component was added to serve the necessary climatic data to the relevant models. A model to indicate the 

suitability of dam water levels for recreational activities was additionally developed. These models are connected 

together (“coupled”) through a specifically developed computational integrated modelling framework to form a 

single integrated model. Such an approach allows each individual model to be regarded as a ‘component’. The 

resulting integrated model is then taken to represent the complex interactions that may occur between the 

represented sub-systems. Through this approach outcomes of management options and decisions as produced 

by the integrated model can then be assessed. The component models and their interactions are depicted in  

Figure 9. 
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To ensure ownership of the solutions, the modelled scenario options were formulated by the stakeholders in the 

Campaspe catchment.  

 

 

 
Figure 9. Integrated component models, their key interactions, and the outputs produced by the integrated model. 
The dashed box around the surface and groundwater components was inserted to simplify the model diagram and 
is not intended to indicate a separate coupled model. 

 

The integrated assessment exposed an appetite for exploring innovations in water management. Results from 

the social research show that irrigators are adapting to reductions in water availability by adopting more water-

efficient irrigation practises. For example, three-quarters of irrigators surveyed had already implemented water 

use efficiency (WUE) measures, saving an estimated 12% of the water required to irrigate crops compared to a 

typical flood irrigation system. Laser grading and tail-water re-use systems were the most common WUE 

practises adopted. Irrigators were also asked about their future intentions to implement WUE measures. 

Calculations based on those data suggest that the water required to irrigate crops could be reduced by an 

additional 15%. These results suggest that irrigators have considerable capacity to adapt to reduced 

entitlements or allocations. Irrigators could use water saved to maintain production or possibly, produce 

additional food and fibre and generate more income, or they could sell saved water. However, WUE measures 

may have unintended outcomes if they lead to less runoff or infiltration (i.e., return flows) that underpins the 

health of environmental assets or irrigation further down the catchment.  

 

Irrigators also expressed support for innovative approaches to the management of surface and groundwater 

(i.e., conjunctive use). Five potential options for conjunctive use were identified for the case study in north-

central Victoria. Managed Aquifer Recharge (MAR) and more flexible rules around access to groundwater 

were assessed as the most feasible options. That assessment addressed technical, economic, environmental 

and social criterion that can be applied to a set of criteria to assess conjunctive use opportunities in other 

irrigation contexts (Ticehurst and Curtis, 2017). 

 

In parallel with the more qualitative aspects above, the integrated model was developed (the green portion in 

Figure 6) to quantify the trade-offs associated with current policy versus the opportunities for conjunctive use 

identified from the engagement processes (the blue portion in Figure 6). Scenarios are being run to complete 

this work, taking a full spectrum of uncertainties into account. Below we indicate some indicative results of the 

modelling for the outputs of groundwater level and farm profitability under an extreme dry climate scenario. 

 

Conceptually, use of groundwater resources by irrigators are governed by the cost of access. Licence fees and 

bore construction costs play a part, but where groundwater is accessible a significant factor is the cost of 

pumping the water. Increased use of groundwater may induce decreases in groundwater levels which increase 
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the cost of pumping due to the increased energy required to pump for the given distance to surface level. As 

such, surface water is largely preferred where and when possible. 

 

Given the above, preliminary results were obtained using extreme dry scenario conditions in which irrigators 

face low surface water availability driven by climate variability. The targeted 30-year scenario saw an average 

rainfall reduction of 109 mm a year compared to historical observations. Under such conditions irrigators are 

likely to be more reliant on groundwater resources which will experience lower recharge due to the lower 

rainfall and irrigation volumes. The associated drop in groundwater levels in the farming areas indicates the 

possibility of reduced groundwater access in the future. Model results under the extreme dry scenario indicate 

that the intended increases to on-farm WUE decreases groundwater level (see figure 10) as the increased 

application efficiency results in reduced recharge volumes. 

                                                             Time step refers to years  

Figure 10. Groundwater levels under dry climate scenarios. Increased efficiency reduces the amount of 
‘unproductive’ irrigation water lost to recharge. Under modelled dry climate scenarios this results in a further 
0.46m drop in groundwater levels compared to flood irrigation at Bore 62589. 

