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CHAPTER 1: AN INTRODUCTION TO THE ECOLOGY AND MANAGEMENT OF 

THREATENED FRESHWATER FISH  

Introduction 

Freshwater biomes are highly threatened globally, as competition for water for domestic, 
agricultural, industrial and conservation uses, amongst others, intensifies (Malmqvist and 
Rundle 2002; Dudgeon et al. 2006; Vorosmarty et al. 2010). Freshwater ecosystems are now 
amongst the most threatened biomes (WWF Living Planet Index; Sala et al. 2000; 
Millennium Ecosystem Assessment 2005; Collen et al. 2014). In response, rehabilitation 
programs have been established for freshwater ecosystems with fishes being a particular 
focus (Cowx and Welcomme 1998, Bernhardt et al. 2005; Koehn and Lintermans 2012). 
Globally, the number of threatened freshwater fish taxa on the IUCN Red List listed as 
extinct in the wild, critically endangered, endangered or vulnerable has increased nearly 17-
fold over the last 25 years, from 140 in 1996 to 2325 in 2020 (version 2020.2; IUCN 2020). 
These statistics are even more confronting when it is recognised that only slightly more than 
half of all freshwater fish species have been evaluated. 

Globally there are ~35,955 fish species (both marine and freshwater) more than all other 
vertebrate groups combined, with 300–400 new taxa described each year (Fricke et al. 

2021). Freshwater fishes are an iconic group with commercial, recreational and cultural 
values, with ~ 18,160 taxa recognised globally, which is remarkable given that freshwater 
comprises less than 0.03% of the world’s water resources (Carpenter et al. 2011). In regions 
with comprehensive assessments and adequate species knowledge, approximately 30–40% 
of freshwater fish are listed as threatened (Jelks et al. 2008; Garcia et al. 2010; Freyhof and 
Brooks 2011). 

Listing of freshwater fish under national and international threatened species 
legislation 

The use of threatened species lists is a key mechanism for tracking the conservation status 
of individual taxa and biotic groups (Possingham et al. 2002; Hoffman et al. 2010; Harris et 

al. 2012) and threatened species legislation provides a primary mechanism to recover 
threatened species (Male and Bean 2005; Doub 2013; Favaro et al. 2014). This introductory 
chapter reviews three listing processes (1 global and 2 Australian) and two legislative 
frameworks (from the United States of America and Australia) which seek to manage 
threatened freshwater fish. These case studies were selected because they either underpin 
threatened freshwater fish management in Australia or represent the accepted best practise 
internationally.    



2 
 

IUCN Red List 

The International Union for Conservation of Nature and Natural Resources (IUCN) Red List is 
the pre-eminent global threatened species list and has influenced almost all subsequent 
listing processes applied nationally and regionally (including the Australian Society for Fish 
Biology (ASFB) and Environment Protection and Biodiversity Conservation (EPBC) Act lists 
covered below). The IUCN compiled its first threatened species lists in 1949 with one on 
birds (13 species) and another on mammals (a preliminary list of 14 species) all described as 
'in need of emergency action if they are to be saved from extinction’ (Fitter 1974). It is of 
interest that two Australian mammals appeared in the first list – the Thylacine Thylacinus 

cynacephalus (now extinct) and the Numbat Myrmecobius fasciatus (still endangered) (Fitter 
1974). These initial lists became what can be considered the first Red Data Books (RDBs) in 
1964 (Lescroart 2014). Red Data Books were established as a register of threatened wildlife 
that includes definitions of degrees of threat (Fitter and Fitter 1987). These 1964 
publications were the forerunners of more than 300 RDBs by the mid-1980s (Scott et al. 

1987) and can be considered the genesis of the IUCN Red List of Threatened Species (Mace 
et al. 2008; Lescroart 2014).  

The IUCN Red List became recognised as the global authority on threatened species and was 
increasingly used by conservation authorities and organisations in the 1980s but suffered 
from a lack of quantitative criteria and definitions for classifying the level of threat, with 
species assessments therefore open to interpretation by the assessor. In 1990 the IUCN 
began a process to redefine the categories of threat used in Red Data Books and Red List 
(Mace and Lande 1991) and in 1994 a new set of rules was adopted which introduced 
quantitative categories and criteria resulting in rigorous assessments of which taxa should 
be listed (Mace et al. 2008). The definitions were based explicitly and solely in terms of the 
estimated probability of extinction over set timeframes or generational periods. Red List 
books were first published in 1984 and were updated biennially until 2002, then annually 
until 2008 and multiple times per year since 2009. The first of the modern Red List 
assessments using the quantitative commenced in 1996 (Mace et al. 2008). The IUCN Red 
List is the most widely-used global threatened species list (Harris et al. 2012) and IUCN Red 
List data is used to inform progress towards achieving United Nations Sustainable 
Development Goals and the Convention on Biological Diversity Aichi Targets (IUCN 2021). 

The IUCN Red List is an advisory assessment of the threat of extinction that provides a global 
index of the state of change of biodiversity. However, the list has no formal legislative or 
management structures associated with it, and acts only to provide information, not to 
advise on management responses (Table 1.1). 

Australian Society for Fish Biology Threatened Fishes List 

The Australian Society for Fish Biology (ASFB) is the national fish and fisheries professional 
society. Established in 1971, it has a series of committees that deal with specific areas of 
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interest such as threatened fishes, alien fishes and education, amongst others. In 1980 the 
Endangered Fishes subcommittee (later to become the Threatened Fishes Committee (TFC)) 
was formed following increasing concern around threatened fishes and a threatened fishes 
conference was held in 1985. The objectives of the conference were to define criteria for a 
classification of the conservation status of Australian fish species; to publish a preliminary 
classification of endangered species and species in other categories, of risk and to provide 
recommendations to the Society (Harris 1987).  

The result of the 1985 conference was a seven-stage classification (with qualitative criteria): 
extinct, endangered, vulnerable, potentially threatened, indeterminate, restricted, and 
uncertain status, with the categories of endangered, vulnerable and potentially threatened. 
The categories used closely resembled those in use by the IUCN at the time and when the 
IUCN revised its categories and quantitative criteria in 1994, the ASFB followed suit in 1997. 
The ASFB TFC meets annually, where it receives and assesses threatened fish nominations 
and accordingly updates its list. All decisions by the ASFB TFC on nominations have to be 
ratified by at the Annual General Meeting of the society before being listed. Like almost all 
threatened species lists, the process was reactive and relied on submission of nominations. 
Recognising this, in 2013/14 the TFC commenced a proactive systematic review of the 
Australian freshwater fish fauna to identify taxa (both described and undescribed) 
considered at risk of extinction, and so in need of formal nomination and assessment 
(Lintermans 2014). This review was conducted via series of dedicated workshops from 
2014–2018. The taxa identified from the review as potentially threatened and requiring 
formal assessment are akin to the ‘candidate’ taxa under the US ESA (Doub 2013). The 
potentially threatened taxa identified in the review formed the basis for the recently 
published IUCN Red List assessments for Australian freshwater fish published in December 
2019 (see IUCN Red List update 2019-3 and 2020-1 at https://www.iucnredlist.org/search). 

Like the IUCN Red List, the ASFB Threatened Fishes List is an advisory document (Table 1.1) 
and does not directly flow into any requirement for management actions. However, 
inclusion in the list can provide the impetus for formal legislative recognition under 
legislation.  

 

USA Endangered Species Act  
The US Endangered Species Act (US ESA) was selected for inclusion in this thesis for two 
reasons: firstly it is widely accepted as one of the most comprehensive and powerful pieces 
of threatened species legislation in the world, and secondly there have been many 
comprehensive reviews of its performance (see Boersma et al. 2001; Campbell et al. 2002; 
Clark et al. 2002; Hoekstra et al. 2002; Lawler et al. 2002; Lundquist et al. 2002; Restani and 
Marzluff 2002; Schultz and Gerber 2002; Goble et al. 2006; Kerkvliet and Langpap 2007; 
Schwartz 2008; Scott et al. 2010; Doub 2013; Evans et al. 2016; Gerber 2016; Malcolm and Li 
2018). 

https://www.iucnredlist.org/search


4 
 

The first comprehensive attempt at national endangered species legislation in the USA was 
the Endangered Species Preservation Act of 1966 (ESPA) which primarily focussed on 
conserving threatened wildlife (vertebrates only) through preservation of wildlife habitat 
and the establishment of a list of threatened species (U.S. Fish and Wildlife Service 2011a). 
The ESPA prohibited the killing of listed species, but only on national wildlife refuges (Doub 
2013). The ESPA was updated and modified in 1969 to become the Endangered Species 
Conservation Act (ESCA) which recognised the international components required for 
threatened species protection (e.g., controlling international trade) and had much stronger 
penalties for breaches of the act than the ESPA. A significant legacy of the ESCA was the call 
for an international conference on threatened species. When this was held in 1973 it 
resulted in the establishment of a treaty that established an international system for the 
regulation of imports and exports of endangered species: the Convention on International 
Trade in Endangered Species of Wild Flora and Fauna (CITES) (U.S. Fish and Wildlife Service 
2011a). The Endangered Species Act (ESA) was proclaimed in 1973 and is still regarded as 
one of the pre-eminent pieces of conservation legislation in the world, although subsequent 
amendments have significantly changed the original 1973 legislation (U.S. Fish and Wildlife 
Service 2011a). The coverage of the ESA was expanded to include not only vertebrates but 
also plants and invertebrates, and protections were expanded to cover all private and public 
lands (Doub 2013). The ESA’s ultimate goal is ‘recover’ species so they no longer require 
protection under the Act. The ESA included listing and recognition of not only full species, 
but also subspecies and populations, which although problematic in later years, was 
particularly important when dealing with biological entities where taxonomy was 
incomplete. Many of these subspecies and populations were subsequently recognised as full 
species.  

The ESA assesses taxa as either ‘endangered’ or ‘threatened’. An endangered species is one 
in danger of extinction throughout all or a significant portion of its range; while a threatened 
species is one which is likely to become endangered in the foreseeable future. This 
assessment is made based on scientific evidence relevant to five factors: 1) damage to, or 
destruction of, a species’ habitat; 2) overutilization of the species for commercial, 
recreational, scientific, or educational purposes; 3) disease or predation; 4) inadequacy of 
existing protection; and 5) other natural or manmade factors that affect the continued 
existence of the species (U.S. Fish and Wildlife Service 2013). Once listed, taxa are then 
subject to a variety of protections, including prohibition of ‘take’, land acquisition for 
threatened species conservation, declaration of critical habitat, and prevention of federal 
authorities causing ‘destruction or adverse modification’ of critical habitat.  

Under the ESA expert reviews are carried out of species that may meet the criteria for listing 
in the future, based on scientific evidence that suggests they are declining or at risk. Such 
species are termed ‘candidate’ species and have no formal protection under the ESA. 
However, they are eligible for funding for monitoring of their status to “prevent a significant 
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risk to the wellbeing of any such species” and ‘candidate’ species are commonly included as 
requiring consideration of possible effects in advice to project proponents (Doub 2013).  

Unlike the Australian EPBC Act (see below and Table 1.1) the ESA does not list key 
threatening processes. 

Australian Legislation (Endangered Species Protection Act and Environment Protection and 
Biodiversity Conservation Act) 

The Australian Endangered Species and Biodiversity Protection Act (EPBC Act) is Australia’s 
national conservation legislation and shares much in common with the US ESA and so 
learnings from the ESA are likely to be applicable to current and future approaches under 
the EPBC Act.  

During the 1970s Australia became a signatory to a number of high-level international 
treaties: the Convention on International Trade in Endangered Species of Wild Flora and 
Fauna in 1976; the Japan Australia Migratory Bird Agreement in 1974; the Convention on 
the Conservation of Migratory Species of Wild Animals in 1979. Public awareness and 
concern in Australia about biodiversity loss and the increasing number of declining species 
developed rapidly in the 1970s and 1980s with many State and Territory jurisdictions 
establishing conservation programs and enacting new conservation legislation. Nationally, 
the Australian National Parks and Wildlife Service (later to become the Australian Nature 
Conservation Agency) was established in 1975 and this organisation was responsible for 
driving a range of national threatened species initiatives.  

In 1988 the Endangered Species Advisory Committee (ESAC) was established to provide 
advice to the Commonwealth Minister for the Environment and early advice from ESAC was 
the need for a program to halt and reverse the decline of threatened species. In 1989 the 
Commonwealth Government established Australia’s first national program for threatened 
species with the creation of a Threatened Species Unit and an Endangered Species Fund 
with funding of $2 million/year (Male 1996; Woinarski and Fisher 1999). Another of ESAC’s 
early tasks was to prepare an Australian National Strategy for the Conservation of Species 
and Habitats Threatened with Extinction. A draft strategy was released by ESAC for public 
comment in 1989 and the revised ESAC strategy was published in 1992, to assist with 
developing a formal national strategy for the protection of vulnerable and endangered 
species taking into account the resource and financial implications of a national approach 
(Endangered Species Advisory Committee 1992). The formal ‘national strategy’ did not 
eventuate, but in effect was reflected by the development of Australia’s first national 
threatened species legislation (Endangered Species Protection Act (ESP Act)).  

The ESP Act only applied to Commonwealth-managed land (i.e. not public, state-owned or 
private land) and following review was replaced in 1999 by the Environment Protection and 

Biodiversity Conservation Act 1999 (EPBC Act). Unlike the ESP Act, the EPBC Act applies to all 
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land tenures in Australia and can list species, subspecies, and populations as well as 
ecological communities and key threats. Unlike the U.S. ESA, the EPBC Act does not have 
any provision for noting ‘candidate’ species. The EPBC Act also allows the continuance of 
uses or actions that were lawful prior to the introduction of the Act in July 2000 and which 
are not enlarged, expanded or intensified (i.e. the Act does not command or control existing 
uses). For example, from an aquatic viewpoint, dams or water extraction practices that 
existed prior to the July 2000 introduction of the Act are not controlled by the Act, but if a 
dam is enlarged or water extraction is intensified then the provisions of the EPBC Act do 
apply. This allowance of pre-existing uses is understandable on practical grounds (it could be 
seen as unreasonable to expect that existing infrastructure be retrospectively modified to 
comply with or be commanded by the new legislation) but it leaves a legacy of long-
recognised threats that are largely outside the scope of the legislation.  

The EPBC Act deals with more than just threatened species; for example it covers the 
conservation of Australian biodiversity, the control of the international movement of plants 
and animals, recognition of the role of Indigenous people in the conservation and 
ecologically sustainable use of biodiversity, promoting ecologically sustainable 
development, etc. Threatened species issues are dealt with under 1 of the 9 Matters of 
National Environmental Significance (MNES).  

The EPBC Act protects Australia's native species and ecological communities by providing 
for: 

 identification and listing of species and ecological communities as threatened 
 development of conservation advice and recovery plans for listed species and 

ecological communities 
 development of a register of critical habitat 
 recognition of key threatening processes 
 where appropriate, reducing the impacts of these processes through threat 

abatement plans and non-statutory threat abatement advices (DAWE 2021a) 

Under the EPBC Act, a single committee, the Threatened Species Scientific Committee 
(TSSC) is responsible for assessing species, ecological communities, and Key Threatening 
Processes (KTP) for listing. 

Critical habitat  

The EPBC Act provides for a Register of Critical Habitats for listed threatened species and 
ecological communities, with Critical habitat defined as habitat critical to the survival of a 
listed threatened species or ecological community. However, the protection provisions for 
listings on the Register of Critical Habitat only apply on Commonwealth lands (so not on 
state or private land). The TSSC considers whether critical habitat should also be listed when 
recommending that a threatened species or ecological community be listed, and only 
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recommends listing of critical habitat where there is clear conservation benefit and 
sufficient information available to describe location and extent accurately (Hawke 2009).  

Key Threatening Processes 

The EPBC Act provides for the identification and listing of Key Threatening Processes (KTP) 
where a KTP is defined as a process that ‘threatens or may threaten the survival, abundance 
or evolutionary development of a native species or ecological community’. A process can be 
listed as a KTP if it could: 

 cause a native species or ecological community to become eligible for inclusion in a 
threatened list (other than the conservation dependent category); or 

 cause an already listed threatened species or threatened ecological community to 
become more endangered; or 

 adversely affect two or more listed threatened species or threatened ecological 
communities (DAWE 2021d)  

Upon listing a KTP, a threat abatement plan (TAP) may be required, which outlines a 
national framework to guide and coordinate management and policy responses to the KTP.  
 
Threat Abatement plans 

Threat abatement plans (TAP) provide a national framework to guide research, 
management, and any other actions necessary to reduce the impact of a listed KTP on 
native species and ecological communities. When a KTP is listed, the responsible 
Environment Minister must decide whether or not to develop a TAP, with this decision 
based on whether having and implementing a plan is the most 'feasible, effective and 
efficient way to abate the process'. The Minister must take into account advice from the 
TSSC when considering whether to develop a TAP. 
 
Ecological community listing 

The listing of ecological communities under the EPBC Act was a novel step and although 
initially being administratively problematic (Beeton 2010) has been of considerable value in 
moving beyond the single-species conservation approach (Hawke 2009). Under the Act an 
ecological community is defined as “The extent in nature in the Australian jurisdiction of an 
assemblage of native species that inhabits a particular area in nature”. Accordingly, 
communities can be listed on a taxonomic basis or as an assemblage of species associated 
with a geophysical location (e.g., the mound springs community is listed as an assemblage of 
species associated with the natural discharge of groundwater from the Great Artesian 
Basin).  
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Table 1.1. Comparison of selected threatened species conservation components of focal lists 
and legislation, shaded cells for IUCN Red List and ASFB (Australian Society for Fish Biology) 
list indicate that these are listing mechanisms only (no management responsibility). 

 IUCN Red List ASFB list US ESA EPBC 
Statutory/advisory advisory advisory Statutory Statutory 
Quantified criteria 

1 
2   

Non-threatened sp. listed     
Scientific committee     
Reactive/proactive proactive proactive reactive reactive 
Public nominations     
Lists species     
Lists subspecies     
Lists populations     
Lists undescribed taxa     
Lists ecological communities     
Lists ‘candidate’ taxa  

3   
List key threats     
Lists Critical habitat - -   
Measurable recovery criteria - -   
Recovery planning  - - Mandatory4 Discretionary5 
Threat abatement plans  - -   
Protection from take - -   
Managed harvest  - -   
Habitat protection - -   
Land acquisition     
Trend reporting  - -   
Financial reporting - -   
Pre-listing Conservation measures - -   
Federal implementation 
responsibility 

    

Formal list review - -   
Offsets and mitigations - -   
States can reduce protections    

6 
Self-assessment of impacts of 
actions/development 

- -   

 

1 quantified from 1994 onwards 
2 quantified from 1997 onward 
3 identified as part of the List review process from 2014-18 
4 not required if ‘such a plan will not promote the conservation of the species’. 
5 mandatory prior to 2007 
6 not generally, but States can allow take of threatened species if part of a formal management plan (e.g., recreational fishing for EPBC-

listed species) 
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Threats to Australian Freshwater Fish 
If threatened species are to be recovered (i.e. declining trends are to be reversed) then the 
threats that initially caused the declines must be understood and addressed (Hoffman et al. 

2010). The major threats to freshwater fish globally are habitat loss or modification, altered 
flow regimes, changed water quality, barriers to fish passage, alien species, translocation 
and stocking and overexploitation (Malmqvist and Rundle 2002; Dudgeon et al. 2006; 
Helfman 2007; Vorosmarty et al. 2010; Arthington et al. 2016). Threats usually do not act in 
isolation and are usually additive or interactive (Dudgeon 2011; Matthaei and Lange 2016). 
Overlaying all of these threats is the impact of climate change on freshwater systems (Ficke 
et al. 2007; Morrongiello et al. 2011; Winfield et al. 2016). The threats in Australia are 
covered in Chapter 3 of this thesis (Lintermans 2013) with a brief synthesis of the global 
threats below. 

Habitat loss and modification 

Habitat destruction or modification is regarded as the major factor responsible for declines 
of freshwater fish worldwide (Cowx 2002; Cooke et al. 2005; Dextrase and Mandrak 2006; 
Jelks et al. 2008) 

There is a myriad of ways in which freshwater habitats have been impacted globally. For 
example, riparian zones have been cleared, modified, or invaded by alien vegetation (Pusey 
and Arthington 2003; Wipfli and Richardson 2016) ; eroding landscapes and poor roading 
practices are filling streams with sediment (Bartley and Rutherfurd 2005; Croke and Hairsine 
2006); important structural components such as large woody debris have been removed 
(Triska 1984; Erskine and Webb 2003); streams have been channelised to improve water 
delivery and to reduce flooding events (Hughes et al. 2014; Amissah et al. 2018); floodplains 
have been disconnected from rivers by levee banks (Steinfeld and Kingsford 2013); wetlands 
have been drained or isolated from source water (Reis et al. 2017; Finlayson et al. 2019); 
and large areas of rivers have been converted from lotic to lentic habitats by reservoirs and 
weirs (Johnson et al. 2008; Grill et al. 2019). 

Modification of riparian zones alters shading, water temperatures and sediment, litter and 
invertebrate inputs into streams (Quinn et al. 1997; Pusey and Arthington 2003; Baxter et al. 

2005). Sedimentation reduces instream habitat diversity by filling deep holes, smothering 
spawning sites, and also can reduce light penetration and increase turbidity, thereby 
impacting mating behaviours and the efficiency of visual feeding (Kemp et al. 2011; Van der 
Sluijs et al. 2011; Nieman and Gray 2019). Poorly maintained or inappropriate roading 
practices have been shown to be one of the main contributors of sediment to streams 
(Croke and Hairsine 2006) with delivery of fine sediment to streams following road 
improvement estimated at more than 4,000 times higher than pre-disturbance rates 
(Kreutweiser and Capell 2001). Removal of instream woody habitat has removed shelter 
from predators and fast flows, as well as reducing hydraulic habitat diversity, breeding sites 



10 
 

and organic inputs to food webs (Angermeier and Karr 1984; Harmon et al. 1986; Wright 
and Flecker 2004). Channelising streams has reduced habitat and hydraulic diversity 
(backwaters, meanders, scour pools, undercut banks, etc) (Brooker 1985). The 
disconnection of floodplains has reduced connectivity between nursery, feeding and 
spawning habitats for many species, as has the draining of wetlands (Kingsford 2000; 
Vorosmarty et al. 2010). Dams and weirs have turned lotic into lentic habitats, have altered 
sediment and flow regimes downstream, and often have large areas of deep, cold, 
deoxygenated water, which provides little habitat for native fish species for substantial 
periods of the year (Nilsson et al. 2005; Dudgeon et al. 2006, Arthington et al. 2016).  

Altered flow regimes  
The natural flow patterns of streams, including flow magnitude, frequency, duration, timing, 
variability and rate of change, are critical for maintenance of biodiversity and ecosystem 
integrity, and changed regimes are a major threat to lotic species (Poff et al. 1997; Richter et 

al. 1997; Naiman et al. 2008; Poff and Zimmerman 2010). Globally the construction of large 
dams and the diversion of water for domestic, hydroelectric or agricultural water supply has 
dramatically affected downstream flow regimes (Nilsson et al. 2005; Vorosmarty et al. 2010; 
Arthington et al. 2016). There are an estimated >59,000 large dams (>15 m dam wall height) 
worldwide (ICOLD 2019) with this number continuing to grow (Winemiller et al. 2016). 
Globally there are few substantial lengths of unregulated or free-flowing rivers remaining with 
a recent study highlighting only 37 % of rivers longer than 1,000 kilometres remain free-
flowing over their entire length and only 23 % flow uninterrupted to the ocean (Grill et al. 

2019). Fish abundance, diversity and demographic rates consistently decline in response to 
flow alteration (Murchie et al. 2008; Poff and Zimmerman 2010).  
 
Capture and storage of waters in reservoirs during the wet season for subsequent release 
during dry seasons tends to significantly delay the timing of maximum flows or reverse the 
seasonal flow pattern in rivers (Maheshwari et al. 1995; Poff et al 2007) in addition to 
reducing short-term flow variability overall and increasing the predictability of flows (Poff et 

al. 2007; Cooper et al. 2013). Regulation of river flows can also degrade floodplain wetlands 
which become permanently saturated rather than experiencing natural wetting and drying 
cycles, and constant flows also cause bank slumping and erosion (Brandt 2000; Hupp et al. 

2009). Reduced seasonal volumes of water in rivers are not only the result of large dams, 
but can also be the result of direct abstraction by pumping for irrigation or land use changes 
(Malmqvist and Rundle 2002; Cooper et al. 2013). Low flows, particularly during drought, 
can cause serious water quality problems (high temperatures, low dissolved oxygen (see 
Changed Water Quality below) that can result in substantial fish mortality. Large dams 
homogenise the downstream flow regime by removing the occurrence and magnitude of 
small-medium flood peaks as well as reducing the size, rate of rise and fall and duration of 
flood events (Poff et al. 1997, 2007). Fish communities in regulated rivers are often 
dominated by alien species and there is a negative correlation between species diversity and 
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degree of regulation (Dudley and Platania 2007; Gehrke et al. 1995; Humphries et al. 2008). 
Hydroelectric power generation is increasingly being used, particularly in developing 
countries, and globally there are > 3,700 major hydropower dams either planned or being 
constructed (Zarfl et al. 2015; Winemiller et al. 2016). 

As well as the direct effects of flow modification on riverine fish populations, modern 
irrigation practices divert fish from mainstem riverine habitats to unfavourable habitats 
such as irrigation channels and crop paddocks, and extraction of water by pumps causes 
significant mortality and injury (Baumgartner et al. 2009; King and O’Connor 2007).  

Changed Water quality  
Lowered water quality can result from a range of causes and can be broadly categorised as 
either diffuse or point source impacts. Water quality issues include changes to thermal 
regimes, input of chemical pollutants, metals and nutrients, and altered levels of dissolved 
oxygen (Malmqvist and Rundle 2002; Sumpter 2009). Elevated nutrient concentrations from 
agricultural and urban runoff and sewage effluent can promote excessive plant growth and 
algal blooms with implications for water quality and aquatic biota (Sutela et al. 2010).  
 
Salinisation as a result of broad-scale land clearing and resultant rising groundwater tables is 
a significant issue for freshwater biota (Allison et al. 1990; Zhang et al. 2007 Cañedo-
Argüelles et al. 2013). Saline groundwater intrusion can result in saline water occupying the 
lower levels of riverine pools and has been shown to significantly decrease available fish 
habitat either directly or indirectly (through loss of salt-sensitive macrophytes) (Hart et al. 

1991; Nielson et al. 2003; Robson and Mitchell 2010). Salinity impacts may vary between 
life-history stages, with many adult fish and macroinvertebrates tolerant of a range of 
salinities but eggs far less so (Hart et al. 1991; Kefford et al. 2007; Cook et al. 2010).  
 
Industrial and agricultural chemicals discharged to rivers can also have significant impacts 
either directly or indirectly on fish (Jones and Reynolds 1997; Saaristo et al. 2018) as can 
discharges from sewerage works. Impacts from endocrine disruptors has been 
demonstrated on a range of aquatic biota including fish, with oestrogenic substance often 
found in discharges from sewage treatment plants or industrial discharges (Jobling et al. 

1998; Bertram et al. 2015; Tomkins et al. 2018; Gore et al. 2018).  
 
Most large dams have low-level offtakes to facilitate water releases irrespective of water 
storage level. Hypolimnetic water releases from thermally stratified impoundments are 
usually characterised by low dissolved oxygen levels and lowered water temperature which 
can depress downstream temperatures for 100s of kilometers in warmer months (Sherman 
et al. 2007; Olden and Naiman 2010; Liermann et al. 2012; Ellis and Jones 2013; Lugg and 
Copeland 2014). Lowered water temperatures can delay egg hatching and insect emergence 
and slow fish growth rates and swimming speeds (increasing predation risk (Astles et al. 

2003; Starrs et al. 2011; Song et al. 2017). Altered water temperatures can disrupt 
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reproductive behaviour, with reproduction in many fish cued by water temperature 
(Pankhurst and Porter 2003; Pankhurst and Munday 2011; Cheng et al. 2015). Lowered 
water temperatures can also advantage invasive coldwater species such as salmonids with 
subsequent adverse impacts on native fish (Brown 2004; Jackson et al. 2004, McDowall 
2006; McIntosh et al. 2010; Jellyman et al. 2018).  

Barriers to fish passage 
Fish move laterally (to floodplains and wetlands) and longitudinally (instream) to access 
feeding and spawning areas, to avoid adverse conditions (such as high water temperatures 
or falling water levels) and to disperse and colonise new habitats (Liermann et al. 2012; 
Baumgartner et al. 2014; McIntyre et al. 2016). Movements range from metres to 
thousands of kilometers and movement needs range from daily movements to access food 
resources to decadal movements (e.g., anguillids) to access spawning grounds. Barriers to 
fish passage are a global threat, with large dams probably the most obvious anthropogenic 
barriers, with >59,000 large dams worldwide (ICOLD 2019). The huge number of smaller 
structures (e.g., road crossings, weirs, levees; floodgates) on rivers and floodplains also 
greatly restricts or prohibits fish movements (Perkin et al. 2015; Harris et al. 2017). For 
example, streams in the Australian Murray-Darling Basin have more than 4,000 weirs and 
dams and >10,000 barriers if road crossings, control banks, levees, barrages and other 
structures are considered (Lintermans 2007; Baumgartner et al. 2014).  

Barriers have impacts on both upstream and downstream fish movements, with fish often 
reluctant to approach weirs or dam walls when moving downstream (Lintermans and 
Phillips 2004; Baumgartner et al. 2014; Pelicice et al. 2015). The configuration of a barrier 
can also significantly influence the level of impacts on fish. Undershot weirs can cause 
significantly higher levels of injury than overshot weirs (Baumgartner et al. 2006) and 
similarly passage through hydropower turbines and associated barotrauma is problematic 
(Brown et al. 2014; Pracheil et al. 2016; Boys et al. 2016). 

Alien species  
Alien species are a major threat to freshwater fish faunas both internationally and nationally 
(Dextrase and Mandrak 2006; Dudgeon et al. 2006; Jelks et al. 2008; Cucherousset and 
Olden 2011; Havel et al. 2015). The continued global spread of alien species shows no signs 
of slowing and results in biotic homogenisation where the distinctive nature of regional 
faunas is lost (Rahel 2002, 2007; Leprieur et al. 2008; Toussaint et al. 2016). The sources of 
alien fish introductions have changed over time, with the early acclimatisation phase largely 
passed and the ornamental industry now the dominant source in many countries 
(Lintermans 2004; Padilla and Williams 2004; Maceda-Veiga et al. 2013; Bobeldyk et al. 

2015; García-Díaz et al. 2018). Aquaculture and stocking for recreational fisheries are also 
globally significant sources of introductions of freshwater fish (Casal 2006; Bobeldyk et al 
2015; Casmiro et al. 2018). 
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There is a large scientific literature on the local impacts of alien fish species which can be 
broadly summarised as having detrimental effects on native fish populations through 
predation and aggression, direct or indirect competition, habitat modification, introduction 
or spread of diseases and parasites and hybridisation (Cucherousset and Olden 2011; 
Vander Zanden et al. 2016). However, the impacts of alien species are influenced by societal 
values (Beever et al. 2019) creating conservation challenges around management of 
particular species. For example, some alien species form the basis of significant recreational 
fisheries, and so balancing the social value against environmental damage can sometimes be 
problematic (Jackson et al. 2004; Beever et al. 2019). Contaminants of recreational fish 
stocking are an under-appreciated pathway for the introduction of alien fish species 
(Rowland 2001; Lintermans 2004; Copp et al. 2010). 
 
The environmental and management costs of alien species can be significant. Pimental et al. 

(2005) estimated that alien fish cost around $5.4b in the USA; the cost of loss of ecosystem 
services from the establishment of the invasive spiny water flea (Bythotrephes longimanus) 
in the Great Lakes were estimated at $140M (Walsh et al. 2016); and Carp (Cyprinus carpio) 
were estimated to cause nearly $16M damage per year in Australia (McLeod 2004).  

Translocation and stocking  
Translocations of native species and deliberate stocking are contributing to the 
homogenisation of the global fish fauna (Rahel 2007; Marr et al. 2010; Sommerwerk et al. 
2017). Translocation of native fish can be either intentional or accidental (IUCN/SSC 2013) 
and can involve a range of mechanisms such as recreational stocking programs, bait-bucket 
introductions, escapement from aquaculture, inter-basin water transfers, and conservation 
management activities (Winfield et al. 2010; Gozlan et al. 2010; Drake and Mandrak 2014). 
Fish stocking is commonly practiced by government agencies or fishing clubs and involves 
predominantly species of recreational angling interest (Askey et al. 2013; Cowx et al. 1998; 
Lorenzen 2014; Tufts et al. 2015) but also includes the provision of forage fish to support 
recreation target species (e.g., van Zyll de Jong et al. 2004; Halvorsen 2008; Rowe 1984). 
Many billions of fish have been legally stocked globally, (Lorenzen 2014; Halvorsen 2010) 
but substantial illegal stocking also occurs (Johnson et al. 2009).  
 
The potential impacts from stocking and translocation include all those from the 
introduction of alien species (discussed earlier) but also introduces an additional layer of 
genetic and hybridisation issues as it often involves the introduction of native species both 
within and outside their natural range (Gozlan et al. 2010; Couch et al. 2016; Pavlova et al. 

2017; Moy et al. 2018). Release of fish from hatcheries can introduce or spread diseases and 
parasites that may be more prevalent or virulent under aquaculture conditions (van Zyll de 
Jong et al. 2004; Pulkkinen, et al. 2009).  
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Hatchery breeding and stocking of threatened fish is a common recovery strategy (e.g., 
Koehn et al. 2013; Dittman et al. 2015; Lintermans et al. 2015). However, genetic swamping 
by hatchery-bred stock may reduce wild genetic diversity through a variety of mechanisms 
(Ford 2002) and some threatened fish species show eroded or altered genetic diversity and 
hybridisation from stocking (e.g., Huff et al. 2011; Nock et al. 2011; Rourke et al. 2011; 
Couch et al 2016; Pregler et al. 2018). 
 

Overexploitation  
Overexploitation for commercial, recreational, ornamental and artisanal use has resulted in 
the decline of freshwater fishes and fisheries throughout the world (Cooke and Cowx 2004; 
Lewin et al. 2006; Humphries and Winemiller 2009; Raghavan et al. 2009; Dudgeon 2011; 
Maxwell et al. 2016).  
In addition, fisheries may affect non-target species. For example, commercial gill-net fisheries 
can have impacts on a range of freshwater taxa or taxa that use freshwaters seasonally (e.g., 
Peverell 2005; Field et al. 2008). Recreational fisheries can have direct impacts through 
removal of target individuals, or through delayed mortality of released individuals 
(Bartholomew and Bohnsack 2005; Hall et al. 2012).  Harvesting can change the size structure 
of populations, so that larger individuals become rare (Dudgeon 2011; Hutchings and Fraser 
2008) with the loss of such larger individuals significantly affecting reproductive performance 
of populations (Walsh et al. 2006), predator-prey dynamics (Humphries and Winemiller 2009) 
and other food-web interactions (e.g., Eby et al. 2006). Overexploitation is also an issue where 
harvesting from the wild for aquarium display purposes affects small species (Raghaven et al. 
2009; Ebner and Thuesen 2011). 
 

