MURRAY-DARLING BASIN AUTHORITY

Native Fish Strategy
Framework for developing and implementing
ecological monitoring and evaluation of aquatic
rehabilitation in demonstration reaches

MURRAY-DARLING BASIN AUTHORITY

Native Fish Strategy
Framework for developing and implementing
ecological monitoring and evaluation of aquatic
rehabilitation in demonstration reaches

C.A. Boys, W. Robinson, A. Butcher, B. Zampatti and J. Lyon

Published by Murray-Darling Basin Commission
Postal Address GPO Box 409, Canberra ACT 2601
Australian Capital Territory
Telephone (02) 6279 0100 international + 61 2 6279 0100
Facsimile (02) 6248 8053 international + 61 2 6248 8053
E-Mail info@mdbc.gov.au
Internet http://www.mdbc.gov.au
For further information contact the Murray-Darling Basin Commission office on (02) 6279 0100
This report may be cited as: Boys, C.A., Robinson, W., Butcher, A., Zampatti, B. and Lyon, J.
(2008). Framework for developing and implementing ecological monitoring and evaluation of
aquatic rehabilitation in demonstration reaches. Murray-Darling Basin Commission, Canberra.
MDBC Publication No. 43/08
ISBN 978 1 921257 83 4
© Copyright Murray-Darling Basin Commission 2008
This work is copyright. Graphical and textual information in the work (with the exception of
photographs and the MDBC logo) may be stored, retrieved and reproduced in whole or in part,
provided the information is not sold or used for commercial benefit and its source (Framework
for developing and implementing ecological monitoring and evaluation of aquatic rehabilitation
in demonstration reaches) is acknowledged. Such reproduction includes fair dealing for the
purpose of private study, research, criticism or review as permitted under the Copyright Act 1968.
Reproduction for other purposes is prohibited without prior permission of the Murray-Darling
Basin Commission or the individual photographers and artists with whom copyright applies.
To the extent permitted by law, the copyright holders (including its employees and consultants)
exclude all liability to any person for any consequences, including but not limited to all losses,
damages, costs, expenses and any other compensation, arising directly or indirectly from using
this report (in part or in whole) and any information or material contained in it.
Cover photograph: Barmah choke up river from the Dhanya Centre near Barmah, NSW,
by Arthur Mostead.

forEword
In May 2004 the Native Fish Strategy for the Murray-Darling Basin was released by the Chairman of
the Murray-Darling Basin Ministerial Council. This Strategy is designed to bring communities and
governments together to enhance native fish populations throughout the Basin over the next 50 years.
The implementation of demonstration reaches is important to the success of the Strategy. Demonstration
reaches make obvious the need for holistic river rehabilitation to restore fish communities (i.e. whole
communities rather than individual species). They aim to enhance public awareness of how an integrated
and adaptive approach to ecosystem management can have positive consequences for river health. They
are also seen as a crucial step to refining guidelines for the restoration of rivers elsewhere in the Basin.
The need to monitor and evaluate the effectiveness of these rehabilitation works is also well identified,
although to date monitoring has been inconsistently applied. This manual provides a scientifically-robust
and cost-effective framework to guide the monitoring and evaluation of ecological response to river
rehabilitation carried out within a demonstration reach. The manual explains the need for ecological
monitoring of demonstration reaches, describes elements of a good monitoring program, and discusses
different types of monitoring able to be undertaken, and how they should be applied.
I believe that the knowledge contained within this manual represents a significant contribution to helping
us to understand how best to contribute to improving the health of our native fish communities in the
Murray-Darling Basin.

Jim Barrett
Manager
Native Fish Strategy
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ExEcutIvE suMMAry
The ‘demonstration reach’ concept is a model with which to implement a holistic approach to native fish
recovery in the Murray-Darling Basin’s river systems. The model involves the rehabilitation of the fish
community through the simultaneous implementation of several key interventions. Demonstration reaches
aim to enhance public awareness of how an integrated and adaptive approach to ecosystem management
can have positive consequences for river health. They are also seen as a crucial step to refining guidelines
for the rehabilitation of rivers elsewhere in the Basin. River rehabilitation can take many forms and
not all rehabilitation projects lend themselves to the demonstration reach approach. Eight criteria set
demonstration reaches apart from standard rehabilitation reaches, and these can be summarised broadly as
three crucial factors:
• multiple intervention management;
• community engagement; and
• evaluation.
As demonstration reaches are implemented throughout the Murray-Darling Basin, it is crucial that
interventions are appraised in a sound manner preferably within an adaptive rehabilitation framework. Although
those involved in river rehabilitation worldwide generally agree that project evaluation is crucial, such appraisal
is often neglected. It is essential that selected demonstration reaches be monitored and evaluated if lessons
are to be learnt from both rehabilitation successes and failures. Standardised reporting needs to occur so that
project design flaws can be detected and the science of river rehabilitation can be progressed in the MurrayDarling Basin (MDB).

The objective of the report is:
To develop a scientifically-robust framework that can be adapted to monitoring and evaluating ecological
response to river rehabilitation carried out within a demonstration reach. This includes consideration
of experimental design, sampling procedures, statistical analyses and reporting of results and will be
applicable to any demonstration reach within the MDB.
In this report, the key criteria for ecologically effective monitoring at demonstration reaches have been outlined
in a framework. This framework will assist in the design of a monitoring program and is not a monitoring
program of itself. Monitoring programs always need to be tailored to the specifics of the system. Therefore, a
certain degree of generality has been maintained in the framework due to the large range of impacts, scales,
interventions and ecosystem responses that may be encountered in different demonstration reaches. The
framework should assist those developing new demonstration reaches in the MDB, and enable monitoring
programs of a number of existing reaches be refined. The framework outlines what is known to be bestpractice for ecological monitoring or a set of minimum standards which should be promoted with the goal of
implementing effective and affordable rehabilitation. These standards are presented within the context of the
types of management options and constraints that are generally applicable to demonstration reaches.
The greatest challenge now lies ahead: can these minimum standards be implemented? The first step will
be for all those involved in rehabilitation to embrace the need for evaluation within a framework of adaptive
rehabilitation. The second step will be to promote a greater level of coordination so that resources can
potentially be focussed on a number of robust evaluations rather than many small-scale pseudo-experiments
that promote little learning. The third step will be for those agencies that sponsor river rehabilitation (e.g.
State agencies and the MDBA) to assume a greater level of responsibility over what rehabilitation projects
get funded. For instance, the level of funding given to some larger, prominent rehabilitation projects (such as
demonstration reaches) should be contingent on a minimum standard of evaluation being upheld.
Effective monitoring at demonstration reaches is likely to require additional investment from all stakeholders,
but the benefits will include greater learning and improved health of our river systems. Success will depend on
investing in the collection of baseline data and conducting long-term post-intervention monitoring. If, however,
we choose to place limited value on the need for ecologically effective monitoring, we run the risk of reducing
the scientific credibility of aquatic rehabilitation and losing public support for both rehabilitation projects and
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the important role that the Native Fish Strategy has to play in facilitating the recovery of native fish populations
in the MDB. As we learn more about ecological responses to rehabilitation it is logical we can eventually reduce
the level of investment in monitoring in some areas. Until then, continued research is needed into refining
monitoring programs and developing indicators which are meaningful, affordable and repeatable.
table 1: key features and considerations of the framework with reference to their primary chapter
of discussion.
Key features of the framework, considerations and recommendations

Chapter(s)

The usefulness of any monitoring program to researchers and rehabilitation practitioners alike
will be maximised by ensuring the program is accessible, adaptable, transparent, interdisciplinary,
quantitative, scientifically defensible, accountable and realistic.

2

A successful demonstration reach will be one which achieves a combination of ecological success,
learning success and stakeholder success.

3

The framework promotes a multi-scalar approach to monitoring involving some combination of:
1. trend or condition monitoring; and
2. Impact or intervention monitoring

3, 7

Trend monitoring should focus at the scale of the management unit, that is, the whole demonstration
reach. Trend monitoring identifies general trends in the reach, but does not allow the underlying
mechanisms or causes of these trends to be determined. Rehabilitation practice will be greatly
enhanced if we ascertain what mechanisms may be responsible for demonstration reach scale trends.
To enable this, where possible, trend monitoring should be combined with the monitoring of responses
to specific interventions. The scale of intervention monitoring is likely to vary for different interventions.
In the real world, there is no such thing as the perfect monitoring program. Natural variability and
pragmatic factors will greatly constrain the monitoring approaches that can be used. As such,
monitoring programs will lie along a gradient of inferential certainty, from strong to weak. The
robustness of a monitoring program can be maximised if monitoring plans are developed in parallel
with the works program.

x

2, 7

Rehabilitation is based on a set of beliefs surrounding how an ecosystem is likely to respond to
intervention. Conceptual models provide a way these beliefs can be presented diagrammatically,
so that an open dialogue can occur between scientists, managers, practitioners and the wider
community. Conceptual models illustrate knowledge and assumptions about how ecosystems
operate, identify gaps in knowledge and enable hypotheses to be generated regarding system
behaviour. Monitoring programs founded on a solid conceptual model are more likely to identify key
indicators needed to measure ecological response and meaningful hypotheses regarding indicator
behaviour in response to interventions. Developing one or more conceptual models is critical to the
design of a monitoring program, and these can be as simple or as complex as required.
‘Stressor’ and ‘state and transition’ models are particularly pertinent to demonstration reaches.
Stressor models focus on the key impacts in a reach and how they affect ecosystem structure and
function. State and transition models show the sequential stages a system undertakes as it responds
to an intervention. Stommel diagrams are a useful way of identifying space-time interactions that will
influence the spatial and temporal scale of monitoring.

5

The framework does not attempt to prescribe a set of indicators, but rather outlines examples
of ‘candidate’ indicators most suitable for assessing ecological condition and change related to
demonstration reach works.
Indicators should be strongly associated with the impacts and interventions in the demonstration
reach. An indicator should provide an efficient means to measure change in response to rehabilitation.
It is advantageous to include indicators already collected by community or government monitoring
programmes (e.g. SRA). This is particularly pertinent where large amounts of historical data are
available. Ideally, daily and seasonal variability of the indicator should be understood, as well as
whether the indicator is sensitive to confounding spatial and temporal factors. Using a combination
of both physico-chemical (habitat and water quality) and biotic (e.g. fish and macroinvertebrate)
indicators may be desirable, as is using a range of ecosystem level indicators (species, population,
assemblage), because each can aid in the interpretation of the other and the underlying mechanisms
of response.
A review of past research should highlight the most appropriate sampling technique(s) and
instrumentation required to assess indicators. In many cases this will remove the need for pilot trials
to develop appropriate methods.

6
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Key features of the framework, considerations and recommendations

Chapter(s)

The formulation of scale-specific questions is critical when designing a monitoring program and
the issue of scale needs to be kept in mind throughout the entire design process. Both spatial and
temporal scales need to be considered, as do their appropriateness for each intervention, indicator
and management process they must inform.

7

Duration and frequency of monitoring required will differ between hypotheses and indicators. With
respect to demonstration reaches, two broad timeframes can be recognised:
1. A three to five year period that corresponds to the typical duration of funding cycles and
contracted works programs; and
2. A longer-term timeframe of five to fifteen years relevant to the detection of mid to longterm ecological responses aligned with the reaches ‘whole-of-life plan’.

7

Research questions need to be assigned to each of these two timeframes, based on the nature of
intervention (e.g. frequency and duration), nature of indicator response (including time-lags and
trajectories), and socio-economic requirements.
There are different types of experimental designs, all resulting in different levels of statistical
robustness and inferential strength. Designs need to be tailored to each demonstration reach, as
inappropriate designs will result in monitoring programs with little statistical power and a poor ability
to infer system response from an intervention.
It needs to be emphasised that a monitoring program deficient in design is unlikely to be rescued,
regardless of the number and complexity of statistical methods that are applied. Biometric expertise
should be sought when necessary.

7

Monitoring budgets are likely to constrain what scales can be examined. It is recommended that
priority be given to those hypotheses and indicators that are applicable to the demonstration reach
scale, based on the premise that sampling at this scale will be most cost-efficient and immediately
relevant to reporting on the ecological improvement of the demonstration reach as a whole.

7

There are different types of experimental designs that can be applied to demonstration reaches.
These relate to different spatial and temporal circumstances that may be encountered and result in
different levels of statistical robustness and inferential strength. It is essential that those developing
monitoring programs be aware of these differences.

7

BACI type designs, with adequate replication of before, after, control and impact components are
considered to be among the best designs for separating, with relatively high confidence, treatment
effects from natural variation. BACI type designs should be used where possible and there are slight
variations in these that can be tailored to suit the different circumstances of specific demonstration
reaches. A well designed BACI experiment lends itself well to analysis using conventional analysis of
variance (ANOVA) models.

7, 8

Designs, without pre-intervention data, or without suitable controls for comparison should be avoided
where possible. Should there be the need to monitor some interventions without adequate before or
control data, there are analytical approaches such as time series analysis and site trajectory analysis
that can be used. Whilst these can still yield useful insights, the conclusions must be treated with
added suspicion as inferential certainty will be relatively weak. In these cases, a multiple-levels-ofevidence approach may strengthen this certainty.

7, 8

In all demonstration reaches there is only one legitimate intervention or treatment location. Therefore,
results from a single treatment location will always be reach specific and cannot be generalised
to other rivers. The results are still highly informative to rehabilitation science, however, and can
be viewed in the context of findings from other demonstration reaches, using a multiple-levels-ofevidence approach to make generalisations regarding rehabilitation in the MDB and progress towards
the ecological targets outlined in the Native Fish Strategy.

7

To test whether any changes detected at demonstration reaches are towards some reference or target
state, some will argue that a full rehabilitation model is required, involving treatment, control and
reference locations. The design and analysis of this model is substantially more complex than other
traditional BACI designs because there is a need to test for is ‘bioequivalence’ between the treatment
and reference location. Given the complexity of analysis, and the fact that in real-life situations such
reference locations are likely to be impossible to find, it is recommended that demonstration reach
monitoring focus resources into obtaining adequate spatial and temporal replication in treatment and
control locations, rather than trying to utilise reference reaches.

7
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Key features of the framework, considerations and recommendations

xii

Chapter(s)

Statistical power analyses can assist in determining whether the proposed monitoring design
will be able to detect changes that are significant to managers. Power analyses, involving some
consideration of indicator variability should be used to guide an acceptable choice of sample size.

7

The most optimal design is one that can meet the programs objectives with minimal cost. Synergies
with existing monitoring or research programs should be explored wherever possible as part of
the design optimisation phase. For instance, this may reveal opportunities with which to use sites
routinely surveyed by other monitoring programs (e.g. Sustainable Rivers Audit) to increase the rigour
of the study or reduce costs.

7

A key consideration when implementing a program is having in place adequate quality assurance and
control (QA/QC) practices. This may involve regular revisions of the methodology document to clear
up any inconsistencies, regular staff assessment and training, regular maintenance of sampling gear
and database audits. Data processing, analysis, storage and retrieval needs should be identified and
addressed early in the program. Ideally, data standards (spatial and biological) should be standardised
between State agencies to facilitate data exchange when necessary. Methods for auditing data quality
should be explicitly stated in the methods.

9

All outcomes, even ‘failures’, should be disseminated beyond the immediate project proponents and
funding agencies, to other stakeholders, restoration practitioners, scientists and policy makers.
The reporting needs of the monitoring program should align with the demonstration reaches
communication plan

9

1. IntroductIon
demonstration reaches: a rehabilitation model for the native fish strategy
Minimising future degradation of freshwater ecosystems and implementing programs to promote ecosystem
recovery are major challenges facing natural resource managers in the Murray-Darling Basin. The Native Fish
Strategy (MDBC 2003) was established in 2002 with the goal of returning fish populations to 60% or better of
their pre-European settlement level after 50 years of implementation. The Strategy acknowledges this can only
be achieved with concerted and coordinated Basin-wide rehabilitation efforts. There is no single “panacea” for
achieving this goal. Eight key actions for rehabilitating native fish assemblages are identified in the strategy
(Figure 1). A combination of these actions is required to achieve the long-term goal of the Native Fish Strategy
(Phillips 2002). Whilst the relative contribution of each intervention may be difficult to ascertain, an integrated
approach to rehabilitation is likely to achieve the greatest success.
In 2003, the Murray-Darling Basin Commission adopted the ‘demonstration reach’ concept as the ‘onground’ vehicle to implement this holistic approach to native fish recovery (Barrett 2004). The model involves
the rehabilitation of the fish assemblage (i.e. the whole assemblage rather than individual species) through
the simultaneous implementation of several key interventions. Demonstration reaches aim to enhance
public awareness of how an integrated and adaptive approach to ecosystem management can have positive
consequences for river health. They are also a crucial step in refining guidelines for the rehabilitation of
rivers elsewhere in the Basin. The demonstration reach concept was incorporated in the Native Fish Strategy
Investment Plan (MDBC 2004e) and subsequently refined by fish ecologists and rehabilitation practitioners at a
Native Fish Strategy workshop held in Canberra in April 2006.
River rehabilitation can take many forms and not all rehabilitation projects lend themselves to the
demonstration reach approach. A rehabilitation reach may be suitable as a demonstration reach only if it
satisfies the following criteria:
1. degraded but able to demonstrate results from rehabilitation actions;
2. able to gain strong community support;
3. substantial, accessible and visible to the public;
4. allow the trialling of rehabilitation techniques and approaches;
5. able to give examples of solutions to problems;
6. able to transfer solutions to other sites;
7. affected by several different threats or ecological issues; and
8. able to allow the testing of scientific hypotheses and the measurement and monitoring of results.
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figure 1: Expected cumulative impact of different interventions on the recovery of native fish populations.
(source: Phillips 2002)

why do we need ecological monitoring and evaluation of demonstration reaches?
Rehabilitation science is an emerging discipline and there has been some spirited debate as to whether formal,
rigorous science is any more effective at guiding rehabilitation than a more informal, trial and error based,
‘intelligent tinkering’ approach (e.g. Cabin 2007a, b, Giardina et al. 2007). Nonetheless, all agree that some form
of evaluation is essential to progressing rehabilitation practice (Bradshaw 1996, Hobbs and Norton 1996, Lake
2001, Giller 2005, Jansson et al. 2005, Palmer et al. 2005, Brooks and Lake 2007). It is therefore concerning
that such evaluation is seldom performed (Downs and Kondolf 2002, Brooks and Lake 2007). As demonstration
reaches become established in the Murray-Darling Basin, it is crucial that interventions are appraised in a
sound manner preferably within an adaptive rehabilitation framework.