 

Irrigators with pressurised irrigation systems were found to experience decreased farm profitability under such 

dry conditions due to increased costs associated with the operational and pumping requirements of such 

systems. On-farm actions play a role in mitigating negative impacts or enhancing positive benefits, although 

such conditions are governed largely by the climate and policy context. These results suggest that effective 

conjunctive management of water resources is key to ensuring long-term sustainable farm profitability. 

 

 

Figure 11. Farm profitability under an extreme dry climate scenario with flood (left) and spray (right) irrigation. The 
pattern is near identical owing to the use of the same climate scenario; crop yields (and therefore profit) are 
dependent on climatic factors. Use of flood irrigation under extreme dry conditions yields a larger median profit 
owing to cheaper operating costs. 
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The developed integrated model was designed to aid in improving system understanding, management of 
water resources, and decision support. Key benefits of this approach were: 1) engaging irrigators in 
constructive dialogue about ways to improve water management; 2) identifying innovative opportunities that 
have not been considered or tested by policy managers; 3) integrating local knowledge and advanced science 
to aid decision making; and 4) highlighting knowledge gaps and uncertainties that need to be addressed to 
support water management; and not least 5) bringing scientists together from different disciplinary 
perspectives to build capacity as to how to undertake integrated assessments that are participatory, model-
based, policy-focussed and stakeholder informed. 
 
We believe that this is the first time that such a regional integrated assessment has been undertaken with a 
well-deliberated staged process that combines rigorous interdisciplinary science with participatory and model-
based processes - the latter taking system interactions and scenario futures into account, and the former 
eliciting local knowledge and generating practitioner trust in the process. We also suggest that the process and 
software framework are transferable to other catchments. Additional testing in a limited number of irrigation 
contexts will enhance confidence that the approach has a Basin-wide application. 

 

 

 

 

 

 

 

 

 

 

 

Photo: Prof Tony Jakeman and Dr Jenifer Ticehurst (ANU), and Prof Al Curtis (CSU) discussing criteria for 

conjunctive use options. 

 

 

 

 

  

 

 

 

 

 
 

Photo: Dr Baihua Fu (ANU) & Mr Rabi Maskey from Department Economic Development, Jobs, Transport and 

Resources discussing agricultural issues in the Campaspe catchment. 
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Preliminary Project Acquittal  
 
Financial Statement for the period 01 January 2015 to 31 December 2018 
 

 

Table 2: Income and Expenditure from 1st January 2015 to 31st December 2018 (GST Exclusive) 

 

Overview $ $ 

Income (GST Exclusive)   

Murray-Darling Basin Authority payment 2,000,000.00  

Interest earned for the life of project      26,324.21  

Total Income       2,026,324.21 

Expenditure    

Salaries and oncosts 1,113,690.66  

Travel 114,169.65  

Laboratory Items 27,527.81  

Consumables  7,484.43  

Consultancy Fees 13,040.00  

Subcontractor Payments 730,000.00  

Equipment 4,658.89  

Sequencing & Services        8,607.50  

Total Expenditure  2,019,178.94  

Balance as at 31 December 2018  7,145.27 

 

Note: The remaining project funds ($7,145.27) from the collaborative agreement have been approved by the 

Murray-Darling Basin Authority to fund the dissemination of research findings to the community. All funds are 

to be spent by 29th November 2019, with all remaining funds to be acquitted by 15th December 2019 

accompanied by an outreach program report. 
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Personnel Number 

Partnership Director 1 

Chief Investigators 5 

Senior Lecturer 1 

International Partner 1 

Postdoctoral Research Fellows 7 

Visiting Honorary Postdoctoral Fellow 1 

PhD Students 4 

Masters Students 1 

Honours Students 1 

Technical/Research Assistants 2 

Output Class  

Book and Book Chapters 6 

Journal articles 12 

 Journal articles – under revision 1 

Journal articles – in preparation 5 

Technical reports 6 

Theses 2 

Theses – in preparation 5 

Conference presentations 12 

Outreach 11 
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Name Institution Position 
 

Link to biographical information 
 

 
Partnership Director 

 