Climate change 
Global warming is predicted to cause a range of shifts in temperature, rainfall and the 
frequency of extreme events; all of which can have significant effects on aquatic ecosystems 
and the ectothermic fauna therein (Ficke et al. 2007; Morrongiello et al. 2011). Climate 
change will interact with existing stressors (outlined above) with the nature of the 
interaction (additive, synergistic) varying by region, altitude, and existing stressor. The 
response of individual fish species or communities to climate change will vary but will result 
in changed distributions of many freshwater fish species as the instream, riparian and 
terrestrial resources they depend on are altered (Ficke et al. 2007; Carpenter et al. 1992; 
Balcombe et al. 2011; Booth et al. 2011).  In Australia the frequency of extreme events such 
as storms, heat waves bushfires and intense rainfall and the extent of dry spells are 
predicted to increase under climate change (Alexander and Arblaster 2009; CSIRO and BOM 
2018; Dowdy et al. 2019). Rainfall following wildfires can significantly elevate turbidity, 
decrease dissolved oxygen to levels lethal to aquatic biota, and deliver large quantities of 
ash and sediment to streams (Dahm et al. 2015; Murphy et al. 2015; Robinne et al. 2018). 
Rainfall following fires can also elevate turbidity that can cause decreased biomass of 
submerged macrophytes; critical habitat for many fish species (Thompson et al. 2019). 
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Seasonal streamflow patterns will also change in response to altered rainfall patterns, 
snowfall and snowmelt (Morrongielo et al. 2011).  

Threatened species recovery: what does listing mean? 
Listing under the US Endangered Species Act 
Unlike the IUCN Red List, the ESA does not have quantitative criteria for assessing species as 
either endangered or threatened (Easter-Pilcher 1996) which makes rigorous listing 
somewhat problematic There are now a total of 2349 species listed under the ESA 
(https://ecos.fws.gov/ecp0/reports/box-score-report) [accessed 21-08-2019] including 478 
fish. As well as listed species, there are many more proposed as ‘candidates for listing’. The 
ESA protects endangered and threatened species and their habitats by prohibiting the ‘take’ 
of listed animals and trade (interstate or international) trade in listed entities, except under 
Federal permit. Responsibility for recovering ESA-listed species falls to the Fish and Wildlife 
Service or the National Marine Fisheries Service (NMFS). The vast majority of listed species 
are the responsibility of FWS with only 165 managed by the NFMS (NOAA 2019). 

In the 1990s, listing rules changed to allow a “warranted but precluded” category, meaning 
that the species should be listed based on available science, but limited agency resources 
mean the species is precluded because listing other species is a priority (Alexander 2010). 
Once determined as warranted but precluded, the relevant wildlife service must show it is 
making ‘expeditious progress’ to list, delist or reclassify the species, with annual reviews 
required to demonstrate if ‘expeditious progress’ is occurring (Alexander 2010). Warranted 
but precluded species are often also called ‘candidate’ species (US Fish and Wildlife Service 
2013) with ‘candidate’ species including both those that have been determined to be 
warranted but precluded but also species believed to be eligible but which have a lower 
priority for listing than other species. This ability to recognise that a species is eligible for 
listing, but not to list it has meant a significant backlog of the need for listing (Greenwald et 

al. 2006) with many species remaining in the “warranted but precluded” pool for years 
(Schwartz 2008; Alexander 2010). Candidate species have no protection under the US ESA. 
Species that are proposed but not yet listed also have no protection under the Act, and 
species may stay as proposed for many years (Alexander 2010). In the mid-1990s there were 
almost 4000 candidate species (Easter-Pilcher 1996) even after Legislative modifications 
between 1978 and 1982 resulted in the Fish and Wildlife Service withdrawing 1876 
proposed listings (Schwartz 2008). From 2005 to 2009 the number of ‘candidate’ species 
was between 251 -305 (Alexander 2010) but presently is at 32 (19 for the Fish and Wildlife 
Service and 13 for the National Oceanic and Atmospheric Administration) [as at 
28/08/2019]. Previously the absence of candidate species from the formal ESA threatened 
list hampered comparisons of list coverage (e.g., the IUCN Red List and the ESA list) (Harris 
et al. 2012) but hopefully this now less of an issue.  

https://ecos.fws.gov/ecp0/reports/box-score-report
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Critical habitat 

 The ESA also requires the designation of ‘critical habitat’ for listed species when “prudent 
and determinable.” Critical habitat designations affect only Federal agency actions or 
federally funded or permitted activities. Federal agencies are required to avoid ‘destruction’ 
or ‘adverse modification’ of designated critical habitat. Critical habitat may include areas 
that are not occupied by the species at the time of listing but are essential to its 
conservation. An area can be excluded from critical habitat designation if an economic 
analysis determines that the benefits of excluding it outweigh the benefits of including it, 
unless failure to designate the area as critical habitat may lead to extinction of the listed 
species (U.S. Fish and Wildlife Service 2013). Despite being a mandatory requirement upon 
listing, a total of only 847 taxa had critical habitat proposed or listed 
(https://ecos.fws.gov/ecp/report/table/critical-habitat.html [accessed 21/08/2019] and 
whether this reflects the influence of inclusion of economic criteria in assessment of critical 
habitat, or overuse of the ‘prudent and determinable’ out-clause is unknown. 

Recovery Plans and Recovery teams 

Since 1978 recovery plans are mandatory under the ESA, unless it is considered that ‘such a 
plan will not promote the conservation of the species’. Recovery plans are non-regulatory 
but provide a ‘roadmap’ with detailed site-specific management actions for private, Federal, 
and State cooperation in conserving listed species and their ecosystems (U.S. Fish and 
Wildlife Service 2011b). Since 1988 recovery plans must include site-specific management 
actions necessary to achieve recovery, define objective criteria against which recovery of 
the subject species will be measured, estimate the time and costs necessary to complete 
recovery actions, and contain “objective, measurable criteria’ to downlist or delist species 
(Hoekstra 2002; Himes Boor 2014). Recovery plans must be completed within 2.5 years of 
listing (National Marine Fisheries Service 2018), but most take much longer than this with a 
recent review reporting that more than 50% take more than 5 years and >18% more than 10 
years from listing to complete (Malcolm and Li 2018). Approximately 85% of listed species 
were covered under recovery plans by late 2007 (Schwartz 2008) but by early 2018 
approximately 25% of eligible species were missing recovery plans, with a median age of 
recovery plans of 20 years and 10% of species having plans >30 years old (Malcolm and Li 
2018).  

Most recovery plans have a recovery team, with either of the US agencies (U.S. Fish and 
Wildlife Service, National Marine Fisheries Service) leading recovery teams. For example, the 
U. S. Fish and Wildlife Service Recovery Program staff prepare, coordinate, and implement 
recovery plans in partnership with other Federal agencies, States and local governments, 
FWS programs (e.g., wildlife refuges, fish hatcheries, law enforcement) First nations and 
private landowners (U.S. Fish and Wildlife Service 2011b, 2013). 

Reintroduced populations 

To relieve concern that reintroductions of listed species may result in restrictions on the use 
of private, tribal, or public land, legislative provision for experimental populations was 

https://ecos.fws.gov/ecp/report/table/critical-habitat.html
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added to the ESA. An experimental population is a group of reintroduced plants or animals 
that is geographically isolated from other populations of the species and is not considered 
essential to the survival of the species as a whole. Experimental populations are afforded 
additional regulatory flexibility regarding management of the species (for example making 
lawful incidental harm to listed species when it happens as a result of otherwise legal 
activities such as approved agriculture or traditional land management (US Fish and Wildlife 
Service 2011b).  

Responsibility for implementation 

Under the US ESA responsibility for implementation of recovery activities rests primarily 
with Federal agencies (US Fish and Wildlife Service and National Oceanic and Atmospheric 
Administration) with recovery usually a cooperative effort between the Federal and State 
authorities. For non-listed ‘candidate’ species there are two major streams of conservation 
actions that seek to conserve species before they get listed (and hopefully avoid the need 
for listing). Candidate Conservation agreements (CCAs) are voluntary agreements between 
landowners—including Federal land management Agencies— and one or more other parties 
to reduce or remove threats to candidate or other at-risk species. Entities involved in CCA’s 
work with the Fish and Wildlife Service to design and monitor conservation measures (US 
Fish and Wildlife Service 2013).  

Candidate Conservation Agreements with Assurances (CCAA), involve non-Federal 
landowners volunteering to work with the Fish and Wildlife Service on plans to conserve 
candidate and other at-risk species so that protection of the ESA is not needed. In return, 
landowners receive regulatory assurances that, if a species covered by the CCAA is listed, 
they will not be required to do anything beyond what is specified in the agreement, and 
they will receive an enhancement of survival permit, allowing incidental take in reference to 
the management activities identified in the agreement (US Fish and Wildlife Service 2013).  

Listing under the Australian Environment Protection and Biodiversity Conservation (EPBC) 
Act  
Under the EPBC Act, a single committee, the Threatened Species Scientific Committee 
(TSSC) is responsible for assessing species, ecological communities, and Key Threatening 
Processes (KTP) for listing, with proposed listings then open for public comment before 
being finalised. The TSSC then provides advice to the Minister for the Environment on 
whether to list, and the Minister makes the decision on whether to list. The TSSC also 
advises the Minister on: 

 making and adopting of recovery plans and threat abatement plans 
 approved conservation advices 
 other matters relating to the conservation of threatened native flora and fauna at 

the Minister’s request 
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Listing a species or ecological community under the EPBC Act provides listed entities with 
protection from an ‘Action’ that will have, or is likely to have, a significant impact on a 
matter of national environmental significance. A Significant impact is defined as: an impact 
which is important, notable, or of consequence, having regard to its context or intensity To 
be ‘likely’, it is sufficient if a significant impact on the environment is a real or not remote 
chance or possibility. 

Criteria for determining significance have been defined and for critically endangered and 
endangered species are: If there is a real chance or possibility that an action will: 

a) lead to a long-term decrease in the size of a population; 
b) reduce the area of occupancy of the species; 
c) fragment an existing population into two or more populations; 
d) adversely affect habitat critical to the survival of a species; 
e) disrupt the breeding cycle of a population; 
f) modify, destroy, remove, isolate or decrease the availability or quality of habitat to 

the extent that the species is likely to decline; 
g) result in invasive species that are harmful to a critically endangered or endangered 

species 
h) becoming established in the endangered or critically endangered species’ habitat; 
i) introduce disease that may cause the species to decline; or 
j) interfere with the recovery of the species. 

For vulnerable species the criteria are very similar with the exception that criterion a, b and 
e only apply to ‘important’ populations with ‘important’ populations defined as one “that is 
necessary for a species’ long-term survival and recovery, including populations identified as 
such in recovery plans, and/or that are: 

• key source populations either for breeding or dispersal; 

• populations that are necessary for maintaining genetic diversity; and/or 

• populations that are near the limit of the species range” 

Criteria for significance are also defined for critically endangered or endangered ecological 
communities, and other Matters of National Environmental Significance (e.g., migratory 
species, Ramsar wetlands etc) (Commonwealth of Australia 2006). 

Conservation Dependent (CD) is a unique listing category that only applies to marine ‘fish’ 
species (with fish for this section of the Act defined as “….all species of bony fish, sharks, 
rays, crustaceans, molluscs and other marine organisms”). The purpose of this category 
(introduced by EPBC Act amendments in 2007) is to manage harvested marine fish species 
that are eligible for listing as Critically Endangered (CR), Endangered (EN) or Vulnerable (VU), 
to halt its decline and support its recovery. A native species is eligible to be included in 
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the conservation dependent category at a particular time if, at that time, the species is the 
focus of a specific management program (required to be implemented under law) the 
cessation of which would result in the species becoming vulnerable, endangered or critically 
endangered within a period of 5 years (TSEC IJWG (2019). Species listed as CD under the 
EPBC Act are not a Matter of National Environmental Significance (MNES), unlike the other 
listed entities. Hence, CD species are not subject to the same environmental approval and 
protection requirements for MNES species under the EPBC Act (TSEC IJWG (2019). As at 
September 2021, there are eight species listed as CD with listings spanning 2006–2018. The 
CD category was used in the IUCN Red List prior to 2001 but has since been replaced by 
Near Threatened.  

Listing provides an extinction risk assessment for individual taxa or ecological communities, 
identifies relevant threats, and facilitates prioritisation of national and regional recovery 
efforts, including the identification and allocation of management resources (Dorey and 
Walker 2018; Helfman 2007). Listing not only involves individual taxa, but can also include 
critical habitat, threatened ecological communities, and identification of key threats 
(depending on the specific legislation).  

Critical habitat 

The critical habitat powers of the EPBC Act have been dramatically under-utilised with only 
five critical habitat listings across all >1850 listed taxa (flora and fauna). None of these five 
critical habitat listings relate to freshwater fish (1 plant, 4 birds) and no critical habitat has 
been listed since 2005. A review of the practices for defining critical habitat in the USA, 
Canada and Australia noted difference between countries, legislation and biotic group, 
which confuses interpretation of the value of critical habitat designation (Camaclang et al. 

2015). Reviews of the operation of the EPBC act (Hawke 2009) and the critical habitat 
provisions specifically (ACF 2018) have noted the ineffectiveness of the Register of critical 
habitat, partly because of the lack of penalties for harming critical habitat on private or 
state-owned land (ACF 2018). However, both reviews clearly identified the importance of 
identifying critical habitat and recommended the need to describe and spatially identify 
critical habitat for listed threatened species at the time of listing. 

Recovery plans 

Recovery plans under the EPBC Act are statutory documents which set out the research and 
management actions necessary to stop the decline of, and support the recovery of, listed 
threatened species or threatened ecological communities.  

Recovery planning in Australia commenced under the ESP Act 1992 and have continued 
under the EPBC Act. Recovery plans remain in force until and unless the species is removed 
from the threatened list. Recovery plans are binding on the Australian Government — once 
a recovery plan is in place, Australian Government agencies must act in accordance with 
that plan. The aim of a recovery plan is to maximise the long-term survival in the wild of a 
threatened species or ecological community (DAWE 2021c). A decade after the introduction 
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of the EPBC Act, only 508 species had adopted national recovery plans (30.5% of listed 
species) with another 200+ species that had draft plans in preparation or plans that had not 
yet been adopted (Walsh et al. 2013). Prior to 2007 recovery plans were mandatory upon 
listing a threatened species or threatened ecological community under the EPBC Act (Hawke 
2009) but are now discretionary, with the TSSC listing advice indicating whether a recovery 
plan is required. This change in requirements for recovery plans was driven by time and 
budget limitations within the federal and state government making it impossible to prepare 
and implement recovery plan expectations (Walsh et al. 2013). If a recovery plan is deemed 
not required, then a Conservation Advice is mandatory. Since 2007 it is mandatory for all 
listed species to have a Conservation Advice prepared at the time of listing, and 
retrospective Conservation Advices have been prepared for all pre-2007-listed species that 
did not have an advice or a recovery plan. Unlike recovery plans, Conservation advices are 
not binding on commonwealth or state agencies (ACF et al. 2015) and lack detailed 
information on how to manage a species and lack specific objectives for recovery (Walsh et 

al. 2013). There was a move away from single species plans to multispecies or regional plans 
(as recommended by Hawke (2009)) since the mid-2000s. An example is the Northern Rivers 
plan (NSW DECCW 2010) which covers a staggering 400 listed threatened entities including 
103 EPBC-listed (3 ecological communities; 72 flora; 28 fauna (including 3 fish) and another 
297 State-listed (17 ecological communities; 149 flora; 126 fauna species; 5 endangered 
populations). 

Key Threatening process 

The EPBC Act currently lists 21 KTPs covering a range of threat types including physical and 
chemical habitat degradation (e.g., land clearing, greenhouse gas emissions, plastic 
pollution); the effects of individuals invasive species (e.g., foxes, goats, rabbits, pigs, cats, 
rats, cane toads, fire ants, weeds); pathogens (e.g., viruses, fungi, diseases); and commercial 
operations (bycatch of turtles, seabirds during fishing). The rate of listing of KTPs has 
declined considerably in recent years, with 11 (52%) listed in the first 2 years of the EPBC 
Act, 17 (81%) in the first 6 years, and only 3 listed since 2010 (DAWE 2021b). There is only a 
single listed KTP relevant to freshwater fish; Novel biota and their impact on biodiversity, 
with this KTP being an overarching threat to includes multiple alien taxa (terrestrial and 
aquatic).  

Threat Abatement Plans 

Similar to threatened species listings and the mandatory requirement for recovery plans in 
Australia, the preparation of a Threat Abatement Plan (TAP) for listed KTPs under the EPBC 
Act was mandatory until 2006 when it was reduced to only discretionary (Hawke 2009). If a 
TAP is deemed not required, then a Threat Abatement Advice is mandatory. There is only a 
single listed KTP relevant to freshwater fish; Novel biota and their impact on biodiversity; 

and preparation of a TAP was judged to be not required. Multiple iterations of multi-year 
TAPs for other selected vertebrate pest KTPs have been published (e.g., rabbit, fox, cat) 
since the commencement of the EPBC Act. 
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Lessons from the US ESA 
Recovering threatened species is now a major focus of conservation management 
worldwide, but reviews of the efficacy of such efforts are not common. The series of 30 year 
reviews of the US ESA (e.g., Boersma et al. 2001; Campbell et al. 2002; Clark et al. 2002; 
Hoekstra et al. 2002; Lawler et al. 2002; Lundqusit et al. 2002) and subsequent reviews (e.g., 
Kerkvliet and Langpap 2007; Schwartz 2008; Troyer et al. 2015; Evans et al. 2016; Gerber 
2016; Malcolm and Li 2018) is an exception that highlighted the strengths and weaknesses 
and provided a roadmap for the future of this legislation. The 30 year reviews highlighted 
that: 

 the status of species with identified critical habitat is more likely to improve than for 
other listed species (Taylor et al. 2005); 

 many identified threats had no associated recovery actions (Lawler et al. 2002); 
 threats to species were poorly monitored relative to monitoring species population 

trends of the listed entity (Campbell et al. 2002); 
 species with ‘simple’ threats (e.g., overharvesting, pollution, recreational activities) 

were more likely to be recovering than species with complex threats (e.g., dams, 
water diversion, alien species, development) (Abbitt and Scott 2001); 

 recovery teams or recovery coordinators are important for improving cross-
jurisdictional coordination and species recovery trajectory (Lundquist et al. 2002); 

 species in multi-species recovery plans have less biological information provided to 
guide recovery activities than those in single-species plans (Clark and Harvey 2002); 

 species covered under multi-species recovery plans have a poorer population trend 
than those listed under single-species plans (Boersma et al. 2001); 

 species covered under multispecies plans have lower task implementation that those 
with single species plans (Lundquist et al. 2002); 

 The number if taxa delisted or downlisted alone do not indicate the success of 
recovery plans (Doremus and Pagel 2001); 

 perceived ‘charisma’, political factors, and the degree of conflict that a species 
engenders, are important in influencing recovery funding (Schwartz 2008; Bellon 
2019).  

 Increased funding positively influences population trend (Kerkvliet and Langpap 
2007); 

 There is a lack of clear criteria for determining when a species is recovered (Himes 
Boor 2014) 

  
A criticism arising from the 30 year reviews was that many identified threats had no 
associated recovery actions (Lawler et al 2002) although this is being addressed in more 
recent recovery plans (Troyer et al. 2015). 
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Since the 2002 reviews the use of multi-species recovery plans has declined with single-
species plans again dominating (Schwartz 2008), but the percentage of species with 
recovery plans has dropped since 2008 as listing has outpaced plan prep (Malcolm and Li 
2018) 

What is the situation for threatened freshwater fish in Australia? 
A plethora of Lists 
Although Australia is one of 17 megadiverse countries (Lindenmayer et al. 2010), with high 
endemicity (Unmack 2013; Australian Government 2015), it has a relatively modest number 
of described freshwater fishes (253 taxa) with another 62 known undescribed species, and a 
further 55 potential undescribed taxa (P. Unmack pers com. 31/08/2021). 

. This reflects Australia’s long geological isolation as a continent, general aridity and very low 
runoff (e.g., Australia’s largest drainage basin (Murray-Darling) has on average <4% of 
rainfall as runoff (ABS 2008). It is estimated that only ~2/3rds of Australia’s freshwater fish 
have been described (P. Unmack pers. comm.). However, the freshwater fish fauna is 
unique, with 74% of species endemic to Australia (Unmack 2013) and this figure continuing 
to rise as most recently described species also endemic. Consequently, recovery and 
conservation of this unique fauna is Australia’s responsibility. Only a single Australian 
freshwater fish taxon (the Kangaroo River Macquarie perch (see focal species section later) 
is known to have become extinct since European settlement in 1788 with the last known 
individual collected from the wild in 1998 and which died in captivity in 2008.  

The number of nationally-listed Australian threatened species has increased dramatically in 
recent decades, with >1890 taxa, including 518 faunal taxa currently listed as threatened 
under the EPBC Act (Species Profile and Threats Database 2020) (Figure 1.1). This is an 
almost 550% rise over the first official national threatened fauna list which contained 94 
taxa (Burbidge and Jenkins 1984). While this increase represents increases in knowledge, as 
well as increases in endangerment, it is a sobering result over 34 years. The EPBC list is 
biased towards certain biotic groups, with fish, invertebrates and plants significantly under-
represented (Walsh et al. 2013). Less than 1% of Australia’s ~5000 fish are listed, compared 
to 13% of amphibians and birds and 24% of mammals (Walsh et al 2013). However, when 
fish are further subdivided into marine and freshwater systems the proportion of listed 
freshwater fish rises to 15 % of described species and 12% of recognised (but not necessarily 
described) species (as at 2020) (Figure 1.1). 
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Figure 1.1. Listed fauna by taxonomic group and threat category under the EPBC Act as at 
13/08/2019. Ex= extinct, Ex W = Extinct in the wild, CE + critically endangered, CD = 
conservation dependant (marine fish only), En = endangered, V = vulnerable. 

Regional State and Territory lists also exist under State/Territory legislation, but these only 
apply within the relevant regional political boundaries. There are also non-statutory State 
lists in South Australia and Victoria. The problems of a species having multiple, (often not 
aligned), threat categorisations across Australia has been recognised for more than a 
decade with both the Hawke (2009) review of the EPBC Act and the 2013 Senate 
Environment and Communications Committee report Effectiveness of threatened species 
and ecological communities’ protection in Australia recommending that duplication and 
inconsistency in threatened species lists be addressed (Senate Environment and 
Communications References Committee 2013). This process commenced in 2015 with the 
majority of States and the Commonwealth now moving towards list harmonisation and a 
single national status for each species (Australian Government 2015; DAWE 2021c).  

Eighty-six threatened ecological communities are also listed by the EPBC Act (TSSC 2017) (as 
at 1 September 2020). Seventeen freshwater aquatic communities are listed, but are 
essentially listed for floristic, structural or functional reasons, with only one including more 
than a single species of freshwater fish. The one exception is the listing of The community of 

native species dependent on natural discharge of groundwater from the Great Artesian 

Basin which covers a number of threatened fishes confined to artesian springs (Fensham et 

al. 2010). Two threatened ecological communities with primary importance for freshwater 
fish were listed as endangered in 2013, but following a change of Federal government these 
listing were subsequently disallowed 4 months later, largely because of perceived conflict 
between the ecological and social values of these listings (i.e. agricultural/consumptive 
interests overrode the conservation interest). Six freshwater fish communities have been 
listed under state/regional legislation (including one of the delisted national communities) 
but there are no action plans/statements to guide recovery (Table 1.2). 

0

20

40

60

80

100

120

140

160

180

birds mammals reptiles frogs freshwater
fish

marine fish other

N
um

be
r

Faunal group

CD

V

En

CE

ExW

ExI 

■ 

■ 

■ 

■ 

■ 

■ 



24 
 

Table 1.2. Freshwater fish threatened ecological communities (EC) listed under state/regional 
legislation 

State Community/Process Category (year) 
NSW The aquatic ecological community in the natural drainage 

system of the lowland catchment of the Darling River 
Endangered EC 
(2003) 

NSW The aquatic ecological community in the natural drainage 
system of the lowland catchment of the Lachlan River 

Endangered EC 
(2005) 

NSW Aquatic Ecological Community in the Catchment of the 
Snowy River in NSW 

Endangered EC 
(2011) 

NSW Aquatic Ecological Community in the Catchment of the 
Lower Murray River Catchment  

Endangered EC 
(2001) 

NSW Lowland riverine fish community of the southern Murray-
Darling Basin 

Threatened 
Community 
(2000) 

Vic Lowland Riverine Fish Community of the Southern 
Murray-Darling Basin 

Threatened 
Community 
(1998) 

 

 

Growth in the number of listed Australian freshwater fish 
Before about 1980, freshwater fish management in Australia was concerned mainly with 
recreational fisheries (particularly alien salmonids), but the focus now is conservation, 
including the monitoring, maintenance and restoration of species, communities and 
ecosystems (Lintermans 2013).  

The first national listing of threatened species in Australia contained 3 fish species (all 
freshwater) (Burbidge and Jenkins 1984). As well as the statutory national list under the 
EPBC Act which lists 40 freshwater fish (as at August 2021), the non-statutory ASFB list 
contains 61 freshwater taxa (Lintermans 2018). If both national lists are considered, the 
number of nationally listed freshwater fish has grown from 3 in 1980 to 61 in 2018 
(Lintermans 2018) (Figure 1.2). The number of species listed on both lists will continue to 
grow as new taxa are described (e.g., Raadik 2014), and the number on the EPBC list will 
grow rapidly over the next few years as the move to harmonisation of state and EPBC 
listings results in many state-listed taxa moving onto the national list. There are an 
additional 33 species listed under state or territory legislation that are currently not 
represented on the EPBC list. 
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Figure 1.2. Growth in statutory (EPBC and predecessors) and non-statutory (ASFB) 
threatened freshwater fish listings (Ex in the wild, Critically Endangered, Endangered, 
Vulnerable). Solid line and triangles = ASFB, dashed line and squares = EPBC. Note the drop 
in the ASFB listing in 1997 was a result of the changeover to IUCN categories and criteria 
which resulted in 3 taxa being listed as data deficient for several years.  

Listing under the EPBC Act does not necessarily prevent recreational fishing for a species in 
the states or territories. There are several EPBC-listed species not protected from ‘take’ 
(capture and retention) including Macquarie perch (Macquaria australasica) in Victoria, 
Mary River cod (Maccullochella mariensis) at some locations in Queensland; Trout cod in 
selected impoundments NSW; Silver perch (Bidyanus bidyanus) in impoundments in NSW 
and Murray cod (Maccullochella peelii) nationally (TSSC 2003; NSW DPI 2012; DOE 2013; 
Commonwealth of Australia 2018; ACT Government 2017). Other listed species are 
protected from take but not necessarily from capture (they must be returned alive to the 
water). 

Recovery plans 
There are 16 national recovery plans currently available, (covering 26 taxa) for freshwater 
fish. National recovery plans were mandatory upon listing until 2007, but are now 
discretionary, with the TSSC advising when a listing is made if a Recovery plan is not 
required. A lower-level recovery guidance document (a ‘conservation advice’) is mandatory 
upon EPBC listing. Similarly, state recovery plans (or equivalents) are largely non-mandatory 
and in some states have been replaced by guidance documents that are quick to generate, 
but far less focussed or useful. The demise of recovery plans for individual species is most 
likely related to three issues: (1) they often took an extended period to prepare and became 
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dated fairly quickly (see Malcolm and Li 2018); (2) they were costly to produce (Beeton 
2010); and (3) there was a move away from species-focussed recovery to broader regional 
or bioregional recovery planning (Hawke 2009). As an example of the first issue, Macquarie 
perch were first nationally listed in 1980 as endangered (Burbidge and Jenkins 1984), but 
the national recovery plan was only completed and released in early 2019 – a gestation 
period of 39 years!  

Key Threatening Processes 
Even though there are no fish specific KTPs under the EPBC Act, there are several KTPs that 
are relevant to freshwater fish conservation listed under State legislation in New South 
Wales and Victoria, and 1 in the Australian Capital Territory (Table 1.3).  

The development of TAPs (or equivalent documents) in response to listed KTPs has lessened 
in most States with effectively none prepared since the early-mid 2000s (Table 1.3) with 
threat abatement activities now integrated with recovery planning. For example, the NSW 
Government now prepares a Priority Action Statement (PAS) for each species/threat to 
promote the recovery of threatened species and the abatement of key threatening 
processes. However, it must be acknowledged that many activities identified under the PAS 
are generic and largely unfunded (and therefore ineffectual in ameliorating threats).  
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Table 1.3. Threatening processes listed in New South Wales, Victoria and the Australian 
Capital Territory, and threat abatement plans (if any)  

State/Territory 
Year 
listed 

Threat 
abatement plan 

New South Wales 
Hook-and-line fishing in areas important for the survival of 
threatened fish species  2004  
Removal of large woody debris from rivers and streams  2001 2007 
Introduction of fishes to fresh waters within a river catchment 
outside their natural range  2001  
Degradation of native riparian vegetation along watercourses  2001  
Installation and operation of instream structures and other 
mechanisms that alter natural flow regimes of rivers and 
streams  2002  
Human-caused climate change  2002  
Victoria 
Alteration to the natural flow regimes of rivers and streams    
Alteration to the natural temperature regimes of rivers and 
streams  1992 2003 
Degradation of native riparian vegetation along rivers and 
streams  1996 2003 
Input of toxic substances into rivers and streams  1995  
Prevention of passage of aquatic biota as a result of the 
presence of instream structures  1995 2003 
Introduction of live fishes into waters outside their natural 
range within a river catchment after 1770  1992 2003 
Removal of woody debris from streams  1991 2003 
Increase in sediment input into rivers and streams due to 
human activities  1991 2003 

Australian Capital Territory 

Unnatural/Inappropriate fragmentation of habitats 2019  
 

Scales of management and response (national, regional, 
species/local) 
Ecological management and research occur at multiple spatial scales and is of critical 
importance when designing or reporting on conservation programs (Fausch et al. 2002). A 
large-scale conservation focus is required when designing national conservation approaches 
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or programs, for example legislation, national threatened species strategies, or national 
reviews are essential (see Hawke 2009: Australian Government 2015). The scale may then 
step down to regional or particular biotic group (fish, bird, mammal, reptile etc) 
management and conservation plans (e.g., Garnett et al. 2011; Woinarski et al. 2014; 
Mitchell et al. 2019), and may then step down again to species-specific, or local programs 
(e.g., ACT Government 2017, 2018; Lintermans 2012).  For threatened species the scale of 
management or research may encompass multiple scales simultaneously, as many 
threatened species have very restricted distributions and so the national or regional scale is 
also the local scale. Examples include Red-finned Blue-eye Scaturiginichthys vermeilipinnis 
and Elizabeth Springs Goby Chlamydogobius micropterus which occur at a single spring 
complexes (Unmack and Wager 2007; Kerezsy and Fensham 2013) and a range of Galaxias 
spp. which are confined to small lengths of single streams (Raadik 2014). A multi-scale 
perspective on fish conservation is essential if species are to be conserved and recovered 
with local studies then able to feed into regional and national approaches (Fausch et al. 

2002). For example, local studies on the threat of impeded fish passage (Lintermans 2005) 
resulted in a studies of the swimming capacity of Macquarie perch Macquaria australasica 
(Starrs et al. 2011) and timing and extent of spawning movements (Lintermans et al. 2010; 
Broadhurst et al. 2019) which have informed recovery activities for this species to facilitate 
fish passage past natural and anthropogenic barriers (Broadhurst et al. 2016) and 
contributed to fishway designs that can then be used regionally and nationally in broader 
recovery programs (Commonwealth of Australia 2018). 

Focal species: Macquarie perch 
Macquarie perch Macquaria australasica is the focal species used in the current thesis to 
demonstrate how research and management at local or species level can inform 
management and higher spatial scales.  

Macquarie perch is a small to moderately-sized, deep-bodied, freshwater percichthyid fish 
that is found in southeastern Australia. It occurs in both the inland drainage of the Murray-
Darling Basin (MDB) as well as the coastal drainages of the Shoalhaven and Hawkesbury-
Nepean catchments in New South Wales (Lintermans 2007; Faulks et al. 2010; Pavlova et al. 

2017). There are three forms/taxa currently contained within Macquarie perch, one of 
which occurs in the western rivers (the Murray-Darling Basin taxon) and two in eastern or 
coastal rivers (the Hawkesbury-Nepean catchment; and the Kangaroo River) (the coastal 
taxa). The taxon from the Kangaroo River in the Shoalhaven system is thought to have 
recently become extinct, with the last known individual collected from the wild in 1998 
dying in captivity in 2008 (NSW Fisheries unpubl. data). It is now considered that the two 
remaining morphologically distinct and geographically disjunct forms in inland and coastal 
drainages are separate taxa (Faulks et al. 2010, Pavlova et al. 2017; Lintermans et al. 2019; 
Gilligan and Bruce 2019). This thesis only considers the Murray-Darling taxon. 
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In the MDB the maximum length is 550 mm total length (TL) and maximum weight is 3.5 kg, 
but individuals larger than 400 mm TL or one kilogram are uncommon (Harris and Rowland 
1996; Lintermans 2007 Lintermans and Ebner 2010). Length at maturity is variable with 
females generally mature at around 250 mm TL and males at 150-200 mm TL (Cadwallader 
and Rogan 1977; Appleford et al. 1998; Lintermans 2007, Lintermans et al. 2019). Maximum 
known age is 30 years, and in one reservoir population 25% of fish were 15-30 years (Tonkin 
et al. 2018).  
 
Macquaria australasica is listed as endangered internationally (IUCN Red List), nationally 
and in all the States and Territories in which it occurs (Ingram et al. 2000, Lintermans 2007; 
Lintermans et al. 2019), and recovery plans are being drafted or implemented in a number 
of jurisdictions (ACT Government 2018; Commonwealth of Australia 2018). The species has 
declined significantly in both range and abundance since the 1940s, with the timing of 
decline varying with location. The Murray-Darling form is currently typically found in the 
cool, upper reaches of the Murray-Darling River system in Vic, New South Wales (NSW) and 
the ACT. It was historically present in more lowland habitats such as the Murray River 
between Euston and Tocumwal and the Edwards River and Barmah Lakes near Deniliquin. It 
is now extinct in these locations and in South Australia, but is still known to exist in the 
upper reaches of the Murrumbidgee, Lachlan and Murray catchments in NSW; the 
Goulburn, Broken, Ovens and Mitta Mitta catchments in Vic; and the Cotter and 
Murrumbidgee rivers in the ACT (Lintermans 2007; Lintermans et al. 2019). The species has 
been stocked or translocated into a number of streams and reservoirs in NSW, Vic and the 
ACT (Cadwallader 1981; Lintermans et al. 2015, 2019). The populations of Macquarie perch 
in Dartmouth and Eildon reservoirs and Lake Burrinjuck initially supported significant 
recreational fisheries but all have declined dramatically, with the species now virtually 
absent from Eildon and Burrinjuck. Most of the remaining populations are relatively small 
and isolated, although populations in the upper Murrumbidgee and Goulburn river systems 
are locally abundant. Recent investigations have demonstrated that most populations have 
reduced genetic diversity (Pavlova et al. 2017). 
 
The upper Murrumbidgee catchment (where the species-specific research included in this 
thesis is based) contains two of only four remaining large, self-sustaining natural 
populations, with the species declining noticeably in this catchment since the mid-1980s 
when catch rates dropped by an order of magnitude (Lintermans 2002). Major threats to the 
species include habitat modification, (sedimentation, barriers to fish passage, cold-water 
discharge) and interaction with alien species (Ingram et al. 2000; Lintermans 2007, 2012; 
Lintermans et al. 2019).  

 
The known ecology of Murray-Darling Basin Macquarie perch prior to this thesis 
Macquarie perch has been a nationally listed threatened species since 1984, and as a 
consequence, there was a significant body of knowledge that had been accumulated prior to 
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2010. The following summary excludes ecological knowledge of the coastal forms of 
Macquarie perch. 
 