Without proper appraisal of demonstration reach outcomes, there is the risk of reducing the scientific
credibility of aquatic rehabilitation as well as public support for both rehabilitation projects and the
important role that the Native Fish Strategy has to play in facilitating the recovery of native fish populations
in the Basin.

the framework: what it is; what it is not; and who it is intended for
Insufficient funding or time constraints are often given as reasons for inadequate monitoring of rehabilitation
works (Palmer et al. 2005, Choi 2007). Such reasons are becoming less compelling, and tend to reflect a general
lack of agreement among researchers, practitioners and funding agencies as to what constitutes effective
ecological monitoring and evaluation. This report aims to overcome this lack of accord by synthesising the state
of the art of rehabilitation monitoring literature and presenting the information as an easy to follow, sequential
framework that can be readily followed when developing monitoring programs for any reach in the MurrayDarling Basin.

This report is not a monitoring program. It is a framework outlining a process that can be followed to enable
an effective monitoring program to be developed and implemented.

2

1. Introduction

A certain degree of generality has been maintained due to the large range of impacts, interventions and
ecosystem responses that may be encountered in different demonstration reaches. Thus, whilst different
experimental designs and groups of indicators are outlined as a guide, many of the specific complexities
of the program cannot be prescribed and will still need to be considered on a project-by-project basis. The
framework is prescriptive enough to ensure that minimum standards of monitoring are upheld, but flexible
enough to be adapted to suit the specific needs of different projects. If the framework was to be overly
theoretical or generic, then those involved in demonstration reaches would be given little guidance of how to
implement its recommendations. This may result in the continuation of an ad hoc approach to rehabilitation
evaluation that does little to promote cross-fertilisation of ideas between practitioners, projects and locations.
The opposite extreme would be to end up with a framework that is too prescriptive and proves too inflexible to
implement given the various constraints faced by different projects. The framework has been workshopped by
rehabilitation scientists from all States of the Murray-Darling Basin and reviewed by those practitioners directly
involved with on-ground rehabilitation works. Where appropriate, hypothetical examples are given to illustrate
specific steps. More complex examples relating to experimental design, power analysis and actual case studies
are reserved for the Appendices.
This framework is intended for the use of all those involved in administering demonstration reaches. Natural
resource managers and rehabilitation practitioners will find the framework useful for defining the ecological
scope of their reach and understanding what sort of ecological responses may be meaningfully monitored with
respect to the chosen interventions. Whilst it is hoped that this framework can assist restoration practitioners
and managers who do not necessarily have strong backgrounds in ecological monitoring, ultimately a
certain level of technical understanding is assumed when devising this framework. As with any team, those
undertaking demonstration reaches need to recruit personnel with strengths and skills reflecting their
respective tasks. Therefore, the design and implementation of a monitoring program is likely to be carried
out by technically qualified scientists or consultants, with an open dialogue maintained with others with
expertise. Whilst some of the monitoring methods outlined require qualified staff (e.g. electrofishing), with
guidance, many others can be undertaken by other interest groups such as landcare groups (e.g. water quality
and vegetation surveys).

How to use the framework
The framework is described in a sequential manner and operates with feed-back loops as per an adaptive
management model (Figure 2). Each step is reliant on completion of the step before but the process should
not be strictly viewed in a linear sense. There are times when steps can and should be completed together, or
instances where previous steps will need to be revisited throughout the process. In many cases, completion of
a step may provide additional information allowing previously completed steps to be refined. Decisions made
during the inception of the demonstration reach (e.g. project objectives, intervention plans and time frames) will
have a direct bearing on the monitoring planning process. Some of these will constrain the development of a
monitoring program, whilst others will assist. It is therefore advisable that monitoring programs be developed
in conjunction with the intervention program. Via a demonstration reach steering committee, the monitoring
program should have the opportunity to influence management decisions made throughout the life of the
demonstration reach.

The steps outlined in the framework provide a useful template that funding agencies, researchers and
rehabilitation practitioners can use to track the progress of demonstration reach monitoring (Appendix 2).
It is expected that the framework will be adapted to different scenarios, and be tested and refined over the
coming years. Any feedback from its implementation is encouraged and should be documented so that the
scientific understanding of demonstration reaches can be improved. The ultimate goal is to see a framework
developed to a state where it is readily adopted by the vast array of practitioners and scientists undertaking
demonstration reaches in the Murray-Darling Basin and elsewhere.

3
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figure 2: sequential approach to developing and implementing ecologically effective monitoring at
demonstration reaches. the boxes offset to the left identify external constraints imposed by natural resource
management agencies and society, that are still integral to the process.

4

2. wHAt MAkEs A good MonItorIng ProgrAM
A good monitoring program should strive to be accessible, adaptable, transparent, interdisciplinary,
quantitative, scientifically defensible, accountable and realistic.

Accessible
Ecological rehabilitation has sometimes been referred to as “an expensive self-indulgence for the upperclasses” (Kirby 1994). Whether this is true or not, few could argue that the cost of implementing rigorous,
science-based monitoring has often been beyond the grasp of most rehabilitation projects. Although we do not
advocate that the rigour of a monitoring design be compromised by budgetary constraints, by setting realistic
hypotheses and choosing suitable indicators, monitoring can be set within a context that is both economically
and socially achievable. Without this context, it is unlikely that a monitoring framework will be broadly adopted
or sustainable. With this in mind, the framework presented here permits flexibility in design that will allow most
projects to undertake some degree of ecological evaluation, regardless of budget. Of course, the sophistication
of any monitoring program will ultimately be driven by the degree of investment and it is realistic to expect
that only a select few demonstration reaches will be able to monitor complex and long-term responses to
interventions. This does not preclude other projects from having some form of science-based monitoring.
It does mean, however, that the goals, hypotheses and indicators used will need to be reflective of the
resources available.

Adaptable
Although monitoring requires temporal consistency to deliver meaningful results, a good monitoring program
should also be responsive to advances in technology, approaches and information needs. Given the emphasis
on adaptive rehabilitation in demonstration reaches, it is prudent to strive for a monitoring program that allows
questions to be added or deleted without the conceptual foundation or the sampling design becoming obsolete.
This can largely be achieved by having a solid conceptual foundation that is broad and inclusive.

Transparent
Since this framework allows some degree of flexibility with regard to design, it is imperative that the likely
outcomes of any resultant monitoring program be explicitly stated from the start so that the expectations of
all parties involved can be managed throughout the life of the project. Clear, specific and financially achievable
hypotheses need to be agreed upon by practitioners, stakeholders, researchers and funding agencies when a
monitoring plan is being developed.

Interdisciplinary
An interdisciplinary approach to the study of river systems is commonly promoted by scientists. This involves
an integrated view of connectivity between structure and function and linkages in spatial and temporal
dimensions. To fully understand the impact of humans on river ecosystems we should strive to monitor impacts
on hydrology (e.g. discharge and stream velocity), geomorphology (e.g. formative processes in river channels,
riparian zones and floodplains), as well as ecological response in biota (e.g. species diversity and assemblage
composition). Such an interdisciplinary approach should be promoted for demonstration reach monitoring
programs. The formation of conceptual models is paramount to identifying where integrative science is
applicable. For brevity, throughout this manual the term ‘ecological monitoring’ will be used in a general
sense in reference to measuring biological, hydrological and geomorphic indicators.

Quantitative
A good monitoring program must be able to quantify and report on ecological improvements within
demonstration reaches. Such improvements may involve changes in important ecosystem processes or
biological outcomes that demonstrate a trajectory of recovery is underway.

5
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Scientifically defensible
Learning occurs when what we already believe about a system is challenged by new information. Data are
used to update this knowledge by reducing uncertainty and testing predicted responses. When undertaking
monitoring, there is no guarantee that the design will answer the questions of interest. However, a welldesigned monitoring program reduces uncertainty and enhances the likelihood of learning success.

Accountable
Aquatic rehabilitation is a relatively new discipline and, although failure can be hard to embrace, we cannot
learn enough from successes to move beyond the state of the art (Petroski 1985, cited in Palmer et al. 2005).
Critical to the learning process is identifying the reasons for failure and documenting them. As such, a well
designed and scientifically-defensible monitoring program that demonstrates a failure to achieve the defined
goal/s may contribute significantly more to the future recovery of native fish in the Murray-Darling Basin than a
reach that achieves its ecological goals. Successes and failures will need to be reported in a way that managers
can readily use to make decisions within an adaptive rehabilitation framework. By standardising the metrics
reported, the results will be able to be viewed in context with existing forms of condition monitoring, such as
the SRA.

Realistic
In the real world, there is no such thing as the perfect monitoring program. Aside from the fact that
natural systems are highly variable and unpredictable, factors such as project objectives, intervention
plans, time frames and the choice of treatment sites will often already established during the inception
of the demonstration reach and these will greatly constrain the monitoring approaches that can be used.
Some of these constraints may need to be addressed by the research team via a demonstration reach
steering committee.
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3. dIffErEnt tyPEs of MonItorIng
Being able to demonstrate some form of ecological improvement in the state of the fish assemblage, or
the processes that promote this is critical when evaluating the success of demonstration reaches. Through
demonstration reaches, there is the potential to advance the science of rehabilitation ecology and allow
practices to be refined and improved through the feedback loops of adaptive management. This framework
outlines an approach with which to evaluate ecological success and therefore ensure learning success.
However, it is important to realise that ecological and learning success are not the only two factors against
which demonstration reaches should be evaluated (Figure 3). Stakeholder success is also of importance.
That is, have all stakeholders been engaged during the rehabilitation process and are they generally satisfied
with the outcomes? Determining stakeholder success is not within the scope of this current framework,
however, it should be recognised in the communication strategy of all demonstration reaches. Ultimately,
stakeholder adoption and ownership of rehabilitation programs will ensure the continuing success of the
Native Fish Strategy.
There are two main types of monitoring researchers use to assess changes in condition in ecological systems
and both should be utilised when assessing demonstration reaches:
1. trend or condition monitoring; and
2. Impact or intervention monitoring.
Trend or condition monitoring is commonly employed when reporting on broad-scale patterns of river health
through time. The Sustainable Rivers Audit (SRA) is an example of one such program within the MurrayDarling Basin (MDBC 2004c). Whilst the SRA encompasses the whole Basin and reports at the smaller scale of
individual catchments, condition monitoring can focus on any scale of interest to natural resource managers,
such as, the individual reach, river or jurisdiction of a Catchment Management Authority (CMA).
figure 3: the overall success of a demonstration reach can be evaluated when ecological success, learning
success and stakeholder success are simultaneously determined. this manual focuses on ecological and
learning success, but recognises that stakeholder involvement, adoption, satisfaction and education are also
major requirements of demonstration reaches. (Adapted from Palmer et al. 2005)
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Impact or intervention monitoring is a special type of trend monitoring that refers specifically to determining
change resulting from a specific or known impact or intervention. Impacts typically refer to actions that will
have deleterious ecological effects, such as pollution or habitat destruction. With respect to demonstration
reaches, the term intervention monitoring is more applicable, as the monitoring is concerned with interventions
(or management actions) aimed at improving river health.
It is vital that intervention monitoring focuses on outcomes rather than outputs. Output monitoring
(sometimes referred to as compliance monitoring) identifies whether an intervention has been carried out.
This is rather straightforward and may consist simply of a checklist to ensure that contractual obligations
have been met. For example, have an agreed number of river kilometres been fenced off from stock access?
In comparison, monitoring the ecological outcomes resulting from these outputs is more complex and
involves determining whether an intervention has had a desired effect on that aspect of the ecosystem that
we are trying to rehabilitate.

To be most effective, monitoring at demonstration reaches should involve some combination of trend and
specific intervention monitoring (explained further in Chapter 7).
Trend monitoring needs to focus at the scale of the management unit, that is, the whole demonstration reach.
At this scale it will be possible to ascertain how the condition of demonstration reaches change through time
and how these changes compare to similar, but non-rehabilitated reaches. It is anticipated that demonstration
reach success will usually be reported at this scale. However, whilst this type of monitoring is most effective
for identifying general trends and generating hypotheses, it does little by way of determining the underlying
mechanisms or causes of recovery. This is why, where possible, trend monitoring at the demonstration reach
scale should be combined with monitoring of responses to specific interventions.
The scale of intervention monitoring will vary between different interventions and different indicators. For
example, following construction of a fishway at a weir, the response to the intervention may be detected in the
fish assemblage for tens of river kilometres upstream and downstream of the structure. Alternatively, if it also
was the objective to determine whether fish are utilising newly installed snags, the scale of monitoring may
need to be conducted at multiple sites of resnagging and at similar but untreated sites. It must be stressed this
form of monitoring can be prone to misinterpretation due to confounding caused by multiple intervention and
treatment effects. Having a solid conceptual understanding of the potential responses to different interventions,
and how these may interact is a good way of reducing uncertainty in these instances. It probably will not be
feasible to monitor all interventions and therefore decisions regarding which interventions are evaluated should
be made taking a holistic view of all rehabilitation projects occurring throughout the Basin. Some interventions,
such as in-channel resnagging, may be sufficiently common in a region that only a sample of projects need to
thoroughly monitor these works. Such synergies with other projects are best determined via literature reviews,
workshops and other networks.
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4. dEfInIng rEHABIlItAtIon goAls
Before monitoring starts, it is important to clearly articulate the ecological potential that may be achieved
within the demonstration reach. These goals should form part of a reaches ‘whole-of-life-plan’, and should
have been articulated when the demonstration reach was initially at concept stage. If, however, rehabilitation
goals have not been explicitly stated, they will need to be prior to designing any monitoring program as they
provide the rationale behind deciding what needs to be monitored. Rehabilitation goals may be influenced by a
range of ecological as well as socio-economic considerations. For example, anglers may value the rehabilitation
of Murray cod (Maccullochella peelii) populations over populations of purple–spotted gudgeon (Mogurnda
adspersa), or legislation may trigger the protection of a threatened species. At this early stage, all stakeholders
in the demonstration reach need to agree on what type of intervention-related improvement will be sought given
the context of all constraints.
Once the desired type of improvement has been agreed on, the question should be posed as to what level of
improvement will be deemed a success. Rehabilitation goals need not be ‘restoration endpoints’, because
in most cases, complete restoration is not possible. Rather, a ‘guiding image’ (c.f. Palmer et al. 2005) of
rehabilitation can be sought based on historical data and theoretical models (Jungwirth et al. 2002, Palmer
et al. 2005). The guiding image should reflect an ecological dynamic state because ecosystem responses rarely
undergo a regular, predictable pathway to a single endpoint. Rather, it is more likely that threshold transitions
may result in rapid shifts between meta-states (punctuated equilibrium), often with unpredictable trajectories
(Scheffer et al. 2001).
In some cases, it may be necessary to demonstrate that a specific ecological state has been achieved (e.g.
reintroduction of a self sustaining population of purple-spotted gudgeon to a reach. In other cases, stakeholders
may desire that only a trajectory of improvement be demonstrated. Trajectories of improvement will be
constrained by a number of ecological and non-ecological factors. For example, there may be introduced
species that now support a recreational fishery, or there may be irreversible changes in catchment hydrology.
Therefore determining how far along a trajectory of improvement is possible in vital to determining at what
point the reach can be viewed a success. Palmer et al. (2005) argue that rehabilitation projects can be viewed
as an ecological success when the river is moved measurably towards a goal so that ecological outcomes align
with stakeholder expectations, and insights are gained to guide future efforts (Figure 3). This highlights the
importance of identifying and managing stakeholder expectations from the project outset. Critical to setting
realistic goals is the development of conceptual models that make it possible to generate and test hypotheses
surrounding ecosystem response.
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5. dEvEloPIng A concEPtuAl ModEl
Having a detailed set of beliefs about how a system functions and responds to different impacts and interventions
is a necessary prerequisite to designing any rehabilitation monitoring program. The term ‘conceptual model’
typically invokes fear in many people. Subsequently their use, although vital to getting the best out of the adaptive
rehabilitation process, is often avoided by many.

A fear of conceptual models is unwarranted, since they are simply a way of pictorially presenting in a logical
manner the way we believe a system operates.
We all have beliefs regarding how the ecosystem will respond to rehabilitation. A conceptual model is purely
an avenue to take these thoughts and present them diagrammatically, so that an open dialogue can occur between
scientists, managers, practitioners and the wider community. The process of constructing a conceptual model is in
itself an important way of forcing us to take a more realistic look at whether the goals of the demonstration reach
are actually achievable, as well as identifying whether the interventions are actually suited to achieving them.
Conceptual models illustrate knowledge and assumptions about how ecosystems operate, identify gaps in
knowledge and enable hypotheses to be generated regarding system behaviour. Monitoring programs founded
on a solid conceptual model are more likely to identify key indicators needed to measure ecological response and
meaningful hypotheses regarding indicator behaviour in response to interventions. Whilst it may be relatively
simple to hypothesise about ecological change resulting from a single intervention (e.g. fishway), once multiple
interventions are applied, as occurs in demonstration reaches, the potential suite of responses may be very
difficult to predict. Therefore conceptual models are essential for ‘seeing the bigger picture’ and ensuring that
monitoring doesn’t narrowly focus on single responses whilst ignoring important interactions. Responses to
different interventions may be complementary or even competing. Although challenging, it will not be impossible
to promote learning from such complex scenarios. This is because not all processes occur at the same spatial
and temporal scales, nor do they affect the same suite of indicators or biota. Different interventions may also
achieve a similar goal through different intermediary mechanisms.
The conceptual model should provide insight into the demonstration reach and inform the monitoring program by:
1. defining the scope of the reach and its problems;
2. identifying linkages between different physical, chemical and biological aspects of the system, and the level of
certainty surrounding these;
3. enabling competing hypotheses and responses to be generated;
4. enabling researchers to propose studies addressing poorly understood processes;
5. identifying potentially conflicting processes and thus promoting debate and refinement of the proposed
interventions and guiding image;
6. providing stakeholders and funding bodies with improved evaluation of the rationale behind proposed
interventions.