 
Prof Craig Simmons 
 

 
NCGRT 
Director and 
Flinders 

Partnership 
Director/ Research 
Leader  

 
http://www.flinders.edu.au/people/craig.simmons 

 

 
Chief Investigators 
 

Prof Okke Batelaan Flinders 
 
CI 

 
http://www.flinders.edu.au/people/okke.batelaan  
 

 
Prof Peter Cook 

 
Flinders 

 
CI 

 
http://www.groundwater.com.au/researchers/pet
er-cook 
 

 
Dr Russell Crosbie 

 
CSIRO 

 
CI 

 
http://www.groundwater.com.au/videos/dr-
russell-crosbie-climate-change-and-groundwater 
 

 
Prof Allan Curtis 

 
CSU  

CI 

 
https://www.csu.edu.au/research/ilws/team/profil
es/members/allan-curtis 
 

 
Prof Tony Jakeman 
 

 
ANU 

CI 

 
https://researchers.anu.edu.au/researchers/jake
man-aj 
 

 
Team Members 
 

 
Dr Barry Croke 
 

ANU 
 
Associate 
Professor 

 
https://researchers.anu.edu.au/researchers/crok
e-bfw  
 

 
A/Prof Matthew 
Sanderson 
 

Kansas State 
University 

 
International 
Partner 

 
https://www.k-
state.edu/sasw/faculty/sanderson.html 
 

 
Dr Dan Partington 

 
Flinders  

 
Postdoctoral 
Research Fellow 

 
http://www.flinders.edu.au/people/daniel.partingt
on# 
 

 
Dr Yueqing Xie 

 
Flinders  

 
Postdoctoral 
Research Fellow 

 
http://www.flinders.edu.au/people/yueqing.xie 
 

Dr Saskia Noorduijn Flinders 
Postdoctoral 
Research Fellow 

 
http://www.flinders.edu.au/people/saskia.noorduij
n 
 

 
Dr Jenifer Ticehurst 
 

 
ANU 

 
Postdoctoral 
Research Fellow 

 
https://researchers.anu.edu.au/researchers/ticeh
urst-jl 
 
 

 
Dr Baihua Fu 
 

 
ANU 

 
Postdoctoral 
Research Fellow 

 
https://researchers.anu.edu.au/researchers/fu-b 
 

 
Dr Wendy Merritt  

ANU 
Postdoctoral 
Research Fellow 

 
https://researchers.anu.edu.au/researchers/merri
tt-w 

http://www.flinders.edu.au/people/craig.simmons
http://www.flinders.edu.au/people/okke.batelaan
http://www.groundwater.com.au/researchers/peter-cook
http://www.groundwater.com.au/researchers/peter-cook
http://www.groundwater.com.au/videos/dr-russell-crosbie-climate-change-and-groundwater
http://www.groundwater.com.au/videos/dr-russell-crosbie-climate-change-and-groundwater
https://www.csu.edu.au/research/ilws/team/profiles/members/allan-curtis
https://www.csu.edu.au/research/ilws/team/profiles/members/allan-curtis
https://researchers.anu.edu.au/researchers/jakeman-aj
https://researchers.anu.edu.au/researchers/jakeman-aj
https://researchers.anu.edu.au/researchers/croke-bfw
https://researchers.anu.edu.au/researchers/croke-bfw
https://www.k-state.edu/sasw/faculty/sanderson.html
https://www.k-state.edu/sasw/faculty/sanderson.html
http://www.flinders.edu.au/people/saskia.noorduijn
http://www.flinders.edu.au/people/saskia.noorduijn
https://researchers.anu.edu.au/researchers/ticehurst-jl
https://researchers.anu.edu.au/researchers/ticehurst-jl
https://researchers.anu.edu.au/researchers/fu-b
https://researchers.anu.edu.au/researchers/merritt-w
https://researchers.anu.edu.au/researchers/merritt-w
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Name Institution Theme Area 

 
Link to biographical information 

 