Reservoir populations of Macquarie perch had been studied in Lake Burrinjuck (NSW) and 
Lakes Eildon and Dartmouth (Vic) in the 1970s to early 1980s. However, the populations in 
Lake Eildon and Lake Burrinjuck had been extirpated by the early 1990s, with the reason for 
their demise unknown.  Age and growth of reservoir fish had been documented in Eildon 
(Cadwallader and Rogan 1977) and Burrinjuck (Battaglene 1988) with some knowledge of 
the age of fish from Lake Dartmouth and the Mitta Mitta River as well (Douglas 2002). 
Spawning and reproductive development in Lake Eildon (Wharton 1968, Cadwallader and 
Rogan 1977) and Lake Dartmouth (Douglas 2002; Gray et al. 2000) tributaries and a 
translocated population in the Yarra River (King and Mahoney 2009) had been documented 
and this knowledge had been used in establishing captive breeding and pond-rearing 
program for the species (Wharton 1973; Gooley and McDonald 1988; Ingram et al. 1994; 
Appleford et al. 1998; Ingram and DeSilva 2007; Ingram 2009). Some information on diet 
was available in both riverine (Lintermans 2006) and reservoir environments (Cadwallader 
and Eden 1979; Cadwallader and Douglas 1986). The broad threats to the species had been 
listed (NSW FSC 1998; Ingram et al. 2000; ACT Government 1999), but there was no national 
recovery plan for the species despite having been listed since 1980 (Burbidge and Jenkins 
1984). There had been numerous survey or monitoring programs for the species in Victoria, 
NSW and the ACT but these were largely unpublished, consultancy or grey literature 
reports, often for a single year of sampling, and with variable sampling methodology across 
the species range, but which may ultimately form the basis of a consolidated scientific 
publication (e.g., see Tonkin et al. 2019).  
 

Knowledge gaps 
Other than the need for a spawning migration from reservoir into flowing waters (Wharton 
1968, Cadwallader and Rogan 1977; Douglas 2002) nothing was known of movement 
patterns or home range within reservoirs or in rivers outside the spawning season. 
Knowledge of spawning requirements and migrations was almost totally reliant on studies 
from two streams in a single state (Victoria), with no information from the northern part of 
its range.  There was little knowledge of genetic structuring within and between 
populations, and there were no estimates of effective or census population size. Historic 
translocations of the species had been documented (Stead 1913; Bishop 1979; Cadwallader 
1981) but the reasons for success or otherwise of such translocations were largely unknown, 
and robust measures or criteria for defining success of such translocations were elusive 
(Sarrazin and Barbault 1996; Fischer and Lindenmayer 2000).  
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How this thesis is structured 
To successfully and efficiently manage threatened species, detailed ecological knowledge is 
required for target species, along with knowledge of the likely threats to the species. Then 
management regimes can be confidently deployed in an adaptive management approach. 
There are many common threats to individual freshwater fish species globally and within 
Australia, and so an understanding of how such threats have been addressed across 
multiple taxa can be informative for individual species recovery programs. In this thesis I 
provide an overview of the threats to Australian freshwater fish, how they are being 
addressed, and then focus on a particular species (Macquarie perch Macquaria australasica) 
and outline aspects of ecology and management important to the recovery of this species. 

The proposed thesis represents a body of work that synthesises threats to global and 
Australian freshwater fish, how such threats have been addressed within Australia, how 
threatened freshwater fish are managed in Australia, and in particular, how knowledge of 
aspects of the ecology of a single species (Macquarie perch) inform management and 
recovery activities. 

The thesis consists of: 

Chapter 1: an introduction and literature review (This Chapter) 

Chapter 2: a summary of how this thesis contributes to the existing body of literature  

Chapters 3-15: published works that comprise my contribution to the existing body of 
literature 

Chapter 16: a synthesis of my published contributions as part of this thesis and future 
directions for threatened freshwater fish conservation in Australia. 

At the heart of this PhD thesis is the premise that an understanding of threats along with 
listing and legislative processes are essential to reviewing recovery progress for individual 
freshwater fish and the taxonomic group as a whole. Only with this understanding can we 
discover the strengths and weaknesses of current conservation legislation and recovery 
programs and subsequently identify how to improve these. 
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Chapter 2: Conceptual framework and significance of published 

papers 
 

To successfully and efficiently manage threatened species, detailed ecological knowledge is 
required for the target species, along with knowledge of the likely threats.  This means 
management actions can be confidently deployed using an adaptive management approach 
(sensu Walters, 1986). There are many common threats to freshwater fish species globally 
and within Australia, and so an understanding of how such threats have been addressed 
across multiple taxa can be informative in providing a basis for developing and evaluating 
individual species recovery programs. 

I have been actively working with a variety of employers and organizations (ACT 
Government, Cooperative Research Centre for Freshwater Ecology, Murray-Darling Basin 
Commission, Australian Society for Fish Biology, International Union for the Conservation of 
Nature, and University of Canberra) since the mid-1980s, researching the ecology and 
management of Australia’s threatened freshwater fishes. This work history across research, 
management, professional and volunteer spheres has shaped my research agenda and 
focus. That approach can best be encapsulated as how to combine general conceptual 
understanding and detailed natural history data to develop science-informed approaches to 
freshwater fish conservation. There are ongoing international challenges in developing a 
general understanding of fish conservation, and this can be best addressed by bringing 
together detailed case studies and seeking broad conceptual insights (Maitland, 1995; 
Wilson 2000; Helfman 2007; Olden et al. 2010; Arthington et al. 2016; Closs et al. 2016). 

This thesis comprises 13 chapters (publications) that are a mix of peer-reviewed journal 
papers and book chapters that represent a cohesive suite of contributions to the science of 
threatened freshwater fish conservation. The chapters provide an overview of the threats to 
Australian freshwater fish and how they are being addressed. Studies of a focal species 
(Macquarie perch) illustrate how ecology can inform and shape management responses and 
how a particular management response (reintroduction) is being applied.  

The publications vary in scope and spatial scale and are organized within the thesis to 
demonstrate how varying scales of investigation are required, and how as a whole, the 
published body of work informs threatened freshwater fish conservation and management 
in Australia (Figure 2.1). 
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Figure 2.1. Conceptual diagram of the varying scales (national, regional local/species) and 
the components (threats, recovery actions, monitoring, species ecology) addressed in the 
thesis chapters. Colour-coding in the text boxes reflects particular components (red = 
threats, green = recovery actions, light blue = monitoring, purple = species ecology). 

 

A short summary of the contribution/significance of each publication is provided below.  

Chapter 3.  Lintermans, M. (2013). Conservation and Management. Pp 283–316 
In, P. Humphries and K. Walker (eds) The Ecology of Australian Freshwater Fishes. 
CSIRO Publishing, Collingwood.  

This comprehensive book chapter provides a national overview of the conservation 
management of freshwater fish in Australia and outlines the current threats and 
management responses to these threats (including case studies). This is the first (and only) 
textbook on the Australian freshwater fish fauna (as opposed to field guides or regional 
treatments) and so presents for the first time an integrated assessment of how the nation’s 
fish fauna is being conserved and managed. With more than 370 references, it is the most 
comprehensive synthesis for freshwater fish conservation and management in Australia. 

Chapter 4.  Lintermans, M. (2013). A review of on-ground recovery actions for 
threatened freshwater fish in Australia. Marine and Freshwater Research, 64, 775–
791. 

This review paper summarises the activities and outcomes of 30 years of on-ground 
recovery actions directed at threatened freshwater fish in Australia. It draws upon a 

- -

Scale 

Thesis Structure 

• What are the broad threats for freshwater fish in 
Australia? (Chapters 3 & 7] 

• What actions have been taken to recover Individual 
species in Australia? (Chapters 4, 5, 6 & 8] 

• What are the regional threats for freshwater fish? 
(Chapter 7) 

• What regional approaches are there for fish 
recovery? [Chapters 7 & 8] 

• What are the local threats? (Chapters 9 &10] 
• What aspects of species ecology need to be 

understood to implement recovery? [Chapters 10, 
11 , 12, 13 & 14] 
How do we measure success? [Chapters 4, 8, 13 
& 15] 
What can we learn from individual recovery 
programs? [Chapters 11 , 12 & 13] 
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substantial, but largely inaccessible series of information sources and is the first time that 
threatened fish recovery actions have been summarised at a national or continental scale, 
providing key learnings for future recovery activities. The lack of adequate monitoring 
programs, the small-scale nature of most recovery actions, and the lack of identifiable 
recovery actions for many species highlight key deficiencies in current recovery approaches 
for threatened freshwater fish. 

 

Chapter 5.  Lintermans, M. (2013). Recovering threatened freshwater fish in 
Australia. Marine and Freshwater Research, 64(9), iii–vi.  

This paper summarises a series of papers on threatened freshwater fish recovery in 
Australia, included in a Special Issue of the journal Marine and Freshwater Research. The 
Special Issue detailed recovery efforts for a range of fish species, with an array of 
management interventions employed across a diversity of habitat types from sub-alpine 
lakes to semi-arid springs. Emergency responses associated with prolonged drought were 
critical components for several species, with desiccation and/or declining water quality the 
key drivers of emergency recovery activities. This paper highlights general themes to 
emerge from these case studies and identifies issues that are currently poorly appreciated 
or considered in recovery programs including: timeframe required for recovery; scale of 
recovery efforts; the need to plan for extreme events (fire, flood, drought); adequacy of 
monitoring; need for information on population status and trend; public engagement; and 
the need for recovery coordinators.  

Chapter 6.  Lintermans, M., Lyon, J.P., Hammer, M.P., Ellis, I. and Ebner, B.C. 
(2015). Chapter 17. Underwater, out of sight: lessons from threatened freshwater fish 
translocations in Australia. Pp 237–253 In Doug P. Armstrong, Matthew W. Hayward, 
Dorian Moro and Philip J. Seddon (eds) Advances in Reintroduction Biology of 

Australian and New Zealand Fauna. CSIRO Publishing, Collingwood. 

This book chapter reviewed all known reintroductions of threatened freshwater fish in 
Australia from the 1980s to 2014, provides 4 case studies, and identifies the challenges for 
reintroductions in freshwater environments. The chapter reports that of 99 reintroductions 
identified, 38% of the translocations claim full or partial success. However, for 16% the 
outcome is unknown, raising concerns about the adequacy of monitoring. The advances in 
knowledge and practice over recent years are summarised, and the issues to be dealt with 
to enable increased success for future reintroductions are identified.  
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Chapter 7.  Koehn, J.D. and Lintermans, M. (2012). A strategy to rehabilitate 
fishes of the Murray-Darling Basin, south-eastern Australia. Endangered Species 

Research, 16, 165–181. 

The Native Fish Strategy (NFS) for the Murray-Darling Basin (MDB), south-eastern Australia, 
provides a regional whole-of-fish-community approach and coordinated direction for the 
rehabilitation of the severely degraded native fish populations of the MDB. This paper 
describes the key elements of the NFS, how it integrates with national and State fish 
recovery programs, addresses identified priority threats, and is supported by targeted 
research projects and monitoring within an adaptive management framework. The paper 
outlines the need, objectives, evolution and development, achievements, strengths and 
weaknesses of the NFS, and suggests the NFS approach would be suitable for many large 
river basins throughout the world. 

 

Chapter 8.  Lintermans, M., Lyon, J.P., Hames, F., Hammer, M., Kearns, J., Raadik, 
T.A. and Hall, A. (2014). Managing fish species under threat: case studies from the 
Native Fish Strategy for the Murray-Darling Basin, Australia. Ecological Management 

and Restoration, 15(S1), 57–61. 

This paper outlines the impacts of the prolonged Millennium Drought (1996-2010) in south-
eastern Australia and presents a series of case studies under the Murray-Darling Basin 
(MDB) Native Fish Strategy to manage or recover threatened fish species in the MDB. The 
paper demonstrates the benefits of having regional as well as jurisdictional management 
arrangements (e.g. availability of emergency funding) and demonstrates the need for 
coordinated and sometimes rapid management responses. The paper integrates the lessons 
from the case studies and highlights the importance of cross-sector participation (e.g. 
community, scientists, managers) in threatened fish recovery. 

 

Chapter 9.  Lintermans, M. (2012). Managing potential impacts of reservoir 
enlargement on threatened Macquaria australasica and Gadopsis bispinosus in 
southeastern Australia. Endangered Species Research, 16, 1–16. 

This paper uses the enlargement of a water supply reservoir as a local case study of how 
threatened fish are often managed under competing water demands and value systems 
(domestic water supply; conservation). The paper outlines the potential threats, how such 
threats were being mitigated, and the importance of evidence-based management and how 
it can be facilitated through partnerships between multiple research providers and a water 
authority. The paper provides a model of how development activities that may impact on 
threatened species can be managed to provide multiple benefits. 
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Chapter 10.  Farrington, L.W., Lintermans, M. and Ebner, B.C (2014). Characterising 
genetic diversity and effective population size in one reservoir and two riverine 
populations of the threatened Macquarie Perch. Conservation Genetics, 15, 707–716.  

This paper characterises genetic diversity of three local populations of Macquarie perch in 
the upper Murrumbidgee catchment and identifies the risk of assuming that raw abundance 
data can adequately represent the status of small, isolated populations of a threatened fish. 
Estimates of effective population size (Ne) were found to be alarmingly low (<10) for two of 
the populations, suggesting that genetic rescue may be required for these populations. This 
was despite a long-term monitoring program catching numerous juvenile individuals each 
year (see Publication #11). The paper highlights the importance of understanding genetic 
diversity and effective population size when managing threatened species.  

 

Chapter 11.  Ebner, B.C., Lintermans, M., and Dunford, M. (2011). A reservoir 
serves as refuge for adults of the endangered Macquarie perch. Lakes & Reservoirs: 

Research and Management, 16, 23–33. 

Reservoirs are often perceived as having little conservation value, as a result of their 
artificial nature. The study used radiotelemetry across diel periods to determine the home 
range and movement patterns of a reservoir population of Macquarie perch. Home range 
was found to be quite restricted, and individuals were found to shift their home range core 
areas within a year; a result not previously documented for this species. Knowledge of the 
spatial use and patterns of use in reservoir environments is important as several of the key 
populations of this species are located within reservoirs. This paper demonstrates that 
reservoirs can serve as important conservation locations for threatened freshwater fish such 
as Macquarie perch. Whilst undoubtedly artificial in terms of a range of physical attributes 
(area, stable water levels, increased depth) when compared to natural systems (rivers), as 
long as certain basic requirements can be satisfied (e.g. access to upstream flowing waters 
in which to spawn), reservoirs can provide a range of relatively secure environments with 
permanent water that may be increasingly important as riverine habitats continue to 
degrade and climate change threatens the permanency of many aquatic habitats. 

 

Chapter 12.  Broadhurst, B. T., Ebner, B. C., Lintermans, M., Thiem, J. D. and Clear, 
R. C. (2013). Jailbreak: A fishway releases the endangered Macquarie perch from 
confinement below an anthropogenic barrier Marine and Freshwater Research, 64, 
900–908. 

Barriers to fish passage are a key threat to Macquarie perch, and it was also suspected that 
Macquarie perch had restricted swimming abilities, which might impact fishway design for 
this species. The population of Macquarie perch in the Cotter River was constrained by an 
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impassable road crossing to a 5.5 km river reach downstream of the crossing. Consequently, 
a fishway was constructed in 2000 to facilitate the expansion of the Macquarie perch 
population to habitat upstream of the road crossing. This paper describes a multi-year study 
that examined whether the construction of the fishway had been successful in facilitating 
upstream colonisation by Macquarie Perch. The paper demonstrates that the species has 
successfully used the fishway, and that a reproducing population now exists upstream of the 
fishway (where previously the species had been absent for some decades). 

 

Chapter 13.  Lintermans, M. (2013). The rise and fall of a translocated population 
of the endangered Macquarie perch Macquaria australasica in southeastern Australia. 
Marine and Freshwater Research, 64, 838–850.  

As outlined in publication # 6, reservoirs can provide a valuable refuge for threatened fish, 
but only if certain ecological requirements are met. The construction of Googong Reservoir 
on the Queanbeyan River in the late 1970s failed to recognise that a natural barrier at the 
upstream limit of the impounded waters would deny Macquarie Perch access to essential 
riverine spawning sites. This paper details the outcomes of a historic translocation exercise 
to move Macquarie Perch past the barrier, to allow spawning to occur. The translocation 
was effectively a rescue exercise (with all available adults translocated), where the impact of 
the translocation on the donor population was not a consideration. The paper details the 
importance of a long-term monitoring program, and ephemeral nature of measures of 
success for fish reintroductions, with assessments of success for this exercise varying 
significantly across a 30-year monitoring period. 

 

Chapter 14.  Todd, C.R. and Lintermans M. (2015). Who do you move: a stochastic 
population model to guide translocation strategies for an endangered freshwater fish in 
southeastern Australia. Ecological Modelling, 311, 63–72. 

This paper further explores how the success of future translocations of Macquarie Perch can 
be likely improved, when the potential impacts on the donor population is a significant 
consideration. The construction of a population model for the species allows a range of 
translocation scenarios to be explored, and how success can be compared. The model 
identified that movement of only young-of-year or juvenile individuals will require large 
numbers of individuals and many years of translocation, whereas the number of individuals 
required and the length of the translocation program can be significantly decreased and the 
likelihood of success increased by including a small number of adults. 
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Chapter 15.  Lintermans, M. (2016). Finding the needle in the haystack: comparing 
sampling techniques for detecting an endangered freshwater fish. Marine and 

Freshwater Research, 67, 1740–1749. 

This paper highlights the importance of individual sampling methods in catching a 
representative sample of a threatened fish (Macquarie perch). Comparison of five different 
sampling methods (boat electrofishing, backpack electrofishing, gill nets, fyke nets, bait 
traps) demonstrated that four of the methods had very low detection rates for the species, 
and high false absences. The importance of individual methods in sampling different age-
classes of Macquarie perch is also highlighted. Effective sampling is a key consideration in 
monitoring programs to assess the recovery of threatened species, and false absences have 
significant management ramifications in terms of allocating scarce resources in recovery 
programs.  
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12 Conservation and 
management

Mark Lintermans

INTRODUCTION
Globally, freshwater fishes and their habitats are 
imperilled (Malmqvist and Rundle 2002; Dudgeon 
et  al. 2006; Jelks et  al. 2008). The main threats are 
habitat loss or modification, altered flow regimes, 
changed water quality, barriers to fish passage, alien 
species, translocation and stocking and overexploita-
tion. Freshwater fishes are about 40% of all fish spe-
cies but their habitats – in rivers, lakes and wetlands 
– are only a tiny part (0.01%) of the world’s water.
Australia in particular has a comparatively small
freshwater fish fauna of 256 recognised species, of
which 74% are endemic (Ch. 2).

For many years, recreational fisheries, especially 
for alien salmonids, were the main concern in Aus-
tralia. From the 1980s, reviews (Cadwallader 1978; 
Michaelis 1985; Harris 1987b) drew attention to 
threatened native species, regionally and nationally, 
and helped shift the focus to conservation, including 
the monitoring, maintenance and restoration of spe-
cies, communities and ecosystems. This will seem 
curious to readers outside Australia, but we have few 
commercial freshwater fisheries and their yield is 
dwarfed by that from marine fisheries (Kailola et al. 
1993). This reflects the nature of our freshwater fauna 
and the fact that most Australians live near the sea. 

Indeed, the pressures on native fishes are concentrated 
in the southern part of the continent, where most peo-
ple live. Fish populations in the north generally are in 
better condition.

Australia’s freshwater fishes are at a crossroads. 
Intense competition for water, proliferations of alien 
species and continuing habitat losses mean that, with-
out concerted action, extinctions will occur within 
the next 30 years. What should we conserve, and how 
should we go about it? This chapter explores these 
issues, including discussions of threatened species, 
the nature of threats to fishes and responses by man-
agement. Although our context is Australian, the 
book by Helfman (2007) is a good introduction for 
those interested in a global perspective.

CONSERVATION
Legislation
The legislative basis for freshwater conservation in 
Australia is a recent development. Awareness of the 
decline of biodiversity increased in the 1970s and 
1980s, with the Victorian Flora and Fauna Guarantee 
Act 1988 in the vanguard. National approaches fol-
lowed, with the Endangered Species Conservation Act 
1992 (ESC Act) supplanted by the still-current 
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cod 
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araena) (Burbidge and 
Jenkins 1984). In 1985, a national review
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more than 70% of deep-hooked fish die, regardless of 
the type of hook (Van der Walt et al. 2005b).

Fish species may be included in national- or state-
listed ecological communities (Table 12.4). For exam-
ple, native fish (Edgbaston goby, Chlamydogobius 
squamigenus; Elizabeth Springs goby, C. micropterus; 
redfin blue-eye, Scaturiginichthys vermeilipinnis) are 
part of an EPBC-listed endangered ecological 
 community associated with mound springs in the 
Great Artesian Basin. There are no freshwater fish 

at some locations in Queensland and Murray cod 
(M. peelii) nationally (see Box 12.1). Other listed spe-
cies are protected from take but not necessarily from 
capture (they must be returned alive to the water). The 
effects of capture and release are little known (Bar-
tholomew and Bohnsack 2005; Cooke and Suski 
2005), although many anglers believe that released 
fish are not harmed (Arlinghaus et al. 2007). A study 
of silver perch (Bidyanus bidyanus) showed that most 
shallow-hooked or lure-caught fish survive, but that 

Box 12.1: Conservation management of Maccullochella

All four species of the freshwater cod genus Mac-
cullochella are listed as endangered or vulnerable 
under the EPBC Act. Two of three endangered spe-
cies (trout cod, Clarence River cod) are totally pro-
tected and angler harvest is prohibited, but limited 
harvest is allowed for the third species (Mary River 
cod) in stocked waters (Lintermans et al. 2005). The 
fourth species, Murray cod, is vulnerable but widely 
distributed and an iconic target for anglers. Some 
78% of captured Murray cod are released (Henry 
and Lyle 2003). The continued availability to anglers 
of Mary River and Murray cod has been a catalyst 
for engagement with stakeholders. In contrast, 
trout cod, which has been unavailable for harvest 
since the 1980s, has a reduced community profile 
that has contributed to difficulties in communica-
tion with anglers. For example, long-term restock-
ing programs have increased local abundances of 
trout cod but have also raised difficulties in persuad-
ing some anglers that the prohibition on harvest 
should remain until natural recruitment is well-
established. Some controlled recreational harvest of 
trout cod may help to boost community apprecia-
tion of the species, and a proposal to this end has 
been suggested (Native Fish Australia 2006; Trout 
Cod Recovery Team 2008).

Management arrangements for individual spe-
cies often vary between jurisdictions. Where a 
threatened species is distributed across state bound-
aries, harmonised recreational and conservation 
management is desirable but regulations need not 
be identical (e.g. Murray cod, trout cod). Identifica-
tion of well-defined and discrete spatial manage-
ment units would promote local stewardship of 
threatened species.

From top: Murray cod, trout cod, Clarence River cod, 
Mary River cod (photos: G Schmida, E Beaton, J 
Mathews, Qld DEEDI respectively).

68



Ecology of Australian Freshwater Fishes286

Table 12.1: Freshwater fish species listed under the EPBC Act and the ASFB list, and the status of recovery plans for each 
species (0 = none, 1 = current, 2 = in preparation)

Species Common name EPBC Act ASFB
Recovery 

plan status

Bidyanus bidyanus Silver perch – Vu 0

Cairnsichthys rhombosomoides Cairns rainbowfish – Vu 0

Chlamydogobius japalpa Finke goby – Vu 0

Chlamydogobius gloveri Dalhousie goby – Vu 0*

Chlamydogobius micropterus Elizabeth Springs goby En C En 0*

Chlamydogobius squamigenus Edgbaston goby Vu C En 0*

Craterocephalus amniculus Darling hardyhead – Vu 0

Craterocephalus dalhousiensis Dalhousie hardyhead – Vu 0*

Craterocephalus gloveri Glover’s hardyhead – Vu 0

Craterocephalus fluviatilis Murray hardyhead Vu C En 1

Galaxias auratus Golden galaxias En En 1

Galaxias fontanus Swan galaxias En En 1

Galaxias fuscus Barred galaxias En C En 1

Galaxias johnstoni Clarence galaxias En En 1

Galaxias parvus Swamp galaxias Vu En 1

Galaxias pedderensis Pedder galaxias Ex Wild Ex Wild 1

Galaxias rostratus Flathead galaxias – Vu 0

Galaxias tanycephalus Saddled galaxias Vu Vu 1

Galaxias truttaceus hesperius Spotted galaxias C En C En 1

Galaxiella pusilla Eastern dwarf galaxias Vu Vu 1

Glyphis glyphis Speartooth shark C En C En 0

Glyphis garricki Northern river shark En En 0

Guyu wujalwujalensis Bloomfield River cod – Vu 0

Himantura chaophraya Freshwater whipray – Vu 0

Maccullochella ikei Clarence River cod En En 1

Maccullochella macquariensis Trout cod En C En 1

Maccullochella mariensis Mary River cod En C En 1

Maccullochella peelii Murray cod Vu Vu 2

Macquaria australasica Macquarie perch En En 2

Melanotaenia eachamensis Lake Eacham rainbowfish En En 0

Milyeringa veritas Cave gudgeon Vu Vu 0

Mogurnda clivicola Flinders Ranges purple-spotted gudgeon Vu Vu 0

Mordacia praecox Non-parasitic lamprey – Vu 0

Nannatherina balstoni Balston’s pygmy perch Vu Vu 0

Nannoperca obscura Yarra pygmy perch Vu Vu 1
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Species Common name EPBC Act ASFB
Recovery 

plan status

Nannoperca oxleyana Oxleyan pygmy perch En En 1

Nannoperca variegata Variegated pygmy perch Vu Vu 1

Nannoperca sp. Little pygmy perch – CE 0

Neoceratodus forsteri Australian lungfish Vu Vu 2

Neosilurus gloveri Dalhousie catfish – Vu 0

Ophisternon candidum Blind cave eel Vu Vu 0

Paragalaxias dissimilis Shannon galaxias Vu En 1

Paragalaxias eleotroides Great Lake galaxias Vu En 1

Paragalaxias mesotes Arthurs galaxias En En 1

Pristis microdon Freshwater sawfish Vu C En 2

Prototroctes maraena Australian grayling Vu Vu 1

Pseudomugil mellis Honey blue-eye Vu En 0

Scaturiginichthys vermeilipinnis Redfin blue-eye En C En 2*

Stiphodon semoni Neon goby C En C En 0

Ex = extinct; Ex Wild = extinct in the wild; C En = critically endangered; En = endangered; Vu = vulnerable; R = rare; T = threatened.
*: See Fensham et al. (2010).

Table 12.2: Categories and authorities for listing threatened freshwater fishes in national, state and territory jurisdictions. 
Lesser categories (e.g. near threatened) are not included

Jurisdiction Authority Ex
ti

n
ct

Ex
ti

n
ct

 
in

 t
h

e 
W

ild

C
ri

ti
ca

lly
 

En
d

an
g

er
ed

En
d

an
g

er
ed

V
u

ln
er

ab
le

R
ar

e

O
th

er

Commonwealth Environment Protection and 
Biodiversity Conservation Act 1999

✓ ✓ ✓ ✓ ✓

National# Australian Society for Fish Biology ✓ ✓ ✓ ✓ ✓

Queensland Nature Conservation Act 1992 ✓ ✓ ✓

Victoria Flora and Fauna Guarantee Act 1989 ✓A, C

New South Wales Fisheries Management Act 1994 ✓ ✓C ✓B, C ✓C

Australian Capital 
Territory

Nature Conservation Act 1980 ✓ ✓ ✓

South Australia* National Parks and Wildlife Act 1972 ✓ ✓ ✓

Western Australia Wildlife Conservation Act 1950 ✓ ✓D

Northern Territory Territory Parks and Wildlife 
Conservation Act 2000

✓ ✓ ✓ ✓ ✓

Tasmania Threatened Species Protection Act 
1995

✓ ✓ ✓ ✓

A = listed as threatened (with non-legislative advisory lists to categorise species); B = includes populations; C = includes ecological communities; D = top category is 
‘rare or likely to become extinct’; # = non-statutory listing; * = no species currently listed, but the State Action Plan adopts IUCN categories (Hammer et al. 2009).
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communities listed nationally, although some (e.g. 
the Murray River below the Murray-Darling junc-
tion) have been proposed.

Extinctions
No Australian freshwater fish species is known to 
have become extinct since 1788, although this claim 
has been challenged by research using molecular 
methods (Hammer et  al. 2007; Faulks et  al. 2010a; 
Nock et al. 2011; Chs 2, 3). Even so, claims of extinc-
tion should be made with caution. Reports of the 
extinction in the wild of the Lake Eacham rainbow-

Table 12.3: Familial composition of 74 threatened 
freshwater fish taxa (species, subspecies and significant 
populations) at state or national level (Ex, Ex Wild, C En,  
En, Vu)

Family

Total 
Australian 
freshwater 

taxa
Threatened 

taxa

Ambassidae 8 1

Atherinidae 16 6

Bovichtidae 1 1

Carcharhinidae 3 2

Clupeidae 4 1

Dasyatidae 1 1

Eleotridae 31 6

Galaxiidae 23a 19

Geotriidae 1 1

Gobiidae 17b 5

Melanotaeniidae 21 3

Mordaciidae 2 2

Neoceratodontidae 1 1

Percichthyidae 26a,c 15

Plotosidae 20 2

Pristidae 1 1

Retropinnidae 7 1

Pseudomugilidae 6 2

Synbranchidae 2 1

Terapontidae 25 3

a: Taxonomy under review (T. Raadik, M. Hammer, pers. comms).
b: Likely to rise with new species of cling goby identified in northern Australia 
(B. Ebner, pers. comm.).
c: Includes former Gadopsidae, Nannopercidae.

fish (Melanotaenia eachamensis) were proven wrong 
when the species was rediscovered in local streams 
(Pusey et al. 1997; Zhu et al. 1998).

Many so-called regional extinctions are better seen 
as range contractions, although they do represent sig-
nificant losses of genetic diversity (Ch. 3) and possibly 
cryptic taxa (e.g. Macquarie perch in the Kangaroo 
River, New South Wales: Faulks et  al. 2010a; Ch.  3). 
Examples include Agassiz’s glassfish (Ambassis agas
sizii), southern purple-spotted gudgeon (Mogurnda 
adspersa) and freshwater herring (Potamalosa rich
mondia) in Victoria (Dept of Sustainability and Envi-
ronment, Victoria 2007) and flathead galaxias 
(Galaxias rostratus), Macquarie perch and trout cod in 
South Australia (Dept of Sustainability and Environ-
ment, Victoria 2007; Hammer et  al. 2009). For these 
species, recolonisation of former ranges seems unlikely 

Box 12.2: Translocation of the Pedder 
galaxias

The Pedder galaxias (Galaxias pedderensis) is the 
only Australian freshwater fish listed as extinct in 
the wild, and its survival is a result of sustained 
conservation effort. It is a Tasmanian endemic, 
and naturally occurred only in Lake Pedder and 
nearby streams (Dept of Primary Industries, Water 
and Energy, Tasmania 2006). Following flooding 
of the region for hydropower generation in the 
early 1970s, the population appeared to have sur-
vived, but it declined dramatically after 1980 
(Lake 1998). It is likely that interactions with alien 
brown trout and the native climbing galaxias 
(Galaxias brevipinnis) were responsible. Surveys in 
1988–91 found few Pedder galaxias in streams 
flowing to the new Lake Pedder. Between 1991–
97, 34 individuals were introduced to nearby Lake 
Oberon, and monitoring in 1997 showed evi-
dence of successful recruitment (Crook and 
Sanger 1997). The species now has been intro-
duced to two other localities.

From Fulton (1990).
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scales of extinction debt in freshwater fishes to assist 
conservation programs (Olden et al. 2010).

Recovery plans and other provisions
A recovery plan is intended to counter threats, initiate 
monitoring or research, inform the public and gener-
ally improve the status of listed species or ecological 
communities (Taylor et al. 2005; Kerkvliet and Lang-
pap 2007). The EPBC Act originally required such a 
plan for each listed entity, but in 2006 this became 

without human intervention. In Tasmania, the Pedder 
galaxias (Galaxias pedderensis) is extinct in the wild 
(Table 12.1), but persists as two translocated wild pop-
ulations outside its natural range (Dept of Primary 
Industries, Water and Energy, Tasmania 2006; Box 
12.2). Other species or populations may be in ‘extinc-
tion debt’, meaning that they have survived environ-
mental change thus far but are unlikely to do so in the 
long term (Kuussaari et al. 2009). Better understand-
ing is needed of the magnitude, probability and time 

Table 12.4: Threatened ecological communities and threatening processes listed in New South Wales and Victoria, and 
recovery plans or threat abatement plans (if any)

Community/process Category (year) RP/TAP (year)

New South Wales

The aquatic ecological community in the natural drainage system of the lower 
Murray River catchment

Endangered EC (2001)

The aquatic ecological community in the natural drainage system of the 
lowland catchment of the Darling River

Endangered EC (2003)

The aquatic ecological community in the natural drainage system of the 
lowland catchment of the Lachlan River

Endangered EC (2005)

Hook-and-line fishing in areas important for the survival of threatened fish 
species

KTP (2004)

Removal of large woody debris from rivers and streams KTP (2001) 2007

Introduction of fishes to fresh waters within a river catchment outside their 
natural range

KTP (2001)

Degradation of native riparian vegetation along watercourses KTP (2001)

Installation and operation of instream structures and other mechanisms that 
alter natural flow regimes of rivers and streams

KTP (2002)

Human-caused climate change KTP (2010)

Victoria

Lowland riverine fish community of the southern Murray-Darling Basin Threatened 
Community (2000)

Alteration to the natural flow regimes of rivers and streams PTP (1992) 2003

Alteration to the natural temperature regimes of rivers and streams PTP (1992) 2003

Degradation of native riparian vegetation along rivers and streams PTP (1996) 2003

Input of toxic substances into rivers and streams PTP (1995)

Prevention of passage of aquatic biota as a result of the presence of instream 
structures

PTP (1995) 2003

Introduction of live fishes into waters outside their natural range within a river 
catchment after 1770

PTP (1992) 2003

Removal of woody debris from streams PTP (1991) 2003

Increase in sediment input into rivers and streams due to human activities PTP (1991) 2003

RP = recovery plan; TAP = threat abatement plan.
EC = ecological community; KTP = key threatening process; PTP = potentially threatening process.
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discretionary. If required, a plan must be in place 
within three years of listing, and reviewed within five 
years. Of course, mere preparation of a plan is not 
enough; it must be implemented (Lundquist et  al. 
2002), often by agencies with scant resources. Imple-
mentation is at state, regional or local levels and is not 
a federal responsibility other than for listed species or 
ecological communities on Commonwealth land.

An alternative is to promote regional and ecologi-
cal community-based approaches (Bryant and Harris 
1996) through multi-species recovery plans (Dept of 
Environment, Climate Change and Water, New South 
Wales 2010). Under the US Endangered Species Act 
1988, species listed in this way may receive less atten-
tion than those with dedicated plans, and are more 
likely to decline (Lundquist et  al. 2002; Taylor et  al. 
2005; Schwartz 2008). Ideally, there should be a mix of 
single- and multi-species approaches.

Ideally, a recovery plan should lead to downlisting 
or delisting of species, but this has not occurred for 
any freshwater fish in Australia, suggesting that 
threatened species could require conservation man-
agement indefinitely (Doremus and Pagel 2001; Scott 
et al. 2005). The primary goal is to prevent extinction, 
however, and without listing and recovery actions the 
Pedder galaxias and barred galaxias (Galaxias fuscus) 
arguably would be extinct, and the Mary River cod 
would be near extinction.

Few key threatening processes have been declared 
under the EPBC Act (or its predecessor: Woinarski 
and Fisher 1999) and threat abatement plans are dis-
cretionary. Neither of these provisions has realised its 
potential in regard to conservation of freshwater 
fishes, and the problem is only partly offset by state 
and territory legislation (Table 12.4).