Conceptual models can be as simple or as complex as required.
Conceptual models do not need to represent a definitive guide to how a system operates. Rather, they are
starting points from which to develop knowledge. They are working representations and will be refined through
the explicit testing of hypotheses within an adaptive rehabilitation framework. Flow diagrams or pictures are
often popular. They need only be qualitative, rather than quantitative, although they may form a framework that
can be converted to numerical models in the future.
Conceptual models can take many forms and Wilkinson et al. (2007) gives a good introduction into the main
types, their key features and how to construct them. ‘stressor’ and ‘state and transition’ models are particularly
pertinent to demonstration reaches. Stressor models focus on the key impacts in a reach and how they affect
ecosystem structure and function. In Box 1 an example is given of a stressor model for a fish passage barrier.
Alternatively, state and transition models show the sequential stages a system undertakes as it responds to an
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intervention. An example of a state and transition model is given in Box 2. A model of riparian management
which incorporates both a stressor and a state and transition model is shown in Box 3.
Models which consider both the spatial and temporal scales of indicator behaviour feed directly into the choice
of monitoring design. Stommel diagrams are a useful way of pictorially depicting space and time interactions on
an x and y axis. An example of a Stommel diagram showing multiple interventions undertaken in the Bourke to
Brewarrina demonstration reach is shown in Figure 14, Appendix 5. These diagrams help to define the spatial
and temporal scope of a monitoring program, as well as the frequency of sampling. Further instruction on how
to construct and use a Stommel diagram can be found in Wilkinson et al. (2007).
It is acknowledged that the development of suitable ecological models will be difficult for some practitioners of
demonstration reaches. The involvement of scientists is therefore strongly encouraged at this stage to generate
models and make predictions about the possible outcomes of different rehabilitation strategies.

A conceptual model should be developed with the assistance of scientists so that ecological interactions can
be accounted for and defensible decisions regarding hypothesis setting and indicator choice made.

Box 1: Stressor model for a barrier to fish passage
This example illustrates how a stressor model can be used to formulate research questions surrounding
the monitoring of fish assemblage response to the construction of a fishway on a weir. If the barrier has
isolated a reach of river over many decades a redistribution of migratory species may occur following
fishway construction. This may lead to a decrease in accumulations of fish downstream of the barrier
following fishway installation. To test this hypothesis, assemblage structure and/or relative abundance of
migratory species below and above the weir could be compared before and after fishway construction and
further compared with a control weir without a fishway. Additionally, migratory fish movement could be
measured directly using radio or acoustic telemetry techniques or direct trapping of the fishway.
figure 4. stressor model showing potential impacts of a dam or weir with respect to fish passage
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Box 2: Conceptual model for resnagging
The state and transition model shown in Figure 5 illustrates some different responses that resnagging may
induce in fish populations. In order to tease out these different mechanisms a monitoring program will
need to measure recruitment, mortality, emigration and immigration. If such a design is fully implemented,
natural resource managers will have learnt whether fish populations have increased in the reach and why.
figure 5: state and transition model surrounding population response of fish population to
resnagging works
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Box 3: Conceptual model for riparian management
Some common interventions undertaken in demonstration reaches are fencing-off riparian areas from
stock and planting native trees and grasses to rehabilitate the river banks. In most cases, riparian fencing
does not totally preclude grazing; some graziers are able to manage riparian strips with periodic crashgrazing down to 45-50% cover. Additionally, riparian rehabilitation does not necessarily imply that tree and
grass planting must occur. In some cases where native vegetation has not been totally denuded, natural
recruitment may suffice to regenerate these areas.
The rationale behind these interventions is that excluding stock from the riparian zone will allow riparian
vegetation to re-establish and that this will subsequently lead to improved fish populations within the reach
(see Figure 6). This is a major assumption since there is no direct causal link between excluding stock from
riparian areas and improved fish populations.
In order to determine what mechanisms may be at play, we need to breakdown the process into smaller,
simple units of cause and effect. Thus a simplified state and transition conceptual model could look like
Figure 7. Starting from the bottom of the diagram, the management problem is shown (e.g. uncontrolled
stock access to the river for watering). Arrows depict how various parameters in the river may change
in response to this impact. We can use this to define what information is available, and what additional
information needs to be collected to provide the baseline data.
After the interventions are established, the conceptual model illustrates some potential responses in the
system and how these may potentially affect native fish assemblages. It is ideal if each of these stages can
be linked to a measurable indicator to test hypotheses surrounding each stage.
figure 6: Idealised riparian management process
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figure 7: combined stressor and state and transition model showing potential reach response following
riparian management activities
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6. cHoosIng EnvIronMEntAl IndIcAtors And
sAMPlIng MEtHods
By this stage of the design process you should be aware of why you need to monitor, what the drivers and
ecosystem components are in the reach, how impacts and interventions are likely to affect them and over
what spatial and temporal scales these will occur. This should all be formalised in a conceptual model used
to generate hypotheses. The next stage is to decide which environmental indicators monitored to test the
hypotheses and what sampling methods are best for this.
An indicator is an observable characteristic of the environment (physical, chemical or biological) which provides
a quantitative assessment of a systems condition or response (Lorenz et al. 1997). The selection and utility
of ecological indicators is now a major area of research (e.g. Cairns et al. 1993, Lorenz et al. 1997, Dale and
Beyeler 2001, Woolsey et al. 2007) and the number of environmental indicators available for measure far
exceeds what can be reasonably monitored when evaluating demonstration reaches.

Decisions regarding the suitability of indicators be made on a project-by-project basis, influenced by such
things as project goals and objectives, key questions and hypotheses, the spatial and temporal framework
(sampling design), community interest and project constraints such as time schedules and budgets.
In this section we do not attempt to prescribe a set of indicators, but rather outline examples of ‘candidate’
indicators viewed most suitable for assessing ecological condition and change related to demonstration reach
works. The list should guide those designing monitoring programs towards a set of suitable demonstrationreach-specific indicators. Examples of candidate indicators are given as well as a general discussion of the pros
and cons of main indicator groupings. Citations are provided for those wishing more specific descriptions of
indicators and examples of the field methods and instrumentation used to measure them.
The candidate list is not exhaustive and those designing a demonstration reach monitoring program are
encouraged to consider other indicators that may be equally or more applicable to their specific reach. When
developing new indicators, the guidelines provided in Table 2 should be followed and careful consideration must
be given to the conceptual models previously developed. These criteria have been derived from several different
environmental monitoring programs undertaken across the Murray-Darling Basin of Australia, North America
and Europe (e.g. US EPA 2000, MDBC 2004b, Woolsey et al. 2007) and adapted to monitoring demonstration
reaches. In essence, the criteria presented in Table 2 can be summarised into those indicators that are:
1. Biologically relevant;
2. Regionally applicable;
3. Responsive to condition change:
4. Easy to interpret and be understood by non-experts and managers;
5. Cost effective and simple to apply;
6. Measurable using accepted methods; and
7. Non-destructive to the ecosystem.
Indicators should be chosen that are strongly associated with the impacts and interventions in the demonstration
reach. An indicator should be efficient and effective at measuring change in response to rehabilitation. It is
advantageous to include indicators already being routinely collected by community or government monitoring
programmes (e.g. SRA). This is particularly pertinent where large amounts of historical data are available.
Ideally, daily and seasonal variability of the indicator should be understood, as well as whether the indicator is
sensitive to confounding spatial and temporal factors (Roni et al. 2005). Using a combination of both physicochemical (habitat and water quality) and biotic (e.g. fish and macroinvertebrate) indicators may be desirable as
is using a range of ecosystem level indicators (species, population, assemblage), because each can aid in the
interpretation of the other and the underlying mechanisms of response (Reid and Brooks 1998).
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A review of past research should highlight the most appropriate sampling technique(s) and instrumentation
required to assess the chosen indicators. In many cases this will remove the need for pilot trials to develop
appropriate methods. During the review process it will soon become evident that there are large differences
in the precision, complexity, cost and timeframe required to sample different indicators. The associated costs
cannot be prescribed here as they will be highly dependent on project specific factors such as reach size and
location, specific charge-out rates of service providers, and many factors concerning experimental design, such
as spatial and temporal replication and what the specific types of indicators to be used (e.g. assemblage or
species specific).

Indicator choice will be constrained by monitoring budgets. It may not be possible for some projects to
measure indicators that rely on specialised and costly equipment (e.g. electrofishing). Optimising a design
involves ensuring that an appropriate level of spatial and temporal replication is not exceeded, and all
synergies with existing programs are explored to ensure cost effectiveness when sampling indicators.
table 2: guidelines used to evaluate the suitability of traditional river health indicators as candidate
indicators for use when monitoring ecological outcomes in demonstration reaches. these have been derived
using criteria from various environmental monitoring programs undertaken in north America, Europe and in
the Murray-darling Basin of Australia (e.g. us EPA 2000, MdBc 2004b, woolsey et al. 2007).
Conceptual
relevance

• Each indicator must be conceptually linked to one or more of the interventions undertaken
using conceptual models.
• Direct indicators are generally preferred over indirect indicators as the conceptual link
between the metric measured and response can be more accurately made. If the indicator
relates to an indirect measure of ecological response, the nature of this relationship needs to
be explained and justified.

Data collection

• Indicators that rely on standard, well-documented methods are preferred. Untested sampling
methods need to be tested for performance, often with a pilot study. Standardised sampling
methods facilitate the use of data from other monitoring programs (e.g. SRA).
• Indicators will need to be measured using sampling methods that:
1. do not adversely effect the environment and therefore compromise the ultimate goal of the
demonstration reach;
2. are subject to quality control and assurance measures;
3. are independent so that simultaneous and subsequent sampling activities do not affect
each other;
4. are appropriate to the spatial and temporal scale of response.
• Indicators with minimal error associated with sampling, measurement and analysis
are preferred as these permit reliable comparisons between sites and times. If known,
sampling error should be reported and justified. If unknown, the error needs to be estimated
with a pilot study.
• Alternatively indicators using methods with slightly higher collection error may be preferable
if they are rapid and therefore allow more spatial and temporal replication.
• Indicators should not be temporally or spatially confounding.

Logistics

• Data collection and analysis for an indicator must be feasible within the bounds of personnel
expertise, timing, resources and equipment available to the monitoring project.

Monetary
costs

• The cost of using each indicator should be determined to identify the most cost-effective
options. This may involve economies of scale as associated costs may decline when different
indicators rely on the same sampling methodology or are collected at the same time.
• Indicators that pertain to more than one objective/response/intervention are preferred from a
budgetary standpoint as they keep the list of required measurements short and assessment
costs low. However, indicators pertaining to more than one objective/response/intervention do
make it difficult to associate responses with specific interventions.
• Based on cost, indicator selection may need to be revisited during the design optimisation
phase.
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Response
variability

Interpretation
and utility

• For some interventions, indicators apply only within a particular year, season or time of day.
The use of any such temporal scale should be defensible, and the associated variability should
be estimated;
• Indicators should convey information on intervention outcomes that are meaningful to
decision-makers and stakeholders. Collectively, indicators should identify the outcomes of
interventions in demonstration reaches and facilitate and prioritise decisions by policy makers
and resource managers.
• Where practical, indicators should draw on external data sources (e.g. SRA or agency
databases) to add strength to analyses.

Abiotic indicators
Physio-chemical indicators related to the abiotic environment can provide important measures of ecosystem
state and recovery because they not only form the template upon which the biological ecosystem responds,
but they pertain to riverine processes often impacted by human activity and subsequently leading to eventual
declines in biological condition. Physio-chemical indicators include environmental attributes such as water
quality, habitat structure, and functions of a hydraulic, geomorphic and physical nature (Table 3).
Physico-chemical indicators are desirable because they are often:
• rapid to assess,
• easily measured,
• involve standardised methods and metrics,
• give precise data and
• are cost-effective.
There are many historical datasets containing often spatially-extensive water quality and hydrological condition
data for baseline analyses. Where data is deficient, it may be possible to rely on mathematical modelling to
establish reference condition (e.g. using Integrated Quality and Quantity Models to establish pre-European
condition for environmental flows: e.g. Black et al. 1997).
Abundance and diversity of fauna are primarily dependent on the presence of suitable habitat conditions.
Changing habitat parameters by interventions may be valuable when identifying the underlying mechanisms
of response occurring in demonstration reaches. However, changes in habitat parameters are only indirect
or interim measures of ecosystem response. Because many of the relationships between abiotic and biotic
variables remain poorly understood, physio-chemical indicators should not be seen as surrogates to replace
biotic indicators when monitoring demonstration reaches. Ideally, both types of indicators should be measured,
but never in the absence of biotic indicators.
When using physical habitat related indicators, it is important to have a solid conceptual understanding of the
likely mechanisms of ecological response to ensure the chosen indicators provide a measure of hypothesised
ecological improvement (i.e. the outcome), and not merely give an account of the treatment undertaken (i.e. the
output). The reintroduction of large wood into a river (resnagging) illustrates this difference. When resnagging,
reporting an increase in abundance or density of large wood in a reach is a description of the treatment or
intervention. This is merely output monitoring (as defined in Chapter 3) and provides no information about the
ecological outcomes of resnagging. In contrast, if the objective is to resnag to improve fish habitat diversity
and promote fish recovery, it may be a valid interim measure to monitor changes in hydraulic diversity and
geomorphic processes such as the formation of scour holes associated with new structures. This information
can be vital in ascertaining whether the instream enhancement works are having a desirable effect on riverine
processes important for creating and maintaining fish habitat. Such information will be invaluable in refining
how resnagging is implemented in the future.
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fish indicators
Fish hold great appeal with the general public and satisfy many criteria that make them useful indicators in
monitoring and evaluation programs. Fish as a group occupy a broad trophic range and their sometimes long
lifespan and mobility means they can be exposed to long-term and landscape-scale impacts (Harris 1995).
Methods for sampling fish are well established and are becoming standardised across different state agencies
throughout the Murray-Darling Basin (particularly through the SRA). Sampling can be undertaken all year
round using relatively rapid assessment techniques. Fish taxonomy is well understood and the identification
of species is relatively easy for juvenile and adult life stages. Larger-bodied species can be tagged and their
behaviour remotely monitored, enabling indentification of short to medium term behavioural responses to
interventions.
There are some disadvantages to using fish as indicators. Some fish have large home ranges and this can make
it difficult to isolate populations for study and discriminate between resident and transient individuals. This may
mean that localised patterns in fish abundance are a function of factors occurring beyond the demonstration
reach. Not only can this confound results, it can also make it difficult to maintain independence between
samples, increase temporal variability in catch data, and ultimately make it difficult to detect responses
to rehabilitation works. The longevity of many larger bodied species such as Murray cod and Golden perch
(Macquaria ambigua), means it may be many decades before the real ecological outcome of rehabilitation
works become detectable in populations. These issues will need to be resolved when developing conceptual
models and selecting indicator species. Finally, some of the commonly applied sampling techniques (e.g.
electrofishing), although time efficient, require specialised equipment and staff training, which comes with
added cost.
Table 3 outlines some of the common types of fish indicators that may be of use when monitoring
demonstration reaches. These indicators can be generally grouped into three broad indicator categories:
assemblage-based indicators, indicator species or guilds and life-history based indicators.

Assemblage-based indicators
River monitoring programs are often interested in indicators associated with composition and abundance of the
fish assemblage. Abundance, diversity and biomass measures are commonly used, along with whether fish are
native or introduced. Thirteen indicators have been recommended for use in the SRA (MDBC 2004b, page xi).
Some of these may have little utility in detecting ecological outcomes of rehabilitation in demonstration reaches
(e.g. proportion of macro and mega carnivores). However, varying which indicators are measured does not alter
the sampling cost associated with these assemblage based indictors.