 
Dr Emily Mendham 

 
CSU 

Postdoctoral 
Research Fellow 

 
https://www.csu.edu.au/research/ilws/team/profil
es/members/emily-mendham 
 

 
Dr Camille Bouchez 
 

French 
Academy of 
Sciences/ 
NCGRT 

Visiting Honorary 
Postdoctoral 
Fellow 

http://www.flinders.edu.au/people/camille.bouche
z 

 
Ms Ruirui Zhu 
 

ANU PhD 

 
http://fennerschool.anu.edu.au/about-
us/people/ruirui-zhu 
 
 

 
Ms Fateme Zare 
 

ANU PhD 

 
http://fennerschool.anu.edu.au/about-
us/people/fateme-zare 
 
 

 
Mr Michael Asher 
 

 
ANU 

PhD 

 
http://maths.anu.edu.au/people/michael-asher 
 
 

 
Mr Sunail Hasnain 
 

ANU PhD 
 
 

 
Mr Takuya Iwanaga 
 

ANU Masters 

 
http://fennerschool.anu.edu.au/about-
us/people/iwanaga-takuya 
 
 

 
Ms Melissa Wales 
 

ANU Honours 

 
http://fennerschool.anu.edu.au/about-
us/people/melissa-wales 
 
 

 
Mr Royce Sample 
 

CSU Research Assistant 

 
https://networks.csu.edu.au/cgi-
bin/csucommsrch.pl 
 

 
Mr Nicholas White 
 

Flinders Technical Officer 

 
http://www.flinders.edu.au/people/nicholas.white 
 
 

 
 

 

 

 

 

 

 

 

 
 
Photo: research team meeting with Goulburn Murray Water and North Central Management Authority, Victoria, 
representatives 

https://www.csu.edu.au/research/ilws/team/profiles/members/emily-mendham
https://www.csu.edu.au/research/ilws/team/profiles/members/emily-mendham
http://www.flinders.edu.au/people/camille.bouchez
http://www.flinders.edu.au/people/camille.bouchez
http://fennerschool.anu.edu.au/about-us/people/ruirui-zhu
http://fennerschool.anu.edu.au/about-us/people/ruirui-zhu
http://fennerschool.anu.edu.au/about-us/people/fateme-zare
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http://fennerschool.anu.edu.au/about-us/people/melissa-wales
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Books and Book Chapters 
 
Pollino, C.A., Hamilton, S.H., Fu, B. and Jakeman, 

A.J.  (2017) Integrated approaches within water 

resource planning and management in Australia – 

theory and application. In: Barry Hart and Jane 

Doolan (eds), Decision Making in Water Resources 

Policy and Management. ISBN 9780128105245. 

Elsevier – https://doi.org/10.1016/B978-0-12-

810523-8.00013-6 

Barreteau, O., Caballero, Y., Hamilton, S., 

Jakeman, A.J. and Rinaudo, J.D. (2016) 

Disentangling the complexity of groundwater 

dependent socio-ecological systems. Chapter 3 in: 

In Integrated Groundwater Management: concepts, 

approaches and challenges, Jakeman et al. (eds), 

Springer (open access), pp. 

https://link.springer.com/content/pdf/10.1007%2F9

78-3-319-23576-9_3.pdf 

Hunt, R.J., Hayashi, M. and Batelaan, O., 2016, 

Ecohydrology and Its Relation to Integrated 

Groundwater Management. Integrated 

Groundwater Management: Concepts, Approaches 

and Challenges. A. J. Jakeman, O. Barreteau, R. J. 

Hunt, J.-D. Rinaudo and A. Ross. Cham, Springer 

International Publishing: 297-312, 

http://dx.doi.org/10.1007/978-3-319-23576-9_12 

Jakeman, A.J., Barreteau, O., Hunt, R.J., Rinaudo, 

J.-D., and Ross, A. (eds) (2016) Integrated 

Groundwater Management: concepts, approaches 

and challenges. Springer (open access), 762 pp. 

http://link.springer.com/book/10.1007%2F978-3-

319-23576-9 

Jakeman, A.J., Barreteau, O., Hunt, R.J., Rinaudo, 

J.-D., Ross, A., Arshad, M. and Hamilton, S. (2016) 

Integrated Groundwater Management: an overview 

of concepts and challenges. Chapter 1 in: In 

Integrated Groundwater Management: concepts, 

approaches and challenges, Jakeman et al. (eds), 

Springer (open access), pp. 3-20. 

https://link.springer.com/chapter/10.1007/978-3-

319-23576-9_1 

Quevauviller, P., Batelaan, O. and Hunt, R.J., 

2016, Groundwater Regulation and Integrated 

Water Planning. Integrated Groundwater 

Management: Concepts, Approaches and 

Challenges. A. J. Jakeman, O. Barreteau, R. J. 