Management of threatened fishes
Most EPBC-listed species are protected from take and 
have some provision for habitat protection or rehabili-
tation. Some large species (e.g. Maccullochella spp., 
Macquarie perch) have hatchery breeding and release 
programs, as their breeding biology is inferred from 
knowledge of congeners which sustain stocked recrea-
tional fisheries. These programs are a means to pre-
vent extinctions and to establish new, self-sustaining 
populations within the historic distributions of the 

respective species. Most involve stocking with finger-
lings, as this minimises the time (and cost) needed for 
holding and maintenance. Some programs have 
reported wild offspring from stocked fish (Douglas 
and Brown 2000; Lyon et al. 2008a), but claims of suc-
cess are premature until there are several new genera-
tions in the restocked population.

In Australia, restocking programs rely on taking 
wild broodfish and releasing their captive-bred prog-
eny back into the wild. These programs are an easier 
option than efforts to restore habitat, eradicate alien 
species or counter other large-scale threats (Philippart 
1995). They provide life history data to support conser-
vation efforts, but cannot wholly replace them (Rakes 
et al. 1999). Indeed, stocking can reduce genetic diver-
sity in wild populations if it is based on few broodstock 
(Nock et al. 2011). Hatchery-based programs can fail 
for lack of understanding the causes of decline, vague 
or unrealistic objectives, lack of evaluation, failure to 
incorporate management tools and lack of cost–benefit 
analysis (Molony et al. 2003). In addition, the survival 
of hatchery-reared adult fish can be affected by behav-
ioural deficits such as predator naïvety (Ebner et  al. 
2009a).

Reintroduction programs have commenced for 
some small fish species (e.g. southern purple-spotted 
gudgeon; southern pygmy perch, Nannoperca austra
lis; Murray hardyhead, Craterocephalus fluviatilis: 
Australian Society for Fish Biology 2009; Hammer 
et al. 2009). The biology of some small species may be 
inferred from knowledge of related species in the 
aquarium trade, and others have been investigated 
specifically for the purposes of stock recovery (Ellis 
and Pyke 2010). This work has been spurred, in part, 
by prolonged drought in the southern Murray-Darling 
Basin in 1997–2010.

‘Environmental flows’ (environmental water allo-
cations) are employed to compensate in situ for water 
shortages caused by drought or diversions for agricul-
ture and industry. They are generally intended to pre-
serve small or discrete habitats, offset poor water 
quality (e.g. blackwater events: see ‘Management 
responses: water quality’) or promote spawning. For 
example, environmental flows have been deployed to 
protect Murray hardyhead (Pritchard et al. 2009; Dept 
of Sustainability and Environment, Victoria 2010; 
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Ellis and Pyke 2010) and river blackfish (Gadopsis 
marmoratus: Hammer et  al. 2009), and to promote 
spawning of golden galaxias (Galaxias auratus: Dept 
of Primary Industries and Water, Tasmania 2008).

Where environmental flows are not practical, fishes 
may be collected from the wild and maintained ex situ 
(rescues). Subjects have included include barred gal-
axias, golden perch (Macquaria ambigua), Macquarie 
perch, Murray cod, river blackfish, silver perch, south-
ern pygmy perch and Yarra pygmy perch (Nannoperca 
obscura) (Australian Society for Fish Biology 2009; 
Hammer et al. 2009; Pritchard et al. 2009).

Challenges
From the viewpoint of freshwater fish conservation, 
the EPBC Act has shortcomings (Hawke 2009).  
For example:

 • The Act requires nominations as a starting point 
for threatened species listings and thereby is a pas-
sive rather than strategic approach. There has 
been no review of the national status of freshwater 
fishes since the action plan of Wager and Jackson 
(1993), and a revision is needed urgently.

 • The Act does not cover actions initiated prior to 
1999, and long-standing, still-current threats (e.g. 
alien species, river regulation, vegetation clear-
ance) are not addressed.

 • The time to respond to issues is a limitation in that 
nomination, assessment and listing processes, 
preparation of recovery plans and engagement 
with communities and agencies may take years. 
The status of species may change on much shorter 
time scales (Pritchard et al. 2009). Responses are 
slowing under mounting pressures but the process 
needs to accelerate, with less emphasis on process 
and more on outcomes.

 • Listing species without recovery plans, or without 
resources to prosecute plans, is unlikely to succeed 
(Kerkvliet and Langpap 2007). Delisting or down-
listing species are desirable outcomes but they alone 
do not indicate the success of plans (Doremus and 
Pagel 2001); indeed, no EPBC-listed species has 
been permanently delisted as a result of conserva-
tion actions. Australia might emulate a require-
ment of the US Threatened Species Act 1988, namely 

that biennial measures of population trends are 
needed to indicate whether or not a species is recov-
ering (Scott et al. 2005; Taylor et al. 2005).

 • The Act provides for declarations of ‘critical habi-
tat’ (habitat essential for conservation of a species) 
but this is not a mandatory part of the listing pro-
cess. The only such declaration for a freshwater 
fish in Australia is for Oxleyan pygmy perch 
(Nannoperca oxleyana) (Dept of Industry and 
Development, New South Wales 2010b). This is 
significant because under the US Endangered Spe
cies Protection Act 1988 the status of species with 
identified critical habitat is more likely to improve 
than for other listed species (Taylor et al. 2005).

Other challenges relate to strategic issues and 
learning from experience. There is vigorous debate 
about the best strategies to deploy scarce resources 
(Bottrill et al. 2008; Briggs 2009; Jachowski and Kesler 
2009), given that resources for conservation are invar-
iably inadequate to meet all needs (Schwartz 2008; 
Joseph et al. 2009). Funding for research and manage-
ment is influenced by the level of endangerment of the 
target species (Possingham et al. 2002), but the degree 
of conflict that a species engenders, its perceived cha-
risma and political factors are also important 
(Schwartz 2008). One issue, for example, is to deter-
mine whether we should invest heavily in protection 
of critically endangered species at the expense of vul-
nerable species. Another is that past experience is 
often not incorporated into proactive management, in 
the spirit of adaptive management. Environmental 
extremes (flood, drought, fire) often trigger novel cri-
sis management approaches (e.g. refugia mapping, 
drought contingency plans, rescues, translocations), 
but it appears that lessons are soon forgotten.

ISSUES FOR MANAGEMENT
The principal threats to Australia’s freshwater fishes 
(Allen et al. 2002; Lintermans 2007) are like those in 
other parts of the world (Malmqvist and Rundle 2002; 
Jelks et al. 2008) and broadly are of seven kinds: habi-
tat modification, altered flow regimes, water quality, 
barriers, alien species, translocation and stocking, 
and overexploitation. The threats vary regionally and 
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are related to patterns of human settlement and 
resource use. Each is considered below.

Habitat modification
The National Land and Water Resources Audit (2002) 
reported that more than 85% of assessed river reaches 
in Australia were significantly modified. Riparian 
zones and stream channels may be eroded or silted; 
they may be cleared of native vegetation and invaded 
by blackberries, mimosa, willows and other alien spe-
cies; channels may be desnagged or dredged to 
improve water delivery; and wetlands may be drained, 
disconnected or flooded by dams, weirs, levees and 
other structures (Robertson and Rowling 2000; Pusey 
and Arthington 2003).

Siltation reduces instream habitat diversity by fill-
ing holes and smothering spawning sites, reducing 
light penetration and the diversity and abundance of 
invertebrates (Doeg and Koehn 1994; Davis and Fin-
layson 2000; Bartley and Rutherfurd 2005). Chan-
nelising and desnagging reduce hydraulic diversity 
(Hortle and Lake 1982), remove shelter from predators 
and strong currents and destroy breeding sites (Crook 
and Robertson 1999; Erskine and Webb 2003; Lester 
and Boulton 2008). The isolation of rivers and flood-
plains has reduced connectivity between nursery, 
feeding and spawning habitats (Kingsford 2000). 
Dams and weirs have altered sediment and flow 
regimes and may release cold, hypoxic water, degrad-
ing the habitats of native fishes. These effects may 
persist for hundreds of kilometres downstream 
(Preece and Jones 2002; Preece 2004).

Altered flow regimes
The natural flow patterns of streams, including flow 
magnitude, frequency, duration, timing, variability 
and rate of change, are critical for maintenance of 
biodiversity and ecosystem integrity, and changed 
regimes are a major threat to lotic species (Poff et al. 
1997; Richter et al. 1997; Naiman et al. 2008). Patterns 
of flow in Australian lowland rivers, particularly 
inland rivers, are highly variable (Puckridge et  al. 
1998) and most rivers are now regulated by dams, 
weirs and other structures, changing flow regimes 
downstream (Kingsford 2000; Arthington and Pusey 
2003). Reduced flooding has isolated floodplains, 

limiting dispersal opportunities and access to spawn-
ing and larval rearing sites (Jones and Stuart 2008; 
Tonkin et  al. 2008a), and altered flow regimes have 
impacted on breeding and migration cues for native 
fishes (Gehrke et  al. 1995; Tonkin et  al. 2008a). 
Increased or more stable baseflow in regulated rivers 
may remove significant natural low-flow events, 
affecting the availability and quality of larval rearing 
habitats and influence recruitment (Humphries and 
Lake 2000; McMahon and Finlayson 2003). Altered 
flow regimes favour generalist alien species with 
broad tolerances and a capacity for rapid growth and 
reproduction (Stuart and Jones 2006a; Pyke 2008; 
Costelloe et al. 2010). Familiar examples are common 
carp (Cyprinus carpio) and eastern gambusia (Gambu
sia holbrooki).

There may be other, more subtle impacts on native 
fishes. Irrigation offtakes divert fish from rivers to 
unfavourable habitats, such as irrigation channels and 
flooded paddocks, where there may be no return. 
Pumps cause injury and mortality (King and 
O’Connor 2007; Baumgartner et  al. 2009), and each 
year perhaps a million Murray cod larvae are extracted 
in irrigation water diverted from the Murray River 
(Gilligan and Schiller 2003).

Water quality
Broad-scale land clearing raises groundwater tables 
and may cause salinisation of land and water (Allison 
et  al. 1990; Halse et  al. 2003; Nielsen et  al. 2003). 
Salinity is a major water quality issue in many river 
basins (National Land and Water Resources Audit 
2001), and reduces fish habitat (Hart et al. 1990, 1991; 
Robson and Mitchell 2010). Its impacts are especially 
severe in streams and wetlands dependent on ground-
water inflows, as in south-western Western Australia 
(Beatty et al. 2010). Adult fishes may tolerate a com-
paratively wide range of salinities but eggs, larvae and 
juveniles generally are more susceptible (Clunie et al. 
2002a; Ye et al. 2010).

Many industrial and agricultural chemicals affect 
fishes (Jones and Reynolds 1997; Hose et al. 2003). For 
example, endocrine disruptors, including oestrogenic 
chemicals in discharges from sewage treatment plants 
and industries, are cause for concern (Milla et  al. 
2011). Endocrine disruption has been demonstrated 
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for eastern gambusia in Australia (Batty and Lim 
1999; Norris and Burgin 2010) but little is known of 
the effects on native fishes.

Elevated nutrient concentrations (eutrophication) 
from agricultural and urban runoff and sewage efflu-
ent can promote excessive plant growth and algal 
blooms, such as Cyanobacteria, with implications for 
water quality and aquatic biota, and for stock and 
human use (Boulton and Brock 1999). Turbid water, 
low oxygen levels and algal toxins can have severe 
effects on fishes (Engström-Öst et al. 2006).

Acidification of freshwater and estuarine habitats 
through oxidation of sulfidic soils is a potential prob-
lem in coastal and inland waters (Sammut et al. 1995; 
McCarthy et al. 2006). It is also associated with min-
ing operations that mobilise zinc, cadmium, lead and 
copper and other heavy metals. Parts of the Molonglo 
River in New South Wales and the South Esk River in 
Tasmania have, or have had, impoverished fish and 
invertebrate communities as a result of contamination 
by acid mine drainage (Weatherley et al. 1967; Tyler 
and Buckney 1973; Norris et al. 1982).

Most dams have low-level offtakes, and deep water 
released downstream in summer and autumn is often 
cool and hypoxic. Cold-water pollution can change 
river temperatures for hundreds of kilometres down-
stream of large dams, delaying insect emergence and 
reducing fish growth, reproduction and swimming 
speeds (Astles et al. 2003; Ryan et al. 2003; Rutherford 
et al. 2009). Low oxygen levels (< 5 mg L-1) are stress-
ful and have caused numerous fish kills (Koehn 2005). 
Cold-water discharge favours alien cold-water species, 
particularly salmonids (Ryan et  al. 2003; Brown 
2004), and in the case of Dartmouth Dam may have 
been responsible for the disappearance of Murray cod 
and Macquarie perch from the Mitta Mitta River, Vic-
toria (Koehn et al. 1997; Todd et al. 2005).

Barriers
Fishes move laterally (offstream) and longitudinally 
(instream) to access feeding and spawning areas, to 
avoid adverse conditions and to disperse and colonise 
new habitats (Ch. 5). Barriers to movements, includ-
ing dams, weirs, levees and causeways, are a global 
concern. There are more than 45 000 big dams (> 15 m 
high) worldwide (Nilsson et al. 2005) and their effects 

on fishes can be compensated only by fishways or 
other engineered infrastructure. Even small struc-
tures, such as weirs, culverts, wetland regulators and 
causeways, can exclude fishes from large areas of 
potential habitat during low flows, although the 
smallest of these are drowned out during high flows.

In the Murray-Darling Basin there are more than 
4000 regulating structures (Lintermans 2007) and 
hundreds of kilometres of floodplain levees. Some 
native fish, notably golden perch, can move thousands 
of kilometres in several months (Reynolds 1983), 
although this may not be typical of the species (Crook 
2004a; O’Connor et al. 2006). Other species may move 
hundreds of kilometres in the absence of barriers 
(Kerezsy 2010a; Ch. 5).

Barriers affect downstream as well as upstream 
movements. Fishes are often reluctant to approach 
barriers when moving downstream (Lintermans and 
Phillips 2004; O’Connor et al. 2006) and passage over 
weirs is a cause of significant mortality. ‘Undershot 
weirs’ (where water is released at the bottom) may 
cause more injury than ‘overshot weirs’ (water over-
flows the weir). Mortalities of more than 90% of the 
larvae of golden perch and silver perch, and more than 
50% of Murray cod larvae, are reported from under-
shot weirs. Mortalities of small species can also be 
severe (Baumgartner et al. 2006b, 2010a).

Alien species
Alien fishes threaten native species and ecological com-
munities, nationally and internationally (Ch. 11). Aus-
tralia has established populations of at least 37 alien 
species and the number continues to grow. The acclima-
tisation phase of sport fish introductions (e.g. salmo-
nids; tench, Tinca tinca; redfin perch, Perca fluviatilis) 
has passed (Clements 1988) and the aquarium trade is 
now the main source of new introductions. Of the 37 
alien species, 25 are believed to have arrived via the 
aquarium trade (Lintermans 2004; Corfield et al. 2008). 
Indeed, 24 of the last 27 species to become established 
originated from the ornamental trade (Fig.  12.2), 
whereas only one ornamental species (the goldfish, Car
assius auratus) was established prior to about 1960. 
Another six ornamental species (blue tilapia, Oreo
chromis aureus; firemouth cichlid, Thorichthys meeki; 
green severum, Heros severus; redhead cichlid, Vieja 
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synspila; green terror, Aequidens rivulatus; Sumatra 
barb, Puntius tetrazona) are recorded or established, but 
their true status is unclear (Arthington et  al. 1999; 
Kailola 2000; Corfield et al. 2008).

Some 1500 retailers (aquarium and pet shops) trade 
in ornamental fishes in Australia (Lintermans 2004; 
Dept of Agriculture, Fisheries and Forestry 2007); 
12–14% of Australians keep ornamental fishes (Pat-
rick 1998) and more than 16 million were imported in 
2008–09. Smuggling of ornamental fishes is equiva-
lent to perhaps 5–10% of legal imports (Australian 
Quarantine and Inspection Service 1999) or 740 000–
1.48 million fish per year, based on average imports in 
2006–10. Subtropical and tropical regions of Australia 
have borne the brunt of the ‘ornamental invasion’ 
(Webb 2007), but temperate regions are not immune 
and several species there are expanding their ranges 
(e.g. green swordtail, Xiphophorus hellerii; one-spot 
livebearer, Phalloceros caudimaculatus; oriental 
weatherloach, Misgurnus anguillicaudatus).

Alien species affect native fishes through preda-
tion, aggression, competition for resources, habitat 
changes, the spread of disease and parasites and, to a 
minor extent, hybridisation (Ch.  11). Predatory and 
aggressive interactions have affected small species 
such as galaxiids (Lintermans 2000; Morgan et al. 
2002; McDowall 2006), eleotrids, melanotaeniids, 
pseudomugilids and small percichthyids (Barlow et al. 
1987; Aarn and Ivantsoff 2001; Rowe et al. 2008). 
Habitat changes are attributed to common carp and 
tilapia (Oreochromis mossambicus) through feeding 

(Koehn 2004), nest-building (Maddern et al. 2007), 
destruction of plants (Roberts et al. 1995) and 
increased turbidity (King et al. 1997). Competition 
has been demonstrated with salmonids, eastern gam-
busia and tilapia (Howe et al. 1997; Lintermans 2006; 
Maddern et al. 2007; Stuart-Smith et al. 2008). Dis-
eases, such as epizootic haematopoietic necrosis virus, 
a megalocytivirus and parasites such as Lernaea 
cyprinacea, Ligula intestinalis and Bothriocephalus 
acheilognathi are spread by alien fishes (Whittington 
et al. 1996; Chapman et al. 2006a; Go et al. 2006; 
Marina et al. 2008). Mortality of Murray cod in a fish 
farm in Victoria in 2003 was caused by a megalocyti-
virus imported with dwarf gourami (Trichogaster 
lalius), an ornamental species from south-east Asia 
(Go et al. 2006; Go and Whittington 2006).

Alien fishes in the USA cost about $US5.4 billion 
annually, excluding control costs (Pimentel et  al. 
2005). Common carp cause $16 million damage annu-
ally in Australia (McLeod 2004), and eastern gambu-
sia and tilapia probably incur similar costs. However, 
salmonids and other alien species support recreational 
fisheries, and balancing environmental damage 
against social values can be problematic (Jackson 
et  al. 2004). In south-eastern Australia, 4–5  million 
salmonids are stocked annually (Ch. 11).

Translocation and stocking
The global fish fauna is being homogenised by intro-
ductions of alien species and translocations of native 
species (Rahel 2007; Marr et al. 2010). Translocations 

Figure 12.2: Number of ornamental species and the decade in which they became established (or were first recorded as 
established) in Australian fresh waters.
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can be accidental or deliberate (International Union 
for the Conservation of Nature 1987) and may involve 
interbasin water transfers, bait-bucket introductions, 
recreational stocking, escape from aquaculture and 
conservation activities (Arthington and McKenzie 
1997; Lintermans 2004; Gozlan et al. 2010; Ch. 11).

In the Murray-Darling Basin, 3–4  million native 
fishes are stocked in public waters each year (Murray-
Darling Basin Commission 2004); this is a significant 
increase from the late 1970s, when less than 0.5 mil-
lion were stocked annually. Stocking sustains recrea-
tional fisheries, enables populations to persist in 
habitats (e.g. artificial lakes) that would not naturally 
sustain them, and augments natural populations 
(Molony et al. 2003). So-called ‘forage fishes’, includ-
ing bony herring (Nematalosa erebi) and snub-nosed 
garfish (Arrhamphus sclerolepis), are stocked to sus-
tain impoundment-based fisheries for Murray cod 
and barramundi (Lates calcarifer) (Moore 2007).

The impacts of stocking and translocation include 
hybridisation and other genetic issues with native spe-
cies (Gozlan et  al. 2010). For example, translocated 
trout cod and Murray cod have hybridised in Cataract 
Dam, New South Wales (Harris and Dixon 1988). 
Genetic swamping by hatchery-bred stock may reduce 
genetic diversity by mixing distinct stocks, underrep-
resenting true diversity, inbreeding, outbreeding and 
changing selection pressure (Ford 2002). Reduced 
genetic diversity is documented for hatchery 

broodstock of some species (Bearlin and Tikel 2003; 
Farrington et al. 2004; Rourke et al. 2009) and some 
Australian species show eroded genetic diversity from 
stocking (Nock et  al. 2011). Several stocked species 
have ‘genetic structure’, indicating ‘evolutionarily sig-
nificant units’ that warrant recognition in conserva-
tion (Keenan et  al. 1996; Rourke 2007; Faulks et  al. 
2010b; Ch. 3).

Overexploitation
Overexploitation for commercial, recreational and 
artisanal use has resulted in the decline of freshwater 
fishes and fisheries throughout the world (Cooke and 
Cowx 2004; Lewin et al. 2006; Humphries and Wine-
miller 2009). In south-eastern Australia there are no 
longer significant commercial fisheries for native 
freshwater species, although small fisheries do exist 
for common carp (Koehn et al. 2000).

Overexploitation, for commercial and recreational 
purposes, has contributed to the decline of Murray 
cod (Rowland 1989, 2005; Fig.  12.3), Clarence River 
cod (Maccullochella ikei: Lintermans et  al. 2005), 
trout cod (Berra 1974) and Macquarie perch (Cadwal-
lader and Rogan 1977). In addition, fisheries may 
affect non-target species. For example, commercial 
barramundi gill-net fisheries in the lowland rivers of 
northern Australia have impacts on threatened spe-
cies such as speartooth sharks (Glyphis spp.), bull 
shark (Carcharhinus leucas) and freshwater sawfish 

Figure 12.3: Annual commercial catches of Murray cod (Maccullochella peelii) in New South Wales, 1947–2001 (NSW 
Department of Industry and Investment/HCatch and ComCatch extracts 21-01-2011).
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(Pristis microdon), which use fresh waters as a nursery 
(Peverell 2005; Field et al. 2008).

Overharvesting can change the size structure of 
populations, so that larger individuals become rare. 
The removal of large predatory species can affect food 
webs because top-down regulation of prey species is 
disrupted (Humphries and Winemiller 2009). Surveys 
in the Murray River have reported few Murray cod 
above the minimum size limit (Nicol et al. 2005; Allen 
et al. 2009) and similar effects are seen in populations 
of Australian bass (Percalates novemaculeata) in 
coastal New South Wales (Hall et al. 2009b). Clearly, if 
individuals are removed before they reproduce the 
population is likely to decline (Ch.  9). Overexploita-
tion is also an issue where harvesting from the wild 
for aquarium display purposes affects small species 
(Ebner and Thuesen 2011).

MANAGEMENT RESPONSES
Habitat modification
More than 10  000 rehabilitation projects were com-
pleted in Australia in 1995–2007, with annual expen-
ditures of $100  million (Price et  al. 2009). 
Rehabilitation works include riparian planting, bank 
stabilisation and provision of instream structural 
habitat such as woody debris (Brooks and Lake 2007). 
Another popular activity is release of water for envi-
ronmental purposes (see ‘Altered flow regimes’). ‘Res-
toration’ is often used loosely as a generic term, as it is 
here, but it can mean ‘the return of an ecosystem to a 
close approximation of its condition prior to distur-
bance’ (Brookes 1995; Higgs 1997; Rutherfurd et  al. 
2000). ‘Rehabilitation’ aims for a ‘return to pre-distur-
bance for a limited number of attributes’ (Brookes 
1995) and ‘remediation’ improves the ecological con-
dition of the waterway, not necessarily to resemble its 
original state (Rutherfurd et  al. 2000; Fig.  12.4). 
‘Enhancement’ is improvement in one or more attrib-
utes (Brookes 1995).

The attributes of a successful rehabilitation project 
are well-documented (Bond and Lake 2003a; Bern-
hardt et al. 2005; Palmer et al. 2005) and establishing 
clear goals is paramount (Lake 2005; Ryder et  al. 
2008). In one survey of river rehabilitation projects in 
the USA, only 46% had explicit goals and many were 
non-quantitative and difficult to measure in the field 

(e.g. ‘establish a natural channel’: Bernhardt et  al. 
2007). Most projects are poorly documented (Palmer 
et  al. 2007) and failures are rarely reported 
(Smokorowski et al. 1998; Fryirs et al. 2007). A review 
of 2247 projects in Victoria showed that only 14% 
included provisions for monitoring (Brooks and Lake 
2007). Resources are often not available for monitor-
ing, ‘before’ data are often missing and control or ref-
erence sites are lacking, so that few conclusions can be 
drawn (Rutherfurd et al. 2004; Lake 2005). Fish do not 
always respond as expected. For example, 
Smokorowski et al. (1998) reported that while 27% of 
projects reported an increase in fish abundance or 
biomass, they generally could not distinguish an 
aggregation of fish from an increase in production. In 
such cases there is little scope for learning from the 
intervention, and adaptive management is precluded 
(see ‘Monitoring and adaptive management’). There is 
a range of potential responses to the original stressor 
(Fig. 12.5), and a range of recovery trajectories. Hys-
teresis occurs where the pathway or thresholds for 
recovery are different from those for degradation, and 
the time frame for recovery is rarely short and often 
related directly to the scale of the intervention (Lake 
2005; Fig.  12.5c). Bond and Lake (2003a) listed five 
potential reasons why anticipated fish responses to 
habitat rehabilitation may not occur: barriers to colo-
nisation, temporal shifts in habitat use, introduced 
species, long-term and large-scale processes, and 
inappropriate scales of restoration. Many rehabilita-

Figure 12.4: Stream management options (redrawn from 
Rutherfurd et al. 2000).
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are not (Lester and Boulton 2008). Increases in habitat 
heterogeneity are reported (Bond and Lake 2005; 
Lester and Wright 2009) and native fish diversity and/
or abundance often increase (Koehn 1987; Brooks 
et  al. 2004), but the responses are highly variable 
(Nicol et al. 2004; Bond and Lake 2005; Hindell 2007). 
A resnagging project on the Murray River between 
Lake Hume and Lake Mulwala has installed more 
than 4450 large snags in 194  km of river channel; 
while the snags have proved attractive to native fishes, 
it is too early to confirm whether populations have 
increased (J. Lyon, Dept. of Sustainability and Envi-
ronment, Victoria, pers. comm.). It is often not clear 
whether additions of structural woody habitat 
increase fish productivity or merely cause more fishes 
to aggregate (Brickhill et  al. 2005). The response of 
alien fishes to such additions is another neglected 
issue (Nicol et al. 2004).

‘Sand slugs’ (a pulse of mobile sand in streams) have 
reduced geomorphic complexity and habitat heteroge-
neity in many streams, widening channels and elimi-
nating pool habitats (Davis and Finlayson 2000; 
Rutherfurd et al. 2000; Bartley and Rutherfurd 2005). 

tion projects are based on the ‘field of dreams’ hypoth-
esis (‘If you build it, they will come’: Palmer et  al. 
1997), which presumes that restoration of physical 
components is sufficient to initiate a return to the 
desired community or ecosystem. This is arguably 
one of the ‘myths’ of restoration ecology (Hilderbrand 
et al. 2005), although it does facilitate thinking about 
responses to interventions in complex systems.

Habitat management interventions
Habitat rehabilitation involving livestock exclusion, 
replanting and creation of riparian buffer zones is a 
common management intervention (Rutherfurd et al. 
2000), but is often carried out on small scales with lit-
tle support from monitoring data. Exclusion of stock 
can significantly increase the abundance of eucalypts 
and groundcover (Robertson and Rowling 2000). 
Guidelines are available for the amount of riparian 
zone rehabilitation required to ameliorate elevated 
water temperatures (Davies et  al. 2004). In lowland 
streams, methods to reintroduce structural woody 
habitat are well-advanced (Nicol et  al. 2001, 2002; 
Erskine and Webb 2003), but evaluations of outcomes 

Figure 12.5: Conceptual models of system responses to stressors (redrawn from Davis et al. 2010b). (a) Gradual ecological 
change model where there is a linear relationship between two regimes (persistent ecosystem states A, B) and an external 
environmental driver or stressor. A gradual change in the stressor results in a gradual transition from regime A to regime B, 
which is reversible by reducing the stressor. (b) Threshold model with a nonlinear response to change in the external 
stressor. An abrupt change, or regime shift, occurs from A to B over a small change in the external stressor; this is reversible if 
the stressor is reduced below the threshold value. (c) Hysteresis model with a nonlinear response in which the threshold of 
change differs between the pathway of collapse from A to B and the pathway of recovery from B to A. (d) Irreversible change 
from A to B.
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Interception or extraction measures can take years to 
have an effect, depending on the quantities of sediment. 
Time to recovery without management intervention is 
measured in decades to centuries, as a result of the large 
quantities of sediment in the channel. Efforts have been 
made to accelerate the process of recovery (Bond and 
Lake 2005; Lintermans 2005), but local efforts are over-
whelmed unless large-scale processes are addressed 
(Lake 2005; Howson et al. 2009). Rock groynes or flow 
deflectors are widely used to increase scour and pro-
vide pool habitat in reaches affected by sand slugs (Roni 
et al. 2005), but their benefits are localised and they are 
expensive if applied at larger than site or reach scales 
(Lintermans 2005; Robson and Mitchell 2010). Struc-
tural woody habitat also promotes scouring in affected 
reaches but the benefits may be erased by siltation dur-
ing high-flow events (Borg et al. 2007). The source and 
delivery of sediment to streams have been well-docu-
mented in south-eastern Australia, with forest roads 
and hill-slope, gully and channel erosion identified as 
major contributors (Davies and Nelson 1994; Croke 
et  al. 1999; Prosser et  al. 2001; Hairsine et  al. 2002; 
Olley and Wasson 2003; Croke and Hairsine 2006; 
Lane et al. 2006). Improved models for amelioration of 
sediment delivery, the value of buffer strips and forestry 
codes of practice have all resulted in decreased sedi-
ment delivery to streams.

Many rehabilitation projects tend to focus on a 
single stressor (e.g. alien species, resnagging, erosion 
control, riparian rehabilitation), although it is well-
understood that multiple stressors are usually 
involved (Davis et  al. 2010b; Robson and Mitchell 
2010). To emphasise the potential virtues of multiple 
actions, the ‘demonstration reach’ concept is being 
applied as part of the Native Fish Strategy for the 
Murray-Darling Basin (Murray-Darling Basin Com-
mission 2004). This is a comprehensive program that 
addresses multiple threats in five states and territories 
over a decadal time scale (Koehn and Lintermans 
2012). Demonstration reaches generally are 20–100 km 
long and subject to a variety of threats and ongoing 
management, with support from nearby communities 
(Barrett and Ansell 2005). Examples are established in 
all Murray-Darling Basin jurisdictions, and interven-
tions variously include instream and riparian habitat 
rehabilitation, provision of environmental flows, 

amelioration of cold-water pollution, provision of 
fishways and alien fish control. Actions are tailored to 
each demonstration reach and monitoring is manda-
tory (Boys et al. 2008).

Rehabilitation of lentic habitats (other than wet-
lands) has received much less attention, although 
these may be critical habitats for threatened fishes 
(Dept of Primary Industries, Water and Energy, Tas-
mania 2006; Hammer et al. 2009; Lintermans 2012). 
In other countries, enhancements of lake and reser-
voir habitats do command attention, especially to 
promote recreational fishing (Bolding et al. 2004). As 
Australia has many artificial impoundments and river 
restoration necessarily is a slow process, we may need 
to look to the potential of reservoirs to help meet 
future conservation goals.

Altered flow regimes
In the 1990s, Australian governments agreed to pur-
sue a water reform agenda, leading to 12 National 
Principles for the Provision of Water for Ecosystems 
(ARMCANZ and ANZECC 1996). As a result, gov-
ernments now have legislative, policy and manage-
ment mechanisms for provision of environmental 
flows (Brisbane Declaration 2007). The actual deliv-
ery of environmental flows has been slower than 
desirable, particularly in the major rivers, but this is a 
problem worldwide (Le Quesne et al. 2010). However, 
progress has been made and the environment now has 
a well-established ‘water right’. More than 200 ‘envi-
ronmental flow methodologies’ (EFMs) have been 
described, grouped broadly as hydrological rules, 
hydraulic rating methods, habitat simulation methods 
and holistic approaches (Arthington and Pusey 2003; 
Tharme 2003).

Hydrological rules (rule of thumb) EFMs rely on 
generalisations that are of dubious value in rivers with 
high inter-annual flow variability (Arthington et  al. 
2006). They usually involve analysis of historical flow 
records and construction of a flow duration curve, 
with flow percentiles as targets. Although these rules 
are commonly used, they may result in long periods of 
constant flow, with negative consequences (Poff et al. 
1997; Lytle and Poff 2004; Poff et al. 2010).

Hydraulic rating EFMs require analyses of channel 
cross-sections (often in riffles) at a range of discharges 
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to measure hydraulic variables, such as maximum 
depth or wetted perimeter, used as surrogates for the 
habitats needed by fishes and other target biota. These 
approaches were once widely used in North America 
and less so in Australia; they have been superseded by 
habitat simulations (Gippel and Stewardson 1998).

Habitat simulation EFMs combine habitat suitabil-
ity data for target species and habitat availability data 
from multiple transects under a range of discharges. 
The most widely used is the ‘instream flow incremen-
tal methodology’ (IFIM: Bovee 1982), in combination 
with the ‘physical habitat simulation’ (PHABSIM: 
Tharme 2003). Other methods include the ‘river 
hydraulics and habitat simulation’ (RHYHABSIM) 
from New Zealand (Jowett and Richardson 1995).

Holistic approaches are useful where there are 
many interacting elements, and are usually applied to 
river systems rather than reaches or sites (Arthington 
and Pusey 2003; King et  al. 2003b; Tharme 2003). 
They consider all elements of the hydrograph 
(Fig. 12.6), along with geomorphic, hydraulic, biotic 
and ecological data (e.g. connectivity, nutrient pro-
cessing, disturbance) and sometimes social issues. 
Holistic EFMs, including expert or scientific panel 
approaches, have been widely applied in Australia 
and South Africa and often incorporate quantitative 
flow ecology models (Tharme 2003). One such 
approach, the ‘benchmarking’ EFM, is used routinely 
in Queensland (Arthington and Pusey 2003). Other 

regional, generic approaches based on rivers in 
hydrological classes are exemplified by the ‘ecological 
limits of hydrologic alteration model’ (ELOHA: Poff 
et  al. 2010). While the majority of environmental 
f low releases focus on returning water to regulated 
rivers, the impacts of elevated baseflows warrant 
more attention (McMahon and Finlayson 2003).

There are numerous reports detailing how envi-
ronmental f low allocations or regimes have been 
determined, but few case studies of environmental 
f low outcomes for Australian fishes (Saddlier and 
Doeg 1997; Lind et  al. 2007). One is that of King 
et al. (2009, 2010), relating to a release of 513 GL to 
augment a natural f lood in spring 2005 in Barmah 
Forest on the Murray River, Victoria (Fig. 12.7). This 
promoted spawning of golden perch and silver perch, 
and although Murray cod and trout cod showed no 
evidence of enhanced spawning there was increased 
recruitment of young-of-year fishes following the 
event. The same flood enhanced the dispersal and 
recruitment of southern pygmy perch (Tonkin et al. 
2008a) and its benefits extended hundreds of kilo-
metres downstream, where there was enhanced 
spawning of golden perch and silver perch (Bucater 
et al. 2009). However, there were also benefits for the 
alien common carp and oriental weatherloach (King 
et al. 2007).

Environmental flows may be implemented for 
alien species. For example, baseflows from Parangana 
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Figure 12.6: Typical daily hydrograph of a temperate river 
showing different flow components (1 = cease to flow; 2 = 
low flow; 3 = freshes; 4 = base winter flows; 5 = bankfull; 
6 = overbank).