Indicator species or guilds
Although demonstration reaches aim at achieving ‘whole of assemblage’ outcomes, rather than species
specific ones, there are times where it may be desirable to also focus on specific species or groups of species
(guilds). This may be from a social perspective, for example, if a species is known to be endangered, or known
to be recreationally or commercially important. In other cases, specific species known for their intolerance to
particular stressors (indicator species) may provide a useful indicator of ecological response to rehabilitation
works. The same applies for a functional guild, which is a group of species that use resources in a similar way.
Indicator species or functional guilds often have specific requirements for feeding, breeding or growth and
this is reflected by characteristic tolerances or preferences for water quality, habitat and other environmental
conditions. Based on this, theoretically, changes in the structure and function of riverine habitats will be
reflected by responses in the functional structure of the fish community (Noble et al. 2007). This means
that individual species or guilds may provide useful indicators when monitoring ecological response in
demonstration reaches. Larval and juvenile fish are generally more intolerant of sub-optimal environmental
conditions than adults and therefore may be better indicators.
Habitat preferences
Many fish species are distributed based on the availability of suitable habitat (Karr 1991). When fish species
have specific habitat requirements, measurable changes in assemblage structure can occur at the river scale
(e.g. Huet 1959, Hawkes 1975, Boys and Thoms 2006), mesohabitat (e.g. Boys and Thoms 2006) or microhabitat
(e.g. Grossman and Freeman 1987, Greenberg 1991). Consequently, the inclusion of habitat guilds is prominent
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in multi-metric indices (e.g. Indices of Biotic Integrity, IBI) used to assess habitat and ecological condition in
rivers (Harris 1995, Pont et al. 2006, Noble et al. 2007). Difficulties do exist when using habitat guilds in broadscale ecosystem assessments because fish can display regional and temporal plasticity in habitat preferences.
This is of less concern when studying demonstration reaches, since monitoring will often be confined to smaller
geographic areas where specific information regarding habitat associations may be known.
Some past classifications of habitat guilds for MDB fish have been quite general in nature (e.g. the riffle, benthic
pool and pelagic pool classification of Schiller and Harris 2001), limiting their utility in monitoring programs.
As more specific information becomes available on the habitat associations of individual species, some species
may become useful indicators of habitat degradation and recovery. For example, the habitat associations of
some species such as Murray cod and Golden perch (Macquaria ambigua) are well understood and their
specificity of large woody debris makes them excellent indicator species for resnagging works. In many cases,
however, a generality in habitat use or a deficiency in understanding greatly reduces a species utility as an
indicator species. The utility of various MDB fish species as indicators of habitat enhancement works is shown
in Appendix 3.
Migration intolerances
Absence of migratory species where they once existed can be indicative of a bottleneck at one or all stages of
the life cycle and may be potentially caused by obstruction of migratory behaviour (Noble et al. 2007). There is
potential, therefore, to use migratory species to assess the condition of river system connectivity (Schmutz and
Jungwirth 1999). The construction of a fishway is a primary example of where restoring longitudinal connectivity
may lead to detectable changes in the distribution of migratory species such as Golden perch and Silver perch
(Bidyanus bidyanus) (Mallen-Cooper 1996). The ability to detect such changes is dependent on how prolonged
the losses of connectivity have been, as well as the numbers and size-range of individuals a fishway can pass.
As well as longitudinal migrations, some lowland river species undertake lateral migrations between inchannel and off-channel habitats (Aarts and Nienhuis 2003). Therefore, there is potential to use species with
a reliance on access to floodplain habitats as indicators of restored lateral connectivity. Such an indicator may
be difficult to develop in the MDB, since although some fish species are commonly found in wetlands, there is
a general absence of species that are wholly restricted to off-channel systems (Closs et al. 2006). Studies of
larval fish feeding and habitat use indicate that warm, still and shallow habitats characteristic of backwaters
and off-channel habitats are important nurseries for the larvae and juveniles of several small-bodied species
such as Carp gudgeon (Hypseleotris spp), Murray-Darling rainbowfish (Melanotaenia fluviatilis) and Australian
smelt (Retropinna semoni) (Humphries et al. 1999, King 2002, King et al. 2003, King 2004). The larvae of these
species may indicate responses to environmental flow manipulation with the objective of enhancing connectivity
to these backwater and off-channel habitats.
Water quality tolerance
Fish can tolerate specific ranges in water quality (e.g. dissolved oxygen, pH, salinity and temperature). This,
coupled with the fact that many species can move large distances in search of suitable habitats (Reynolds 1983,
Koehn and Nicol 1997), means that changes in water quality may cause a change in assemblage composition
over a relatively short time frame. For instance, prolonged temperature suppression that can occur as a result
of cold water pollution may lead to species redistribution coupled with increased mortality and spawning and
recruitment failure (Koehn et al. 1995, Koehn et al. 1997, Astles et al. 2003, Todd et al. 2005, Sherman
et al. 2007). This can result in a replacement of warm-water species with those more tolerant of colder water,
effectively causing a shift in assemblage structure. A prime example of this has occurred in the Mitta Mitta
River following the construction of Dartmouth Dam (Koehn et al. 1995). Twelve years after its construction,
Dartmouth Dam has resulted in a loss of Murray cod, Trout cod (Maccullochella macquariensis) and Macquarie
perch (Macquaria australasica) from the Mitta Mitta. These species have been effectively replaced by a cold
water tolerant species, Brown trout (Salmo trutta) (Koehn et al. 1995). Another alien species, Redfin perch
(Perca fluviatilis), may also be advantaged by a reduction in temperature. Catch records obtained from the NSW
DPI Freshwater Research database (NSW DPI 2007) reveal that redfin have been recorded below Burrendong
Dam, well outside their expected latitude and altitude range. Boys et al. 2008 describe in further detail how
fish-related indicators can be used to monitor ecological improvements after cold water pollution remediation
in MDB rivers. The utility of such indicators will be maximised if cold water pollution prior to rehabilitation has
pushed temperatures below the critical spawning and survival thresholds for fish.
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Life history based indicators
Many species of fish have clearly defined spawning tolerances and breeding seasons (Lake 1967a, b, Koehn
and O’Connor 1990, McDowall 1996, Humphries et al. 2002, King et al. 2003, Pusey et al. 2004, Treadwell and
Hardwick 2004). Consequently, river degradation which creates less than optimal conditions during spawning
periods can potentially lead to spawning failure. Those species with ‘narrower’ spawning windows are more
susceptible to spawning failure than protracted or opportunistic spawners (Humphries et al. 2002). The
recruitment of individuals into a population is also reliant on whether conditions exist to promote the survival
and development of eggs and larvae (Humphries et al. 2002). Eggs and larvae are more susceptible than adults
to sub-optimal environmental conditions (Jobling 1995, Fuiman 2002) and the level of mortality during these
early life history stages will determine the strength of year classes in subsequent years (Chambers and Trippel
1997). In some MDB fish species, optimal conditions for recruitment may be associated with low-flow conditions
during the warmer months (Humphries et al. 1999). Artificially high flows during spring and summer, as is
experienced in the Murray River, may make these species vulnerable to recruitment failure.
In those demonstration reaches impacted by river regulation and water quality issues (e.g. cold water pollution),
it may be reasonable to hypothesise that environmental flow management or thermal remediation may have
measurable impacts on spawning and recruitment. Measuring changes in the abundance of young-of-year fish
would provide a sensitive indicator of improvements in recruitment. Length-age relationships would need to be
developed to distinguish between age classes, as is being done in many catchments as part of the SRA. Larval
fish abundance is a suitable indicator to infer spawning.

Macroinvertebrate indicators
Macroinvertebrates are extremely relevant to monitoring ecosystem response to rehabilitation because they are
the primary food source for many fish and a number of other organisms and can therefore signal early impacts
which can take longer to manifest in biota at higher tropic levels. Generally, the use of macroinvertebrates to
monitor river health appeals because (Plafkin et al. 1989, Resh et al. 1995):
• Rapid assessment protocols exist which require few people and minimal equipment;
• Sampling does not adversely affect other organisms;
• Macroinvertebrates are relatively sedentary and ubiquitous, and are therefore good indicators of localised
environmental conditions;
• There are a large number of species with varying tolerances to pollutants; and
• They integrate the effects of events over time.
There are also negative aspects to using macroinvertebrate indicators. Because they generally respond at small
spatial and temporal scales, they are not appropriate to all impacts. It is also important to note that community
composition and abundances regularly fluctuate naturally and stochastic changes in assemblages need to be
well documented when monitoring.
Collection and analysis methods for macroinvertebrates are now well developed, although there are some
differences between jurisdictions in sampling protocols. This is important because it is desirable that the
demonstration reaches draw on existing databases for reference and baseline assessments. Most differences
in approaches, however, can generally be overcome. For example, to compare data with different taxonomic
resolution simply requires determining the lowest common denominator (e.g. family level) of the existing data
and performing new analyses at that level. Furthermore, tolerance score methods of some indicators (e.g.
SIGNAL2) should be independent of the taxa collected. As an analogy, consider the measurement of arsenic
levels in humans in a remote and isolated village. The arsenic levels detected should be the same in any
number of samples regardless of how the sample is taken. Similarly, the level of tolerance to disturbance of
macroinvertebrates detected in any site should be the same regardless of whether the sample is rapid bioassessment or not, lab sorted or live picked, or involves 200 or 500 animals.
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Assemblage based indicators
The premise behind assemblage based monitoring of macroinvertebrates is that a healthy and stable
assemblage will be relatively consistent in its proportional representation. Measures of macroinvertebrate taxa
richness or abundance may be useful because of their sensitivity to habitat changes. Several diversity indices
(incorporating both richness and evenness in their formulas) may function as viable metrics in some cases,
but are usually redundant if taxa richness and percentage dominance are already used (Barbou et al. 1996).
Taxa richness could be from species level identifications but in Australia is generally of a higher taxonomic
group such as families or orders (Resh et al. 1995). The assumption associated with diversity measures is that
increasing diversity correlates with increasing health of the assemblage (Resh et al. 1995).

Taxa based indicators
Taxa indicators involving tolerance/intolerance measures are intended to be representative of relative sensitivity
to perturbation, and may include numbers of pollution tolerant and intolerant taxa or percentage composition
(Barbour et al. 1996). Examples of such protocols are the ‘macroinvertebrate community index’ (MCI) in New
Zealand (Stark 1988), and its Australian equivalent, ‘stream invertebrate grade number average level’ (SIGNAL2)
(Chessman 2003). The SIGNAL score can be calculated using total abundances or in an observed to expected
taxa matrix.

vegetation indicators
In river systems, vegetation may include submerged, emergent or floating macrophytes growing in both inchannel and off-channel habitats. It may also include terrestrial trees, shrubs and grasses fringing the river
channel and wetlands. All types perform a number of important ecosystem functions, including the provision
of food and habitat for terrestrial and aquatic fauna, stabilising river banks and beds, trapping sediment
and nutrients and playing an important role in carbon and nitrogen cycling through primary and secondary
production (Hamilton et al. 1992, Humphries et al. 1996, Scheffer 1999, Horppila and Nurminen 2001, Balcombe
and Closs 2004).
Vegetation assessments can indicate disturbance at a site, and thus there is great potential for their use when
assessing ecological recovery at demonstration reaches. Change in vegetation character has been reported in
response to river regulation (Nilsson et al. 1991, Hudon 1997), the introduction of invasive fauna (Lougheed et al.
1998), water pollution and eutrophication (Carbiener et al. 1990, Demars and Harper 1998), and sedimentation
(Madsen et al. 2001). A number of considerations should be kept in mind when contemplating the use of
vegetation assessments at demonstration reaches:
• Single plant species may be affected by a number of impacts (e.g. cold water pollution and sedimentation);
• The time-lag and scale of response can be different for different species based on whether they are long or
short-lived.
• Since plants are stationary, they provide site specific information;
• The level of expertise and time required to implement vegetation surveys will depend on the level of
taxonomic detail that is required (e.g. species versus family);
• There may be natural seasonal/annual patterns of growth and die-off; and
• Many plants have dormant life history stages where they are not visible, but still viable (e.g. seed banks
in sediments).
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Indicator species or functional guilds with characteristic
tolerances or preferences for water quality, habitat and other
environmental conditions. Reproductive, habitat, migratory
and water quality tolerance all have potential for monitoring in
demonstration reaches. Larval and juvenile fish are generally
more intolerant of sub-optimal environmental conditions than
adults and therefore may be better indicators.

Indicator species or guilds

Turbidity, nutrients, water chemistry (pH, dissolved oxygen,
salts), temperature. There are two main approaches: direct
analysis of water samples, or bioaccumulation in aquatic
organisms such as macroinvertebrates.

Water Quality

Concerned with changes in the composition and abundance
of the fish assemblage. Abundance, diversity and biomass
measures are common, as are whether fish are native or
introduced.

Nutrient transport, retention and uptake including stable
isotope analysis of biota. Transport or retention of coarse
particulate organic matter (CPOM) such as leaf litter. Primary
production and chlorophyll a, bio-film cover.

Nutrients/Organic Cycling

Assemblage based

Diversity, abundance and per cent cover of hydraulic (velocity,
depth, discharge), geomorphic (river bed structures; grain size
distribution of substratum) mesohabitats (pool, riffles, runs,
drought refuge, cover). In-channel and floodplain (anabranch
channels, billabongs). Geomorphic processes such as channel
migration, sediment transport and storage, erosion, bed scour
and fill.

Habitat (Instream)

Fish

Quantitative: Average annual flow, maximum flows, low flows,
base flows, range of flows.
Seasonality: length of low flow periods, time between high
flow events, time of high flow events, maximum flow duration.

Hydrology

Abiotic

Types of Indicators

Indicator subgroup

Indicator group

MDB: Harris and Gehrke 1997, MDBC 2004b
I: Woolsey et al. 2007

MDB: Harris and Gehrke 1997, Chessman
and Jones 2001, MDBC 2004b, Baldwin eet al.
2005, MDBC 2006
I: Woolsey eet al. 2007

MDB: Lawrence and Paterson 2005
N: ANZECC 2000
I: Gurtz 1993, Bartram and Ballance 1996,
Reynoldson et al. 1997, Woolsey et al. 2007

MDB: Bunn and Davies 1999, Bunn et al. 2003
N: Aldridge et al. 2008
I: Tank and Webster 1998, Melville and
Connolly 2003, Rybczynski et al. 2008

MDB:
N: Brooks et al. 2004
I: Maddock 1999, Woolsey et al. 2007

MDB: MDBC 2004d

Relevant protocols or example of application

table 3: candidate indicators and example methodologies developed for or currently used in the Murray-darling Basin (MdB), elsewhere nationally (n) and
elsewhere internationally (I)

Murray–Darling Basin Authority

Vegetation

Macroinvertebrates

Indicator group

Submerged, emergent and floating macrophyte diversity,
percentage cover, weediness, vigour, rigour, recruitment,
growth forms
Species diversity, percentage cover, weediness, vigour, rigour,
recruitment, growth forms

Terrestrial/riparian

Indicator taxa, general tolerance scores (e.g. Hilsenhof or
SIGNAL indices), specific tolerance scores (e.g. Nutrient
tolerance).

Taxa based

Macrophytes: in-channel and
wetland

Species richness, diversity indices, Ausrivas OE50, Filters
OE50, ratio of sensitive taxa (E.g. EPT rations, Odonoata ratios)

Abundance of different age-classes or ontogenetic stages (e.g.
eggs, larval, young of year) can be indicators of bottlenecks at
different stages in a fish’s life. Reproductive state (e.g. GSI).
Processes that structure population such as: immigration,
emigration, births and deaths.

Life History based

Assemblage based

Types of Indicators

Indicator subgroup

MDB: Baldwin et al. 2005
I: Peck and Smart 1986, Woolsey et al. 2007

MDB: Baldwin et al. 2005
I: Peck and Smart 1986, Carbiener et al. 1990,
Dennison et al. 1993, Grasmück et al. 1995,
Demars and Harper 1998

MDB: MDBC 2004a, 2006
N: Resh et al. 1995, Chessman 2003
I: Stark 1988, Plafkin et al. 1989, Barbour et al.
1996, Woolsey et al. 2007

MDB: MDBC 2004a, Baldwin et al. 2005,
MDBC 2006
N: Resh et al. 1995, Smith et al. 1999
I: Pauw and Vanhooren 1983, Plafkin et al.
1989, Barbour et al. 1996, Woolsey et al. 2007

MDB: Muth and Schmulbach 1984, Kelso and
Rutherford 1996, Humphries and Lake 2000,
King and Crook 2002, Gilligan and Schiller
2003, King 2004, Lintermans and Phillips 2004
I: Muth and Schmulbach 1984, Woolsey
et al. 2007

Relevant protocols or example of application

6. Choosing environmental indicators and sampling methods
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7. ExPErIMEntAl dEsIgn
The correct choice of experimental design involves a range of spatial and temporal considerations related
to both the extent and type of interventions and the anticipated response in indicators.
This section outlines key considerations that should be made regarding the spatial and temporal design of a
monitoring program and the main types of designs applicable to different demonstration reaches scenarios.
Designs need to be tailored to the specific project, and therefore a correct design cannot be prescribed here.
However, designs differ greatly in inferential strength and some should be promoted and others avoided. A
monitoring program deficient in design is unlikely to be rescued, regardless of the variety and complexity of
statistical methods applied (Downes et al. 2002). It is therefore essential that those developing monitoring
programs seek biometric advice when necessary to ensure that the design chosen is the most robust for a
given circumstance. Many terms will be introduced throughout this section (Table 4 and Figure 8), to remove
any ambiguity regarding their meaning.
table 4: key elements of the demonstration reach monitoring framework defined.
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Term

Definition and relevance to demonstration reach monitoring

Intervention

A management practice aimed at promoting recovery of fish assemblages (e.g.
construction of a fishway, removal of Carp, mitigation of cold water pollution,
in-channel habitat enhancement). Multiple interventions are applied within a
demonstration reach.

Demonstration reach scale

The spatial scale relevant to the whole management unit of the demonstration
reach. This will be defined arbitrarily during project inception. Within this scale
multiple interventions are undertaken. It is at this scale which general trend
analysis is performed on key indicators and it is anticipated that demonstration
reach success will need to be reported at this level.

Intervention scale

The spatial scale at which a response to a specific intervention will be measured.
The scale may differ between interventions and will be typically measured at
sub-reach scales. It is at this scale some of the underlying mechanisms for
recovery may be explored.

Intervention location

Where an intervention is carried out. This location may correspond to the
demonstration reach scale or at sub-reach scales in the case of some intervention
scale monitoring.

Control location

An area beyond the influence of the intervention, but as similar as possible in
other respects. The scale of controls needs to match the scale of monitoring and
may therefore be selected at either the demonstration reach, or sub-reach scale.

Reference location

A section of river deemed as close in condition as possible in all respects to that
desired of the demonstration reach or intervention location after the hypothesised
response has occurred. In reality these are very difficult to find.

Sampling site

Replicate areas of indicator sampling nested within intervention, control or
reference locations. These are used to account for the spatial patchiness that may
occur with indicator measurements within a location.

Before or pre-intervention
condition

A state prior to the start of an intervention.