Hunt, J.-D. Rinaudo and A. Ross. Cham, Springer 

International Publishing: 197-227, 

http://dx.doi.org/10.1007/978-3-319-23576-9_8 

 
Journal papers  
 
Cook, P. G. (2015) Quantifying river gain and loss 

at regional scales. Journal of Hydrology, 531, Part 

3, 749–758. 

https://doi.org/10.1016/j.jhydrol.2015.10.052 

Sanderson, M., and Curtis, A. (2016) Culture, 

climate change and farm-level groundwater 

management: an Australian case study. Journal of 

Hydrology, 536, 284-292. 

https://doi.org/10.1016/j.jhydrol.2016.02.032 

Sanderson, M.R. and Curtis, A.L. (2017) Are 

irrigators different from dryland operators? Insights 

from a comparative study in Australia. Journal of 

the American Water Resources Association, 

53(6):1453-1466. https://doi.org/10.1111/1752-

1688.12584 

Xie, Y., Cook, P.G., Simmons, C.T., Partington, D., 

Crosbie, R., Batelaan, O., (2017) Uncertainty of 

groundwater recharge estimated from a water and 

energy balance model. Journal of Hydrology, 

https://doi:10.1016/j.jhydrol.2017.08.010. 

Asher, M., Croke, B.F.W., Jakeman, A.J. and 

Peeters, L. (2015) A review of surrogate models 

and their application to groundwater modeling. 

Water Resources Research, 51(8): 5957-5973. 

https://doi.org/10.1002/2015WR016967 

Guillaume J.H.A., Arshad M., Jakeman A.J., Jalava 

M. and Kummu M. (2016) Robust Discrimination 

between Uncertain Management Alternatives by 

Iterative Reflection on Crossover Point Scenarios: 

Principles, Design and Implementations. 

Environmental Modelling and Software, 83: 326–

43.    https://doi:10.1016/j.envsoft.2016.04.005 

Merritt, W.S., Fu, B., Ticehurst, J.L., El Sawah, S., 

Vigiak, O., Roberts, A.M., Dyer, F., C.A., Pollino, 

C.A., Guillaume. J.H.A., Croke, B.F.W. and 

Jakeman, A.J. (2017) Realizing modelling 

outcomes: A synthesis of success factors and their 

https://doi.org/10.1016/B978-0-12-810523-8.00013-6
https://doi.org/10.1016/B978-0-12-810523-8.00013-6
https://link.springer.com/content/pdf/10.1007%2F978-3-319-23576-9_3.pdf
https://link.springer.com/content/pdf/10.1007%2F978-3-319-23576-9_3.pdf
http://dx.doi.org/10.1007/978-3-319-23576-9_12
http://link.springer.com/book/10.1007%2F978-3-319-23576-9
http://link.springer.com/book/10.1007%2F978-3-319-23576-9
https://link.springer.com/chapter/10.1007/978-3-319-23576-9_1
https://link.springer.com/chapter/10.1007/978-3-319-23576-9_1
http://dx.doi.org/10.1007/978-3-319-23576-9_8
https://doi.org/10.1016/j.jhydrol.2015.10.052
https://doi.org/10.1016/j.jhydrol.2016.02.032
https://doi:10.1016/j.jhydrol.2017.08.010
https://doi.org/10.1002/2015WR016967
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use in a retrospective analysis of 15 Australian 

water resource projects. Environmental Modelling 

and Software, 94: 63-72. 