Figure 12.7: Actual mean daily discharge (bold solid line), 
simulated mean daily discharge without environmental 
water allocation (EWA, dotted line), simulated natural flows 
(dashed line) during the 2005 Barmah-Millewa EWA (see 
text). Horizontal solid line represents the discharge at which 
floodplain inundation commences. Flows are measured or 
simulated downstream of Yarrawonga, Victoria, on the 
Murray River upstream of Barmah-Millewa Forest. Simulated 
natural flows refer to modelled flows, based on tributary 
inputs and no upstream regulation (redrawn from King 
et al. 2009).
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Dam, Tasmania, are maintained to benefit popula-
tions of brown trout (Salmo trutta) (Dept of Primary 
Industries, Parks, Water and Environment, Tasmania 
2009). Monitoring over 10 years showed that numbers 
of adult trout increased and stabilised about two years 
after the commencement of environmental releases. 
The abundance of young-of-year fish followed a simi-
lar pattern, but with a three-year lag. The increased 
abundance was attributed to increases in available 
wetted habitat and food resources (macroinverte-
brates). There was also an increase in the local abun-
dance of congolli (Pseudaphritis urvillii), possibly 
related to increased upstream migration. In Australia, 
monitoring of fish outcomes from the provision of 
environmental flows is still in its infancy, with few 
published studies. Improved monitoring is needed if 
true adaptive management is to be implemented (see 
‘Monitoring and adaptive management’).

Water quality
Notwithstanding legislation to limit pollution of 
inland waters, enforcement is lacking and penalties 
often are paltry (Sinclair 2005). The development of 
National Water Quality Guidelines has brought more 
consistency across jurisdictions (Australian and New 
Zealand Environment and Conservation Council 
2000), but the links between criteria and measurable 
outcomes are weak (Likens et  al. 2009). Again, the 
need for better monitoring is indicated.

Salinisation is a priority in management of agricul-
tural lands and domestic water supplies (Murray-Dar-
ling Basin Ministerial Council 2001), but concern at the 
impacts of salinity on biodiversity and aquatic ecosys-
tems is usually secondary (Clunie et al. 2002a). A range 
of salinity mitigation activities is employed, including 
engineering (draining and pumping of saline water, 
capping of artesian bores, use of evaporation basins) 
and revegetation (planting of deep-rooted perennial 
species to lower watertables) (Bari and Schofield 1992; 
Murray-Darling Basin Ministerial Council 2001).

Many small-scale threats to water quality are often 
outside legislative control and responses are reliant on 
coordination between land, water and fish manage-
ment agencies. For example, cessation of flows during 
drought can result in fish being restricted to shrink-

ing habitats where local events such as dieback of 
aquatic plants can cause oxygen depletion and death. 
In this case, water, fishes and fish kills are all man-
aged by different agencies (Koehn 2005)

Blackwater events occur when eucalypt leaves and 
other organic material decay in wetlands, consuming 
oxygen and rendering the water black with tannins, 
polyphenols and other chemicals. Low oxygen levels 
cause stress to fishes and other animals. Blackwater 
events in the Murray-Darling Basin have caused the 
deaths of several species, including Murray cod 
(Pritchard et  al. 2009), and they undoubtedly also 
have sublethal effects (Morrongiello et  al. 2011b). 
These events can sometimes be ameliorated if envi-
ronmental flows are provided to dilute and reoxygen-
ate the black water.

Cold-water pollution impacts on rivers are begin-
ning to be addressed, but most large reservoirs still 
affect downstream thermal regimes. Modelling has 
elucidated the potential benefits of mitigation for 
fishes (Brown 2004; Todd et al. 2005; Sherman et al. 
2007) and some local options have been costed (Sher-
man 2000; Boys et  al. 2009; Raine et  al. 2009). The 
costs of retro-fitting multi-level offtakes or other 
devices are sometimes prohibitive, but even low-cost 
options have received little attention. In 2004, how-
ever, the New South Wales government initiated a 
25-year strategy for cold-water pollution mitigation 
(Raine et al. 2009). A surface offtake has been con-
structed at Tallowa Dam on the Shoalhaven River, 
where destratification using compressed air increased 
the outlet temperature (21 m depth) in January from 
12.6°C to 21.9°C. Surface offtakes have also been 
retro-fitted at Tantangara Dam on the Murrum-
bidgee River and Jindabyne Dam on the Snowy River, 
and options have been explored at Burrendong (Mac-
quarie River) and Keepit dams on the Namoi River 
(Raine et al. 2009).

Barriers
The need to ensure fish passage in rivers was recog-
nised more than a century ago, and the challenge since 
has been to facilitate movements over dams, weirs and 
other structures without compromising their opera-
tions. The solution generally has been to construct 
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artificial fishways; the first in Australia was con-
structed in 1913 (Mallen-Cooper and Harris 1990).

Transit through fishways involves attraction, pas-
sage and post-passage (Odeh 1999). Some early 
designs lacked ‘attraction flows’, thus fish might not 
detect the fishway entrance (Harris 1984), but they are 
now commonplace. Little is known of post-passage 
effects (for individual or sequential fishways) and they 
warrant more research. The issues in providing pas-
sage, however, are better understood.

For many years fishways were based on designs 
from Europe and North America, intended for migra-
tory salmonids, and 91 were constructed in Australia 
until as recently as the 1980s (Mallen-Cooper and 
Brand 2007). These designs had steep slopes (1:5 to 
1:9) with 300 mm steps and internal velocities up to 
2.4 m s-1. We know now that these specifications are 
not suitable for native fishes, and later designs typi-
cally have lesser slopes of 1:18–1:30 and smaller steps 
of 50–165  mm, depending on the target species 
(Thorncraft and Harris 2000). Some designs do retain 
steep slopes (e.g. Denil fishways, 1:12) but they also 
have more resting pools. These are intended to 
encourage fish to remain within the fishway, particu-
larly those which (like bony herring) tend to retreat if 
they cannot complete passage in daylight hours (Mal-
len-Cooper 1999). Their value is not proven (White 
et al. 2011) and requires further study.

Research on fish movements has predictably con-
centrated on commercial and recreational species 
(Reynolds 1983; Mallen-Cooper 1992, 1994) but the 
needs of small species and juveniles, and the impor-
tance of lateral as well as longitudinal movements, are 
recognised (Barrett and Mallen-Cooper 2006; Tonkin 
et al. 2008a; Ch. 5). Modern designs are intended to 
facilitate the passage of multiple species and life stages 
(Roscoe and Hinch 2010).

Most fishways are associated with small structures 
like barrages and weirs (Harris 1984; Stuart and Mal-
len-Cooper 1999; Stuart and Berghuis 2002). The 
commonest are ‘rock ramp’ designs, suited to barriers 
up to 1.5 m high, and ‘vertical slot’ designs on barriers 
of 1–6  m (Harris et  al. 1998; Thorncraft and Harris 
2000; Figs 12.8, 12.9). Other designs include ‘pool-
and-weir’, ‘submerged orifice’, ‘Denil’, ‘bypass’, ‘eel 

fishways’, ‘fish locks’, ‘fish lifts’ and ‘trap-and-trans-
port’ (catch-and-carry) arrangements.

Fishways on higher structures (> 15 m) are becom-
ing more common. A 43  m high fishway was con-
structed in 2005 at Paradise Dam on the Burnett 
River, Queensland, including a fish lift for upstream 
migration and, significantly, a fish lock for down-
stream migration. Another 37  m fishway was con-
structed in 2009 at Tallowa Dam on the Shoalhaven 
River, New South Wales, also with a fish lift for 
upstream migration. In Queensland, fishways are 
planned for Wyaralong Dam (34 m, with fish lift) on 
the Logan River and Hinze Dam (108.5  m) on the 
Nerang River. The Hinze fishway will be a trap-and-
transport type, suited for upstream passage where 
water levels fluctuate, because the hopper can be low-
ered to the level of the receiving water. A number of 
smaller fish locks (<  15  m) have been installed on 
structures in north-eastern Australia (Gehrke et  al. 
2002; Stuart et al. 2007).

Provision of fish passage on existing barriers is now 
an accepted part of waterway management and in some 
regions there have been systematic efforts to identify 
and remediate barriers (Dept of Primary Industries, 
New South Wales 2006; Macdonald and Davies 2007; 
Dept of Industry and Development, New South Wales 
2009). The importance of investigating (rather than 
assuming) the effectiveness of fishways has been recog-
nised and is now regarded as an essential component of 
mitigating barriers to fish passage. Most remedial work 
has occurred in southern and eastern regions, where 
most of the barriers occur, but there are some installa-
tions in northern and western Australia (Stuart and 
Berghuis 2002; Morgan and Beatty 2006d; Beatty et al. 
2007). In Victoria, nearly 7000 km of streams were reo-
pened to fish passage in 2002–09 (Dept of Sustainabil-
ity and Environment, Victoria 2010).

Few operational weirs are removed, because there 
often are social or economic implications, but many 
others are redundant and could be removed. Since 
inception of a weir-removal program in New South 
Wales, 14 structures have been removed (e.g. Muswell-
brook Weir, Hunter River; Norco Weir, Richmond 
River: C. Copeland, Dept of Industry and Develop-
ment, New South Wales, pers. comm. 2010).

84



Ecology of Australian Freshwater Fishes302

Figure 12.8: Conceptual plans for full-width (top) and partial-width (bottom) rock-ramp fishways (from Thorncraft and 
Harris 2000).
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Dams, weirs and road crossings continue to be 
built, and most jurisdictions now consider fish pas-
sage issues as part of the approval process. Policy and 
engineering guidelines have been developed for fish 
passage at road crossings (Cotterell 1998; Witheridge 
2002) and remedial measures include replacement of 
barriers with spanning structures (e.g. bridges), low-
level box culverts or fords, drowning or reconstruc-
tion of perched outlets and the use of baffles or rock 
grouting to increase hydraulic complexity (Mallen-
Cooper 2001; Dept of Industry and Development, 
New South Wales 2009).

Some barriers serve a useful purpose in excluding 
alien fishes. For example, Cotter Dam on the Cotter 
River, Australian Capital Territory, excludes common 
carp and redfin perch (Lintermans 2012). The Cotter 
River contains a number of threatened fishes and 
maintaining the barrier has become a priority for 
management (ACT Govt 2007). In other places, barri-
ers have been built or augmented to protect native 

fishes from predatory trout (Lintermans 2000; Linter-
mans and Raadik 2003).

The Murray-Darling Basin is a showcase of prob-
lems and solutions in regard to fish passage. A range 
of fishway designs and techniques has been developed 
over the last 20 years, including vertical slot fishways 
(Mallen-Cooper and Brand 2007), Denil fishways 
(Mallen-Cooper and Stuart 2007), Deelder locks 
(Baumgartner and Harris 2007) and conventional fish 
locks (Stuart et  al. 2010). For more information, see 
Box 12.3.

Alien species
An increasing focus on management of alien fishes 
over the last decade has resulted in several state and 
regional plans or strategies directed at alien fishes, 
particularly common carp (Carp Control Coordinat-
ing Group 2000; Dept of Primary Industries and Fish-
eries, Queensland 2000; Koehn et  al. 2000; Dept of 
Industry and Development, New South Wales 2010a). 

Figure 12.9: Conceptual plan of a vertical slot fishway (from Thorncraft and Harris 2000).
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The Australian Pest Animal Strategy (Natural 
Resource Management Ministerial Council 2007) 
includes alien freshwater fishes in its scope, and a 
separate national plan is being developed for alien 
freshwater fish management. There is also a national 
strategy for ornamental fishes (Dept of Agriculture, 
Fisheries and Forestry 2007), providing for alignment 
of state and federal lists of noxious species (Koehn and 
MacKenzie 2004).

Preventing the establishment of alien species costs 
less and environmentally is more desirable than hav-
ing to control or remove them (Natural Resource 
Management Ministerial Council 2007; Fig.  12.10). 
Risk assessment models have been developed to sup-
port proactive management (Bomford and Glover 
2004). These evaluate the risks of establishment, 
spread and environmental impacts (these may not be 
correlated: Ricciardi and Cohen 2007) and are used to 
screen both prospective and established alien species 
(Kolar and Lodge 2002; Bomford and Glover 2004; 
Rowe et al. 2008).

If prevention fails, early detection and rapid 
response can increase the likelihood of successful 
eradication or control, but there are few monitoring 
programs with the spatial or temporal capacity to 
detect new invasions quickly and, even when a new 
incursion is detected, the response may not be suffi-
cient to prevent spread (Ansell and Jackson 2007). A 
framework for rapid response is being developed as 
part of national arrangements for biosecurity (Ayres 
and Clunie 2010b).

For established alien species, risk assessments are 
needed to assist with prioritisation, planning 
responses and selection of control methods. There are 
broadly four kinds of response, namely eradication, 
containment, control and mitigation (Wittenberg and 
Cock 2001). These are elaborated below.

Eradication is feasible only if the target individuals 
can be removed faster than they are replaced, if there 
is no immigration and the entire population is vulner-
able (Bomford and O’Brien 1995). There have been 
many attempts at eradication of alien fishes but few 

Box 12.3: The Sea to Hume Fish Passage Program

This is a system of world-class fishways along 
2225 river km of the Murray River between the 
mouth and Hume Dam at Albury (Barrett and Mal-
len-Cooper 2006). Commenced in 2001 with a 
budget of $45 million, the program aimed to pro-
vide passage past 15 weirs and barrages, using pur-
pose-built fishways. Construction was planned to 
be completed in 2011–12.

The program aimed to provide passage for 
large- and small-bodied fishes, a task made easier 
by the generally low height of instream barriers 
(< 8 m) and the low gradient of the river (150 m 
elevation change over 2225 km).

At Torrumbarry Weir near Echuca, Victoria, a fish-
way designed for native species (vertical slot, slope 
1:18) was constructed in the 1990s and passed more 
than 20 000 fish over three years of monitoring 
(Mallen-Cooper and Brand 2007). The reconstruc-
tion of this weir in 1994–96 included decommission-
ing and replacement of the fishway with a modified 
vertical slot design.

Initially, the Sea to Hume Program employed verti-
cal slot fishways of slope 1:32, designed to pass fishes 

of 40–1000 mm total length. Monitoring identified 
thousands of small fishes and crustaceans (12+ mm 
long) attempting to use the fishway, so the design was 
changed to combine features of a vertical slot fishway 
with slope 1:18, used by larger fishes (120+ mm), with 
an automated fish lock for smaller fishes (12+ mm). 
The fish lock is for low and medium river flows, when 
small fishes migrate, while the vertical slot operates 
also at high flows, when large fishes migrate. This 
combination provided capital cost savings and 
avoided the need for a very long vertical slot fishway.

The program incorporated modifications to the 
existing fish lift at Yarrawonga Weir, Denil fishways 
at Euston and Mildura and other prototype fishways 
at the barrages near the Murray Mouth. The con-
struction and operation of the fishways were over-
seen by a multi-jurisdictional taskforce, supported 
by monitoring in a context of adaptive manage-
ment (Murray-Darling Basin Commission 2008).

The program was one of the top 25 Australasian 
projects listed by the Global Restoration Network 
(<http://www.globalrestorationnetwork.org/coun-
tries/australianew–zealand/>).
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Figure 12.10: A ‘decision support system’ for managing alien fish species (modified from Wittenberg and Cock 2001; 
Nehring and Klingenstein 2008).
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have been successful (Lintermans 2004) and docu-
mentation is missing or difficult to access. The most 
extensive efforts have been directed at common carp. 
In 1962, following the illegal importation and stock-
ing of the invasive ‘Boolarra strain’ of common carp 
to Victoria, more than 1300 localities were poisoned 
(Koehn et  al. 2000). The species had already spread 
beyond these sites, however, and widespread flooding 
in 1974–75 assisted its spread throughout the Murray-
Darling Basin. Common carp is now the dominant 
fish species in the basin, and extensive sampling in 
2004–07 showed that it accounted for nearly 60% of 
total fish biomass (Davies et al. 2010).

Eradication attempts are difficult, and have most 
chance of success in confined areas (Lintermans 2000, 
2004; Rayner and Creese 2006; Dept of Primary 
Industries, New South Wales 2009). For example, 
common carp were discovered in Lakes Crescent and 
Sorell in Tasmania in early 1995. After attempts at 

eradication in 1995–2009, the population in Lake 
Sorell was reduced to fewer than 20 adult fish and 
none has been captured in Lake Crescent since 2007 
(Inland Fisheries Service Tasmania 2010). Manage-
ment actions included closing the lakes to public 
access, manipulation of water levels, exclosures to 
deny access to spawning habitats, containment of 
eggs, juveniles and adults using screens, localised poi-
soning, electrofishing and netting, pheromone 
attractants and the use of radio-tagged Judas fish to 
locate aggregations (Inland Fisheries Service Tasma-
nia 2004, 2010). In late 2009, however, a spawning 
event occurred in Lake Sorell and carp numbers have 
rebounded (Inland Fisheries Service Tasmania 2010).

Containment and control measures are more 
likely to succeed than eradication, but they are diffi-
cult to sustain (Wittenberg and Cock 2001). Con-
tainment screens and barriers are prone to failure 
through f loods, fire and vandalism or other human 

Table 12.5: Examples of containment or control measures for alien fishes
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References

Common 
carp

✓ ✓ ✓ ✓ ✓ ✓ Carp Control Coordinating Group (2000); Dept of 
Agriculture, Fisheries and Forestry (2007); Koehn et al. 
(2000); Pinto et al. (2005); Stuart et al. (2006); Hillyard et al. 
(2010); Dept of Industry and Development, New South Wales 
(2010a)

Goldfish ✓ ✓ ✓ Pinto et al. (2005); Morgan and Beatty (2006b)

Redfin perch ✓ ✓ ✓ ✓ ACT Govt (2007)

Eastern 
gambusia

✓ ✓ ✓ ✓ ✓ ✓ Dept of Primary Industries and Fisheries, Queensland (2000); 
National Parks and Wildlife Service, New South Wales (2003); 
Kerezsy (2010b)

Tilapia ✓ ✓ ✓ ✓ ✓ ✓ Dept of Agriculture, Fisheries and Forestry (2007); Greiner and 
Gregg (2008); Bradford et al. (2011); Thuesen et al. (2011b)

Rainbow and 
brown trout

✓ ✓ ✓ ✓ Raadik (1995); Lintermans (2000); Lintermans and Raadik 
(2003); Dept of Primary Industries, Water and Energy, 
Tasmania (2006)

Oriental 
weatherloach

✓ ✓ ✓ ✓ Burchmore et al. (1990); Koster et al. (2002)

One-spot 
livebearer

✓ ✓ ✓ ✓ Morgan and Beatty (2006c); Rayner and Creese (2006); 
McNeil et al. (2010)
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interference, but may provide a period of grace for 
development of other control methods. Control pro-
grams ideally involve reduction of pest numbers 
below a level where damage is considered acceptable, 
but thresholds have rarely been determined for Aus-
tralian inland waters and control programs thereby 
lack clear goals. Multiple control methods may 
increase the chance of success, as different life stages 
can be targeted. Known spawning sites, refugia or 
patterns of behaviour may help to prioritise plans for 
control. For example, major recruitment of common 
carp in the Murray-Darling Basin may occur at rela-
tively few ‘hotspots’ under certain conditions (e.g. 
Barmah-Millewa Forest, Macquarie Marshes, lower 
Murray wetlands: Smith and Walker 2004; Stuart 
and Jones 2006a).

Physical methods of control include harvesting 
(netting, trapping, electrofishing, commercial and 
recreational harvesting), exclusion and habitat 
manipulation (e.g. dewatering spawning sites) (Table 
12.5). Commercial harvesting can remove large 
quantities of fishes rapidly but is limited to situations 
where there is a viable, marketable product (Jackson 
2009). Recreational harvests (e.g. carp-athons) are a 
popular community activity with educational value 
but have little lasting effect on this species (Dept of 
Industry and Development, New South Wales 2010a). 
Chemical methods are usually non-selective, with 
adverse effects on non-target species (Table 12.5). 
Rotenone is registered nationally for this purpose 
and has been used in recent attempts at control or 
eradication (Rayner and Creese 2006; McNeil et al. 
2010). In farm dams, ponds and other confined 
areas, lime has been used to raise the pH and control 
fish, and use of copper sulfate to control algae may 
also remove unwanted fish. Biological methods have 
not yet been used, but ‘daughterless’ technology and 
Koi herpes virus are being investigated as possible 
methods to control common carp (Thresher 2008; 
Saunders et al. 2010).

Mitigation (accept the pest but manage its impacts) 
is an option where eradication, containment and con-
trol are not feasible (Wittenberg and Cock 2001). The 
introduction of threatened galaxiids to salmonid-free 
waters is one example (Dept of Primary Industries, 
Water and Energy, Tasmania 2006). Many control 

activities directed at alien fishes are really a type of 
mitigation, in that impacts have not been quantified 
and there are no damage thresholds or known empiri-
cal relationships between pest abundance and dam-
age. These programs aim to mitigate impacts by 
reducing numbers of the alien species, and their value 
is difficult to assess.

Most management activities depend on goodwill 
and cooperation from the general public (Mack et al. 
2000), with public ignorance or misguided fervour 
about particular species often defeating management 
intentions. Consequently, involvement of all stake-
holders and social viewpoints, through education, 
communication and collaboration, are vital in effec-
tive pest management programs (Stokes et al. 2006).

Translocation and stocking
Translocations of native fishes were commonplace 
prior to development of hatchery breeding programs, 
but many early transfers were ad hoc and ill-consid-
ered, and there have been comparatively few in the 
last 50 years. Development of a national translocation 
policy (Ministerial Council on Forestry Fisheries and 
Aquaculture 1999) has encouraged preparation of 
state policies and protocols (Sinclair Knight Merz 
2008) that have greatly improved the practice. Trans-
locations for conservation purposes have become 
more popular in the last decade or two, and have 
included freshwater catfish (Tandanus tandanus), 
Macquarie perch, Murray hardyhead, southern pygmy 
perch, Yarra pygmy perch, western pygmy perch 
(Nannoperca vittata), southern purple-spotted gudg-
eon, Arthurs galaxias (Paragalaxias mesotes), eastern 
dwarf galaxias (Galaxiella pusilla), golden galaxias, 
Pedder galaxias, Swan galaxias (G.  fontanus) and 
western galaxias (G.  occidentalis) (Dept of Primary 
Industries, Water and Energy, Tasmania 2006; Sin-
clair Knight Merz 2008).

Translocation is usually reliant on populations of 
wild fish and so avoids issues with domestication. In 
many recent translocations, the donor population was 
considered doomed and the translocation was a 
 last-ditch rescue effort (e.g. Lintermans 2006). In other 
cases, care is needed to ensure that the removal of indi-
viduals for translocation does not adversely impact the 
donor population.
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There are fish stocking programs in all jurisdic-
tions, with native species stocked in all except South 
Australia, Western Australia and Tasmania. Commer-
cial hatcheries have been producing native fishes since 
the early 1980s (Rowland and Tully 2004) and salmo-
nid production has been underway since the 1860s 
(Clements 1988; Ch.  11). Most stocking is concerned 
with recreational fisheries but some, particularly in 
eastern Australia, is to enhance populations of threat-
ened species. In rivers where recruitment fails as a 
result of human impacts (Humphries et al. 2008a, b), 
stocking may be the sole factor maintaining some spe-
cies. Hatchery practices have been improved by quality 
assurance and accreditation schemes (Rowland and 
Tully 2004) leading to better management of genetic 
resources and diseases, with obvious consequences for 
wild populations that interact with stocked fish.

Since 1960, more than 137 million freshwater fish 
have been stocked into public waters in New South 
Wales and since 2000 more than 78 million fishes (15 
species) have been stocked in New South Wales and 
Victoria (Table 12.6). More than 60  million native 
fishes have been stocked in public waters throughout 
the Murray-Darling Basin. The number stocked in 
private waters (farm dams) is unknown but certainly 
substantial, as many hatcheries produce fingerlings of 
native and alien species for this purpose. About 90% 
of stocking is for five species, including 44% brown 
trout and rainbow trout (Oncorhynchus mykiss) and 
47% Murray cod, golden perch and silver perch. In 
2000–10, the ratio of stocked native and alien fishes 
was near 50:50.

Concern about the ecological consequences of 
stocking is relatively new (Molony et  al. 2003; State 
Fisheries, New South Wales 2003; Phillips 2003), but it 
has brought some changes to policy and practice. In 
New South Wales, an environmental impact state-
ment on the potential impacts of fish stocking (State 
Fisheries, New South Wales 2003) was a milestone; the 
approach is yet to be embraced by other jurisdictions. 
Most jurisdictions now have stocking policies (Phil-
lips 2003) but recreational interests still overshadow 
conservation concerns, particularly in regard to sal-
monid stocking (Jackson et al. 2004). Salmonid stock-
ing policies in some jurisdictions invoke a perceived 
lower predation threat to native species from rainbow 
trout than brown trout (State Fisheries, New South 

Wales 2003), but it remains a questionable practice, 
particularly where there are threatened fauna. Rain-
bow trout are efficient predators on fishes and other 
species (Blinn et  al. 1993; Marsh and Douglas 1997; 
Vigliano et al. 2009).

There has been little research into the effectiveness 
of stocking in maintaining recreational fisheries, par-
ticularly in rivers. Even in impoundments, where 
spawning habitats are limited and recreational fisher-
ies depend on stocking, more research is needed. 
Some native species will breed in impoundments (e.g. 
golden perch breed in urban lakes and reservoirs near 
Canberra), but the contribution of natural recruit-
ment is usually small (Lintermans, unpubl.).

The significance of stocking has increased with the 
utilisation of fishes as indicators of river health 
(Davies et  al. 2010), because the stocked fish could 
confound those assessments. Developments in mark-
ing techniques now permit easy differentiation of wild 
and hatchery-produced fish (Munro et al. 2008; Crook 
et  al. 2009). Recent assessments show that stocked 
golden perch may be 30–40% (in some cases, 80–100%) 
of populations in rivers of the southern Murray-Dar-
ling Basin (Crook et al. 2011).

Management of recreational fisheries
In south-eastern Australia, most commercial fishing of 
native freshwater fishes ceased in 2003, when the last 
licences for the Murray-Darling Basin were revoked. 
Some commercial harvest of common carp continues, 
and there is a small fishery in Lakes Alexandrina and 
Albert in South Australia, but commercial river-fishing 
generally has ceased. This was partly in response to 
declining catch rates and profitability, and partly in 
response to concerns about declining native fish stocks.

Recreational fishing continues, however, in virtu-
ally all Australian rivers, and employs thousands of 
people. Indeed, the recreational take of some species 
equals or exceeds the commercial take (Henry and 
Lyle 2003; West and Gordon 1994), and could contrib-
ute to the decline of species (see Box 12.4). In the 12 
months commencing May 2000, $1.86  billion was 
spent by recreational anglers (Henry and Lyle 2003) 
and almost 20% of Australians aged five years or more 
fished at least once in 2000–01 (Henry and Lyle 2003). 
Some 20% of the fishing effort during this period was 
in fresh water and a further 35% was in estuaries 
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(Henry and Lyle 2003). The freshwater (finfish) har-
vest was predominantly common carp, redfin perch, 
golden perch and salmonids, followed by Australian 
bass, barramundi and Murray cod.

Most agencies regulate recreational harvest by 
declaring size, bag and gear limits, closed seasons 
and closed waters. Some kinds of gear (e.g. set lines) 
have been phased out for recreational fishing, in 
keeping with current philosophies that favour active 
rather than passive gear. This may reduce the quanti-
ties of fishes taken, although some species are subject 
to catch-and-release angling, including accidental 
and deliberate catches (e.g. Murray cod: Douglas 
et  al. 2010). Catch-and-release is now widely prac-
tised, and a national survey in 2000–01 suggested 
that more than 70% of captured Australian bass, 
barramundi and Murray cod were released alive 
(Henry and Lyle 2003). Although the impacts of 
catch-and-release are widely assumed to be minor, 
confirmation is needed and research should include 
investigations of sublethal effects (Arlinghaus et al. 
2007; Hall et al. 2009b).

Aside from regulating harvest, active enhancement 
of recreational fisheries largely relies on stocking pro-
grams (Table 12.6). Stocking is seen by many as a 
panacea for declining fisheries (Phillips 2003; Chs 9, 
11) although the drawbacks are well-documented (see 
‘Translocation and stocking’). Stocking programs 
enhance fish abundance in impoundments (Hunt 
et al. 2010) and can contribute significantly to riverine 
populations (Crook et al. 2011). Stocking in reservoirs 
can deflect pressure from stream fishes (Hunt et  al. 
2010). However, care is needed to ensure that stocking 
does not have deleterious effects on adjacent wild 
populations. Australia has not gone down the path of 
enhancing fish habitat in freshwater lakes and reser-
voirs to enhance recreational fisheries (see review by 
Bolding et  al. 2004), with most freshwater habitat 
enhancement occurring in rivers and streams. The 
claimed recreational benefits of riverine enhance-
ments (e.g. resnagging) are largely anecdotal, and 
more research is required.

There has been a shift in angling ethics since the 
1980s, from the food harvesting approach of previ-
ous decades towards recreational and environmen-
tally sympathetic practices (e.g. catch-and-release, 
cessation of set line use). There has also been a shift 

Box 12.4: Management of Murray cod

Murray cod (Maccullochella peelii) is the largest 
species of freshwater fish in Australia, attaining a 
record 1800 mm length and 113.6 kg weight. It is 
naturally restricted to the Murray-Darling Basin, 
where it was commercially harvested until the early 
2000s. The species was listed as nationally vulner-
able in 2003, in response to declining abundance, 
habitat losses and reduced recruitment. It remains 
a popular target for recreational anglers, with more 
than 108 000 fish captured in the 12 months to 
April 2001 (91% from rivers); 78% of these were 
released (Henry and Lyle 2003). In Victoria in 
2008–09 it was estimated that 44% of anglers tar-
geted Murray cod, with estimated expenditure of 
$166.7 million in 2009–10 (Dept of Primary Indus-
tries, Victoria 2010).

More than a million Murray cod are stocked 
annually in the Murray-Darling Basin (Lintermans 
et al. 2005). Until 2005, the minimum legal length 
in New South Wales, Victoria and the Australian 
Capital Territory was 500 mm total length (TL). As 
one in two Murray cod reaches maturity at 500–
550 mm TL (Rowland 1998b), many fish were 
being harvested before they could breed. The min-
imum legal length has been raised to 600 mm and 
it may have to be increased further if catches 
increase (Allen et al. 2009). There is some evidence 
that numbers have increased in recent years, par-
ticularly in New South Wales (Rowland 2005), 
probably as a result of stronger natural recruit-
ment, protection through regulations, stocking 
and lower numbers of alien common carp and 
redfin perch.

Box Figure 12.4: The length–frequency distribution of 
Murray cod from the Murray River between Yarrawonga 
and Tocumwal in 1995–2004, redrawn from Nicol et al. 
(2005). Note the rapid decline in abundance of 
individuals > 500 mm, the minimum legal length at 
that time.
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Table 12.7: Regulatory measures in recreational fishery management

Measure Explanation Rationale Examples

Fishing licence Mechanism for recovering costs (e.g. 
education, stocking, enforcement, 
habitat enhancement), tracks angler 
participation

Applies user-pays principle, 
tracks recreational effort for 
species or fisheries

Common in fresh waters 
in NSW, Q, T, V

Daily bag limit Number (species-specific) that can be 
taken by angler in a day

To control harvest per angler Bag limit of five golden 
perch in rivers of NSW, V

Possession limit Number (species-specific) in an 
angler’s possession at any one time 
(often twice daily bag limit)

To control harvest per angler NSW, ACT legislation for 
Murray cod, golden perch, 
silver perch

Minimum length 
limit

Minimum length of individuals that can 
be retained

Allow fishes to reach minimum 
size (cf. length at maturity)

Barramundi in NT, Q, WA

Slot length limit Slot size (minimum, maximum) of 
individuals that can be retained

To restrict harvest of small, 
immature fishes and large, 
mature adults

Barramundi in Gulf of 
Carpentaria, Q (600–
1200 mm), Murray cod in 
V (600–1000 mm)

Maximum length 
limit

Maximum length of individuals that 
can be retained

To protect large, mature adults Jungle perch in Q 
(350 mm), Murray cod in 
Q (1100 mm)

Gear limits Allowable number of rods, lines or bait 
types (artificial or natural) that can be 
used

To control harvest per angler Two attended lines in 
NSW general inland 
waters

Gear 
specifications

Dimensions of gear types (e.g. crayfish 
traps) and definitions (e.g. a rod and 
line may contain no more than two 
hooks)

To control harvest per angler Yabbie traps, landing nets 
in ACT, NSW

Water 
designations

To distinguish impoundment and 
riverine fisheries, to designate open, 
trout and trophy fisheries (salmonid 
fisheries)

To control harvest per angler ACT, NSW trout streams, 
riverine and impoundment 
fisheries in NSW, V

Closed waters Specified waters where fishing is not 
permitted

To protect spawning streams, 
habitats for threatened native 
species or where access is not 
desirable (e.g. reservoirs)

Section of Murrumbidgee 
River in ACT to protect 
trout cod, closed streams 
for salmonid breeding in 
ACT, NSW, T

Open seasons Start and finish dates when angling is 
allowed in a waterway

To regulate activity in specified 
streams and to control harvest 
per angler

Trout streams in ACT, 
NSW

Closed seasons Closures to prevent harvest of species 
or groups (e.g. salmonids)

To protect species or groups, 
often in breeding seasons

Murray cod closed seasons 
in ACT, NSW, V

Protected species Species that cannot be retained if 
caught (e.g. threatened species)

To protect threatened species Trout cod in ACT, NSW, 
sawfish in WA

Noxious species Non-desirable species (usually alien), 
usually cannot be returned alive to the 
water

To protect spread of alien 
species and reduce impacts on 
desirable native species

Common carp in Q, V, 
redfin perch in ACT, NSW

ACT = Australian Capital Territory; NSW = New South Wales; NT = Northern Territory; Q = Queensland; SA = South Australia; T = Tasmania; V = Victoria; WA = 
Western Australia.
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in management focus from salmonids to native 
fishes since the 1960s and 1970s. Fisheries legislation 
has been updated and regulatory controls are in 
place for individual species and public waters (Table 
12.7). In addition, anglers themselves have developed 
national and state codes of practice. Engagement 
with anglers is an integral part of successful fisheries 
and conservation management (Granek et al. 2008). 
National recreational fishing organisations and 
advisory groups and public consultations are rou-
tinely part of recreational management, as agencies 
have become more sensitive to the needs and expec-
tations of anglers. Population models have been 
constructed for some angling species to demonstrate 
the possible impacts of changed regulations on har-
vest and sustainability (Todd et al. 2004; Allen et al. 
2009; Todd 2009).

MANAGEMENT, MONITORING AND 
RESEARCH
Learning by doing
‘Adaptive management’ (AM) (learning by doing) has 
been a popular concept for many years (Holling 1978; 
Walters 1986). There are three types:

1 evolutionary AM (trial and error) is where early 
management choices are essentially undirected or 
haphazard and later choices are based on the most 
successful results;

2 passive AM is where the learning from early choices 
is formulated as best practice, subject to review 
after implementation and a period of monitoring;

3 active AM is where implementation of one or more 
policies or actions is treated as an experiment, 
with monitoring, review and comparisons (Allan 
and Jacobson 2009).

AM acknowledges that there is usually imperfect 
understanding of systems being managed and uncer-
tainty over how they will respond and interact. It 
concedes that it is often not possible to wait for knowl-
edge to accumulate; rather, it is better to commit to 
learning by doing, to review the outcomes and incor-
porate what is learned into practice. Many natural 
resource management groups claim to have embraced 
AM but in many plans and reports it appears to be a 

hollow gesture. There is often little appreciation of 
what is needed and a lack of will to implement it fully 
(Stankey and Allan 2009). Perhaps what is lacking 
most is a commitment to a role for research, supported 
by monitoring. AM does not replace or bypass 
research; on the contrary, it helps to direct research in 
areas that match management needs and priorities.

There are six steps in an AM cycle (Fig. 12.11).

1 Assess the problem and specify objectives: a fail-
ing of many policy/management actions and pro-
grams is that the objectives are not specified, are 
vague and cannot be evaluated, or do not repre-
sent the values of stakeholders (Johnson 1999).