After or post-intervention
condition

A state after the start of an intervention. This state may indicate no change or a
change consistent with the hypothesis the intervention has affected the indicator

7. Experimental design

Multi-scalar designs
Consideration of spatial scale is paramount when monitoring how environmental indicators behave in
natural systems (Wiens 1989, Menge and Olson 1990, Levin 1992, Horne and Schneider 1995, Poizat and Pont
1996, Inoue et al. 1997, Bult et al. 1998, Mason and Brandt 1999, Crook et al. 2001, Scheurer et al. 2003). If
indicators are measured over inappropriate spatial scales there is a risk of either failing to detect, or drawing
inaccurate conclusions regarding ecosystem response (Wiens 1995, Holbrook et al. 2000). To avoid focussing on
inappropriate scales, there is growing recognition of the benefit of conducting monitoring at multiple scales (e.g.
Hawkins et al. 1993, Crook et al. 2001, Tejerina-Garro and De Merona 2001, Reichard et al. 2002). A multi-scalar
approach that appreciates a river’s nested nature allows spatial scales at which indicators respond to become
evident (Parsons et al. 2004) and the mechanism(s) of response to be ascertained more logically (Wiens 1989).
The formulation of scale-specific questions is critical when designing a monitoring program and the issue
of scale needs to be kept in mind throughout the entire design process. The ultimate goal of demonstration
reaches is to scientifically demonstrate the benefit of rehabilitation and to inform how further management
should proceed. The scale of monitoring should therefore correspond to the anticipated scale of indicator
response and the scale at which management decisions will be made.
Those involved in monitoring demonstration reaches are likely to be faced with limited resources. Consequently,
there will be constraints over what scales can be investigated. Scales of research need to be carefully chosen
so they are relevant and those of little relevance need to be removed from analysis. Unfortunately, inappropriate
scales sometimes do not become apparent until they are analysed and patterns of ecological organisation are
allowed to self-emerge from datasets (O’Neill et al. 1986). Substantial savings in the cost and effort can result
by determining the smallest scale of sampling required to answer a question. This is because, as a general rule
of thumb, describing changes in environmental indicators at smaller sub-scales (e.g. the intervention scale)
requires more intensive sampling than describing the same indicators at larger scales (e.g. the demonstration
reach or whole river scale).

This monitoring framework promotes a combination of trend and intervention monitoring.
Trend monitoring should focus at the scale of the management unit, that is, the whole demonstration reach
scale. Sites will need to be sub-sampled at the sub-reach scale to adequately account for spatial variability
within the reach. The number and layout of these sites will depend on the patchiness of the indicator and
power requirements of the statistical analysis. Many parametric statistical tests assume sampling sites are
chosen randomly, however, if an indicator is already known to be non-randomly distributed based on some
other external factor, it may be worthwhile adopting a ‘stratified random’ approach, whereby each sampling
site is selected at random within a pre-defined location. At the demonstration reach scale it will be possible to
ascertain how the condition of the demonstration reach changes through time but the underlying causes of this
change cannot be determined.
Because it is not possible to replicate at the demonstration reach scale (since each reach is a single unique
entity), all conclusions will also be reach-specific. That is, it will not be possible to generalise results to other
areas of river. It is recommended that priority be given to those hypotheses and indicators that are applicable to
the demonstration reach scale, based on the premise that sampling at this scale will be most cost-efficient and
immediately relevant to reporting on the ecological improvement of the demonstration reach as a whole.
Rehabilitation practice will be greatly enhanced if we ascertain what mechanisms may be responsible for
demonstration reach scale trends. To enable this, where possible, trend monitoring should be combined with
the monitoring of responses to specific interventions. It is inevitable that multiple interventions will act at
different temporal and spatial scales and therefore may require different monitoring designs. For this reason
the intervention scale may vary among different treatments and indicators (Figure 8). An important dichotomy
is whether the response will occur at a point, such as may occur when specific sites are re-snagged, or be nonpoint in nature, such as when cold water pollution is remediated throughout an entire reach.
It must be stressed that intervention monitoring can be prone to misinterpretation due to the confounding
affects of multiple interventions and treatment effects. Having a solid conceptual understanding of the potential
responses to different interventions, and how these may interact is the only way of reducing this uncertainty.
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Decisions regarding what types of interventions should be monitored need to be made taking a holistic view of
all rehabilitation projects occurring throughout the Basin. Some interventions, such as in-channel resnagging,
may be sufficiently common in a region that only a sample of projects need to thoroughly monitor these works.

Box 4: Examples of different scale-specific hypotheses that can be generated when undertaking
multi-scalar monitoring
Assume that a demonstration reach is being re-snagged to enhance in-channel habitat, a fishway is being
constructed to remediate a weir that is a known barrier to fish passage and alien Carp (Cyprinus carpio)
are being screened from a wetland known as an aggregation site for spawning. The following are examples
of scale-specific hypotheses (H) that could be used in conjunction with the monitoring design illustrated in
Figure 8.
H1: resnagging, fishway construction and carp screening from wetlands will result in fish assemblage
changes x, y and z in the demonstration reach
By measuring appropriate assemblage indicators and randomly sub-sampling at sites within the
demonstration reach and likewise in separate control reaches, general trends can be monitored at the
demonstration reach scale. Although hypotheses can be generated regarding the mechanisms for these
trends, monitoring at this scale alone will not allow these hypotheses to be tested. Therefore it may be
desirable to test subsequent hypotheses at smaller scales specific to each intervention
H2: Assemblage structure changes differentially between re-snagged and untreated sites
By comparing assemblage response at both treated and untreated sites nested within the demonstration
reach, it may be possible to detect whether within demonstration reach scale responses are occurring in
response to resnagging. That is, do re-snagged sites respond differently to untreated sites? It may then be
possible to test further treatments by manipulating snag loading, position or configuration within different
sites. With each additional research question and treatment, come added levels of replication and therefore
added sampling intensity and cost. This form of monitoring involves careful consideration about the spatial
and temporal scales at which indicators will respond. For example, rapid response in the abundance of
long-lived species such as Murray cod and Golden perch will undoubtedly be due to the immigration and
emigration of fish between sites (the ‘reef effect’). Changes in population parameters of these species
will take longer to manifest and are unlikely to be meaningfully examined at this sub-reach scale. This is
because the mobility and longevity of these species means that processes of recruitment, emigration and
immigration occur at scales above the individual resnagging site. Therefore, trying to detect responses to
different sub-reach treatments would not be possible. It is also important to acknowledge that because
the treatment of resnagging will not be replicated across multiple demonstration reaches, inferences are
restricted to that specific reach and cannot be generalised.
H3: Assemblage structure changes upstream of a weir once a fishway is constructed
It may be possible to compare changes in the fish assemblage or particular migratory guilds upstream of a
remediated barrier when compared to downstream sections and untreated control reaches. Further finer
scale questions may be asked as to what species and size classes of fish are successfully negotiating the
fishway. Again, the later questions require more intensive sampling, but provide additional information,
which may explain the mechanisms responsible for demonstration reach scale responses.
H4: Installing screens at the entrance to wetlands reduces the abundance of adult carp found in
these habitats
Hypothesis 4 can be tested by sampling for adult Carp in treated wetlands (before and after treatment) and
in suitable control wetlands (both within and outside the demonstration reach).
H5: Preventing the access of carp into wetlands reduces the abundance of carp eggs and larvae drifting
back into the main channel
It is feasible to assume that preventing Carp entering wetlands may reduce the spawning activity of
Carp and this could be detected by sampling for Carp eggs and larvae drifting through anabranches back
into the main channel downstream in both treated and untreated control wetlands, both before and after
the intervention.
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figure 8: Monitoring at multiple scales within a demonstration reach is required if reporting is to occur for individual interventions as well as
the integrated response of the reach as a whole. this example illustrates the three interventions described in the Box 4: fishway construction to
remediate fish passage, resnagging to enhance in-channel habitat and screening the entrance to control carp spawning.

7. Experimental design
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duration and frequency of monitoring (the temporal design)
The duration and frequency of monitoring will differ between hypotheses and indicators. With respect to
demonstration reaches, two broad timeframes can be recognised:
1. A three to five year period that corresponds to the typical duration of funding cycles and contracted
works programs; and
2. A longer-term timeframe of five to fifteen years relevant to the detection of mid to long-term
ecological responses aligned with the reaches ‘whole-of-life plan’.
Research questions need to be carefully considered so that they can be answered in these respective time
frames. Some research questions should be addressed in three to five years. This timeframe will allow
some degree of pre and post intervention monitoring and enables data to be used to inform the revision of
rehabilitation works. A three to five year time frame also allows monitoring to be more responsive to changing
socio-economic needs. Since smaller spatial scale responses typically operate over relatively shorter
timeframes (Schumm 1988), it may be possible to report on the efficacy of specific intervention based responses
(e.g. changes in the fish assemblage upstream of a fishway or reduction in Carp numbers in a screened-off
wetland) in this timeframe.
Three to five years, however, is a relatively short timeframe to monitor many ecological processes. It constrains
the level of temporal replication possible and consequently the ability to account for natural variability in
indicators. Ultimately, this can reduce the overall power of a design to detect change and a longer monitoring
timeframe of five to ten years should be included where possible. It is only through this on-going monitoring
that long-term cumulative ecological trends relevant to the reaches ‘whole-of-life plan’ can be determined. It is
realistic to expect fewer research questions may be assigned to this longer timeframe. Long-term monitoring
of this nature is rarely considered for rehabilitation projects because it is difficult to predict how funding and
research priorities will change. Nevertheless, some long term condition monitoring programs do exist in the
MDB (e.g. SRA and TLM), and the 50 year plan outlined in the Native Fish Strategy provides some recognition of
the need for a long term commitment to rehabilitation in the Basin.
Sampling frequency also needs to be carefully considered as it is intrinsically linked to the nature of the
intervention and the likely behaviour of indicator response. Both these need to be considered and included in
conceptual models. Some typical differences in both frequency and duration of interventions include:
• One off interventions of short duration response (e.g. a recreational Carp muster);
• One off interventions of long duration response (e.g. resnagging, fishway construction or screening off
wetlands to Carp);
• Repeated, intermittent interventions (e.g. seasonal regulation of inundation of a wetland, mitigation of cold
water pollution during seasonally regulated irrigation releases).
It is also important to consider that indicators may respond in very different ways and this will affect the
temporal nature of sampling. Some potential response types that may be encountered in demonstration
reaches are shown in Figure 9. For example, a significant reduction in cold water pollution may result in
a sudden change in spawning activity of fish, and this may be detectable by an immediate increase in the
abundance of eggs and larvae (Figure 9, type B response). Removing Carp from a reach during a recreational
Carp muster may have an immediate short term impact on Carp abundance, but unless reinfestation and
breeding is controlled, it is likely that such responses will be of a pulse nature and short-lived (Figure 9,
type H response).
There may also be a considerable time-lag between an intervention and the resultant response in an indicator,
usually based on whether there is a direct or indirect link between intervention and indicator. This lag needs
to be acknowledged in the timeframes used to monitor responses. For example, if the objective is detecting a
change in fish population size, this involves longer term ecological processes such as survival and reproduction,
and will take many more years to manifest as changes in population size.
The type of response will also affect the type of analysis that can be used. For example, if a gradient reversal or
change in variability occurs, these will not be detected by a simple comparison of means using ANOVA (Figure 9,
types E, F, G). Similarly, analysis of a gradient to constant response (Figure 9, type D) will conclude that little is
occurring if post-intervention data is analysed without any pre-intervention data.
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figure 9: several different types of changes that may be seen in response variables through time, before
and after an intervention. A = no effect, B = ‘jump’ or sudden change in mean, c = from constant value
to gradient, d = from gradient to constant, E = gradient reversal, f = increased variability, g = decreased
variability, H = pulse.

Because of the adaptive nature of rehabilitation in demonstration reaches, interventions may change during
the course of the project. For example, the frequency, intensity type and location of interventions may evolve
depending on their perceived effectiveness. Likewise the type of response may change throughout the project,
particularly if multiple interventions interact to affect the indicator.

design options for demonstration reaches
The ultimate goal of demonstration reach monitoring is to discriminate effects resulting from an intervention (or
combination of interventions) from those arising from other independent processes. Some experimental designs
are better at achieving this than others (Table 5) and Downes et al. (2002) provides a good review of these.
A common circumstance encountered with ecological monitoring is the lack of data before an impact or
intervention. This may arise due to a need to respond to an inadvertent impact such as a flood or a pollution
spill. If no before data are available and no control locations are available, it is still possible to compare postintervention measurements against targets or predictions developed from models (Intervention only designs:
Table 5 and Figure 10a) (Cottingham et al. 2005). This type of study is to be avoided at all costs and should not be
considered acceptable in a properly planned and resourced demonstration reach. With this type of design it is
not possible to be sure a change has even occurred, let alone that it was the result of the intervention.
If there are no pre-intervention data, the behaviour of a treatment location post-intervention may be compared
to multiple control locations (control-Intervention designs: Table 5 and Figure 10b). With this type of design
inference is still relatively weak, albeit stronger than intervention only designs. This design relies heavily on
the assumption that treatment and control locations were similar in nature prior to an intervention, and that
any differences in trajectory post-intervention were due to the intervention itself. In real-world settings this
assumption is unlikely and therefore this type of design should also be avoided wherever possible.
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Where possible, researchers should endeavour to monitor ecological response both before and after an
intervention. Before-After-Intervention designs involve this type of analysis when there are no control locations
available (Table 5 and Figure 10c). Such designs are relatively weak in inference because it is not possible to
determine with any certainty whether the measured changes are the result of the intervention, or due to other
factors that would still have occurred in the absence of the intervention (Cottingham et al. 2005).
Whilst monitoring without adequate before or control data should be discouraged, there may be some instances
where it is unavoidable and analytical approaches such as time-series and site-trajectory analysis can be applied
in these circumstances (Chapter 8). Monitoring some interventions in this way may still yield useful insights if
they are viewed alongside more robust monitoring designs. Inference can be strengthened by using ‘multiple
levels of evidence’ (essentially a set of circumstantial arguments) (Downes et al. 2002). For example, when
investigating ecological recovery due to the remediation of a barrier with a fishway, it may be impossible to find
a suitable control reach with a similar barrier and fish assemblage. A strong argument of fishway success,
however, can still be developed if multiple levels of evidence are explored. These may include monitoring: a
change in accumulations downstream of the barrier, changes in the fish assemblage upstream of the barrier
and direct trapping of the fishway to quantifying the number, size class and species of fish that are successfully
negotiating the fishway. By combining this with hydrological modelling, it would be possible to ascertain how the
frequency and duration of periods allowing adequate fish passage have changed post fishway construction.
table 5. different experimental design options for investigating ecological response at demonstration
reaches when faced with different spatial and temporal scenarios. these design options are shown
schematically in figure 10.
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Increasing project cost or decreased spatial and temporal replication possible

Increasing ability to attribute a given change to interventions

Power of
inference and cost

Design option

Spatial design

Temporal design

Intervention only

• 1 treatment location
• no control locations

• No sampling before
intervention
• Sample multiple times
after intervention

Control-Intervention

• 1 treatment location
• Multiple control locations

• No sampling before
intervention
• Sample multiple times
after intervention

Before-After-Intervention

• 1 treatment location
• no control locations

• Sample multiple
times before and after
intervention

BACIP

• 1 treatment location
• 1 control reach

• Sample multiple
times before and after
intervention

Asymmetrical MBACI

• 1 treatment location
• Multiple control locations

• Sample multiple
times before and after
intervention

Full Rehabilitation Model

• 1 impact location
• 1 or more control
locations
• 1 or more reference
locations

• Sample multiple
times before and after
intervention

7. Experimental design

Designs which monitor intervention and control locations, before and after an intervention, are collectively
referred to as Before-After-control-Impact (BAcI) designs (Green 1979). BACI type designs, with adequate
replication of before, after, control and impact components are considered to be among the best designs for
separating, with relatively high confidence, treatment effects from natural variation (Downes et al. 2002). The
use of BACI type designs should be promoted wherever possible and there are slight variations on the theme
that can be tailored to suit the specific circumstances of different demonstration reaches.
Conceptual models should identify the extent of the likely response and this should guide the selection of
suitable controls. Control location(s) satisfying the following criteria should be sought:
• As similar to the treatment location (demonstration reach or intervention site) as possible;
• Beyond the influence of the intervention;
• Be sure to avoid spatially confounded controls that are geographically similar to each other, but
geographically distinct from the demonstration reach.
If control locations are chosen that are substantially different physically, hydrologically and biologically from
the treatment location, it is likely there will be greater baseline variation and different temporal dynamics
that could result in the design having lower power to detect an impact (Downes et al. 2002). To avoid this,
potential control locations need to be assessed to ascertain how similar they are to the demonstration reach.
Broad-scale monitoring programs, such as the SRA, provide useful sources of data to compare reaches based
on similarities in:
• Biotic composition;
• Land use;
• Riparian vegetation;
• Eco or bioregion;
• Catchment area;
• Dominant habitat types;
• Stream order; and
• Geomorphological process zone.
Not all these parameters need to be assessed. Focus of those specific to the indicators you have chosen to
measure. Some parameters can also be used to infer the state of others. For example, similarities between
stream order, geomorphological process zone and habitats in different reaches can often be inferred by
analysing the structure of resident fish assemblages (Boys and Thoms 2006). This is because the spatial
distribution of fish in a river is non-random (Schlosser 1991) and often reliant on the availability of suitable
habitat (Ims 1995, Kramer et al. 1997, Crook et al. 2001, Fausch et al. 2002).
The BAcIP design (Table 5 and Figure 10d) involves one intervention and one control location, with sampling
of the two locations being paired in time (i.e. occurring synchronously). Statistical inference remains relatively
weak when only a single intervention and control location are assessed, because both locations may undergo
different trajectories independent of the intervention, purely due to natural or unanticipated changes coinciding
with the intervention (Eberhardt 1976, Underwood 1992). To overcome this it is ideal to monitor multiple
treatments and multiple controls, at multiple times pre and post-intervention (Multiple BACI: MBACI designs).
Because the treatment location is replicated, generalisations can be made about the effects of an intervention
in other river systems. Unfortunately, in all demonstration reaches there is only one legitimate intervention or
treatment location (note that multiple replicates of an intervention within a reach is a form of pseudo-replication
and not true replication). In this situation a true MBACI is not possible, but an asymmetrical MBAcI design
may be used with multiple control locations being compared to a single impact location (Underwood 1991)
(Table 5 and Figure 10e). In this scenario, replication of control locations is even more important because they
become the only data source from which to extract ‘normal’ behaviour from the dynamics of a single impact
location (Downes et al. 2002). Unfortunately results from a single treatment location will always be reach
specific and cannot be generalised to other rivers. Nevertheless, the results are still highly informative to
rehabilitation science, and can be viewed in the context of findings from other demonstration reaches using
a multiple-levels-of-evidence approach to make generalisations regarding rehabilitation in the MDB and
progress towards ecological target outlined in the Native Fish Strategy.
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When monitoring responses to rehabilitation, some suggest it is necessary to test whether any changes
detected are towards some reference or target state (e.g. Chapman and Underwood 2000, Downes et al. 2002).
This reference state can be defined as one which is least impacted, or is natural or pristine. To test such a full
rehabilitation model (Table 5 and Figure 10f), data are required from three different components: the treatment
location; a control location beyond the influence of the intervention(s); and a reference reach representing a
section of river unaffected by all of the impacts that are being remediated at the demonstration reach. In such
a design, the control condition will inform whether a change has resulted from the demonstration reach and
the reference reach will inform whether the change is in the desirable direction. The design subsequently
becomes more complicated to analyse than other traditional BACI design because there is a need to make two
simultaneous comparisons: impact versus reference versus control. What is being tested for is ‘bioequivalence’
between the treatment and reference location. Given the complexity of analysis, and the fact that in real-life
situations such reference locations are unlikely to be found, it is recommended that resources be focussed on
experiments with adequate spatial and temporal replication in treatment and control locations, rather than
trying to utilise reference reaches.