https://doi.org/10.1016/j.envsoft.2017.03.021 

Zare, F., Elsawah, S., Iwanaga, T., Jakeman, A.J., 

Pierce, S.A. (2017) Integrated water assessment 

and modelling: a bibliometric analysis of trends in 

the water resources sector. Journal of Hydrology, 

552: 765-778. 10.1016/j.jhydrol.2017.07.031 

Xie, Y., Crosbie, R., Simmons, C.T., Cook, P.G., 

and Zhang, L., 2018. Uncertainty assessment of 

spatial groundwater recharge estimated from 

unsaturated flow modelling, Hydrogeology Journal. 

http://dx.doi.org/10.1007/s10040-018-1840-0 

Noorduijn, S.L., Cook, P.G., Simmons, C.T. and 

Richardson, S. B. (2018) Protecting groundwater 

levels and ecosystems with simple management 

approaches, Hydrogeology Journal. 

https://doi.org/10.1007/s10040-018-1849-4 

Ticehurst, J.L., and Curtis, A.L. (2018): The 

intention of irrigators to adopt water use efficient 

measures: case studies in the north and south of 

the Murray–Darling Basin, Australasian Journal of 

Water Resources, 

https://doi.org/10.1080/13241583.2018.1486267 

Ticehurst, J.L. and Curtis, A.L. (2018) (in press) 

Assessing conjunctive use opportunities with 

stakeholders in Australia's Murray-Darling Basin. 

Journal of Water Resources Planning and 

Management.  

Journal papers – under revision  
 

Fu,B., Guillaume, J. H.A., Asher,M., Jakeman. A.J. 

(under revision) A bricolage style exploratory 

scenario analysis to manage uncertainty: 

investigating integrated water management 

options. Socio-Environmental Systems Modelling.  

 
Journal papers – in preparation  
 
Bouchez,C., Cook,P., Partington, D.,Simmons, 

C.T., (in prep) Spatio-temporal SW-GW exchange 

flow patterns at catchment-scale from reach-scale 

experimental and numerical approaches. 

Iwanaga, T, Jakeman, A.J., Zare, F. et al. (in prep.) 

Assessing conjunctive use scenarios and 

associated uncertainties for socio-environmental 

outcomes in the Campaspe catchment.  

Partington, D., et al., (in prep) Worth of water 

chemistry and hydraulic data in reducing the 

uncertainty of surface water-groundwater 

exchange predictions at the regional scale.  

Partington, D., et al., (in prep) A malleable 

modelling framework for the building, modifying, 

and updating of surface water-groundwater 

models.  

Ticehurst, J.L. and Curtis, A.L. (in prep) 

Groundwater use and trading, a case study in the 

Murray-Darling Basin. 

 

Technical reports 
 

Fu, B., Merritt, W., Ticehurst, J. (2015) Basin Plan 

Objectives and Integrated Assessment Framework: 

A report to the Murray-Darling Basin Authority. 

National Centre for Groundwater Research and 

Training, Flinders University, South Australia.  

Fu, B., Iwanaga,T., Ticehurst, J., Merritt, W., 

Croke, B., Partington, D., Jakeman, A.J. (2017). 

Integrated Assessment of Conjunctive Water Use 

Options at the Lower Campaspe. Draft Report 

Submitted to the MDBA-NCGRT Strategic 

Research Partnership Program. 

Fu, B (2017). Modelling ecological indices to 

evaluate suitability of surface water and 

groundwater regimes in the lower Campaspe. Draft 

technical report submitted to the MDBA-NCGRT 

Partnership Program. 

Ticehurst, J., and A. Curtis (2017) Preliminary 

assessment of conjunctive use opportunities in the 

Murray-Darling Basin: A case study in the lower 

Campaspe catchment. A report to the Murray-

Darling Basin Authority. National Centre for 

Groundwater Research and Training, Flinders 

University, South Australia. 

https://researchoutput.csu.edu.au/ws/portalfiles/por

tal/21122374/Campaspe_Conjunctive_Use_Final_

Report.pdf 

Ticehurst, J., and A. Curtis (2017) Improving on-

farm water use efficiency amongst irrigators in the 

Campaspe/ Rochester district. A report to the 

Murray-Darling Basin Authority. National Centre for 

Groundwater Research and Training, Flinders 

University, South Australia. 