2 Model existing knowledge: models must be docu-
mented so that they can be reviewed in light of 
new information. Simple models are preferred, as 
they are easier to develop and understand, require 
fewer data and allow outputs to be easily com-
pared (Schreiber et al. 2004; Argent 2009). Quan-
titative models are preferred, but non-quantitative, 
conceptual models can be used.

3 Model potential management options: alterna-
tive management options are an essential compo-
nent, as AM has little value if an agency is 
committed to a fixed solution. A reluctance to 
accept more risk for higher gain is an impediment 
to applications of AM.

4 Implement chosen option: the preferred option is 
implemented.

5 Monitoring: information is gathered to evaluate 
performance and outcomes and to enable learning.

6 Review and adjust actions: new knowledge from 
monitoring is evaluated, the management or 
policy regime is modified if necessary and the 
cycle begins to repeat.

Many interventions in Australian rivers could be 
categorised loosely as passive AM, but these are 
merely a first step towards the active version, where 
management, monitoring and research are engaged 
fully as parts of a continuing process (see Box 12.5).

Role of monitoring
There is much confusion about the purpose and prac-
tice of monitoring, what information it can supply 
and what scale and type of monitoring are required in 
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particular situations. It is often inadequately 
resourced, superficial, poorly designed or reported 
and considered not to be ‘real science’ (Lindenmayer 
and Likens 2009; Stankey and Allan 2009). Agencies 
that profess a commitment to AM but do not support 
monitoring demonstrate a lack of basic understand-
ing. Imagine if, as owner of a business, you were 
denied information about cash inflow, stock invento-
ries, debts and market preferences – that basic infor-
mation is akin to the data that should flow from 
monitoring the environment. Two kinds of monitor-
ing are most relevant in environmental management 
(Lindenmayer and Likens 2010), namely ‘surveillance 
monitoring’ and ‘intervention monitoring’.

Surveillance monitoring is often at inappropriate 
scales for the core questions in AM but it is impor-
tant nevertheless. The Murray-Darling Basin 
Authority’s Sustainable Rivers Audit, for example, is 
a surveillance monitoring program designed to 
assess the ecological health of rivers in the basin 
(Davies et  al. 2010). It operates at the river valley 
scale, and synthesises and integrates data gathered 
with regard for a number of themes (hydrology, 
macro invertebrates, fishes). The audit does not indi-
cate the cause of an observation (e.g. poor fish condi-
tion in a particular area); rather, it identifies issues 
that may need investigation. Surveillance monitor-
ing can therefore inform AM (Bunn et al. 2010), but 
it has a different purpose.

Box 12.5: Fishways as an example of 
Adaptive Management

The Sea to Hume Fish Passage Program (Box 
12.3) exemplifies the AM cycle.

Step 1: Assess the problem and specify 
objectives: To counter restrictions on upstream 
passage caused by weirs, the program planned to 
restore passage for fishes 40–1000 mm length 
along the Murray River between the sea and 
Hume Dam.

Step 2: Model existing knowledge: Knowl-
edge of fish aggregations below weirs, move-
ment needs (spawning, dispersal) for various 
species (e.g. congolli, golden perch, Murray cod, 
silver perch) and the risks of facilitating passage 
of alien species (e.g. common carp) was reviewed.

Step 3: Potential management options: 
These included consideration of which fishway 
type and slope were most appropriate given the 
position of fishway on the weir (mid-channel, left/
right bank), the hydraulic conditions at each site 
and existing weir management requirements.

Step 4: Implement chosen option: Low-slope 
(1:32) fishways were selected for most weirs, and 
construction was undertaken at Locks 1 and 7–10.

Step 5: Monitoring: Intervention monitoring 
was undertaken at Locks 7–10 to determine 
whether the fishways were effective passing fishes 
in the specified range, and whether fish aggrega-
tions were still occurring below weirs.

Step 6: Review and adjust actions: Monitor-
ing of fishways at Locks 1 and 7–10 showed that 
many small fishes (12+ mm) were unable to com-
plete passage. New measures were trialled, 
including rocks grouted to the base of fishway 
chambers to create a low-flow barrier layer, 
adding hydraulic modifiers to reduce turbulence 
and operating the fishway as a lock (Stuart et al. 
2008b). Alternative designs were trialled at Lock 
8, involving a high-gradient (1:18) vertical slot 
fishway for large fishes (120+ mm) at all river dis-
charges and a fish lock for small fishes (12+ mm) 
at low–medium discharges. This design was 
planned for Locks 3–6 and 15. Monitoring is 
ongoing, completing the AM cycle and highlight-
ing any need for adjustments.

Figure 12.11: The adaptive management cycle.
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Intervention monitoring (question-driven monitor-
ing) is most informative for AM applications. It pro-
vides information about specific interventions (e.g. a 
resnagging program, mitigation of thermal pollution, 
alien fish control) and generally is conducted at 
smaller temporal and spatial scales than surveillance 
monitoring. There are different levels of intervention 
monitoring, from basic unreplicated, uncontrolled 
anecdotal observations to replicated, controlled sys-
tematic measurements, including ‘before’ and ‘after’ 
treatments (Downes et  al. 2002). Far from being an 
incidental issue, monitoring is inherently part of AM 
and part of environmental science.

CHALLENGES FOR CONSERVATION AND 
MANAGEMENT
Spatial and temporal scales
Most initiatives in aquatic ecosystem management 
have been at site or regional scales rather than at 
landscape scale. The ‘riverscape concept’ promotes 
the need for holistic perspectives in fish management 
but this is still in its infancy in Australia (Fausch 
et al. 2002). Uncoordinated, small-scale projects have 
dominated in the past and continue to do so, and we 
have learned little from them to guide other efforts 
(Bond and Lake 2003a; Lake 2005; Palmer et  al. 
2005). This is true, for example, of alien fish manage-
ment (Koehn and MacKenzie 2004). Other examples 
are the ways that fishery and water resource regula-
tions change at jurisdictional boundaries, when it is 
clear that fauna and flora are insensitive to political 
borders. These are critical concerns, because on-
ground management is the responsibility of regional 
catchment authorities or councils who must work 
within boundaries imposed by planning and political 
processes. Management needs to transcend these 
boundaries if worthwhile conservation outcomes are 
to be achieved.

The time scales for management of fishes and other 
aquatic resources also need careful consideration. Eco-
systems and communities that have evolved over pro-
tracted time scales then degraded over a matter of 
years are unlikely to recover as a result of simple 
manipulations in short periods. For threatened species 
recovery, it must be acknowledged that some species 

may be in severe extinction debt and may not survive, 
let alone recover (Kuussaari et al. 2009). The need to 
manage aquatic resources as part of ecosystems is 
increasingly recognised (Likens et al. 2009). Complex 
systems involve patterns and processes that operate 
and interact, sometimes with substantial time lags, 
and individual components cannot be isolated and 
manipulated at scales that suit managers before fishes. 
Getting managers, policy-makers and governments to 
embrace and implement long-term, ‘whole of valley’ 
and ‘riverscape’ thinking will not be a trivial task.

Climate change
Climate change has been a reality for millennia but 
there is overwhelming evidence that the nature and 
pace of change are now responding to human indus-
try. Changes in coming decades may cause some spe-
cies and ecological communities to expand their range 
and abundance; others will contract and all, it is safe 
to say, will be affected in some way.

Sea levels are rising, river water temperatures are 
rising (Kaushal et  al. 2010), rainfall patterns have 
changed dramatically in some areas (e.g. Perth: 
Bureau of Meteorology 2011), Australia experienced 
the Millennium Drought and the decade ending in 
2010 was the hottest on record (since 1910: Bureau of 
Meteorology 2011). Lower rainfall, coupled with 
warmer air temperatures, indicate substantial declines 
in runoff and river flows for much of Australia. 
Increasing aridity is likely to increase fire risk, with 
the potential to affect fish populations (Lyon and 
O’Connor 2008). Fires alter vegetation, which may 
then alter runoff and stream flow, resulting in 
increased sediment delivery to streams (Lane et  al. 
2009; Wittenberg and Inbar 2009) followed by reduced 
runoff in subsequent decades. Some areas will experi-
ence increased rainfall or an increased frequency of 
severe climatic events such as storms and flooding. 
Rising sea levels will result in saltwater intrusions and 
the loss of coastal wetlands.

Coupled with these changing climatic factors, 
anthropogenic changes in land cover (e.g. urbanisa-
tion, land clearing) have altered water infiltration and 
runoff patterns. Dams are also stressing riverine eco-
systems (Bond et  al. 2008). Australia appears to be 
entering a new ‘infrastructure solution’ phase, with 
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new dams and pipelines to facilitate intercatchment 
movement of water proposed or constructed in various 
regions. Australia already has the highest per capita 
level of water storage in the world, and the underlying 
philosophy will not change quickly. Increased popula-
tions and new dams will further change streamflow 
patterns, as water resource managers endeavour to 
capture and deliver water to meet increased demands.

Changed rainfall, runoff and temperature regimes 
will inevitably modify ecosystem processes and the 
dynamics of populations and test the physiological 
tolerances, parasite interactions and distributional 
limits of fishes (Collares-Pereira and Cowx 2004; 
Perry and Bond 2009; Balcombe et  al. 2011b; Mor-
rongiello et al. 2011a). These changes could have revo-
lutionary implications for conservation of native 
fishes, rehabilitation of habitats and management of 
alien fishes.

Stemming the tide of aliens
The number of alien species in Australia has risen 
quickly since the 1980s, and will continue to rise 
unless management intervenes (Lintermans 2004; 
Ch.  11). Most recent invasions have been aquarium 
fishes, especially in the tropical or subtropical water-
ways of northern Australia. Some ornamental species 
with serious potential impacts are already at Austral-
ia’s northern boundaries, with climbing perch (Ana
bus testudineus), snakehead (Channa striata) and 
walking catfish (Clarias batrachus) having reached 
Papua New Guinea. Climbing perch are also reported 
from islands in Torres Strait (Hitchcock 2002; Bur-
rows and Perna 2009). Some 700 aquarium species 
known to have been in Australia in the past are no 
longer approved for importation (McNee 2002), but 
species like these pose a persistent risk. The continu-
ing spread of alien fish species already in Australia is 
cause for alarm (Lintermans 2004; Rowley et al. 2005; 
McNeil et al. 2010) and a coordinated national strat-
egy is needed to galvanise action.

Freshwater protected areas
The concept of ‘freshwater protected areas’ has been 
applied only patchily in Australia, but there are suc-
cessful examples in other countries (Abell et al. 2007; 
Suski and Cooke 2007; Pittock et al. 2008). Australia 

does not have a comprehensive, representative net-
work of freshwater reserves (Nevill 2007), and it is 
unlikely that existing terrestrial reserves adequately 
conserve native freshwater fishes (Keith 2000; Nel 
et al. 2007; Roux et al. 2008). National parks do not 
adequately protect rivers; for example, 12 of 15 rivers 
in Kosciuszko National Park, New South Wales, are 
affected by dams and diversions (Lake 2005). The 
same may be said of the degree of protection afforded 
by initiatives such as the Directory of Important Wet
lands in Australia (Dept of Environment Water Herit-
age and the Arts 2011) and identification of ‘high 
conservation value aquatic ecosystems’ (Sinclair 
Knight Merz 2007), ‘heritage’ or ‘wild’ rivers and ‘wet-
lands of international importance’ listed under the 
1971 ‘Ramsar Convention’. Such initiatives do not 
approach a comprehensive and representative system 
relevant to fishes. For example, of 64 Ramsar wetlands 
declared in Australia since 1974, none is declared pri-
marily for its native fish values despite some strong 
candidates (e.g. the Murray River between Yar-
rawonga and Cobram, Victoria, with the only natural 
wild population of trout cod). In most national parks 
and reserves, freshwater fishes are largely unpro-
tected, and they are not considered ‘animals’ under 
many nature conservation statutes.

Freshwater protected areas may not be a complete 
solution but they do have virtues that offset the inad-
equacies of existing reserves (Abellan et  al. 2007), 
particularly in regard to fishes (Keith 2000; Cuch-
erousset et al. 2007; Hermoso et al. 2009). There are 
several problems associated with freshwater protected 
areas, because upstream management may compro-
mise the value of a downstream reserve (e.g. flow 
abstraction, thermal and chemical pollution: Saun-
ders et al. 2002; Moilanen et al. 2008). There is resist-
ance to declaring freshwater protected areas in some 
states, as the move is perceived by some as ‘locking up’ 
rivers and there is a fear that angling might be 
restricted or banned (Koehn 2010). Involvement of 
key stakeholders from the outset is essential if fresh-
water protected areas are to be effective (Barmuta 
et  al. 2011), and well-informed and engaged anglers 
will recognise the benefits of having core populations 
of valued species that can disperse and maintain 
regional fishing opportunities. Freshwater protected 
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areas do not necessarily mean ‘no fishing’; they may 
encompass a mosaic of gear, spatial and temporal 
restrictions or closures, much as presently applies for 
alien and native fish species. A model for a system of 
freshwater protected areas in the Murray-Darling 
Basin has been proposed as a starting point (Phillips 
and Butcher 2005; Phillips 2008).

Community engagement
Engaging community interest in the future of native 
freshwater fishes is difficult. While it may be easy to 
awaken interest in recreationally important species 
such as Murray cod and barramundi, non-recreational 
species and the many small species do not attract the 
same empathy. Iconic taxa such as the Australian 
lungfish (Neoceratodus forsteri) receive national 
attention (Arthington 2009) and some species have 
local profiles (e.g. southern pygmy perch and south-
ern purple-spotted gudgeon in South Australia: Ham-
mer et  al. 2009; Mary River cod in Queensland: 
Arthington 2009), but these are often responses to 
immediate threats and interest is not sustained. Indig-
enous consultation and engagement have been poor, 
and need to be addressed. Government resources are 

strained; without community interest and active 
involvement in fish-related activities, resources will 
be directed elsewhere. As water becomes increasingly 
scarce, the debate over consumptive versus non-con-
sumptive aquatic values will intensify: if native fishes 
are to be considered, we need the community to be 
barracking for the fish. To paraphrase a political aph-
orism, ‘Ask not what fishes can do for you, but what 
you can do for fishes’!

CONCLUSION
Many Australian freshwater fishes are in decline and 
that trend will continue without substantial new 
investments in conservation and management. Some 
threatened species have been rescued from the brink 
of extinction (e.g. barred galaxias, Pedder galaxias) 
and others are at the brink. There is a strong ground-
swell of opinion calling for action, and although 
management of fishes and fisheries has improved in 
the last three decades there is much room for 
improvement and innovation. It is a challenging, 
exciting time to be involved in fish conservation and 
management.
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Abstract. Freshwater fish are a highly threatened group and recovery of these threatened species is an increasingly
difficult ecological and social challenge. There are many different on-ground recovery actions available to managers, but

no synthesis of what, how or why these recovery actions have been deployed. The present paper reviews 428 reported
on-ground recovery actions from a survey of practitioners of threatened freshwater-fish recovery in Australia. Recovery
actions were grouped into 12 categories, with the most commonly utilised recovery categories being harvest control,

translocation, habitat enhancement and stock enhancement. Major drivers of recovery actions were general conservation
concern, recovery plans and emergency responses. The number of recovery actions grew significantly in the decade
beginning 2000 as the impacts of prolonged drought in south-eastern Australia intensified. In all, 58% of recovery actions
occurred in the Murray–Darling Basin, although this region holds only 27% of the 74 listed threatened freshwater fish in

Australia. Few or no recovery actions were reported for many species, and few actions occurred in northern or western
parts of the country. More than 80% of recovery actions reportedly had some form of monitoring. The diversity of
management interventions is reviewed, and patterns and issues are identified to guide future recovery efforts.
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Introduction

Recovering threatened species is an increasingly difficult eco-

logical and social challenge. The number of threatened species
continues to rise globally (Hoffmann et al. 2010; IUCN 2012)
with little evidence of a declining trend in listing for most

groups. The IUCN Red List (version 2012.1) has grown from
10 533 species in 1996–1998 to 63 837 in 2012. Currently, 2041
fishes are listed asCritically Endangered (CE), Endangered (E)

or Vulnerable (V), almost triple the 734 listed in 1996–1998
(IUCN 2012). Such increases are occurring across the spectrum
of threat categories, with the number of CE, E andV fishes rising
by 264%, 572% and 258%, respectively, between 1996–1998

and 2012 (IUCN 2012). Many countries have statutory national
lists, national non-statutory lists, and state or regional lists,
adding to the overall threatened species management burden.

For example, in Australia, 36 freshwater fishes are listed as
nationally threatened under the Environment Protection and

Biodiversity Conservation Act 1999 (EPBC Act), with a further

13 species nationally listed by the Australian Society for Fish
Biology (Lintermans 2011) and another 25 species listed under
State or Territory legislation (Lintermans 2013a).

The funds allocated tomaintaining biodiversity and restoring
threatened species are orders of magnitude less than required
(Balmford et al. 2003; Joseph et al. 2009) and the shortfall is

unlikely to be addressed in the near future. Decisions to list
species as threatened are justifiably decoupled from the man-

agement costs that such listing might entail, but failure to devote
adequate resources to recovery management means that such
species will require perpetual conservation management, may

not persist or never be delisted (Scott et al. 2005, 2010; Doremus
and Pagel 2001; Joseph et al. 2008). Threatened species recov-
ery plans guide management activities; however, prioritisation

of resources among threatened species or among activities
within a species recovery plan is problematic (Briggs 2009;
Joseph et al. 2008, 2009). In the USA, 5.5% of listed threatened
species accounted for 55% of funds spent on recovery between

1990 and 2002 (Kerkvliet and Langpap 2007). In Australia, the
implementation of recovery plans for nationally listed species is
devolved to and funded by the states and territories (Hawke

2009), which are also responsible for recovery actions for state-
listed species. Consequently, competition for funds is fierce,
there are inevitable shortfalls, and priorities are often identified

on the basis of conservation status (Possingham et al. 2002).
There is relatively little information on the use or combina-

tion of recovery actions deployed for threatened species. Large-

scale reviews suggest that, on average, recovery actions are
slowing or stabilising rather than reversing the decline of
threatened species (e.g. Male and Bean 2005; Gibbs and Currie
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2012), although there are notable exceptions. Where rapid
recovery has occurred, it is usually for species with single or

relatively easy to address threats (i.e. non-‘wicked’ problems
(Abbitt and Scott 2001; Doremus and Pagel 2001). The influ-
ence of some specific management actions (e.g. the identifica-

tion of critical habitat) on recovery trajectory has been
scrutinised but the results may be contradictory (Taylor et al.
2005; Gibbs and Currie 2012) and the majority of management

interventions have not been examined. For freshwater fish, there
is a relatively common suite ofmanagement activities employed
to recover threatened species, including stock enhancement with
captive-bred individuals, translocation, habitat rehabilitation,

legislative protection, remediation of barriers to fish passage,
improved water-quality and flow management, and control of
alien species (Cowx 2002; Helfman 2007; Lintermans 2013a).

A large-scale synthesis of what, why and how these recovery
actions have been deployed has not previously been documented
at a national or continental scale, with such an approach

potentially informative internationally. The present paper
reviews the diversity of on-ground management interventions
directed at Australian threatened freshwater fish, and examines
patterns and issues that may guide future recovery efforts.

Reviews of recovery programs are essential if recovery
science, legislation and management are to improve and valu-
able resources are to be better directed (see Clark et al. 2002;

Taylor et al. 2005;Goble et al. 2006; Scott et al. 2010;Gibbs and
Currie 2012). However, such reviews are dependent on the
quality and availability of relevant data and the method of

analysis (Abbitt and Scott 2001; Crouse et al. 2002; Gibbs and
Currie 2012). Although the outcomes of numerous individual
recovery case studies are available, there are relatively few

reviews of intervention classes or for specific threatened animal
groups. An exception is reintroductions where several reviews
have identified critical components and processes (e.g. Griffith
et al. 1989; Fischer and Lindenmayer 2000; Sheller et al. 2006)

and an identifiable field of reintroduction science has developed
(Seddon et al. 2007; Armstrong and Seddon 2008).

Methods

The goal of the review was to understand what on-ground
management actions have been undertaken to recover threat-
ened freshwater fish in Australia. A diverse group of practi-

tioners involved in managing, researching or conserving
threatened freshwater fish was surveyed by email, seeking
information about on-ground actions to recover threatened

freshwater fish in Australia (for survey details, see Table S1,
available as Supplementary Material for this paper). As well as
information on the recovery action and focal species, informa-
tion was also sought on the drivers for the recovery action,

whether monitoring was conducted, the adequacy of monitoring
resources available, and whether actions were considered suc-
cessful in achieving their goals. The target of the survey was

threatened species with ‘threatened’ defined as any species lis-
ted on national, state or advisory listings in the higher-level
categories of critically endangered, endangered or vulnerable

(either as species or threatened populations). Seventy-four
freshwater species are currently listed as threatened at national
or state or territory level (Lintermans 2013a; see Table S2,

available as Supplementary Material for this paper). The pri-
mary or significant target of activitiesmust have been threatened

freshwater fish species. River-health projects and broad river or
aquatic education programs with ancillary but untargeted ben-
efits for threatened species were excluded. Threatened fish

communities were not included as focal entities in the survey.
The inclusion of threatened fish communities would have made
such a wide range of management activities potentially relevant

as to cloud interpretation.
‘On-ground’ was defined as management activities that

manifest themselves in field management activity, with legisla-
tive actions such as prevention of take included. Research

activities were excluded, because many research activities do
not result in discernable on-groundmanagement activities and if
they did, they would be captured in the survey. There were no

criteria forminimumormaximum size or cost of projects, nor on
who the projects were conducted by; so, activities by catchment
management authorities, government agencies, private indivi-

duals, public conservation organisations, water authorities and
individual companies are all included in the survey.

Care was taken to remove duplicate records from the survey
before analysis. For several projects, insufficient information on

duration, effort, timing or focus was able to be collected, and so,
these projects were excluded. However, projects with occasion-
al missing fields were included, so as to present as representative

a sample as possible. Undoubtedly, there are additional projects
that have not been captured, but the aim was to gather a
representative rather than exhaustive project list.

The diverse array of recovery actions was allocated into 12
categories on the basis of their primary activity (Table 1).Where
responses included several activities within a single project, the

project was included in the category tally for each of the
components. Similarly, where more than one focal species
was identified, the activity was allocated to all focal species
identified. Recovery actions were grouped into 5-year blocks,

based on the year the action commenced.
After receipt of responses, the reported drivers of recovery

actions (i.e. what triggered the action) were categorised into six

broad categories, as follows:

general conservation concern – often for species without
or before the development of recovery plans, related to
ongoing or potential declines, and long-standing identified

conservation needs,
recovery plan priorities – for species that have existing state/

territory or national recovery plans,

emergency responses – actions in response to anthropogenic or
natural events such as pollution events, bushfires, drought,
flooding, or imminent invasion by alien species,

state and regional strategies – e.g. broad-scale fish-passage
strategies, regional conservation strategies, environmental
flow plans, catchment management plans, local conservation
plans, and national park management plans,

identified management needs – actions stemming from prior
management exercises, research projects, and

development condition of consent – arising from mandatory

conditions attached to approved development proposals.

The scale of reported actions was also reviewed, including
both the spatial extent of the management action, as well as the
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Table 1. Categories of on-ground recovery activities (and their abbreviations as used in subsequent figures)

Category Abbreviation Definition

Alien-fish control AFC Direct removal of alien fish, installation or augmentation of barriers to limit dispersal, measures to prevent

introduction.

Fish passage FP Removal of barriers to upstream and/or downstream migration of fishes. Includes the physical removal of

barriers, installation of fishways, and alteration of existing fishways for target threatened species (NOT

measures to limit the spread of alien species).

Habitat enhancement HE Installation of in-stream structures (natural, artificial) for cover or spawning, creation ormodification of refuge

habitats, modification of streambed to prevent stranding, in-stream structures to prevent erosion, artificial

aeration.

Habitat protection HP Includes declaration of critical habitat, protection from management or development activities (e.g. bushfire

control, highway construction), remediation from toxic-spill events.

Riparian works RW Riparian planting, weed control, fencing, stock exclusion, provision of off-stream stock watering, bank

stabilisation.

Harvest control HC Legislative controls on take (NOT for recreational fishery management), specific area closures.

Environmental

watering

EW Release of environmental flows, floodplain watering, delivery of water to isolated environments (closely

related to ‘Water management’ (see below) but has a focus on active water delivery, rather than controls on

abstraction or manipulation of lentic water bodies).

Rescue R Rescues of wild fish from natural environment in the face of critical environmental threats (e.g. bushfire,

desiccation, blackwater, alien fish, toxicants).

Translocation T Release of wild captured fish into locations within and outside their natural range.

Stock enhancement SE Initiation of captive breeding programs, release of hatchery-bred fish, and release of fish bred in surrogate sites.

Water management WM Management of water levels in lakes/reservoirs, restrictions on extraction/diversion from streams.

Other O Disease control, creation of protected areas, education activities targeted at specific issues for threatened

freshwater fish (NOT general education programs).
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Fig. 1. Distribution of recovery actions across Australian states and territories and for the

Murray–Darling Basin (MDB). Note that theMDB total is extracted from the state and territory

data. Abbreviations of recovery categories are given in Table 1. ACT¼Australian Capital

Territory, NSW¼New South Wales, NT¼Northern Territory, Qld¼Queensland, SA¼
South Australia, Tas¼Tasmania, Vic¼Victoria, WA¼Western Australia.
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likely extent of impacts arising from the recovery action. For
example, although fishways are constructed at a local/site scale,

their impact can be larger than this (usually tens of kilometres
before the next fish-movement barrier is encountered).

Results

In total, 428 on-ground recovery actions were identified by
respondents, with actions being recorded in all states/territories
(Fig. 1). Most recovery actions were recorded in southern and

eastern Australia, with relatively few being reported for western
or northern states/territories (Fig. 1). The Murray–Darling
Basin, which covers .1million km2 and includes part of
Queensland (Qld), New South Wales (NSW), Victoria (Vic),

South Australia (SA) and all of the Australian Capital Territory
(ACT), contained 58% of reported actions. Recovery-action
categories comprising more than 10% of the total were (in

decreasing rank) harvest control, translocation and habitat
enhancement, which, combined with stock enhancement, res-
cue, fish passage, environmental watering and riparian works,

comprised 88% of all actions (Fig. 2). The only other category
containing more than 5% of actions was alien-fish control
(Fig. 2).

The diversity and number of recovery actions increased
substantially over time (Fig. 3). Only a single recovery category
was reported pre-1981 (harvest control), growing to four cate-
gories (harvest control, riparian works, stock enhancement,

translocation) by the early 1980s, and including all 12 categories
by the early 2000s (Fig. 3). The number of on-ground recovery
actions peaked in 2006–2010, although it must be noted that at

the time of review, the decade commencing 2011 contained
approximately only 1 year of data. In the late 2000s, the number
of rescue, environmental watering, translocation and stock-

enhancement activities increased noticeably over previous
periods.
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Fig. 2. Number of on-ground recovery actions by category for threatened

freshwater fish in Australia. Abbreviations of recovery categories are given

in Table 1.
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On-ground recovery actions were reported for 54 of the 74
species listed, with most species where recovery actions were

reported having six or fewer actions (Fig. 4a). Fifteen per cent
of listed species had only a single recovery action reported, 64%
of species had fewer than three actions and 73% had fewer than

five actions. Species with more than 20 recovery actions
reported were Macquarie perch, Macquaria australasica (74),
Murray hardyhead, Craterocephalus fluviatilis (35), dwarf

galaxias, Galaxias pusilla (32), freshwater catfish, Tandanus
tandanus (27), and trout cod, Maccullochella macquariensis

(26), with all of these species occurring in southern Australia
and only one (G. pusilla) occurring outside of the Murray–

Darling Basin. On average, species with recovery actions
reported had actions in three recovery-action categories, with

one species (Macquarie perch) having actions in all 12 catego-
ries (Fig. 4b). Only a single species from northern or western

Australia (red-finned blue-eye, Scaturiginichthys vermeilipinnis)
had actions reported from more than three recovery-action
categories, and no northern or western species had more than

six recovery actions reported. Fourty-seven species had three or
fewer recovery actions reported, with 20 of these having no
recovery actions reported (see Table S3, available as Supple-

mentary Material for this paper). These species with low or no
recovery actions reported included nationally and state-only
listed species and covered a range of threat categories, from
Vulnerable to Critically Endangered.

Harvest control

Between 1991 and 2005, there was substantial activity to con-

trol harvest of threatened freshwater fish species, with this
increased activity largely reflecting the surge in threatened
species listings over this time period. As well as declarations of
total protection from take, some regional closures were also

implemented. Examples include closures of river reaches to all
angling (such as the in the Cotter and Murrumbidgee rivers in
the ACT to protect trout cod and Macquarie perch), and clo-

sures to commercial net fishing to protect freshwater sawfish
Pristis microdon andGlyphis spp. (speartooth and river sharks)
in Qld and the Northern Territory (NT). Note that harvest

controls aimed at management of recreational fisheries (for
species where legal take was permissible) are not included in
this survey. For example, almost all of the management actions
directed at Murray cod, Maccullochella peelii, have been

driven by recreational fishery management, rather than con-
servation management.

Rescue and translocation

‘Rescue and translocation’ and ‘rescue’ were the fifth- and
second-most common recovery actions, respectively (Fig. 2).
There is a broad diversity of species that have been subject to

rescue and/or translocation, including both large-bodied river-
ine (e.g. Macquarie perch, see Lintermans 2013b) or lacustrine
species (e.g. freshwater catfish) and small-bodied wetland spe-

cies (e.g. Murray hardyhead, Yarra pygmy perch, southern
pygmy perch, see Ellis et al. 2013, Hammer et al. 2013, Saddlier
et al. 2013; Table 2). Rescue actions often result in translocation

when the animals are taken into captivity and the donor location
is unable to have rescued animals returned (as a result of
unsuitable habitat conditions (e.g. dessication)). Rescues and

translocations occurred predominantly in southern Australia.
The incidence of both of these recovery actions increased sub-
stantially in the 2000s during the millennium drought in south-
eastern Australia (Table 2). All freshwater catfish translocations

occurred in Vic and were largely driven by concerns over
declining habitat condition in small lakes (P. Clunie, unpubl.
data), as were Murray hardyhead rescues and translocations

(Ellis et al. 2013). The number of individuals translocated varied
considerably among species and locations. For example species
that have a program of regular translocations over several years

can involve thousands of individual fish (e.g. Arthurs para-
galaxias, Paragalaxias mesotes, in Tasmania (Tas), 300–500
fish translocated per year for 8 years).More often, translocations
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involved much fewer individuals (usually 50–200), and were
single events.

Habitat enhancement

Habitat enhancement was the third-most common recovery
action (Fig. 2) and covered a diverse range of activities,

including stream-bed stabilisation, addition of structural woody
habitat, installation of rock groynes to promote pool formation,
creation of refuge pools, addition of artificial spawning sub-

strates, artificial aeration to combat low dissolved oxygen,
construction of cover to minimise predation, in-stream works to
minimise fish strandings downstream of dams, creation of
artificial wetlands, and in-stream structures to prevent bank

erosion. Habitat enhancement became a frequent practice from
the late 1990s, and has primarily been deployed in Vic (20
actions) and NSW (15 actions) where it is often combined with

other recovery actions such as riparian works, stock enhance-
ment and fish passage.

Stock enhancement

Stock enhancement was the fourth-most common recovery
action, and has a long history of involvement with recovering

threatened freshwater fish species, with activities in Australia
commencing in the early 1980s, and continuing to the present.
Stock enhancement has been employed for 11 threatened

freshwater species, with some programs having released more
than 1 million individuals in programs spanning more than
20 years (Table 3; see Koehn et al. 2013). The larger (spatially
and temporally) stocking programs have focussed on large-

bodied individuals that were formerly favoured angling species
(trout cod, Macquarie perch, eastern freshwater cod, Maccul-

lochella ikei, Mary River cod, Maccullochella mariensis).

No reports were received of conservation-oriented (as opposed
to recreational-fishery) releases of Murray cod, M. peelii.

However, in recent years, breeding programs for small-bodied
fish have been developed (Table 3; see Ellis et al. 2013;Hammer
et al. 2013). Innovative approaches using artificial refuges (farm

dams and created wetlands) were used for Yarra pygmy perch,
Nannoperca obscura, Murray hardyhead, and southern pygmy
perch,Nannoperca australis, allowing relatively small numbers

of captive-bred fish to produce thousands of offspring for
reintroduction (Hammer et al. 2013). Harvest of fertilised egg
masses from the wild was employed for barred galaxias,

Galaxias fuscus, with the captively hatched larvae then
on-grown and juveniles released to the wild (T. Raadik,
unpubl. data).

Environmental watering

Environmental watering was the equal sixth-most common
recovery action. It increased in prominence in the early 2000s,
peaking in the late 2000s, with the majority of actions
undertaken in NSW (14 actions), Vic (10) and SA (9). There

were no actions in this category reported for Qld, NT or
Western Australia (WA) and only a single action in the ACT
and Tas. Sixty-four per cent of the 36 actions reported were

related to water-quality issues associated with evaporation in
small remnant habitats (e.g. elevated salinity) and maintaining
persistence of drought refugia. Another 17% involved supply

of water to ameliorate water-quality problems from blackwater
events (low dissolved oxygen). Nineteen per cent were to
mimic components of natural hydrographs, to facilitate
spawning or flush sediments from important feeding and/or

breeding habitats. Most environmental-watering actions were
directed at Murray hardyhead (12 actions), Murray cod (7) and
dwarf galaxias (5).

Table 2. Rescue and translocation actions reported (total (all years) and those from 2000 to 2010)

Common name Scientific name Rescue Translocation

Total 2000–2010 Total 2000–2010

Australian lungfish Neoceratodus forsteri 3 2 0 0

Barred galaxias Galaxias fuscus 3 3 0 0

Dwarf galaxias Galaxiella pusilla 1 1 10 7

Freshwater catfish Tandanus tandanus 1 1 15 12

Macquarie perch Macquaria australasica 3 3 10 4

Murray cod Maccullochella peelii 2 2 0 0

Murray hardyhead Craterocephalus fluviatilis 11 10 7 6

Olive perchlet Ambassis agassizii 1 1 1 0

River blackfish Gadopsis marmoratus 2 2 1 1

Southern pygmy perch Nannoperca australis 3 3 2 1

Trout cod Maccullochella macquariensis 3 1 0 0

Yarra pygmy perch Nannoperca obscura 3 2 2 2

Silver perch Bidyanus bidyanus 1 1 0 0

Arthurs paragalaxias Paragalaxias mesotes 0 0 1 1

Southern purple-spotted gudgeon Mogurnda adspersa 0 0 1 0

Two-spined blackfish Gadopsis bispinosus 0 0 1 1

Clarence galaxias Galaxias johnstoni 0 0 1 0

Golden galaxias Galaxias auratus 0 0 1 0

Pedder galaxias Galaxias pedderensis 1 0 2 1

Red-finned blue-eye Scaturiginichthys vermeilipinnis 0 0 1 1
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Fish passage

Fish-passage enhancement was the equal sixth-most common

recovery action. Only a single instance of provision of fish
passage for threatened species was reported before 1995,
increasing by four in the latter half of the 1990s and then
increasing by another 13 and 9 in the first and second half,

respectively, of the 2000s. Fish-passage actions were reported in
all jurisdictions except Tas and NT, with most being reported
from NSW (12) and Vic (9). Common actions in this category

comprised provision of fishways (17), physical or operational
alterations to existing infrastructure (e.g. dams, road culverts) to
improve fish passage (12) and removal of existing barriers (6).

Species most commonly targeted were Australian grayling,
Protroctes maraena (10), Australian lungfish, Neoceratodus
forsteri (6), Macquarie perch (6) eastern freshwater cod (3) and

congollis, Pseudaphritis urvillii (3).