sub-sampling
The aim of sub-sampling is to collect multiple measures of an indicator that are representative of the
whole, and to do so at the least cost to the program.
The average value of all sub-samples for a specific indicator should accurately reflect the true average for the
entire location at that sampling time. An example is that the SRA uses electrofishing sub-samples stratified
among different habitats in order to obtain fish assemblage indicators that are reflective of all habitats within
that site. The number, spatial and temporal selection of sub-samples depends on the natural variability
(typically referred to as ‘patchiness’) of an indicator, the statistical analyses that will be used, as well as
pragmatic considerations involving sampling gear. It must be stressed that sub-samples themselves do not
count as true treatment replicates. Rather, the sub-samples are typically pooled in order to provide an overall
measure of indicator condition for a particular location and time replicate. Pilot data can be used to give a
rough idea of what degree of spatial and temporal patchiness may be experienced in a demonstration reach
and therefore the number of sub-samples required to characterise the location. Alternatively, SRA data may
be available for this purpose.

significance levels and the concept of power
An optimised monitoring program is one in which trade-offs are made between the desired design and
the effort and resources invested so that funding requirements are minimised without compromising the
inferential strength of the program (Downes et al. 2002).
When all available design and analytical options have been determined (there may be more than one) it is
essential to determine what can be achieved within the context of all constraints. Paramount to the optimisation
process is determining whether there is enough statistical power to detect change in the chosen indicator(s)
when it occurs (power analysis). This section introduces the key components of power analyses, using a number
of worked examples.
All monitoring programs should consider the risks of making two sorts of errors, Type I and Type II errors. A
type I error occurs when a difference is believed to occur (such as between times or locations), when in fact
there is not one. For example, if it is concluded that diversity of a macroinvertebrate assemblage has increased
at a demonstration reach compared to the control reaches, when the difference is actually because of a chance
difference in the samples collected. This can be costly if it means that interventions are incorrectly judged to
be successful, thus preventing the timely development of more effective management practice. The probability
of incurring a Type I error during statistical analysis is referred to as the level of significance, or alpha (α). It is
typically set at the 5% probability level (0.05) but can be altered to suit the aims of a particular study or to take
into account its importance relative to incurring a Type II error.
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figure 10: Experimental design options applicable to monitoring at demonstration reaches.

7. Experimental design
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A type II error occurs when it is concluded that there is no real difference between indicator values, when in
fact there is a difference. For example, if it is concluded that a targeted species of fish has not increased in
abundance when it has. This error becomes costly if stakeholders lose interest in the rehabilitation efforts and
consequently resources are withdrawn or redirected to other interventions that are incorrectly assumed to be
more effective. The probability of incurring a Type II error is referred to as β.

Statistical ‘power’ is “a measure of our confidence that we would have detected a particular effect if one
existed”(Keough and Mapstone 1995).
Power is the converse of Type II error (1- β). Power is directly related to the size of effect that can be detected.
More power allows smaller effect sizes to be determined. Data variability, the number of samples, and the level
of significance selected all combine to influence statistical power. Generally, statistical power increases with the
number of samples, and decreases the greater the variation is between them. That is, indicators with a higher
level of natural spatial and/or temporal variability will require a greater number of samples to provide the same
level of certainty surrounding conclusions. The easiest way to increase power is to increase sample size. In
BACI designs, this means extending the monitoring over a longer period to increase the number of times that
locations are sampled (Field et al. 2007).
Because there are differences in data variability between indicators, locations and designs, etc, it is not possible
to calculate exact power prior to collecting at least some data. However, once monitoring has commenced,
power can be calculated at each time period to generate a trajectory of statistical power (Field et al. 2007).
From this trajectory, it can be determined how long it will take before changes in selected indicators are
detectable. This will ensure stakeholders do not have unrealistic expectations about the length of time
required for meaningful results, and will give an indication of the duration of monitoring required.
Asymmetrical MBACI designs use variation between locations over time as a measure of the background
variation (Downes et al. 2002). In this type of study, power depends on the amount of variation at each location
and the number of locations. Increasing the number of control locations is the most efficient way of increasing
power; however, with more controls there is an increased chance that individual locations are less similar
to the impact locations, increasing variability and thus negating some of the increase in power. Therefore, as
each additional control is added to the study, it is necessary to recalculate power to ensure that its addition has
an overall positive effect (Downes et al. 2002). The collection of more sub-samples within each location (e.g.
samples within a site, or sites within a reach) can indirectly increase power by reducing the measured variation
within a location. Improvements are greatest when the variability is large and only a few samples were initially
collected (Downes et al. 2002). However, where there are financial constraints, it is preferable to maximise the
number of locations (reaches) and minimise the number of within location samples, collecting just enough to
get a good estimate of the location mean (Downes et al. 2002).
With BACIP designs, power depends on the variation in the differences between the control and impact
locations at each time period and the number of time periods sampled (Downes et al. 2002). Increasing the
number of sampling times will increase power, but ideally, sampling times should be increased both before and
after the impact or intervention, as statistical tests are less reliable when sample sizes are unequal (e.g. there
have been fewer samples collected before the intervention than after). This also applies to asymmetrical MBACI
designs. There is little detail in the literature about calculating the loss of power associated with using unequal
timeframes, but see Mapstone and Keogh (1995) for a general formula.
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Power Analyses
There is little point in implementing a design that will not have sufficient power to address the
research questions.
To ensure a monitoring program will have enough power, it is desirable to conduct power analyses prior to
beginning monitoring. A power analysis requires some knowledge of the behaviour, and in particular, the
inherent variability of the response indicator(s). This can usually be obtained through pilot studies, unpublished
data, published literature or expert opinion. Statistical ‘power trajectories’ can then be calculated after
the first sampling round in any monitoring program, this is especially pertinent to those programs where
historical or pilot data was not initially evaluated. This will allow managers to determine likely time required
to detect various effect sizes using the current design and possibly adjust the design if necessary (Field et al.
2007). Appendix 4 exemplifies how power analysis can be applied to determine the required amount of preintervention sampling required to detect an ecological effect. It is likely that a more detailed description of
power and its importance is required, and for this, readers are referred to Field et al. (2007).

design optimisation: time for a reality check
Throughout the design process, objectives have been articulated, outcomes conceptualised, hypotheses set,
relevant indicators selected and a range of appropriate experimental designs canvassed. It is now when those
designing the monitoring program must step back from this wealth of information and undertake a ‘reality
check’. Uncertainty and variability in natural systems means that there is no such thing as a perfect monitoring
framework, only designs which fall somewhere along a long line of inferential certainty. With added inferential
certainty come escalating costs of implementing such programs. It is at this stage when all previous
considerations need to be revisited and the design optimised in light of sampling costs and budget. Ultimately,
the most appropriate monitoring program is one where the objectives of the sampling program are met at the
least possible cost. This usually involves a trade-off between statistical power and the effort and resources
invested so that monetary costs are minimised without unduly compromising the inferential strength of the
program (Downes et al. 2002). This process can be made a lot simpler if a solid conceptual model and specific
and achievable hypotheses were set from the outset. Significant cost saving can be achieved with monitoring if
synergies with other programs are explored (for an example, see the Bourke to Brewarrina demonstration reach
case study in Appendix 5). If after optimisation, the program’s level of scientific rigour is judged to be below what
is required for adequate monitoring, the budget needs be revisited, or the monitoring program scrapped.
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8. stAtIstIcAl AnAlysIs
Even when the design is well balanced and has a number of controls and several samples before and after
the intervention, any analysis will have reduced power if an incorrect statistical model is fitted. For example,
repeated measures ANOVA may be suitable if the impact had a jump effect (time series B in figure 8) but would
have limited power for detecting a change in the trend (time series C or D in figure 8). Decisions about any
statistical analysis methods should be made before data collection starts, as this will undoubtedly dictate how,
where and when data is collected.

The consultation of a biometrician is advocated as standard procedure when determining the most
appropriate statistical analysis for a program.

Analysing with controls – BAcI type analysis
Univariate methods, such as Analysis of Variance (ANOVA) are well suited to BACI type designs. These can be
used for analysing single indicators such as species richness or abundance, and can be analysed using general
linear models or mixed models that can incorporate non-linear components of any effects in the model. These
models all have a number of assumptions in common: that sampling is random, that error terms are normal,
random and independent, and that variances are homogeneous (Michener 1997). Hypothesis tests and inference
may be invalid if any of these assumptions are violated. A description of different models are outside the scope of
this report, but good descriptions are given in Michener (1997), Downes et al. (2002) and Quinn and Keogh (2002).

Analysing without pre-intervention data: site-trajectory analyses
When there is limited or no pre-impact data available as in the intervention only design (Figure 10a) or
control-intervention (Figure 10b), then traditional ANOVA type analyses as used in BACI are invalid because
of confounding effects (i.e. a significant difference between impact and control locations may be for a number
of reasons apart from the impact). Nevertheless, if the response variable follows some kind of gradient or
trajectory relative to control sites, then the data may still be valuable. Although alternative explanations to the
observed results cannot be ruled out, at the very least the data can be used to generate hypotheses or may be
used in analyses using multiple lines of evidence.
On occasions it may be the trajectory that is the prime concern. For example, a research question may ask will
a reduction in carp numbers lead to an increase in benthic macroinvertebrate biomass? A possible experiment
would be to reduce carp numbers in several locations and monitor the trajectory of benthic macroinvertebrate
biomass through time relative to a number of non carp-reduced locations. In such a case there is no real need
for a large number of before impact measurements. Of importance here is the nature of the intervention: will
the experiment reduce carp numbers once, or will it continually apply pressure to carp numbers throughout the
experiment? The different types of intervention could severely influence the response (e.g. jump or gradient) of
benthic macroinvertebrate biomass.

Analysing without controls: time-series analyses
Time-series analysis may be applicable when there are no control data available as with intervention only
(Figure 10a) or before-after intervention designs (Figure 10c),. Time series analyses are particular valuable
when the data consist of serially correlated observations (i.e. successive readings through time that are similar
to the previous observation). Although, time-series analysis is of limited value when there are small data sets.
For example, to assess serial correlation with only six samples is of little value, because only five of the values
have an adjacent value to correlate with. Very powerful modern analyses such as Generalised Additive Models
(GAMs) that can fit complex linear and non linear components to time-series data require very large sequences
of data (generally more than 50 observations). GAM’s might be suited to something like water quality data if
monthly reading were available over 5 or more years in demonstration reaches. In between these extremes
are time-series analyses that can determine trends through moving averages or that can ‘seasonally adjust’
time-series data. Again, however, these analyses tend to need larger data sets. Seasonally adjusting data can
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be powerful and could play a part in the demonstration reach project, if data are collected in the same seasons
(or quarters or months) over three or more years. An example may be if we wish to compare macroinvertebrate
numbers over several years. It is known that macroinvertebrate numbers vary seasonally, generally being more
variable in spring. Subsequently, the analyses could partition out the effect of sampling season before numbers
are compared. A more commonly used approach by macroinvertebrate ecologists is to only sample in one
season, or to assess each season separately. Moving averages can be used with or without seasonally adjusting
the data and can often reveal very interesting and easily undetected trends in the data. For example, it may be
that macrophyte density in a reach has been subtly decreasing through time, but traditional analyses would not
pick it up because of the year to year variability in the measurements. Moving averages can overcome the ‘fuzz’
in time series data but again need a considerable number of measurements before being implemented.

Multivariate analyses
Multivariate methods can be used to analyse multiple variables concurrently and can enable analysis of
patterns, which cannot be tested using traditional statistical methods. Some of these include: the distribution
of species in space; inter-specific associations; assemblage structure, including similarity and dissimilarity
through space and time; and assemblage-habitat associations (Michener 1997). Examples of multivariate
methods include various ordination techniques, principal component analysis, analysis of similarity and cluster
analysis. Many of these approaches suit studies with fewer observations than variables, and they are therefore
useful when the number of sites and times that can be ‘replicated’ is constrained. Additionally, many are
unaffected when the usual assumptions of parametric tests are violated (Michener 1997).
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9.

IMPlEMEntAtIon And rEPortIng

It is quite plausible that the monitoring programs associated with demonstration reaches will run over the
longer time period. It is also quite plausible the individuals who designed the program are no longer associated
with the program when it comes to data analyses and interpretation. Documenting the experimental design (i.e.
objectives, hypothesis, assumptions, response and predictor/explanatory variables, replicates, proposed models
for analysis, etc) will provide a reliable reference for new personnel to interpret the design and for others
involved in the monitoring to follow it to completion.
Another key consideration when implementing a program is having in place adequate quality assurance and
control (QA/QC) practices. This may involve regular revisions of the methodology document to clear up any
inconsistencies, regular staff assessment and training, regular maintenance of sampling gear and database
audits.
Data processing, analysis, storage and retrieval needs should be identified and addressed early in the program.
Ideally, data standards (spatial and biological) should be standardised between state agencies to facilitate data
exchange when necessary. Methods for auditing data quality should be explicitly stated in the methods.
Reporting should be undertaken to advise stakeholders on monitoring progress, with major reporting
of research findings as they come to hand. Again it will be stressed that all outcomes, even ‘failures’, be
disseminated beyond the immediate project proponents and funding agencies, to other stakeholders,
restoration practitioners, scientists and policy makers so learning can occur. The reporting needs of the
monitoring program should align with the demonstration reaches communication plan.
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10. conclusIons And futurE rEsEArcH nEEds
The relative impacts of different human actions to the declining fish stocks of the MDB needs further
clarification, as does the relative contribution of different rehabilitation interventions in promoting their
recovery. To investigate this, it is essential that the outcomes of rehabilitation, even failures, are evaluated and
widely disseminated. We must move beyond the situation of recent decades where only a small proportion of
rehabilitation projects were effectively evaluated. Instead well-designed and adequately replicated monitoring
programs that focus on relevant indicators of ecosystem recovery need to be promoted. Undoubtedly, this will
require greater levels of interaction between ecologists, practitioners and the broader community than has
been achieved in the past. The MDBA Native Fish Strategy and the demonstration reach concept are vehicles for
such engagement.
In this report, a framework to design and implement ecologically effective monitoring at the demonstration
reach scale has been outlined. It should assist those developing new demonstration reaches in the MDB and
enable monitoring programs of a number of existing reaches to be refined where needed. The framework
outlines best-practice for ecological monitoring or a set of minimum standards which should be promoted
with the goal of implementing effective and affordable rehabilitation. The greatest challenge now lies ahead:
can these standards be implemented? The first step will be for all those involved in rehabilitation to embrace
the need for evaluation within a framework of adaptive rehabilitation. The second step will be to promote a
greater level of coordination so that resources can potentially be focussed on a number of robust evaluations
rather than many small-scale pseudo-experiments that promote little learning. The third step will be for those
agencies that sponsor river rehabilitation (e.g. CMAs and the MDBA) to assume a greater level of responsibility
over what rehabilitation projects get funded. For instance, the level of funding given to some larger, prominent
rehabilitation projects (such as demonstration reaches) should be contingent on a minimum standard of
evaluation being upheld. The criteria outlined in Appendix 2 are aimed at assisting with this.
Some may argue that it is not feasible to extract meaningful scientific learning from experiments as complex
as demonstration reaches, with multiple interventions interacting in an uncontrolled manner. However, this
scenario is no different than what is experienced every time researchers try to detect effects of human activity
in natural systems. Even when it is a single intervention or impact being studied, there will be a raft of other
factors interacting to confound treatments and reduce the certainty of conclusions. Careful design will help
to alleviate many of these problems. The challenge cannot be seen as insurmountable, otherwise we resign
ourselves to the belief that only meaningful learning can come from heavily controlled, lab-based experiments.
Whilst lab-based experiments have some advantages, they are no substitute for the type of learning that can
occur from monitoring ecological outcomes in real-world settings.
Weiher (2007) gives a thought provoking discussion on how restoration science tends to over-rely on simplistic
experiments with few treatment factors and few levels of those factors. Demonstration reaches should be seen
as a unique opportunity to design multi-treatment experiments that allow us to explore the complex nature
of human impact on ecological systems. We should aim to take a holistic view of several of these multivariate
experiments, so we may be able to gain a better understanding of how different impacts and interventions
interact, including their relative importance to one another. For example, instead of asking “Do wetland screens
reduce the abundance of Carp and benefit native fish?” it can be asked “What is the relative importance of
screens, Carp separation cages and flow management?”.
Effective monitoring at demonstration reaches is likely to require additional investment from all stakeholders,
but the benefits will include greater learning and improved health of our river systems. Success will depend on
investing in the collection of baseline data and conducting long-term post-intervention monitoring. If, however,
we choose to place limited value on the need for ecologically effective monitoring, we run the risk of reducing
the scientific credibility of aquatic rehabilitation and losing public support for both rehabilitation projects and
the important role that the Native Fish Strategy has to play in facilitating the recovery of native fish populations
in the MDB. As we learn more about ecological responses to rehabilitation it is logical that in time we can
eventually reduce the level of investment in monitoring in some areas. Until then, continued research is needed
into refining monitoring programs and developing indicators which are meaningful, affordable and repeatable.
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APPEndIx 1: dEMonstrAtIon rEAcHEs
In tHE MdB
As of June 2008
State