Ticehurst, J., and A. Curtis. (2017) Pre-feasibility 

assessment of conjunctive use opportunities for the 

Murrumbidgee region – Preliminary interview 

https://doi.org/10.1016/j.envsoft.2017.03.021
doi:%2010.1016/j.envsoft.2017.03.021
doi:%2010.1016/j.envsoft.2017.03.021
https://doi.org/10.1016/j.jhydrol.2017.07.031
http://dx.doi.org/10.1007/s10040-018-1840-0
https://doi.org/10.1007/s10040-018-1849-4
https://doi.org/10.1080/13241583.2018.1486267
https://researchoutput.csu.edu.au/ws/portalfiles/portal/21122374/Campaspe_Conjunctive_Use_Final_Report.pdf
https://researchoutput.csu.edu.au/ws/portalfiles/portal/21122374/Campaspe_Conjunctive_Use_Final_Report.pdf
https://researchoutput.csu.edu.au/ws/portalfiles/portal/21122374/Campaspe_Conjunctive_Use_Final_Report.pdf
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findings, A report to the Murray-Darling Basin 

Authority. National Centre for Groundwater 

Research and Training, Flinders University, South 

Australia. This report had been completed but not 

published. 

 
Theses 
 

Iwanaga., T. (2016) Assessing Farm Adaptation 

Options Under Future Uncertainty: a Campaspe 

case study. Masters thesis, ANU.  

Wales, M., (2016) The social norms that shape the 

way groundwater irrigators conceptualise and 

manage their groundwater sources. Honours 

thesis, ANU. 

 
Theses – in preparation  
 

Asher, M. (in prep.) Emulation of groundwater 

models for decision support. PhD thesis, ANU. 

Hasnain. S. (in prep.) Assessment of conjunctive 

use options. PhD thesis, ANU. 

Iwanaga, T. (in prep.) Scenarios and uncertainty 

analysis of conjunctive use modelling: Campaspe 

case study. PhD thesis, ANU. 

Zare, F. (jn prep.) The integrated socio-

environmental modelling process: Campaspe case 

study. PhD thesis, ANU. 

Zhu, R. (in prep.) Identifying surface-groundwater 

interactions and recharge through numerical 

modelling. PhD thesis, ANU. 

 

Conference papers  
 

Fu, B., Ticehurst, J., Merritt, W., Iwanaga, T., 

Partington, D., Croke, B., Jakeman, A., Curtis, A. 

(2017) Fusing modelling and engagement 

practices to support assessment of conjunctive 

water use opportunities. Australasian Groundwater 

Conference 2017. Sydney, 11-13 July 2017. 

Iwanaga, T., Fu, B., Ticehurst, T., Merrritt, W., 

Partington, D., Zare, F., Croke, B., & Jakeman, A. 

Using integrated modelling to help improve 

understanding of the interaction between society, 

policy, farming decision, ecology, hydrology and 

climate: Application to the Campaspe catchment, 

Victoria, Australia. Presented at the 2nd IAHS 

Panta Rhei International Workshop on water 

system knowledge innovation and its practices in 

developing countries, Gorgan, Iran, November, 

2017 (2 page paper). 

Iwanaga, T., Jakeman, A. J., Partington, D., and 

Croke, B.F.W. (2017) Benefits of a component-

based integrated modelling approach within a 

participatory process, Presented at the 22nd 

International Congress on Modelling and 

Simulation, Hobart, Tasmania, Australia, 

December 3-8 2017. 

Iwanaga, T., Zare, F., Croke, B., Fu, B., Merritt, W., 

Partington, D., Ticehurst, J., and Jakeman, A. 

(2018) Development of an integrated model for the 

Campaspe catchment: a tool to help improve 

understanding of the interaction between society, 

policy, farming decision, ecology, hydrology and 

climate. In: Proceedings of the 8th International 

Water Resources Management Conference of the 

International Association of Hydrological Sciences, 

Beijing, China, June 13-15 2018. 