Riparian works

Riparian works were most commonly reported in Vic with
common activities including weed control, tree planting, willow

removal, stock exclusion fencing and bank stabilisation.
Riparian works are commonly employed by Catchment Man-
agement Authorities (CMA) or Natural Resource Management

(NRM) boards, with broad responsibilities for riverine and
land management within catchments. It can be difficult to
distinguish which riparian activities are truly directed at

recovery of threatened fish, as opposed to general river-health
improvement, and few CMAs contributed to this dataset.
However, as an example, the Goulburn Broken CMA inVictoria

conducted 18 riparian works actions across 15 river reaches on
six streams between 2000 and 2010, with the target species
being Macquarie perch.

Alien-fish control

The 26 alien fish-control recovery actions have been relatively

evenly distributed across the years, commencing in the early
1990s and continuing to the present. Examples are reported from
all jurisdictions except NT, with Tas reporting the highest
number of actions (9), followed by Vic (6). Target species vary

by jurisdiction, with most activities in Tas and upland Vic
focusing on salmonids and occasionally redfin perch, Perca
fluviatilis, whereas activities in lowland Vic, NSW, ACT and

SA were more focused on redfin perch, carp, Cyprinus carpio,
and eastern gambusia, Gambusia holbrooki. In WA, attempts
were directed at eradicating guppy, Poecilia reticulata, from

cave habitats to protect blind gudgeon, Milyeringa veritas, and
blind cave eel, Ophisternon candidum, and at eradicating east-
ern gambusia to protect Balston’s pygmy perch, Nannoperca

balstoni, andmudminnow,Galaxiella munda.Actions included
barrier construction and/or augmentation to prevent invasion or
spread (13 actions), manipulation of flows (to prevent upstream
expansion) (1 action), bans on recreational angling (to prevent

spread by bait bucket introduction) (1 action), and direct
removal through netting, poisoning, and drying (11 actions).
Barrier installation and/or augmentation and direct removal

were sometimes used in conjunction.

Water management

Watermanagementwas a relatively uncommon recovery action,

with only nine reported occurrences, all being in Tas, ACT, and
NSW. Water-management activities were almost evenly split
between lentic (4 actions) and lotic habitats (5 actions), with

actions on streams usually to set limits on extraction under low
flows to protect important habitats and/or allow fish passage.
Water levels in lentic habitats have been manipulated to ensure

Table 3. Stock-enhancement programs for threatened freshwater fish, with details of jurisdiction and numbers stocked, year span over which

stocking occurred, and number of sites and river valleys stocked

Stocking of Murray cod, Maccullochella peelii, is not included because all stocking for this species is considered to be for recreational rather than

conservation purposes

Species State Total no.

stocked

No. years

stocked

Stocked

year span

No. of

sites

No. of river

valleys

Eastern freshwater cod, Maccullochella ikei NSW 223 922 7 1989–2003 103 2

Trout cod, Maccullochella macquariensis NSW/ACT 1 087 565 25 1986–2012 39 8

Vic 468 555 24 1987–2011 14 6

Mary River cod, Maccullochella mariensis Qld 653 970 1983–2011 44 7

Macquarie perch, Macquaria australasica NSW 69 636 4 1988–2012 5 4

Vic 440 140 13 1987–2011 ? 5

Olive perchlet, Ambassis agassizii NSW 2750 1 2010–2011 2 2

Southern purple-spotted, gudgeon Mogurnda adspersa NSW 3120 2003–2004 to

2009–2010

5 4

SA 871 3 2010–2012 2 1

Southern pygmy perch, Nannoperca australis NSW 12 115 4 2007–2008 to

2010–2011

5 2

SA 1350 1 2011–2012 3 1

Yarra pygmy perch, Nannoperca obscura SA 4900 1 2011–2012 4 1

Murray hardyhead, Craterocephalus fluviatilis Vic 640 3 2009–2012 2 1

SA 3635 2 2010–2012 2 1

Barred galaxias, Galaxias fuscus Vic 240 1 2010 2 1

Lake Eacham rainbowfish, Melanotaenia eachamensis Qld 3000 1 1989 1 1
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availability of spawning or refuge habitats, as well as facilitating
movement of individuals from a reservoir to spawning streams.

Other

There were only 10 recovery actions included in ‘other’, with
educational actions being the most numerous action in this

category (6 actions). Educational actions included signage to
improve species identification (where inadvertent recrea-
tional take through species misidentification was an issue for

trout cod), and workshops with local councils to minimise
potential for inappropriate habitat management (e.g. drainage
works). Other activities included the purchase of a pastoral

property (Edgbaston) to protect critical habitat for two
spring-dependant species (red-finned blue-eye and Edgbaston
goby Chlamydogobius squamigenus), and activities to protect
Macquarie perch by preventing the introduction of a virus

(epizootic haematopoietic necrosis virus) to a subcatchment
(Lintermans 2012).

Habitat protection

Habitat protection was the least commonly reported on-ground
recovery action (9 actions), used in NSW, Qld and Tas. Exam-

ples include the only case of declaration of critical habitat for a
species (Oxleyan pygmy perch, Nannoperca oxleyana) in
Australia, as well as activities to protect habitats from adverse

water-quality impacts. A novel example was the removal of
dead goats from a cave pool to prevent water-quality impacts on
threatened stygofauna (blind gudgeon; blind cave eel). Limita-
tions on the use of fire retardants adjacent to streams supporting

threatened fish (Macquarie perch) is another example.

Monitoring

In all, 86% of recovery actions reported whether monitoringwas
conducted. If activities such as harvest control and habitat
protection were excluded (because of the difficulty to directly

and effectively monitor), the proportion of recovery actions
reporting on monitoring was 83%, with 75% of these reporting
the existence of a monitoring program, 19% had none, and 6%

had irregular or ad hocmonitoring only. The reported existence
of monitoring programs for individual recovery categories were
alien fish control at 86%, environmental watering at 88%, fish

passage at 74%, habitat enhancement at 68%, rescue at 65%,
riparian works at 84%, stock enhancement at 59%, translocation
at 78%, and water management at 67%. Sixty-one per cent of
monitored recovery actions considered that resources available

for monitoring were adequate, 17% considered that they were
marginal, and 23% considered they were inadequate.

Scale of actions

Although problematic to characterise, the majority of individual
recovery actions were small scale (54%of all actions), involving

relatively few individuals (,250 for rescues and translocations),
small lengths of stream, (usually ,5 km for habitat enhance-
ment, habitat protection, some riparian works, alien-fish con-

trol) or single sites (Table 4). Twenty percent of actions were
moderate scale and 26% were large scale, although 75% of the

large-scale actions were in a single category (harvest control)
(Table 4). Within recovery-action categories, generally ,25%
of the actions were large scale (except for harvest control) and,

on average, small-scale projects comprised 62% of actions (if
harvest control is excluded). Recovery categories that had a
larger proportion of moderate- and large-scale actions were fish

passage (opening up tens of kilometres of stream), water man-
agement (where abstraction controls applied across tens of
kilometres of river, or large lakes were subject to water-level

controls) and harvest control (usually state-wide) (Table 4).
Stock enhancement for most large-bodied species was large
scale (e.g. trout cod, eastern freshwater cod, Mary River cod).

However, for small-bodied species, and Macquarie perch
(where stocking information was available for individual
stocking locations), actions were generally moderate or small
scale. Even actions that had broader-scale effects were usually

delivered at local scales (e.g. construction of a single fishway
might open up tens of kilometres of fish passage; release of
environmental water from a single source might affect tens-

hundreds of kilometres of stream).

Drivers of recovery actions

Drivers (triggers) were identified for a total of 380 recovery
actions. General conservation concern (28% of actions),
recovery-plan actions (27%) and emergency responses (23%)

were almost evenly identified as major drivers. State and
regional strategies were identified as responsible for 16% of
actions, with identified management need and development

condition of consent (both 3%) of relatively minor importance.
Identified triggers for emergency responses were predominantly
drought (65%),with drought-associated events such as bushfires
responsible for 10%, poorwater quality associatedwith flooding

(e.g. blackwater) for 8% and alien-fish incursions for 6%. Toxic
spills accounted for only 2% of emergency responses.

Harvest control actions were most often triggered by general

conservation concerns (Table 5), and usually predated the
preparation of recovery plans. In contrast, translocation, habitat

Table 4. Scale of projects (percentage of category count) for each

recovery-action category

N¼ count of actions where scale could be identified

Recovery action N Small (%) Moderate (%) Large (%)

Alien-fish control 25 72 28 –

Fish passage. 35 26 51 23

Habitat enhancement 43 93 7 –

Habitat protection 10 90 10 –

Riparian works 31 61 32 7

Harvest control 82 2 1 96

Environmental watering 38 66 11 24

Rescue 37 84 16 –

Translocation 52 81 17 2

Stock enhancement 35 51 37 11

Water management 9 22 67 11

Other 10 40 50 10

Overall 407 54 20 26
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enhancement, stock enhancement, fish-passage works, and
alien-fish control were more often driven by recovery-plan

requirements. Emergency-response recovery actions were
dominated by rescues, environmental watering, translocation
and habitat enhancement, with these four categories compris-

ing 85% of all emergency responses (Table 5). ‘Identified

management need’ was occasionally cited as a driver for action,
with such actions often occurring before the development of

recovery plans, or where management needs had not been
identified in recovery plans. The number of actions triggered
as an emergency response notably grew after 2000, with the

number triggered by recovery-plan requirements growing
steadily from the mid-1980s (Fig. 5).

Success of recovery actions

A total of 308 actions reported on whether they had achieved the
recovery-action goals (Table 6). Of these, 63% reported that

they had at least partially achieved the goals, 7% reported
failure, 17% reported it was too early to judge, and for 14%, the
outcome was unknown. Excluding those actions where the

outcome was unknown or too early to judge, highest claimed
success rates (full or partial) were for rescues and fish passage
(both 100%), habitat enhancement (93%) and alien-fish control

and stock enhancement (both 90%). Translocation had com-
paratively low reported success (57%) and riparian works,
habitat protection, harvest control and other had too few con-
clusive reports to allow meaningful interpretation. Seventy-one

per cent of riparian works actions were reported as too early to
judge success.

Regional examples

In south-easternAustralia, 13 species hadmore than 10 recovery
actions reported, with 11 of these species having actions in more

Table 5. Percentage frequency of recovery actions with drivers of

general conservation concern, recovery plans and emergency response

Frequency of reported drivers is given in parentheses. Explanation of

recovery-category abbreviations are given in Table 1

Recovery

category

General

conservation

concern (N¼ 111)

Recovery

plans

(N¼ 117)

Emergency

response

(N¼ 104)

HC 63 9 0

T 10 22 14

HE 7 14 11

SE 7 15 8

R 0 3 33

EW 2 2 27

FP 1 10 1

RW 2 8 0

AFC 2 10 5

WM 2 2 0

HP 3 3 2

O 2 2 0
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Fig. 5. Number of on-ground recovery actions by trigger type in 5-year time periods. Actions

are grouped into time blocks on the basis of when an individual action commenced and do not

represent the cumulative number of actions over time. The number of freshwater fish species

listed in the higher-threat categories (vulnerable or above) under theEnvironment Protection and

Biodiversity Conservation Act (EPBC) Act 1999 or its predecessor is also shown for the final year

of each time block (no species were listed nationally before 1981).
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than four categories. In the MDB, 10 species had more than 10
recovery actions, with several of these species being reviewed in
detail, including Murray hardyhead (Ellis et al. 2013), trout cod
(Koehn et al. 2013), Yarra pygmy perch and southern purple

spotted gudgeon (Hammer et al. 2013).Macquarie perch had the
most recovery actions reported of any species nationally, with
activities across all recovery-action categories. The most com-

mon activity reported for this species was riparian works, with
18 activities reported by and within a single CMA (Goulburn–
Broken) area and involving weed control, riparian planting,

stock exclusion fencing and stream-bank stabilisation. This
highlights that if a threatened species captures the attention of a
local NRM group, a variety of generally small-scale actions can

be applied to produce larger-scale benefits. Stock enhancement
was another common activity for Macquarie perch, with ongo-
ing government hatchery stocking programs in two states
spanning 13 years (Table 3). Translocation was another popular

action, with nine conservation translocations of the species
occurring across ACT, Vic and NSW between 1980 and 2012
(see Lintermans 2013b). Habitat enhancement for the species

has occurred predominantly in Victoria, involving stream-bed
stabilisation, snag placement and prevention of bank erosion.
Five fishways for Macquarie perch were constructed in the past

decade. Most recovery actions for Macquarie perch have been
conducted in streams; however, work has recently also been
conducted in impoundments, including deployment of con-
structed predator refuges, prevention of disease spread, manip-

ulation of water levels to facilitate access to spawning sites, and
control of alien species (Lintermans 2012). Macquarie perch
provides two good examples (Goulburn–Broken and Cotter

catchments) where catchment-wide activities can deliver sig-
nificant benefits to a focal threatened species.

Outside of theMDB in coastal drainages of Vic, Tas and SA,

dwarf galaxias, Galaxias pusilla, was a focal species for many
actions, particularly involving urban or peri-urban activities in
Vic. Activities included 11 translocations and rescues (com-

monly in response to development or works proposals
(e.g. housing development, road construction) or waterways
works (floodmanagement works requiring temporary relocation
of fish)), stock exclusion from sensitive habitats, protection

from take (Vic, Tas), habitat protection, control of alien species
(eastern gambusia), environmental watering (creation of bunds

to prolong inundation, supplementary watering), and habitat
enhancement (removal of weeds and rubbish; creation of artifi-
cial wetland and construction and/or deepening of refuge pools).

The majority of actions was driven by conservation concern or
response to drought conditions rather than recovery plans.

The blind cave eel and blind gudgeon were the only species

from northern or western Australian with more than five recov-
ery actions reported. Both species have a restricted distribution
within the subterranean waters of the Cape Range Peninsula in
north-western Australia (Humphreys 2001) and management

actions are largely restricted to where the groundwaters interact
with the surface, usually wells or caves. Activities directed at
both species include protection from take, attempts at eradicat-

ing alien guppy, Poecilia reticulata, erection of educational
signage, removal of dead animals that have fallen into sinkholes,
and fencing around some caves to exclude visitation.

Discussion

This review provides a unique snapshot of on-ground actions
specifically directed at recovering Australia’s threatened
freshwater fish. The concentration of recovery action in south-

ern and eastern Australia, and particularly in the Murray–
Darling Basin, highlights the imperilled nature of many fresh-
water fish species in these areas (DPIWE 2006; Koehn and

Lintermans 2012; Lintermans 2013a). The relatively low
number of threatened freshwater fish species and, hence,
recovery actions in northern and western Australia highlights
the opportunity to conserve these freshwater faunas and not

repeat the mistakes of the south. However, the desire for more
intensive agricultural enterprises (and hence increased river
regulation) in these areas signals that vigilance will be required

(Morgan et al. 2004; Pusey et al. 2004).
The reported high success rates of many of the categories of

recovery actionsmay be overly optimistic, and it is not clear how

such successes will be viewed in the long term. Success is
notoriously hard to characterise for species rehabilitation and
recovery, and is dependent on the initial goals of the project, the
timeframe over which outcomes are measured, and the rigour

and focus of the monitoring programs employed (see Seddon
1999; Martin et al. 2007; Armstrong and Seddon 2008;
Lintermans 2013b). For example, one of the lowest claimed

success rates from the current review was for translocations at
57%. This is still considerably higher than documented for
freshwater fish internationally (,30%), although data are scarce

(Hendrickson and Brooks 1991; Sheller et al. 2006). The high
rate claimed in the current review possibly is inflated by the
initial ‘success’ of survival after translocation, but which

ultimately may fail to establish self-sustaining populations.
Monitoring and assessment of interventions still tends to be
the poor cousin compared with intervention itself. The inclusion
of specific, measurable, achievable, realistic, time-bound

(SMART) targets would be a valuable inclusion in management
action plans and recovery plans, and would reduce the subjec-
tivity or imprecision of many current assessments.

No reviews of the incidence of monitoring for threatened-
fish recovery actions have been located internationally, so direct

Table 6. Reported success of individual recovery actions (grouped into

recovery categories)

Recovery action Yes No Partial Too early Unknown Total

Alien-fish control 12 2 7 3 – 24

Environmental watering 16 5 4 2 7 34

Fish passage 24 2 4 2 32

Habitat enhancement 18 2 9 12 3 44

Habitat protection 3 – 1 – 3 7

Harvest control 6 – 2 – 1 9

Other 7 – – 3 – 10

Rescue 24 – 7 1 4 36

Riparian works 4 – 4 22 1 31

Stock enhancement 20 3 7 2 7 39

Translocation 4 9 8 2 11 34

Water management 2 – 2 1 3 8

Total 140 21 53 52 42 308
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comparison is not possible. However, reported monitoring
levels in the current study were considerably higher than

the 10–14% published for general river-restoration projects
(Bernhardt et al. 2005; Brooks and Lake 2007), although the
monitoring target (focal species, habitat, associated species) or

type of monitoring (implementation: did we do what we said we
would; intervention: how did our actions affect some parameter;
surveillance: has river or fish-community condition changed)

was not specified in the current review. In a review of 181
threatened-species recovery plans in the USA, Campbell et al.
(2002) found that 66–82% of plans had implemented at least one
of their proposed monitoring tasks. The higher incidence of

monitoring for threatened-species recovery actions both in
Australia and the USA is likely to reflect the generally more
focussed nature of such actions (single species, confined spatial

scale) than that of general river restoration. Only four recovery-
action categories (habitat enhancement, rescue, stock enhance-
ment, water management) in the current review reported less

than a 70% incidence of monitoring programs, with only stock
enhancement reporting ,60%. The low incidence of reported
success for water management should be viewed with caution
because only six actions reported on monitoring. The lower

incidence of monitoring associated with stock enhancement
may reflect the view that stocking is a panacea and an assump-
tion that simply reintroducing individuals ‘solves the problem’

(Harris 2003; van Poorten et al. 2011). Monitoring is a critical
component of threatened-species recovery, because the
response of the focal species to management interventions is

often difficult to predict with any certainty. Well designed and
appropriately funded monitoring programs allow informed
choice of which recovery actions are most likely to deliver good

conservation outcomes (Bernhardt et al. 2005; Lindenmayer
and Likens 2010).

As a result of the lack of detail from the survey on the design
of monitoring programs, it is difficult to evaluate the strengths

and weaknesses of individual monitoring approaches. However,
from the author’s personal knowledge of many individual
projects, it is apparent that monitoring efforts are often token

or suboptimal and unlikely to deliver significant benefits to
future recovery actions. Many so-called monitoring activities
are just performance monitoring (e.g. have the treated weeds

been killed, have the planted trees survived) and provide no
information on the response of the target species, process or
ecosystem. The design requirements for robust monitoring
have been adequately outlined and reviewed elsewhere (see

Lindenmayer and Likens 2010), but some key principles bear
repeating. Because threatened species have usually declined in
response to threats over a long time period, recovery will also be

a long-term process and, so, long-term monitoring will be
required; usually .10 years (Lindenmayer and Likens 2009).
Good monitoring is also characterised by clearly articulated

questions and conceptual models, involvement of statisticians in
the study design (e.g. consideration of reference sites, replica-
tion, sampling design), and a clear understanding of what

parameters to monitor (Lindenmayer and Likens 2010). Moni-
toring everything in the hope of devising questions and making
sense of the data at a later date is not a good model to follow.
Developing good partnerships among scientists, statisticians,

managers and the community and treating interventions/actions

as experiments will often engender the mindset that delivers
better monitoring and learning (e.g. Armstrong and Seddon

2008). For some recovery actions conducted at very small scales
(either spatially, or in terms of level of investment/activity), a
case could be made that monitoring is unlikely to deliver

effective benefit and, therefore, should be abandoned. More
rigorous exploration of the monitoring effort currently deployed
for threatened-fish recovery in Australia would be fruitful, to

avoid waste of scarce monitoring resources.
Monitoring alone is no guarantee of improved management;

there are vast quantities of data from monitoring programs that
are never reviewed or used (e.g. water-quality programswith pH

values of .14; R. Norris, pers. comm.). Regular review of the
data in an adaptive management process will deliver improved
management outcomes (Walters and Holling 1990; Allan and

Stankey 2009; Lindenmayer and Likens 2009) and contribute to
the body of recovery science.

The significant increase in recovery action in the decade

commencing in 2000 is likely in response to several factors. As
the number of listed threatened species continues to rise both
nationally and at state/territory level, the number of recovery
actions is also likely to rise. Also, as the field of restoration

science continues to develop, more activity is likely as
approaches and techniques for addressing common problems
become better understood. For example, developments in fish-

passage remediation in Australia have advanced considerably
over this time, with rockramp and vertical-slot fishways and
improved culvert design now being routinely deployed across

jurisdictions (e.g. Thorncraft and Harris 2000; Industry and
Investment NSW 2009). Finally, the severe millennium drought
that gripped much of south-eastern Australia from 1997 to 2010

(Murphy and Timbal 2008) and the following blackwater events
in 2010 and 2011 (King et al. 2012; Whitworth et al. 2012)
resulted in a significant rise in the number of ‘emergency
responses’ required, particularly from 2006 to 2010.

Riparian works are regularly identified as a popular manage-
ment action in river restoration (Bernhardt et al. 2005; Brooks
and Lake 2007; Christian-Smith and Merenlender 2010) and, in

the current study, ranked the eighth-commonest recovery action.
The link between riparian works and recovery of particular
threatened fish is sometimes tenuous, beingmore often a generic

river-health activity; however, in the current study, riparian
works were predominantly directed at Macquarie perch. This
historically widespread species is now known to be largely
confined to well-forested catchments with intact riparian

zones and minimal sedimentation, with sedimentation
thought to smother spawning sites and eggs, and infill refuge
pools (Lintermans 2007). Consequently, in this case, there is

a clear link between the focal threatened species and the
recovery action.

Listing as a threatened species does not automatically equate

to harvest control (protection from take). Listing nationally
under the EPBC Act provides no protection from take, with
individual states/territories deciding whether harvest of these

species will be allowed. Similarly, some state/territory legisla-
tion does not automatically confer protection from take
(e.g. NT) or automatic protection is dependent on the conserva-
tion status (e.g. ACT). In some jurisdictions, recreational

angling for threatened species is allowed in specific locations
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(e.g. Mary River cod in Qld and Macquarie perch in Vic) or in
certain water-body types (e.g. silver perch Bidyanus bidyanus in

impoundments in NSW). Allowing recreational take in specific
locations has been suggested to be beneficial to conservation
outcomes through maintaining the species in the public con-

sciousness (Lintermans et al. 2005), but automatic protection
from take upon listing should probably be the norm. Where
protected from take, some mechanism for maintaining public

interaction/connection with the species is essential; otherwise,
recovery needs or actions can receive little support (or generate
hostility) where competition for resources occurs (see Ellis et al.
2013).

No Australian freshwater fish is known to have become
extinct since European settlement (although Kangaroo River
Macquarie perch may be the first; Faulks et al. 2010). Without

listing and recovery actions, there is little doubt that Pedder
galaxias, Galaxias pedderensis, and barred galaxias would be
extinct and the Mary River cod would be near extinction

(Lintermans 2013a). However, no Australian freshwater fish
has ever been down-listed or delisted as a result of conservation
management; so, there is still much work to be undertaken. The
lack of reported recovery actions other than harvest control for

many listed species is concerning. Several of these species are
listed in single states/territories and may reflect species on the
edge of their range, with lower priority for on-ground actions.

Some species are listed only on advisory lists, with no legislative
status, and so have reduced priority for action. However, there
are several nationally listed species that seem to be attracting

very limited active recovery effort. Although listing provides
other benefits (e.g. controls on development projects), the lack
of active recovery efforts for many species suggest that the

chance of down-listing such species is remote.
The relative scarcity of protected areas for freshwater fish in

Australia is cause for concern because strict protected areas are
associated with stable or increasing abundance of threatened

species generally (Taylor et al. 2011). Protected areas declared
primarily for terrestrial values are not assured of delivering
conservation benefit to fish (Crivelli 2002), and adverse aquatic

outcomes for fish may still occur if the majority of management
actions are focussed on terrestrial components of the landscape
(e.g. Kodric-Brown and Brown 2007). For example, 12 of 15

rivers in Kosciuszko National Park, NSW, are affected by dams
and diversions with the highly regulated rivers likely to benefit
alien salmonids rather than threatened native fish (Lake 2005).
The purchase of the Edgbaston spring complex (the only

location for two nationally listed freshwater fish) by the not-
for-profit conservation organisation Bush Heritage Australia in
2008 is an example of protected-area activities that may be

required for other species. However, the creation of protected
areas may not be sufficient and active threats to freshwater fish
still need to be addressed in such areas. To this end, an active

program of alien fish control at Edgbaston is currently underway
(Kerezsy and Fensham 2013). By contrast, the Dalhousie
Springs complex in South Australia contains five state-listed

endemic freshwater fish species (Dalhousie goby, Chlamydo-
gobius gloveri, Dalhousie hardyhead, Craterocephalus

dalhousiensis, Glover’s hardyhead, Craterocephalus gloveri,
Dalhousie purple-spotted gudgeon, Mogurnda thermophila,

Dalhousie catfish, Neosilurus gloveri) and sits within a national

park. However, no on-ground recovery actions directed at fish
could be identified for four of the species and only a single action

(protection from take) was identified for Dalhousie purple-
spotted gudgeon. The difficulties of managing for terrestrial
and aquatic recovery are demonstrated by the control of grazing

around Dalhousie Springs adversely affecting threatened fish,
with expansion of reedbeds decreasing open-water habitat and
oxygen levels (Kodric-Brown et al. 2007). For such an impor-

tant location for threatened freshwater fish with identified
threats from the introduction of alien species, habitat modifica-
tion, and adjacent resource development, specific fish-focused
recovery actions must be implemented at Dalhousie Springs

(Hammer et al. 2009).
Stock enhancement continues to grow as a favoured solution

for maintaining and/or enhancing fish populations as a result of

its perceived simplicity (Philippart 1995; Molony et al. 2003)
and its perceived role as a panacea that ‘solves the problem’
(Harris 2003; van Poorten et al. 2011). Ideally, stock enhance-

ment should be a short-term response, applied after the underly-
ing reasons for a species decline have been removed or reduced
(Cowx 2002). The fact that stocking programs for some species
have been in existence for decades demonstrates that limiting

factors often have not been addressed (or identified). Stock-
enhancement activities for threatened fish have expanded con-
siderably since the early 2000s, when only four threatened

freshwater species had current hatchery programs, with most
being large-bodied species of potential recreational interest in
the future (Lintermans 2006). Eleven species have now been the

focus of captive-breeding programs, including seven small-
bodied species commonly found in floodplain or small-stream
habitats. The precarious future of species not commonly found in

large channel habitats has largely resulted from the millennium
drought, with many smaller habitats subject to total or partial
desiccation and consequent declining water quality. Although
stock enhancement is a valuable tool for recovery of freshwater

fish, geneticmanagement of released fish is still amajor concern
(Philippart 1995; Araki et al. 2007), and the impacts from
previous stocking practices are only now becoming apparent

(e.g. Nock et al. 2011). Similarly, in Australia, the potential
behavioural deficits associated with hatchery-reared fish
(Brown and Laland 2001; Ebner et al. 2007; Ebner and Thiem

2009) still remain to be addressed. Trials on predator education
or reducing post-release mortality of hatchery-reared fish have
shown promise (Brown and Day 2002; Kawabata et al. 2011;
Hutchison et al. 2012); however, more remains to be done.

Although there is wide recognition that the scale of restora-
tion actions needs to be increased (Roni et al. 2002; Wheaton
et al. 2006), the majority of actions are still being designed and

conducted at site or local scales (e.g. Wheaton et al. 2006;
Christian-Smith and Merenlender 2010). Recovery actions for
threatened freshwater fish in Australia also demonstrated this

small-scale approach, but maybe it is more justified for such
species where populations are often localised or restricted to
small areas of suitable habitat, or where specific threats are

localised. For example, actions directed at species confined to
single spring complexes or lakes (e.g. Edgbaston goby, Lake
Eacham rainbowfish, Melanotaenia eachamensis, Elizabeth
Springs goby, Chlamydogobius micropterus) are necessarily

of small spatial scale. It must also be recognised that the
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science of recovering threatened freshwater fish in Australia is
still relatively young (the first recovery plan for an Australian

freshwater fish was only published,20 years ago; Koehn et al.
2013) and many of the recovery actions are still somewhat
experimental. However, mature approaches such as provision

of fish passage are now being deployed at large scales through
integrated programs addressing thousands of kilometres of
stream (Barrett 2008).Wider use of threatened-species recovery

teams is one way that managers can coordinate and prioritise
issues, projects and actions, and potentially alleviate some
issues with the predominance of small-scale actions. The impor-
tance of building partnerships for improving recovery outcomes

has been discussed earlier, and the benefits of having a recovery
team or coordinator for improving cross-jurisdictional coordina-
tion and species-recovery trajectory have been identified else-

where (Lundquist et al.2002; Lintermans 2013b). Since the early
2000s, there has been no national funding available for estab-
lishment or operation of national recovery teams (Lintermans

2013b). Increased use of recovery teams to assess and guide
management responses would facilitate integration of small-
scale actions into large-scale programs that will deliver conser-
vation outcomes of benefit to more than just threatened species.

The dramatic rise in the number of emergency responses in
the late 2000s highlighted the deficiencies in recovery planning
formany threatened species.Most recovery plans had little or no

consideration of how climatic extremes would affect recovery
efforts, with the majority of emergency responses being exam-
ples of crisis management. Although it is difficult to plan for

every emergency, droughts and floods are common in Australia,
and planning for such events will likely enhance the success or
feasibility of future emergency responses. Mapping important

existing refugia, identifying potential translocation sites, and
identifying the process, procedures and stakeholders likely to be
involved in future activities are all achievable actions. Equally
important is identifying what should not be done in future

emergencies (e.g. knee-jerk reactions to increase stock-
enhancement activities for recreationally desirable species)
(Lintermans and Cottingham 2007). Extreme events are likely

to increase in frequency in Australia with climate change
(Alexander and Arblasterc 2009; Morrongiello et al. 2011),
and incorporating into recovery planning the lessons from the

past decade should be a priority.
The present review does not report on the substantial research

efforts directed at obtaining basic ecological knowledge for
species, which has and will continue to inform on-ground

management (Cooke et al. 2012). The critical role of research
in improving management approaches and outcomes is undeni-
able (see Ellis et al. 2013; Koehn et al. 2013). This review also

does not deal with general river-health programs, or legislative
and policy initiatives, all of which contribute to recovery of
threatened freshwater fish. Similarly, not captured are the many

general education and outreach activities based around fresh-
water fish, communities and habitats that include messages or
themes of relevance to threatened freshwater-fish conservation.

Without such programs to educate and engage the human
community, recovery of freshwater ecosystems is unlikely.
Further investigation of the uptake and efficacy of research,
policy and education initiatives for threatened species manage-

ment would be fruitful.

Locating and accessing information on recovery activities
was a major difficulty in the current review. No centralised

reporting mechanism or data repository for threatened-fish
activities could be located in any of the jurisdictions, either
state/territory or national. An exception is Qld where an existing

framework for reporting on recovery actions exists (the Recov-
ery Actions Database under the ‘Back On Track’ iniative (http://
www.ehp.qld.gov.au/wildlife/prioritisation-framework/index.

html, accessed 23 July 2013). However, this initiative currently
contains project and species priorities and plans with little
information on what has actually been done. Much of the
information on recovery actions are either unpublished, resides

in the memory of practitioners, or is ‘published’ in agency
project reports. This problem of limited availability or accessi-
bility of management information is not unique to freshwater-

fish recovery (Lintermans 2004; Brooks and Lake 2007; Price
et al. 2009) or Australia, with reviews of freshwater-habitat
rehabilitation activities or threatened-species recovery in many

countries reporting similar difficulties (see Abbitt and Scott
2001; Bernhardt et al. 2005). The current inability to easily
consolidate, synthesise and evaluate past attempts to recover
freshwater fish hampers our capacity to advance recovery

science and management. The need for national databases,
and reporting and evaluation protocols have been identified as
priorities for other freshwater activities (Price et al. 2009), and

the need is no less for threatened fish.
The lack of formal reporting requirements and trend indi-

cators makes it extremely difficult to determine whether

species status is improving, stable or declining, or which
management activities have been successful. Assessment of
trend is only possible at coarse temporal scales, usually when

recovery plans are revised (often 5–10-year intervals). In 2006,
the preparation of national recovery plans for Australian listed
species became discretionary (Hawke 2009), so for species
without recovery plans, assessing the existence or success of

recovery actions is extremely difficult. For example, the Lake
Eacham rainbowfish was listed as extinct in the wild by 1987
(Barlow et al. 1987), was rediscovered by the 1990s (Pusey

et al. 1997; Zhu et al. 1998), does not have a recovery plan and
none is proposed (TSSC 2011), has almost no previous recov-
ery actions reported, no current recovery actions can be traced,

and there is no formal monitoring program to track population
or species trend. So, how can the effectiveness of current
management arrangements be assessed? Using delisting or
down-listing of a threatened species to judge recovery actions

is a poor indicator of success (Doremus and Pagel 2001). Most
species have taken decades to decline and the threats responsi-
ble are usually still operating (e.g. habitat loss, invasive

species). The great majority of threatened freshwater fish in
Australia are within the lifespan of their first recovery plan,
and it is unrealistic to expect recovery to occur in the relatively

short period of recovery action. The US Threatened Species

Act (TSA) requires the identification of population trend as an
indicator of whether a species is recovering or not (Scott et al.

2005; Taylor et al. 2005). Under the TSA biennial, reporting of
population trend is required, providing insight into whether
recovery actions are effective, and/or whether changes are
required. Such a requirement for monitoring of population

trend would be of benefit in Australia.
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Conclusions

There has been considerable on-ground activity to recover
threatened freshwater fish inAustralia, with themost commonly
utilised recovery categories being harvest control, translocation,

habitat enhancement and stock enhancement. Major drivers of
recovery actions were general conservation concern, recovery
plans and emergency responses. The number of recovery actions
grew significantly in the decade beginning 2000 as the impacts

of prolonged drought in south-eastern Australia intensified. The
increase in emergency-response activities in the past decade has
highlighted deficiencies in the current recovery planning, par-

ticularly for events that occur regularly, such as drought, flood
and fire. Assessing the success of individual projects or species
recovery is problematic as a result of the dispersed and frag-

mented nature of essential information, the lack of critical
information on monitoring efforts, the lack of trend monitoring
and reporting for individual species, and the time lags for species

recovery to become apparent. Although considerable monitor-
ing has been reported associated with on-ground activities, little
detail is available on designs or approaches used, and so the
adequacy of monitoring efforts remains largely unknown.

It is disturbing that many listed threatened species have no
identified recovery actions, and that the majority of recovery
actions reported are directed at very few species. Also disturbing

is the lack of progress in implementing a national or state
system of freshwater protected areas, or in designating critical
habitat. The small-scale nature of the majority of recovery

actions, although understandable for species with small spatial
distributions, is worrying if large-scale recovery of species
(e.g. improved conservation status) is to be achieved. Increased

use of, and funding for, recovery teams or coordinators would
significantly value-add towards this goal. Choosing which
recovery actions to employ is not an easy choice for NRM
managers. The development of strong partnerships between

research, policy, management and community stakeholders,
delivered in an adaptive management framework including
robust monitoring programs will deliver improved outcomes

and assist future recovery planning and implementation.
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General introduction

Concern over the decline of freshwater ecosystems has grown
dramatically in recent decades, withmajor threats of habitat loss

or modification, altered flow regimes, changed water quality,
barriers to dispersal and migration of biota, and impacts of alien
species (Malmqvist and Rundle 2002; Dudgeon et al. 2006).