Site of demonstration reach

Length

Nearest town

Primary responsible agent

NSW

Tarcutta Creek*

26 km

Tarcutta/Wagga Wagga

NSW DPI

NSW

Barwon-Darling River

200km

Bourke and Brewarrina

NSW DPI and Western CMA

NSW

Namoi River

100km

Narrabri and Boggabri

NSW DPI and Namoi CMA

Victoria

Hollands Creek

22 km

Tatong

ARI and Goulburn Broken
CMA

Victoria

Ovens River

80 km

Wangaratta

ARI and North East CMA

Victoria

Campaspe River

42km

Echuca

The North Central CMA

SA

Katarapko

38km

Gerard/Berri

PIRSA
SA DEH

Qld

Condamine River

22km

Chinchilla

Condamine Alliance

Qld

Macintyre River

120km
(initial reach
– final reach
to be 400km)

Goondiwindi

QMDC, QLD and
BRG CMA NSW

* Established but not ongoing
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APPEndIx 2: PrElIMInAry crItErIA usEd to
judgE tHE EffIcAcy of tHE MonItorIng dEsIgn
And IMPlEMEntAtIon ProcEss
These criteria should be used when developing a monitoring program. It also provides a template for
submission of monitoring plans for endorsement and consideration for funding support under the NFS
Demonstration Reach Initiative. An example of such a plan is given in Appendix 5.
Rehabilitation goals
• Demonstration reach goals are explicitly stated;
• Each goal is assigned a realistic timeframe for achievement (e.g. short term 1-3 years or longer targets
aligned with the whole-of-life plan.
Conceptual model(s)
• Rationale behind intervention and likely response presented graphically for each intervention;
• Links between conceptual model, hypotheses and indicators explicitly stated;
• The spatial and temporal scope of each response is defined (ideally graphically as a Stommel diagram).
Indicators
• Indicators have been assigned to each hypothesis;
• Indicator choice can be justified upon request.
Sampling methods
• Evidence is provided that sampling methods are suitable for the chosen indicators;
• Otherwise, a pilot study is planned to refine suitable sampling methods.
Experimental design
• Experimental design and rationale explicitly stated;
• Justification given for suitability of controls.
Power analyses
• Power analyses used to determine adequate sample size. Whether formal or informal, this should involve
some consideration of indicator variability and the precision required by the study;
• Otherwise, proof a plan is in place to seek biometric support and appropriate historical or pilot data to
assess power of design shortly after project inception. This will then need to be reviewed by the project
steering committee early into the project.
Optimisation of study
• Has the program utilised other existing routine monitoring programs (e.g. SRA) in an attempt to minimise
cost or improve the rigour of the study?
Statistical analyses
• Statistical methods are explicitly stated prior to collecting any data.
Implementation and reporting
• Protocols documented early after inception of monitoring program;
• QA/QC methods in place for data collection and storage;
• Reporting is linked with demonstration reaches existing communications strategy.
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(Melanotaenia
fluviatilis)

Murray-Darling
rainbowfish

(Nematalosa erebi)

Bony herring

• Lower Murray River system,
South Australia (Lloyd and
Walker 1986)

• Adult: low-velocity backwaters (King
2002, 2004); macrophytes (Lloyd and
Walker 1986); shallow, near-bank (Lloyd
and Walker 1986, King 2002, 2004);
billabongs (Mallen-Cooper 2001).

• General: sampled in lower abundances at
night (King 2004)

• Murray River system, Victoria
(Mallen-Cooper 2001, King 2002,
2004).

• Lower Murray River system,
South Australia (Lloyd and
Walker 1986)

• Murray River system, Victoria
(Mallen-Cooper 2001).

• Barwon-Darling River system:
in-channel and billabongs
(Llewellyn 1983, Thiem 2002,
Arthington et al. 2005).

Research mostly in temperate
regions of the southern MurrayDarling Basin.
Only work in dryland rivers is
confined to in-channel large
wood and billabongs.
Research confined to temperate
regions of the Southern MurrayDarling Basin, no work in
dryland rivers.

•

•

•

• No information on larval fishhabitat associations.

Potential: Potential response to
restoring macrophyte beds, low
velocity backwater and off-channel
habitats

Poor: Ubiquitous species likely to be
insensitive habitat enhancements

Poor: Ubiquitous species likely to be
insensitive habitat enhancements

• Research confined to temperate
regions of the southern MurrayDarling Basin, no work in
dryland rivers such as BarwonDarling River system.

• Murray River system, Victoria
(Cadwallader 1979, MallenCooper 2001, King 2002,
Meredith et al. 2002, King 2004).
• Lower Murray River system,
South Australia (Lloyd and
Walker 1986)

Utility as an indicator

Knowledge gaps/limitations

Geographic scope of knowledge

• Larvae and juvenile: low-velocity
backwaters
(King 2002, 2004).

• Juvenile: shallow littoral near macrophyte
beds (Lloyd and Walker 1986).

• General: large wood (Thiem 2002); turbid
water (Llewellyn 1983); anabranch
and billabongs (Mallen-Cooper 2001,
Arthington et al. 2005), found in lower
abundance at night (FPRG 2005).

• Adult: ubiquitous in pools and open
water during the day, not found at night
(King 2002, 2004); backwaters (Lloyd
and Walker 1986); macrophyte cover
(Cadwallader 1979); billabongs (MallenCooper 2001); weir pools (Meredith et al.
2002).

• Larvae: low-velocity backwaters (King
2002, 2004).

Australian smelt

(Retropinna semoni)

Available information on habitat
associations

Species

APPEndIx 3: HABItAt PrEfErEncEs of soME MdB fIsH And tHEIr
PotEntIAl utIlIty As IndIcAtor sPEcIEs for dEtErMInIng EcologIcAl
rEsPonsE to HABItAt EnHAncEMEnt
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(Tandanus tandanus)

Freshwater catfish

(Craterocephalus
stercusmuscarum)

• Adult: benthic (Davis 1977).

• Juvenile: under-cut, root-matted banks in
low velocity reaches (pers. obs.)

• Adult: in-channel, anabranches and
billabongs (Llewellyn 1979, MallenCooper 2001); low-velocity, shallow
reaches close to submerged macrophytes
(Lloyd and Walker 1986); pools (Moffatt
and Voller 2002);

Un-specked
hardyhead

(Philypnodon
grandiceps)

• Low-velocity stretches of 3rd and 4th
order rivers (Jackson and Davies 1983);
large wood and macrophyte cover
(Cadwallader and Backhouse 1983); nearbank habitats and backwaters (Lloyd and
walker); anabranches and billabongs
(Mallen-Cooper 2001).

• Use in-channel and billabongs (MallenCooper 2001)

Flathead gudgeon

(Philypnodon sp 1)

Dwarf flathead
gudgeon

(Craterocephalus
fluviatilis)

Murray hardyhead

• no primary literature sources found

• No primary literature sources found

Darling River
hardyhead

(Craterocephalus
amniculus)

Available information on habitat
associations

Species

Barwon-Darling River system,
Gwydir River (Davis 1977),
Border Rivers (pers. obs.)

Lower Murray River System,
South Australia (Lloyd and
Walker 1986, Mallen-Cooper
2001).

•

•

Barwon-Darling River System,
Queensland (Moffatt and Voller
2002).

•

Murray River system (Llewellyn
1979).

Lower Murray River system,
South Australia (Lloyd and
Walker 1986)

•

•

Murray River system, Victoria
(Cadwallader and Backhouse
1983, Jackson and Davies 1983,
Mallen-Cooper 2001).

Murray River system, Victoria
(Mallen-Cooper 2001).

no primary literature sources
found

no primary literature sources
found

•

•

•

•

Geographic scope of knowledge

Utility as an indicator

Research confined to temperate
regions of the Murray River
system. Habitat preferences
need to be described throughout
its entire range (i.e. BarwonDarling River system: Macquarie
River).
Larval fish-habitat associations.

•

•

• Research confined to northern
Murray-Darling Basin, no
records in southern temperate
rivers of the Murray River
system.

Habitat preferences need to
be described at smaller spatial
scales throughout its Murray
River system range.

•

• Habitat preferences need to be
described throughout its entire
range (i.e. Murray River system).

Potential: May respond to reducing
sedimentation of gravel nests.

Poor: Factors restricting its range
not well understood, response to
habitat alteration would be hard to
predict

Poor: Factors restricting its range
not well understood, response to
habitat alteration would be hard to
predict

Poor: Factors restricting its range
not well understood, response to
habitat alteration would be hard to
predict

Poor: Response to habitat alteration
would be hard to predict, absent
from most of the Murray-Darling
Basin

Poor: Response to habitat alteration
• Habitat preferences need to be
would be hard to predict
described throughout its entire
range (i.e. upper Barwon-Darling
River system: Namoi and Gwydir
Rivers).

Knowledge gaps/limitations

APPENDIX 3: Habitat preferences of some MDB fish and their potential utility as indicator species
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(bidyanus bidyanus)

Silver perch

(Hypseleotris spp)

Carp gudgeon

(Neosilurus hyrtlii)

Hyrtl’s tandan

• Adults: large wood (Thiem 2002, Boys
et al. 2005); submerged macrophytes
(Cadwallader 1979); root matted banks
(Boys et al. 2005); low-velocity waterholes
(Boys et al. 2005)

• Barwon-Darling River System
(Thiem 2002), permanent
waterholes of Paroo River (Boys
et al. 2005).

• Murray River System, Victoria
(Cadwallader 1979, Geddes and
Puckridge 1989, Mallen-Cooper
2001, Mallen-Cooper and Stuart
2003).

• Murray River System, Victoria
(King 2002, Stoffels and
Humphries 2003, Balcombe
and Closs 2004).
• Murray River System , New
South Wales (Gehrke 1992).
• Lower Murray River System,
South Australia (Lloyd and
Walker 1986).

• Larvae and Juvenile: dryland and
temperate river billabongs (Gehrke
1992, Stoffels and Humphries 2003);
diel vertical migration of small larvae
at night (Gehrke 1992); low-flow inchannel habitats (King 2002)
• Adult: macrophyte beds (Lloyd and
Walker 1986, Balcombe and Closs
2004), shallow littoral areas (Stoffels
and Humphries 2003); weir pools
(Meredith et al. 2002); diel shift from
macrophytes at day to open water at
night (Balcombe and Closs 2004)

• Larvae: off-channel habitats (Geddes and
Puckridge 1989, Mallen-Cooper 2001) and
in-channel habitats (Mallen-Cooper and
Stuart 2003).

• Barwon-Darling River system,
Paroo Queensland and New
South Wales (Boys et al. 2005).

• Barwon-Darling River System
(Thiem 2002).

• Murray River System, Victoria
(Koehn and Nicol 1997, Crook et
al. 2001, Nicol et al. 2002).

Geographic scope of knowledge

• Open water habitat in shallow and turbid
permanent billabongs

• Large wood (Koehn and Nicol 1997, Crook
et al. 2001, Nicol et al. 2002, Thiem 2002);
large wood in deep water (Crook et al.
2001); large wood that extends into the
water column (Koehn and Nicol 1997);
large wood in 1st, 3rd and 4th quarter
of meanders of Murray River (Nicol et
al. 2002); preference for more complex
structures (Nicol et al. 2002, Thiem 2002);
large wood associations weaker at night
(Crook et al. 2001).

Golden perch

(Macquaria ambigua)

Available information on habitat
associations

Species

Focus on large wood with
no research on use of other
potentially available habitats
such as different bank types.
Focus on low-flow use of large
wood with no information across
different flows.
Mechanisms driving use of large
wood.

•

•

•

•

Focus on low-flow habitat use,
habitat associations across all
in-channel flows.

Potential: Potential utility as an
indicator species for resnagging,
particularly in the Darling River
system where it is less abundant
and more patchily distributed than
in the Murray River system. Low
utility in areas where it is artificially
stocked. Threatened species listing
makes it desirable to monitor.

Potential response to restoring
• In-channel habitat
associations not known outside macrophyte beds, low velocity
backwater and off-channel habitats
Murray River system such as
for dryland rivers.

Poor?

Good: Utility as an indicator species
for resnagging or as part of a large
wood habitat guild

No information on larval fishhabitat associations.

•

• Habitat associations when
billabongs connected during
floods.

Utility as an indicator

Knowledge gaps/limitations
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• Juvenile and adult: deep holes (Koehn
1996); large wood (Koehn et al. 1994,
Koehn 1996, Thiem 2002); larger more
complex large wood piles (Nicol et al.
2002); benthic regions of large wood
(Koehn 1996); anabranches (Koehn
1996); large wood in 1st and 4th quarter
of meanders of Murray River (Nicol et al.
2002).

• Larvae: in-channel only (Humphries et
al. 2002, King 2002, 2004, Koehn and
Harrington 2005}); drift at night (King
2004).

Murray cod

(Maccullochella peelii)

• Slow, deep pools (Shirley and Cameron
1998); cover such as rock and large wood
(Moffatt and Voller 2002

Purple-spotted
gudgeon

(Ambassis agassizii)

Olive perchlet

• In-channel and off-channel habitats
(Moffatt and Voller 2002), submerged
cover e.g. large wood (Moffatt and Voller
2002); Macrophyte cover (Dr Dean Gilligan
pers comm.).

• In-channel and off-channel storages
(Beumer 1979).

Spangled perch

(Leiopotherapon
unicolour)

Available information on habitat
associations

Species

• Murray River System, Victoria
(Koehn 1996, Humphries et al.
2002, King 2002, Nicol et al.
2002, King 2004, Koehn and
Harrington 2005).

• Barwon-Darling River System
(Thiem 2002).

• Murray River System, Victoria
(Raadick and Harrington 1996)
•

•

Extensively researched in
Murray River system, no
information on which large wood
characteristics preferred in
dryland rivers.

Night habitat associations

Good: Utility as an indicator species
for resnagging or as part of a large
wood habitat guild. Iconic species
makes it a desirable indicator
species to harness community
support. Low utility in areas where it
is artificially stocked.

Poor: response to habitat alteration
would be hard to predict

• Barwon-Darling River System,
Queensland (Shirley and
Cameron 1998, Moffatt and
Voller 2002).

Larval fish-habitat associations.

•

Poor: response to habitat alteration
would be hard to predict

Utility as an indicator

Potential: Utility as an indicator
species for resnagging but only in
combination with macrophytes

Habitat preferences need to
be described at smaller spatial
scales throughout its range (i.e.
what in-channel habitat is it
associated with).

•

Knowledge gaps/limitations

• Barwon-Darling River System,
Queensland (Moffatt and Voller
2002).

• Barwon-Darling River System
(Beumer 1979).