Jakeman, A. has presented the integration work of 

the Partnership at several international meetings 

including the opening keynote address at the 

Integrated Assessment for Modelling 

Environmental Systems Conference on May 10-11 

2018, and the recent Howard Wheater Symposium 

on March 7-8 at the University of Saskatchewan. 

(2) 

Noorduijn, S.L., Cook, P.G., and Simmons, C. 

(2017) Managing groundwater resources in the 

absence of a numerical models (presentation), 

Australian Groundwater Conference, Sydney, 

Australia. 

Partington, D., Worth of radon, electrical 

conductivity, and carbon-14 for the estimation of 

stream aquifer exchange using a regional-scale 

groundwater model (Campaspe River). (Oral 

presentation, Australasian Groundwater 

Conference) 

Ticehurst, J., and A. Curtis (2017) Using Bayesian 

network analysis to support natural resource 

management practitioner choices about the policy 

instruments they employ to engage rural 

landholders, International Symposium on Society 

of Natural Resources, Umea, Sweden, June 19-22 

2017. 

Xie et al. (2016) Uncertainty of Coupled Soil-

Vegetation-Atmosphere Modelling Methods for 

Estimating Groundwater Recharge. AGU Fall 

Meeting, San Francisco. 
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Xie et al. (2017) Reliability of spatial patterns of 

groundwater recharge. Australian Groundwater 

Conference, Canberra. 

Xie et al. (2017) Spatial uncertainty assessment of 

groundwater recharge at regional scale. 22nd 

International Conference on Modelling and 

Simulation, MODSIM 2017 Conference, Hobart. 

Zhu R., Jakeman, A.J. and Croke, B.F.W. (2017) 

Hydrological modelling for conjunctive water use in 

the Murrumbidgee catchment: groundwater 

recharge estimation. 22nd International 

Conference on Modelling and Simulation, MODSIM 

2017, Hobart, Tasmania, 3-8 Dec. 

mssanz.org.au/modsim2017 

 

Outreach (to December 2018) 
 

Fu, B., Merritt, W., Ticehurst, J., (2016) Integrated 

assessment of water allocation and use 

opportunities. A flyer for the Murray-Darling Basin 

Authority. National Centre for Groundwater 

Research and Training, Flinders University, South 

Australia. 

Groth, T. and Curtis, A. (2016) Mapping farmer 

identity: Why? How? What it tells us? Presentation 

at the 22nd International Symposium on Society 

and Resource Management. June 22-26, 2016. 

Houghton, Michigan, USA. 

Iwanaga, T., Merritt, W., Fu, B., Ticehurst, J., 

Croke, B.F.W., Partington, D., Zare, F., and 

Jakeman, A.J., (2017) Campaspe Integrated 

Model, Presented to stakeholders in Tatura, 

Victoria, October 12 2017. 

Ticehurst, J., and A. Curtis (2016) MDBA 

Partnership – Preliminary feasibility assessment of 

conjunctive use opportunities, A flyer for the 

Murray-Darling Basin Authority. National Centre for 

Groundwater Research and Training, Flinders 

University, South Australia. 

Ticehurst, J., and A. Curtis (2016) Campaspe and 

Rochester Irrigator Survey 2016 – A summary of 

results for survey respondents, National Centre for 

Groundwater Research and Training, Flinders 

University, South Australia. 

Ticehurst, J., and A. Curtis (2017) Supporting 

recreation on Lake Eppalock using the Goldfields 

Super Pipe, A summary for the Stakeholders. 

National Centre for Groundwater Research and 

Training, Flinders University, South Australia. 

Stakeholder workshop to discuss preliminary 

integrated model for the lower Campaspe. 8 people 

attended (Tatura: October 2017) 

Stakeholder workshop to discuss preliminary 

findings from the water use efficiency analysis in 

the Campaspe case study area. 9 people attended 

(Tatura: October 2016) 

Stakeholder workshop to discuss survey response 

rate and initial findings. 9 attended (Tatura: May 

2016) 

Stakeholder workshop with DELWP 

representatives to discuss conjunctive use options 

for the Campaspe case study area (May, 2016) 

Stakeholder workshop to identify conjunctive use 

opportunities in the Murrumbidgee. 20 people 

attended (Griffith: February 2016) 
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