Geographic scope of knowledge

APPENDIX 3: Habitat preferences of some MDB fish and their potential utility as indicator species
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APPEndIx 4: workEd ExAMPlE of PowEr AnAlysEs
In this example, it is proposed to investigate the effect of integrated pest fish species management on turbidity
in the Murray-Darling Basin. Specifically, what happens to turbidity in lagoons when carp are removed? The
initial budget and logistics seems to allow for 8 sampling visits to 4 lagoons. Will this give enough power to
detect a change in the response indicators? Four candidate lagoons are chosen in each of two river systems.
These lagoons are as similar in as many potentially confounding variables as possible. Since river system is a
potentially confounding variable, it should be ensured that both treatment, or both control sites are not in the
same river system. If the river systems are sufficiently different, the variability between treatments or controls
could mask any significant effects. The design therefore calls for ‘blocking’ or partitioning out of the differences
between rivers before analysing the data.
It is proposed to investigate macrophyte densities as part of the monitoring program. Whilst it is feasible that
turbidity could undergo a jump in state, macrophyte densities could respond along a gradient through time.
Surveys that address multiple questions require a trade-off in their design because it is not possible to optimise
the design for every response variable of interest. Two options available are to; optimise the design for the most
important response variable, or; find a design that gives the most power to the largest number of responses.
This example outlines the consideration of power for turbidity monitoring in an MBACI design. Of interest is the
power required to detect changing turbidity given varying levels of pre-intervention data. This can be answered
once the mean and standard deviation of turbidity in a typical lagoon is known (i.e. if we took a large number
of turbidity measurements from a single lagoon). For this example it is assumed that turbidity measurements
would be from a normal distribution and a linear model is used in the power analyses.
Power curves were generated by varying the coefficient of variation (CV = ratio of standard deviation to the
mean) through a range of typical turbidity values normally distributed. Typical values were generated for
each of the four lagoons by randomly sampling normal ‘variates’ from within each distribution 200 times.
Variates were then converted to a turbidity score from the distribution defined by the CV. Upon this the data
was manipulated to reflect a jump or step change in mean of 20, 33 or 50%, to the data after 0, 1, 2, 3, or 4
sampling runs. The step remained until the 8th sampling run. The appropriate statistical model was then
fitted (MBACI using repeated measures ANOVA) to the data and tested for a significant effect of the intervention.
The proportion of tests that were declared significant gives the power of the analyses (Figure 11). This type
of power analyses can be carried out for most statistical model/experimental design in advance of a study
being implemented.
Expert opinion suggested that a typical CV for turbidity would be approximately 20%. Therefore if a proposed
design of 1 treatment and 1 control lagoon were used in each of 2 rivers, the power to detect a change in
mean turbidity of 50% follows the yellow curve in Figure 11. In other words, if turbidity after the intervention
dropped by 50% (from say 400 to 200 NTU) and only one sampling time was performed before the intervention
(and 7 after) then there is a <20% chance the analyses would be able to detect the drop. If four sample times
were used before and after the intervention, the power of the probability of detecting the drop in turbidity is
about 45%.
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figure 11: Power curves for a MBAcI analyses with 8 sampling times (4 pre-intervention).
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APPEndIx 5: cAsE study 1: BourkE to
BrEwArrInA dEMonstrAtIon rEAcH,
BArwon-dArlIng rIvEr
Background
NSW DPI and the CRC for Freshwater Ecology, after a three-year study, published a report in 2005 entitled
‘Fish Habitat Assessment and Protection in the Barwon-Darling and Paroo Rivers’ (Boys et al. 2005). The study
established a set of principles for the assessment of fish habitat and the distribution of fish assemblages within
large dryland rivers. The report highlighted the following areas of concern in the Barwon-Darling River:
• The low abundance of suitable in-channel habitat in some reaches;
• The presence of numerous weirs that impede fish passage;
• The prevalence of bank slumping;
• The lower densities of riparian vegetation in some areas;
• The dominance of alien species (including Carp).
The report outlined an action plan to protect the fish assemblage of the Barwon-Darling River and to facilitate
its recovery. It was recommended that the stretch of river between the townships of Bourke and Brewarrina
(Figure 12) be used as a ‘demonstration reach’ to showcase to the community the cumulative benefits of
undertaking a number of interventions for rehabilitation of native fish habitat and populations. Along with
other demonstration reaches being implemented throughout the Murray-Darling Basin, this semi-arid region
demonstration reach would give a truly basin-wide approach to restoring fish populations. The Bourke to
Brewarrina Demonstration Reach project is a collaborative effort between NSW DPI (the practitioner) and the
Western CMA and Murray-Darling Basin Commission (NRM bodies and funding agencies). NSW DPI is also
coordinating the ecological monitoring program. A Steering Committee consisting of representatives from the
fore mentioned agencies also includes representatives from the local indigenous community, local council,
local landholders and recreational fishing club.
table 6: the key conservation issues and associated interventions being carried out within the demonstration
reach are:
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Key issue

Intervention

Lack of in-channel habitat

Resnagging at multiple degraded sites

Carp dominate the fish assemblage

Locally-run Carp musters

Barriers to fish passage at Bourke and
Brewarrina Weirs

Concept designs being developed for a vertical-slot fishway at
Bourke Weir and a rock-ramp fishway at Brewarrina Weir

Low densities of riparian vegetation
in some areas

Fencing of riparian zone in some sections to exclude stock;
Off-channel water points to discourage stock from entering
riparian zone.

Entrainment of native fish in irrigation pumps

Scoping and pilot study of mitigating infrastructure on pumps

Lack of deep holes in some stretches

Resnagging to reinstate natural scouring processes;
Potential channel deepening of some stretches.

APPENDIX 5: Case Study 1: Bourke to Brewarrina demonstration reach, Barwon-Darling River

figure 12: location of the Bourke to Brewarrina demonstration reach on the Barwon-darling river.
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Approach used to develop monitoring program
Based upon the framework outlined in this report, a monitoring program has been developed to gauge the
success of the Bourke to Brewarrina demonstration reach against a number of its set goals. The logical
progression through the main stages of project development is summarised in Figure 13 and the key
considerations made along the way are outlined to help illustrate the process.
figure 13: Approach taken when designing the Bourke to Brewarrina demonstration reach
monitoring program

50

APPENDIX 5: Case Study 1: Bourke to Brewarrina demonstration reach, Barwon-Darling River

Establish rehabilitation goals
Rehabilitation goals have been developed through the steering committee process. Goals have been articulated
at two distinct timeframes: a shorter 4 year reporting period (i.e. 2 years post works) and a longer 5-10 year
period for goals aligned with the reaches whole-of-life-plan (Table 7). Reporting to short-term goals has
been committed to under current funding arrangements, whereas reporting against the longer-term goals is
dependent on continued funding in subsequent years.
table 7: rehabilitation goals associated with each intervention
Intervention
Resnagging

Short-term rehabilitation goal
(4 years)

Long-term goals
(5–10 years)

Increase hydraulic diversity in resnagged reaches;

Trajectory of improvement in
native fish numbers in the whole
demonstration reach.

Creation of deep hole habitat in resnagged reaches;
Increase in abundance of native
fish species utilising treated sites;
Trajectory of improvement in
native fish numbers in the whole
demonstration reach.
Carp musters

Musters will foster community
engagement, education and
support for the demonstration
reach, but due to their limited
spatial and temporal scope are
unlikely to lead to any ecological
improvement in Carp numbers.
Therefore no rehabilitation goals
have been aligned with this
intervention.

None

Fishways

Fishways are unlikely to be
completed during this initial
timeframe so no goals exist.

Demonstrate the passage
of fish through the fishways
and improved connectivity
of habitats and dispersal of
migratory fish species;
Trajectories of improvement in
the numbers of migratory native
fish in the whole demonstration
reach.

Riparian fencing, off-channel
watering points

Regeneration of native trees,
grasses and shrubs in treated
areas

Establishment of native trees,
grasses and shrubs in treated
areas;

Fish screens on pumps

Demonstrate the effectiveness
of screens in reducing the
entrainment of native fish and
scope feasibility of larger-scale
roll-out

None at this stage as this is
dependent on the larger-scale
adoption of screens throughout
the reach.

51

Murray–Darling Basin Authority

Identify the relevant spatial and temporal extent of interventions, goals
and monitoring
At an early stage in project development it was necessary to identify the main spatial and temporal scales
applicable to gauging ecological success at the demonstration reach scale. As outlined in Table 7, from a
project management and reporting perspective, specific goals and interventions can be assigned to either a
short (4 year) or longer (5–10 year) timeframe. Similarly, the extent of response and therefore monitoring can
either be defined at the whole-of-demonstration-reach scale, or at smaller scales specific to the particular
intervention (Figure 14).
figure 14: stommel diagram showing the temporal and spatial extent of some of the key goals.

In-channel habitat enhancement:
• Changes in hydraulic and geomorphic habitat in response to resnagging can be determined over short
spatial and temporal scales;
• How resnagging effects the abundance of native fish at individual treatment sites can be determined over
relatively small spatial and temporal scales;
• Monitoring how fish abundance and recruitment has changed in the whole demonstration reach is best
monitored over longer timeframes.

Remediate barriers to fish passage:
• Due to fishway construction schedules, the reporting of rehabilitation goals is likely to be a mid to long-term
prospect;
• Nevertheless, if possible in the short-term the monitoring program should aim to collect important baseline
data at both the intervention scale (e.g. assemblage composition upstream/downstream of the barrier) and
at the whole reach scale.
• Once fishways are constructed, the passage of fish through the structures can be evaluated quite quickly at
small spatial scales (i.e. at the fishway).
• After a number of years following fishway construction, it may be possible to report changes in the
abundance of migratory species upstream and downstream of the structure.
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Reducing fish entrainment in irrigation pumps:
• Since such technology has not been trailed in Australian conditions, a pilot study at a few intervention sites
and over a short period needs to be conducted to determine if it is suited to a larger-scale implementation.

Riparian vegetation regeneration and establishment:
• Fencing and provision of off-channel watering points has been constrained by landholder uptake. Therefore
these goals apply to small spatial scale, specific to individual properties;
• Regeneration of plants can be determined in the first 4 years, whereas whether the plants become
established and persist will take longer.

developing conceptual models
State and transition models have been developed for all the interventions, showing likely mechanisms for
response and potential indicator behaviour. The models for the Carp muster and Bourke fishway are illustrated
in Figure 15 and Figure 16.
figure 15: conceptual model outlining potential ecological responses to carp musters
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figure 16: conceptual model outlining potential ecological responses to the construction of the Bourke weir fishway
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set hypotheses
Using the conceptual models and Stommel diagram, hypotheses are assigned to each of the goals and
associated with either a 1-3 or 5-10 year reporting timeframe.
Intervention

Rehabilitation goals

Relevant hypotheses (years to report)

Resnagging

Increase hydraulic diversity in re-snagged
reaches;

H1: Hydraulic diversity increases at
re-snagged sites compared to untreated
control sites (1–3)

Creation of deep hole habitat in re-snagged
reaches;
Increase in abundance of native fish species
utilising treated sites;
Trajectory of improvement in native fish
numbers in the whole demonstration reach.

H2: Scour hole formation is greater
associated with installed snags when
compared to untreated sites (1–3)
H3: The abundance of Murray cod, Golden
perch and Silver perch increases at resnagged sites when compared to control
sites and approaches that of reference sites
(1–3)
H4: The proportion of native fish in the
assemblage increase at the demonstration
reach scale when compared to control
reaches on other rivers (5–10)

Fishways
(assuming
fishway
construction
in year 4 of
project)

Demonstrate the passage of fish through the
fishways and improved connectivity of habitats
and dispersal of migratory fish species;
Trajectories of improvement in the numbers
of migratory native fish in the whole
demonstration reach.

H5: The Bourke and Brewarrina fishways
operate to specifications regarding the
species and size classes of fish that can
successfully negotiate the fishways (5-10)
H6: Reduction in accumulations of
migratory species downstream of fishway
(5–10)
H7: The abundance of migratory species
increases upstream of the fishways
and decreases in sites immediately
downstream (5–10)

Riparian
fencing,
off-channel
watering points

Regeneration of native trees, grasses and
shrubs in treated areas;

Fish screens on
pumps

Demonstrate the effectiveness of screens in
reducing the entrainment of native fish and
scope feasibility of larger-scale roll-out

Establishment of native trees, grasses and
shrubs in treated areas.

H8: Proportion of native species increases
at treatment sites 1-2 years after
intervention (1–3)
H9: Proportion of native species increases
at treatment sites 5–10 years after
intervention (5–10)
H10: Fish screens reduce the level of fish
entrainment in treated pumps relative to
unscreened pumps (1–3)
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select indicators and appropriate sampling methods
Hypotheses

Indicators

Relevant sampling methods

H1: Hydraulic diversity increases
at re-snagged sites compared to
untreated control sites

Change in velocity parameters:
direction, speed, turbulence

SonTek acoustic Doppler to
sample velocity profile at
resnagging and control sites

H2: Scour hole formation is greater
associated with installed snags when
compared to untreated sites
H3: The abundance of Murray cod,
Golden perch and Silver perch
increases at re-snagged sites when
compared to control sites and
approaches that of reference sites

Depth profile: diversity, spatial
arrangement of holes
Fish assemblage analysis
Fish assemblage analysis

H4: The proportion of native fish
in the assemblage increase at the
demonstration reach scale when
compared to control reaches on
other rivers

H5: The Bourke fishway operates to
specifications regarding the species
and size classes of fish that can
successfully negotiate the fishways
H6: Reduction in accumulations of
migratory species downstream of
fishway

Assemblage based surveys at
intervention sites and control
sites within demonstration reach:
electrofishing and bait traps as
per SRA protocol. Visual tagging
to detect fish movement and
recaptures
Assemblage based surveys at
demonstration reach and control
reaches: electrofishing and bait
traps as per SRA protocol

Mean abundance and size class
analysis of target species

Direct trapping of top and bottom
of fishway

Fish assemblage analysis

Assemblage based surveys above
and below Bourke Weir and
control weir using electrofishing
(SRA protocol unlikely to be
practical due to inability to get
12 shots below weir)

Fish assemblage analysis

H7: The abundance of migratory
species increases upstream of the
fishways and decreases in sites
immediately downstream
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SonTek acoustic Doppler to
sample bed profile at resnagging
and control sites

Assemblage based surveys above
and below Bourke Weir and
control weir using electrofishing
and bait traps (as per SRA
protocol)

H8: Proportion of native species
increases at treatment sites 1–2
years after intervention

Vegetation surveys: nativeness,
diversity, percent cover of native
species

Transects (Rapid Assessment
of Riparian condition: RARC),
photo points

H9: Proportion of native species
increases at treatment sites 5–10
years after intervention

Vegetation surveys: nativeness,
diversity, per cent cover of native
species

Transects (Rapid Assessment
of Riparian condition: RARC),
photo points

H9: Fish screens reduce the level of
fish entrainment in treated pumps
relative to unscreened pumps

Larval, juvenile and adult
abundance

Entrainment rates obtained by
direct trapping at pumps

APPENDIX 5: Case Study 1: Bourke to Brewarrina demonstration reach, Barwon-Darling River

optimise experimental design experiment
Design options
At the demonstration reach scale, an asymmetrical MBACI design is being employed with 1 impact reach and
2 control reaches. 2006 and 2007 fish assemblage data collected from sites in the Namoi and Gwydir Rivers
as part SRA and Integrated Monitoring of Environmental Flows has allowed existing sites in these rivers to be
incorporated as control sites.
Further value has been added to the program by utilising a pilot trial of pump screens, which is being monitored
under a different project funded by the MDBA, with the infrastructure being paid for under an existing Western
CMA project. This synergy has added much value to the existing project, both from a works and monitoring
perspective. Synergies such as this should be explored wherever possible. In this instance an extra intervention
been employed and the rigour of the monitoring program has been improved.
The resnagging experiment is being run as a full rehabilitation model, utilising data from three different
treatments: (a) areas requiring resnagging and receiving resnagging, ‘impact sites’; (b) areas requiring
resnagging but not re-snagged, ‘control sites’; and (c) areas not requiring resnagging and not re-snagged,
‘reference sites’. With such a design the control condition will inform whether a change has resulted from the
resnagging impact and the reference condition will inform whether the change is in the desirable direction.

Power analyses
Power analysis was used to address the question of how to best allocate sampling effort within the
demonstration reach. That is, what level of effort (number of replicate sites) is required to give the greatest
level of precision (smallest standard error) and therefore greatest level of power to detect change. Precision
and power will continue to increase as effort increases. This improvement in precision eventually diminishes
with increased effort, however, and at some point in time, increases in precision only serve to provide power to
detect what may be ecologically insignificant differences. An important part of optimising a cost-effective design
is therefore to determine at which level of sampling effort much of the potential gain in precision is achieved.
For the purpose of comparing precision obtained by having a different number of sites, abundance data for
Murray cod, golden perch, carp and bony herring were obtained for 14 sites on the Barwon-Darling River (NSW
DPI 2007). Standard error was used as a measure of precision and a formal calculation of “power” was avoided
due to the uncertainty of the magnitude of the ecological response that may be expected from resnagging
works. This informal type of power analysis was too difficult to perform using the full rehabilitation model, so
was simplified by using a model that only included two treatments: impact and control.
The fundamentals of the power analysis can be summarised as follows. “CR” is a two level factor that classifies
sites as control or resnagging. There is also a two level factor “BA” classifying the observation times as before
resnagging or after resnagging. That is, the observations from the study can be organised as follows:
Site

CR

BA

Observation

1

Control

Before

.

1

Control

After

.

2

Resnagging

Before

.

2

Resnagging

After

.

The conceptual linear model for the expected response at a given combination of sites, CI and BA is: response =
baseline + effect due to resnagging sites + effect due to after resnagging times + effect due to after resnagging
at resnagging sites + effect due to site + error.
Mathematically, the observation under CR level i and BA level j at site k is:
Yijk = µ + αi + βj + (αβ)ij + γk + eijk
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The success of resnagging will be rated by the level of interaction between the CR and BA factors which in this
particular case resolves to a test of the hypothesis that the single coefficient (αβ) = 0. This hypothesis will be
rejected if:

Where se(αβ) is the standard error of the estimate which in this case resolves to:

s2 = estimate of the within site (temporal) error variance, r = the number of replicates and tcritical is the quantile
from the t-distribution with degrees of freedom corresponding to the within site error variance degrees of
freedom (2(r-1) in this case). Thus, the minimum detectable effect size can be written as a function of the
within site error variance, the number of replicates of the control and resnagging sites and the corresponding
t statistic. It is important to note that the preceding calculations depend on equal replication of the control and
impact sites.
The historical catch data was then used to find a reasonable estimate of s2 and examine how the detectable
effect size reduces as the number of replicates increases. Sample means and variances were:
Mean

Variance

Murray Cod

1.5

4.1

Golden Perch

4.4

10.4

17.4

123.2

251.7

34604.8

Carp
Herring

The variance estimates in this table represent the spatial variability in fish counts. Figure 17 shows the minimal
detectable effect sizes for each species under the possibly conservative assumption that the temporal error
variance equals the spatial variance and under the less conservative assumption that temporal variance is
half the spatial variance. Whilst the level of change to be expected is unknown, it is evident that, regardless
of species, most of the improvement in the ability to detect change due to extra replication is obtained by 7
replicates of each resnagging and control reach. It is good practice to build in contingency in any design to allow
for the loss of sites throughout a study. Therefore it was decided to sample a minimum of 11 resnagging, 10
control and 10 reference sites. The final design for intervention monitoring of the resnagging works is shown
in Figure 18. The ‘magical number’ of 7 sites was used at the demonstration reach scale. Seven sites therefore
needed to be sampled from each of the control reaches in the Namoi and Gwydir Rivers.

Implement monitoring program
The second year of pre-intervention surveys has just been completed. Data has been entered into the NSW
DPI Freshwater Fish Database (NSW DPI 2007) that is built with an automated 20 point checking system to
ensure QA/QC. An unpublished protocols manual has been produced and provided to the steering committee,
outlining the project background, objectives, hypotheses, design, sampling methods and preliminary mapping
results undertaken to identify where resnagging was required and to establish river scale benchmarks (targets)
in snag loading.
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APPENDIX 5: Case Study 1: Bourke to Brewarrina demonstration reach, Barwon-Darling River

figure 17: number of replicate sites required to detect different changes in abundance
(at p<0.05) of a variety of species.

figure 18: Intervention monitoring design of resnagging works
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