Fishes are a key concern for all of these threats; populations and
species are declining globally, with additional threats to fish
generated by inappropriate translocation and stocking, and over-

exploitation. The number of threatened freshwater fish taxa on
the IUCN Redlist listed as critically endangered, endangered or
vulnerable has increased from 741 in 1996–98 to 2041 in 2012

(version 2012.1; IUCN 2012).
Australia has a comparatively small freshwater fish fauna of

256 currently recognised species, of which 74% are endemic
(Unmack 2013). However, this species diversity is expected to

rise significantly as there are increasing numbers of undescribed
and/or cryptic taxa being uncovered through genetic investiga-
tions (e.g. Hammer et al. 2007; Raadik 2011). As new species

are described, it is increasingly the case that many are already
threatened, particularly in southern Australia, where they are
often relictual populations with small geographic distributions

(e.g. Raadik 2011). The first national list of Australian threat-
ened species in 1980 recognised only 3 freshwater fish species
but this has rapidly grown to the 74 species currently on national
state or territory listings (Lintermans 2013a).

Considerable effort and resources are devoted to recovery of
threatened fish species in Australia. Of the 36 freshwater fish
listed as nationally threatened, 21 species have national recov-

ery plans, with several additional species having recovery plans
in preparation, or covered under recovery plans for threatened
ecological communities. To facilitate improvement in the man-

agement of recovery programs, review of past and current
efforts is essential, but this has not yet occurred for freshwater
fish in Australia.

Introduction to the Special Issue

This Special Issue synthesises the diverse recovery approaches,

and uses a series of case studies to review progress, success and
failure of recovery efforts, for a selection of individual fresh-
water fish species across Australia. Although most of the case
studies are from southern Australia, where most threatened

freshwater fish are located (Lintermans 2013a, 2013c), the
described recovery approaches are applicable more broadly,
both nationally and internationally. Ten papers in this Special

Issue outline the recovery efforts for a range of fish species,
with an array of management interventions employed across a
diversity of habitat types from sub-alpine lakes to semi-arid

springs.
Lintermans (2013c) sets the scene by reviewing the diversity

of on-ground recovery actions available to managers, synthesis-

ing the what, how and why these recovery actions have been
deployed. The most commonly utilised recovery actions were
harvest control, translocation, habitat enhancement and stock

enhancement. While the majority of recovery actions reported
that there was associated monitoring, insufficient detail was
provided on the type or design of monitoring employed, and

high levels of success claimed may be unrealistic. Few or no
recovery actions were reported for many nationally and state-
listed species.While recovery planswere identified as important
drivers of management action, climatic extremes over the

‘Millennium Drought’ (1997–2010) highlighted deficiencies
in existing plans, with planning for extreme events such as
drought and blackwater events obviously lacking.

Emergency responses associated with prolonged drought
were critical components for several species, with desiccation
and/or declining water quality the key drivers of emergency

recovery activities (Ellis et al. 2013; Hammer et al. 2013). For
Murray hardyhead, Craterocephalus fluviatilis, which largely
rely on off-channel habitats for persistence, recovery activities
initially revolved around delivery of water to such habitats to

prevent desiccation and manage water quality issues such as
increasing salinity (Ellis et al. 2013). However, during pro-
longed drought, competing demands for water jeopardised

environmental water delivery, with fish rescues, captive main-
tenance programs and translocation of both wild and captive-
bred fish becoming the mainstay of conservation efforts (Ellis

et al. 2013). The study highlights the difficulty in conserving
short-lived species in off-channel habitats in agricultural land-
scapes during drought.

Emergency responses were also pivotal in the conservation
of small-bodied fishes in the lower Murray River basin, with
several species or populations facing imminent local extinction
as a result of declining water levels during drought (Hammer

et al. 2013). Initial rescues from wild habitats and the establish-
ment of captive-breeding programs in makeshift facilities saved
two species (southern purple-spotted gudgeon (Mogurnda

adspersa) and Yarra pygmy perch (Nannoperca obscura)) from
regional extinction, and prevented the loss of local populations
in three other species (Hammer et al. 2013). The subsequent

development of a multi-agency drought action plan that drove a
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mix of in situ and ex situ conservation management measures
demonstrates the importance of coordinated management

action, and highlights the need for threatened species and
ecological community recovery plans to consider extreme
climatic events.

It is now almost 30 years since the first national recovery plan
for an Australian freshwater fish (trout cod, Maccullochella

macquariensis), was published, with this species now demon-

strating some recovery through the expansion of existing popu-
lations and evidence of recruitment in some stocked populations
(Koehn et al. 2013). The considerable and continuing research
activity into this species has been a key factor in recovery

efforts, and demonstrates the importance of partnerships
between management and researchers. This case study also
highlights the value of using population models, coupled with

ongoing monitoring of stocking efforts, in delivering an
improved and successful reintroduction program (Koehn et al.

2013).

The difficulty in assessing the success of recovery actions is
highlighted by Lintermans (2013b), who outlines the results
from a 30-year monitoring program of a translocation of
Macquarie perch (Macquaria australasica). Four years after,

the translocation was considered a failure, but a decade later the
translocationwas thought to be successful, with a self-sustaining
population established. However the Millennium Drought is

thought to have led to a cessation of recruitment, with the
population now undetectable. The existence of a long-term
monitoring program was critical in determining the fate of this

recovery attempt.
Addressing the threat from alien fish has been central to

several recovery programs. Kerezsy and Fensham’s (2013)

description of the efforts to conserve the red-finned blue-eye,
Scaturiginichthys vermeilipinnis, in the face of invasion by
eastern gambusia, Gambusia holbrooki, demonstrates the diffi-
culties of alien fish control in shallow, low-relief, semi-arid

spring habitats. The complexity of control efforts was signifi-
cantly increased by the presence of a range of threatened taxa.
This study demonstrates the significant contribution to conser-

vation by non-government organisations, with a mix of in situ

chemical gambusia control combined with local-scale translo-
cation of red-finned blue-eye within the spring complex trialled.

These combined approaches appear to be the likely conservation
pathway for this species (Kerezsy and Fensham 2013).

In contrast, the battle to save the Pedder galaxais, Galaxias
pedderensis, could not be fought in situ, as control of salmonid

populations in Lake Pedder was not possible in the required
timeframe (Chilcott et al. 2013). Attempts at captive breeding
were largely unsuccessful, and a last-chance translocation to a

small isolated lake outside the species’ natural range ultimately
saved the Pedder galaxias from extinction. Chilcott et al. (2013)
demonstrate the long-term commitment required for species

recovery, including ongoing monitoring programs, and also
provide a reminder of the need to consider non-routine monitor-
ing methods (e.g. remote operated vehicle and underwater

cameras, night snorkelling) to evaluate population status when
individuals are scarce.

The existence of a national recovery plan does not necessar-
ily enhance recovery outcomes. Saddlier et al. (2013) review

the recovery of two pygmy perch species and find that few

recovery actions have been completed and the status of many
populations is unknown following the recent Millenium

Drought. The lack of significant progress with recovery actions
is attributed in part to the small body size, lack of commercial
value, cryptic nature and non-charismatic status of pygmy

perch, with less funding available and lower public awareness
than for larger, iconic species with recreational angling poten-
tial (Saddlier et al. 2013).

Reservoirs or impounded waters can provide essential habi-
tat for threatened freshwater species, but this is almost never
their primary purpose. Consequently, there are often competing
management demands in such environments between managing

for anthropogenic water uses and conservation requirements.
Hardie (2013) demonstrates the value of trialling specific water
management regimes to assist recovery of lacustrine popula-

tions of golden galaxias, Galaxias auratus, in both drought and
non-drought years. Golden galaxias spawning and recruitment
was enhanced in the receiving water, without impacting the

species in the donor lake, demonstrating the value of targeted
science in meeting multipurpose water management objectives.

The response of Macquarie perch to construction of a
purpose-built rock-ramp fishway for the species is reviewed

by Broadhurst et al. (2013), who note the delays before a
population response could be detected. This highlights a peren-
nial issue of working with rare or threatened species, where

detection power may be low, and for long-lived species, where
response to management interventions may not be immediate.
The study provides a useful example of where remediation of a

single stressor or impact (restricted migration) at the site scale
may result in broader benefits for a threatened species.

What have we learned?

Assessments of the success of recovery actions canbe ephemeral,
with a commitment to long-term monitoring programs required

(Lintermans 2013b). Similarly, assessments of the outcome of
the Pedder galaxias translocation success and the benefits of a
fishway in expanding the range of Macquarie perch required

several years before success could be evaluated (Broadhurst
et al. 2013; Chilcott et al. 2013). The high reported success rate
in the national review of recovery actions (Lintermans 2013c)

is difficult to critically evaluate and likely represents early
assessments that may ultimately turn out to be less successful
than initially claimed.

The importance of a translocation as recovery action is

evident for several species, particularly small-bodied species
whose reproductive ecology was poorly known, where captive
breeding facilities were unavailable, or where natural habitats

had been rendered uninhabitable (Chilcott et al. 2013; Ellis et al.
2013; Hammer et al. 2013; Kerezsy and Fensham 2013). The
popularity of translocation as a freshwater recovery action in

recent years is apparent for other freshwater species both
nationally and internationally (e.g. Ayres et al. 2011; Soorae
2011; Lintermans 2013c), and holds much promise for recovery

of species outside of hatchery programs.
A reliance on ex situ actions such as captive breeding

programs to sustain or recover threatened fish was evident in
several of the case studies reported in this Special Issue (Ellis

et al. 2013, Hammer et al. 2013, Koehn et al. 2013). Such
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breeding programs are often driven by a mix of the inability or
unwillingness to invest in costly in situ actions (see Ellis et al.

2013), a last-chance emergency action to prevent imminent
extinction (see Hammer et al. 2013) or long-standing fisheries
interest for those species with historic recreational value (see

Koehn et al. 2013). Whatever the driver, reliance on captive
breeding programs for species recovery is problematic, with
such programs often an easier option than efforts to restore

habitat, eradicate alien species or counter other large-scale
threats (Philippart 1995). Further, there are a variety of concerns
for hatchery programs around domestication and genetic integ-
rity (Brown and Day 2002; Nock et al. 2011). While captive

husbandry has a significant role in the management of many
threatened species, and if well managed can produce positive
results (see Lyon et al. 2012; Koehn et al. 2013), it must be

viewed as only one component of a broader recovery program,
with in situ responses preferred (Lintermans 2013a).

Ingredients for success

The collection of case studies in this Special Issue highlights
several important issues that are seldom appreciated or addres-
sed in recovery programs:

� Timeframe for recovery:Most species by the time of listing
have been in decline for decades, facing multiple and perva-

sive threats. It is unlikely that species will dramatically
recover in just a few generations, and recovery may mirror
or exceed the time period of decline.

� Scale: There is often a mismatch in scale, with most recovery
actions being small-scale (temporal and spatial) in response to
lengthy and widespread declines.

� Planning for extreme events: There is a deficiency in
recovery planning for infrequent and extreme climatic events
such as drought, bushfire and flooding. Consequently, when
such events inevitably occur, ad hoc and crisis management

dominates, and the lessons learned are then forgotten when
the next extreme event (usually of a different kind) occurs.

� Monitoring: Although monitoring is widely acknowledged

as essential, much of it is poorly resourced, short-term (in
ecological timeframes), and suffers from a very limited focus.

� Status and trend: Many species suffer from a basic lack of

current knowledge about population status or trajectory.
Regular audits of trajectory, as required under theUS Threat-
ened Species Act (see Male and Bean 2005 and references
therein) would be of significant benefit in assessing progress

towards recovery.
� Public engagement: The support by human communities for
recovery actions becomes critical when times are tough and

there are competing demands for limited resources (water,
dollars, time) (see Ellis et al. 2013). Improved mechanisms
and effort for capturing public interest in small, often drab,

species with no commercial or recreational interest is
essential.

� Recovery coordinators: Threatened species management is

usually multi-jurisdictional, with a range of political, agency,
and public/private issues involved. To drive coordinated
cross-boundary management, a dedicated recovery team or
coordinator is required, with documented benefits accruing

from such an approach (Lundquist et al. 2002).

The number of threatened freshwater fishes continues to
grow worldwide, and so does the requirement for strategic and

coordinated management of these species. Unless we learn from
previous recovery successes and failures, we are doomed to
repeat the mistakes of the past. The papers in this Special Issue

provide invaluable information to inform future recovery
actions.
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Summary

Fish translocations are fundamentally different to those of other vertebrate groups, with orders of 

magnitude more individuals usually released, and these individuals usually having high subsequent 

mortality. Translocation programs for Australian freshwater fish have changed considerably in the 

last 30+ years, moving from wild-to-wild translocations to hatchery stockings for recreational fisher-

ies. Hatchery stocking and wild-to-wild translocations are now also used for conservation purposes. 

Translocations are among the four most-common management interventions employed for threat-

ened Australian freshwater fish, with the frequency of wild-to-wild translocations, stockings and 

rescues increasing significantly during the recent Millennium Drought (1997–2010). We document 99 

translocations of Australian freshwater fish conducted for conservation purposes since the late 

1980s. These were all reintroductions (releases to sites formerly occupied by the species) or rein-

forcements of existing populations, except for one conservation introduction. Excluding cases where 

it is too early to assess the outcome, or where remnant populations were present when the reintro-

duction occurred, 38% of the translocations claim full or partial success. However, for 16% the out-

come is unknown, raising concerns about the adequacy of monitoring. Monitoring programs 

associated with fish translocations are often short-term, under-resourced and, for long-lived fishes, 

monitoring often only encompasses the first milestone of success (survival for some period after 

release), with subsequent milestones (breeding and establishment) left unmeasured. Case studies 

review new insights into fish translocation such as: optimal stocking strategies; the survivorship and 

dispersal of on-grown individuals (i.e. hatchery-reared beyond the juvenile stage); the use of captive 

maintenance and subsequent release; and the use of artificial habitats (‘natural hatcheries’) to 

increase production numbers. Future freshwater fish translocations require increased levels of 

investment and will likely benefit from combined approaches of stocking and wild-to-wild transloca-

tion, along with consideration of further conservation introductions.

17

Underwater, out of sight: lessons  
from threatened freshwater fish 

translocations in Australia
Mark Lintermans, Jarod P. Lyon, Michael P. Hammer,  

Iain Ellis and Brendan C. Ebner
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Introduction
Freshwater habitats are one of the most threatened 
worldwide (Malmqvist and Rundle 2002; Dudgeon 
et al. 2006) and ongoing degradation will likely be 
exacerbated by global climate change (Morrongiello 
et al. 2011). Fish are an iconic freshwater faunal group, 
which, despite possessing a range of commercial, rec-
reational, cultural and intrinsic values, have lagged 
behind other vertebrates (e.g. birds and mammals) in 
conservation interventions, often as a result of con-
flicting human values (e.g. consumptive versus con-
servation) or a lack of awareness (i.e. out of sight, out 
of mind) (Cooke et al. 2012; Saddlier et al. 2013). 
Reintroduction is a well-established conservation 
practice (Armstrong and Seddon 2008; Ewen et al. 
2012) including for fishes (Minckley 1995; Cochran-
Biederman et al. 2014), and across the world billions of 
fish from over 300 species are released annually 
(Brown and Day 2002). Many of these are large-bod-
ied recreationally valuable species such as salmonids 
or, in the Australian context, percichthyids such as 
Murray cod (Maccullochella peelii), but there is an 
increasing focus on smaller-bodied species of conser-
vation concern.

Translocation is defined as ‘the human-mediated 
movement of living organisms from one area, with 
release in another’ (IUCN 2013). Threatened fish 
translocations in Australia can largely be divided into 
three groups: stocking of hatchery-reared individu-
als, wild-to-wild translocations and temporary cap-
tive maintenance. Although the distinctions between 
these groups can sometimes blur, they are broadly 
defined for this chapter as:

 ● Stocking: release of captive-bred individuals, 
usually fish < 4 months of age, where the 
broodstock are maintained at a hatchery as part 
of a long-term reintroduction program.

 ● Wild-to-wild translocations: individuals are 
taken from wild source populations and almost 
immediately released in other wild locations.

 ● Temporary captive maintenance: individuals 
are taken into captivity from the wild as a 
precautionary measure or ‘rescue’ when 
conditions threaten wild survival. Individuals 

may be held for a period (and sometimes bred 
in captivity) before release either back to their 
original location, or released in new locations.

Most translocations of threatened fish in Australia 
have been reintroductions (i.e. releases in sites for-
merly occupied by the species) or reinforcements of 
existing populations (Table 17.1). The exception was a 
single conservation introduction of the Pedder gal-
axias (Galaxias pedderensis) (Chilcott et al. 2013).

Previous reintroduction experience  
in Australia
Prior to the development of hatchery breeding, wild-
to-wild translocations of native fish were historically 
used for establishing recreational fisheries, and were 
mainly focused on large-bodied species of recrea-
tional interest. These include Murray cod, trout cod 
(Maccullochella macquariensis) and Macquarie perch 
(Macquaria australasica) (Cadwallader 1981; Cadwal-
lader and Gooley 1984). Historically, little considera-
tion was given to a species’ natural distribution or 
potential impacts on recipient ecosystems. With the 
advent of hatchery rearing, wild-to-wild transloca-
tions eventually fell out of favour.

Hatchery-based stocking programs for native 
Australian freshwater fish were largely developed in 
the 1970s and 1980s (Rowland 2013), replacing wild-
to-wild translocations as a means to establish or 
enhance recreational fisheries. Many recreational fish 
stocking programs aimed to provide individuals for 
harvest, with the establishment of self-sustaining 
populations being a secondary aim or not considered 
relevant (e.g. stocking to impoundments that lack 
appropriate spawning habitats or cues: Rowland 
2013). Stocking was perceived to be a panacea for 
many species, despite the reasons for the original 
decline of a species not being well understood (Cad-
wallander and Lawrence 1995), and the potential 
impacts of stocking on recipient ecosystems has only 
recently started to be considered (Russell 2008; van 
Poorten et al. 2011; Lintermans 2013b).

The profile of threatened freshwater fish conser-
vation increased significantly in the 1980s and 1990s 
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Table 17.1. All known translocations of threatened freshwater fish in Australia since the late 1980s
information drawn from published and grey literature, personal involvement of the authors, and personal communications with colleagues. except for 
one conservation introduction of the Pedder galaxias, these translocations are all reintroductions or reinforcements of populations within their native 
ranges. success is categorised as successful (s); partially successful (P); failed (f); unknown (u); too early to know (t). Partial success P1 is indicated 
by survival of translocated individuals and some breeding but establishment not determined (for individual sites), or P2 where population established 
but subsequently declined, or P3 where recruitment detected at some locations only (for large stocking programs over multiple sites). s* indicates that 
species was still extant at site when translocation occurred (i.e. reinforcement), so existing presence of species cannot be unequivocally attributed to 
translocation. Presence of question mark after assessment indicates some doubt over status. numeral indicates the number of translocations in a success 
category (e.g. 2 s = 2 successes).

Species State

Number of 
translocation 
catchments

Number of 
individuals

Release 
year span Success Reference

Wild to wild translocation

Barred galaxias  
(Galaxias fuscus)

vic. 1 90 2010 s Ayres et al. 2012

Pedder galaxias 
(Galaxias pedderenis)

tas. 2 405 1991–2007 2 s chilcott et al. 2013

Arthurs paragalaxias 
(Paragalaxias mesotes)

tas. 1 ~4000 2004–2013 f tas. ifs unpublished 
data

golden galaxias  
(Galaxias auratus)

tas. 17 ~4550 1996–1998 14 f; 1 
P1; 1 

P2; 1 s

hardie (2003), tas. ifs 
unpublished data

two-spined blackfish 
(Gadopsis bispinosus)

Act 1 60 2004–06 f lintermans 
unpublished data

River blackfish  
(Gadopsis marmoratus)

sA 1 66 2011 u hammer et al. 2013b

Macquarie perch  
(Macquaria australasica)

nsw 1 57 1980 P2 lintermans 2013b

Macquarie perch Act 3 1049 2006–2013 
(ongoing)

t lintermans 2013a

southern pygmy perch  
(Nannoperca australis)

sA 1 57 2008 f hammer et al. 2013b

Murray hardyhead  
(Craterocephalus fluviatilis)

vic. 2 970 2012–2014 f; t stoessel (2012) ellis 
unpublished data

freshwater catfish  
(Tandanus tandanus)

vic. 9 1255 1999–2008 2 s; s*; 
6u

P. clunie  
pers. comm.

southern purple-spotted 
gudgeon  
(Mogurnda adspersa)

nsw 1 18 2011/12 t nsw dPi unpublished 
data

Stocking

trout cod  
(Maccullochella 
macquariensis)

Act 2 152 251 1989–2007 s; u/P1? Koehn et al. 2013

trout cod nsw 6 897 459 1986–2014 
(ongoing)

s; 3 P1; 
u; t

nsw dPi unpublished 
data; Koehn et al. 2013

(continued)
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Species State

Number of 
translocation 
catchments

Number of 
individuals

Release 
year span Success Reference

trout cod vic. 7 1 016 959 1987–2014 
(ongoing)

2 s; P3; 
4 f

dePi unpublished 
data; Koehn et al. 
2013; lyon et al. 2012

eastern freshwater cod  
(Maccullochella ikei)

nsw 2 223 922 1989–2003 P3, u* nock et al. 2011; 
Rowland 2013

Mary River cod 
(Maccullochella mariensis)

Qld 1 653 970 1983–2011  s* lintermans 2013c

Macquarie perch nsw 4 55 524 1987–2014 t; 3 f nsw dPi unpublished 
data; B. ingram pers. 
comm.

Macquarie perch vic. 5 432 343 1990–2014 
(ongoing)

P1; s/s*; 
s*; 2 f

vic dePi unpublished 
data

southern pygmy perch nsw 5 12 246 2007/08–
2011/12

s?; 2 f;2 
t

nsw dPi unpublished 
data

olive perchlet  
(Ambassis agassizi)

nsw 3 9250 2010–2014 f; f?; t nsw dPi unpublished 
data

southern purple-spotted 
gudgeon

nsw 6 3120 2003/04–
2007/08

2 s?; 2 
u; 2 f

nsw dPi unpublished. 
data

lake eacham rainbowfish  
(Melanotaenia eachamensis)

Qld 1 3000 1989 f lintermans 2013c

Captive maintenance and 
release

Barred galaxias vic. 1 240 2010 s Ayres et al. 2012

Macquarie perch vic. 3 1151 1990–2009 s*; u; f lintermans et al. 2014; 
Kearns et al. 2012; ho 
and ingram 2012

Murray hardyhead vic. 3 888 2009–2013 s; s*; f ellis 2013; ellis et al. 
2013; ellis unpublished 
data

Murray hardyhead sA 5 8065 2010–2012 P1; 2 s*; 
2 u?

hammer et al. 2013b; 
Bice et al. 2013; suitor 
2014

southern pygmy perch nsw 1 69 2008/09 P2 l. Pearce pers. comm.

southern pygmy perch sA 1 1350 2011–2012* P1 hammer et al. 2013b

yarra pygmy perch  
(Nannoperca obscura)

sA 1 4900 2011–2012* P1 hammer et al. 2013b

southern purple-spotted 
gudgeon

sA 2 871 2010–2012 P1; f hammer et al. 2013b

Table 17.1. (continued)
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with the commencement of many conservation initia-
tives in Australia (Lintermans 2013b, c). A stocking 
program for trout cod commenced in 1987 (Koehn 
et al. 2013) and the first national recovery plan for a 
threatened freshwater fish (trout cod) was published 
(Koehn et al. 2013). Since then, there has been a dra-
matic increase in conservation action for threatened 
freshwater fish in Australia (Lintermans 2013c).

Reintroduction commonalities: aquatic  
and terrestrial
Although aquatic and terrestrial habitats have funda-
mental differences, they can share similar regional 
problems (e.g. urbanisation, vegetation clearance, fire 
regime). Some key conservation biology issues for 
reintroductions apply equally across both terrestrial 
and aquatic taxa, including:

 ● uncertainty regarding the fate of released 
individuals and (often) high mortality rates 
observed in the initial period after release 
(Ebner et al. 2007; Hutchison et al. 2012)

 ● behavioural deficits for hatchery-reared 
animals (Brown and Day 2002; Hutchison et al. 
2012)

 ● ensuring genetic diversity in breeding 
programs, including numbers of broodstock, 
their management and paternity (e.g. Rourke 
et al. 2009; Nock et al. 2011)

 ● disease in captive animals and potential 
disease introduction to the wild (e.g. Hammer 
et al. 2012; Rowland 2013)

 ● selection of reintroduction sites in highly 
modified landscapes with pervasive threats 
(e.g. Hammer et al. 2013b; Ellis et al. 2013), and 
the need to potentially source alternate habitat 
‘islands’ outside the natural distribution range 
(e.g. Pedder galaxias Chilcott et al. 2013)

 ● uncertainty in measuring ‘success’ of 
reintroductions, and how assessments of 
reintroduction success may change through 
time (e.g. Lintermans 2013d)

 ● prioritisation of reintroduction efforts given 
scant funding

 ● lack of planning for factors likely to affect 
future viability of reintroduced populations 
(e.g. climate-induced habitat change; Chapter 
9).

Freshwater reintroductions are different
Freshwater environments also display some inherent 
natural differences to terrestrial ones for reintro-
duced taxa including:

 ● Systems are highly dynamic on short (seasonal) 
and longer term scales (e.g. floods and 
droughts), which drives variation in habitat 
availability and suitability.

 ● Connectivity between locations and  
habitats (e.g. stream segments) can be 
naturally (e.g. waterfalls or dry reaches)  
or artificially fragmented by impassable  
barriers (weirs, dams, and road crossings), 
limiting the scale of reintroductions for  
mobile species.

 ● Alternatively, freshwater habitats can 
experience high levels of connectivity during 
flow events, diluting numbers or dislodging 
reintroduced animals. Aquatic reintroduction 
sites can rarely be effectively isolated to 
improve reintroduction success (i.e. they can’t 
be fenced to exclude predators or contain 
reintroduced individuals).

 ● Freshwater habitats are often linear, so edge 
effects are large and there is a high edge:area 
relationship.

 ● There are competing demands for water 
(consumptive, agricultural, industrial and 
social).

 ● It is difficult to directly observe released 
animals in aquatic environments, and indirect 
observational methods often are not applicable 
or feasible.

 ● Many freshwater aquatic habitats are infested 
with exotic species that cannot be effectively 
controlled with piscicides, because these 
chemicals are incompatible with other stream 
values (e.g. water quality and supply, or 
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persistence of highly valued non-target 
species).

 ● Aquatic environments are often subject to 
continual harvest pressure (i.e. angling) with 
consequent by-catch of threatened or protected 
species. 

Why fish reintroductions are different
Fish have some striking differences that set them 
apart from other animal groups, and these differ-
ences have profound implications for their reintro-
duction. Fish have fundamentally different 
reproduction and life history strategies to other verte-
brates. Fecundity is normally several orders of mag-
nitude higher than birds, mammals and reptiles 
(usually hundreds to hundreds of thousands of eggs) 
with high mortality/low survivorship of offspring 
the norm (Wooton 1998; King et al. 2013). Most fish do 
not have extended parental care (cf. mammals and 

birds), contributing to high mortality of offspring. 
These differences mean that reintroduction programs 
of juvenile fish (e.g. stocking programs) usually 
involve numbers that are orders of magnitude higher 
than those possible with terrestrial vertebrates to 
increase the chance of success (although this is often 
not so for wild-to-wild translocation of fish).

Although not unique to fish, there are usually 
multiple threats acting concurrently and synergisti-
cally (e.g. habitat loss, river regulation, exotic species 
and overfishing) (Helfman 2007; Lintermans 2013b). 
Unlike many reintroduction programs for other 
faunal groups in Australia and New Zealand (e.g. 
Chapters 4, 14 and Chapter 16), the causes of fish 
extirpation cannot be reversed just by controlling or 
eradicating exotic predators. Consequently the strat-
egy of releasing animals into fenced enclosures or 
islands following predator control is seldom applica-
ble to fish (but see Box 17.1).

Box 17.1: Natural hatcheries

during 2007–2010 the lower reaches of the Murray–darling Basin (MdB) in south Australia experienced 
catastrophic loss of aquatic habitat, as the combined effects of consumptive water use and severe prolonged 
drought lead to widespread desiccation of wetland, stream and lake-edge habitats. fish rescues were undertaken 
for five species, and this ultimately avoided regional extinctions (hammer et al. 2013b). As part of intensive captive 
maintenance, options were sought to spread risk, increase capacity for future releases, sustain effort in the interim 
to protracted wild habitat recovery, and minimise captive-breeding effects (e.g. hammer et al. 2012). A stepping-
stone approach was employed, where suitable artificial habitats (including farm dams and created wetlands) were 
carefully selected for the release of first-generation captive-born offspring. these artificial habitats are termed 
‘natural hatcheries’. it proved difficult to match habitat needs of species (e.g. suitable levels of cover and water 
quality, permanency, free of exotic predatory fish) and biosecurity (fish disease and containment considerations), 
with only a handful of sites selected from over a hundred assessed (hammer et al. 2009). however, spectacular 
results were observed for most artificial refuges employed. A distinct MdB lineage of yarra pygmy perch 
(Nannoperca obscura) in particular thrived in two spring-fed, well-vegetated dams in the Adelaide hills. this 
greatly increased the number of these fish available for translocations because thousands of fish could be 
sustainably harvested from the dams. similarly, Murray hardyhead (Craterocephalus fluviatilis) rescued from lake 
Alexandrina has become well established in a slightly saline, well-vegetated dam with extensive shallow areas, 
which matches this species' habitat requirements. southern purple-spotted gudgeon (Mogurnda adspersa) – 
rediscovered in the lower Murray after being presumed extinct for 30 years, only to be extirpated in the wild a 
few years later following the habitat drying – initially did well in a managed wetland. shifting management 
objectives led to the loss of fish at this site (a focus on restoring ephemerality for wetland birds). Although two 
other sites were subsequently established (including a specially designed wetland in a housing development), the 
loss of the managed wetland site highlighted that artificial sites are vulnerable to changes in ownership and 
management, other chance events (e.g. climatic) and introductions of exotic fish, especially in public areas (e.g. 
Baugh and deacon 1988). ultimately, natural hatcheries can provide strong support for reintroduction programs 
and are a potential medium-term contingency against extinction, but are no substitute for wild populations.
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Why translocate fish?
As with many taxa, reintroductions of fishes are 
driven by two primary objectives: economics and 
conservation. First, many threatened fish species are 
viewed as valuable fisheries resources (e.g. Murray 
cod). As such, translocations and stocking of hatch-
ery-reared animals is common to maintain the social 
and economic benefits associated with angling in 
fresh waters, where harvest outstrips natural recruit-
ment to harvestable size, or natural recruitment is 
hindered by environmental change. Second, threat-
ened freshwater fishes are translocated for conserva-
tion purposes, usually to meet commitments under 
state, national and international threatened species 
legislation and policy.

Recent reintroduction drivers  
and constraints
A recent national review of recovery actions for 
threatened freshwater fish (Lintermans 2013c) identi-
fied that fish translocation, stocking and rescue were 
increasingly common in the decade beginning in the 
year 2000. Such activities were largely driven as an 
‘emergency response’ to the ‘Millennium Drought’ 
between 1997 and 2010 (van Dijk et al. 2013). This 
drought led to drying wetlands, rivers and streams, a 
loss of connectivity between river and floodplain 
habitats, and an increase in catastrophic events such 
as post-fire sediment and ash runoff, and ultimately 
floodwater-induced blackwater events as the drought 
broke (Ellis et al. 2013; Hammer et al. 2013b; Linter-
mans et al. 2014).

In Australia, most hatchery facilities are geared 
towards production of large numbers of recreation-
ally important species. Hatchery breeding and stock-
ing is increasingly funded by recreational fishing 
revenue, and consequently hatchery space for breed-
ing of fishes for conservation objectives is often lim-
ited. However, for some important angling species in 
Australia (e.g. Murray cod), ancillary conservation 
outcomes also accrue from these fishery-oriented 
stocking programs. Knowledge of the reproductive 
biology of non-recreational threatened species is 
often lacking, thus hampering the development of 

breeding programs (Lintermans 2013b). Conse-
quently, the large-scale release (i.e. > 100 000 individ-
uals) for conservation objectives of captive-bred 
individuals of threatened taxa has largely been 
restricted to the following species (Table 17.1):

 ● trout cod (for both fishery and conservation 
objectives)

 ● eastern freshwater cod (for both fishery and 
conservation objectives)

 ● Mary River cod (for both fishery and 
conservation objectives)

 ● Macquarie perch (for both fishery and 
conservation objectives).

Apart from these larger, more iconic threatened 
species, reintroductions of small-bodied threatened 
fishes in Australia (for which recreational pursuits 
are not a key driver) has shifted towards tailored 
small-scale hatcheries and wild-to-wild transloca-
tions that have once again regained popularity 
( Lintermans 2013c).

What does the scorecard show?
The known translocations of threatened freshwater 
fish in Australia are summarised in Table 17.1. Of the 
99 translocations, the outcome for 10 cases was 
judged to be too early to assess. For an additional 
nine cases, remnant individuals or populations were 
still extant in the reintroduction catchments or sub-
catchments and so the persistence or recovery of 
these populations cannot be unequivocally claimed 
as successful. For the remaining 80 translocations, 
complete or partial success (where the goal is to 
establish self-sustaining populations) is claimed for 
38% of attempts, with 46% of attempts judged as fail-
ures (Table 17.2). Of the three categories of transloca-
tion outlined, wild-to-wild translocation had the 
lowest claimed complete or partial success (26%), 
with stocking (44%) and captive maintenance and 
release (58%) notably higher. Of concern is the 16% of 
translocations for which the outcome is unknown, 
indicating either a lack or inadequacy of monitoring 
programs.
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Recent advances in fish reintroduction 
biology
Over the last decade there have been several notable 
advances in reintroduction biology involving Aus-
tralian freshwater fish.

Population models
Population models have been developed for several 
species to guide wild-to-wild translocations and 

stockings. An age-structured population model is 
used to refine decisions on the age classes of translo-
cated Macquarie perch (young of year, juveniles, 
adults and mixed age classes) and the duration 
(number of years) for translocations (Lintermans 
2013a; see Chapter 2 for similar modelling applied to 
frogs, and Chapter 8 for other aspects of modelling 
reintroduced populations). Population models have 
been used to guide stocking regimes for trout cod 
(Lyon et al. 2012; Bearlin et al. 2002; Koehn et al. 2013; 
Box 17.2) and management arrangements for Murray 
cod (Koehn and Todd 2012).

Genetics
A variety of molecular genetic assessments have 
advanced reintroduction biology, including genetic 
studies to examine species boundaries and define 
spatial scales for management and thus guide reintro-
duction practices (Chapter 10; see Hammer et al. 2013a 
for a review focusing on fish) and close-kin genetics 
to guide captive breeding (e.g. Rourke et al. 2009; Car-
valho et al. 2012). In addition, there has been an 
acceptance that fear of outbreeding depression 

Table 17.2. number of translocation attempts in each 
success category for Australian threatened freshwater fish by 
reintroduction type and all types combined (from table 17.1)
s = successful; P = partially successful; s* = population persists but 
remnant populations still present when reintroduction occurred (so suc-
cess cannot categorically be claimed); f = failure; u = unknown; t = too 
early to assess.

S P S* F U T

wild-to-wild 6 3 – 18 8 5

stocking 7 7 4 16 3 5

captive maintenance 
and release

2 5 5 3 2 –

combined 15 15 9 37 13 10

Box 17.2: Stocking strategies for trout cod

trout cod (Maccullochella macquariensis) were once abundant and widespread in the Murray–darling Basin. 
however, by the late 1980s, a variety of threatening processes, including river regulation, overexploitation, exotic 
species and loss of key habitats had reduced populations to one small (100 km) reach of the Murray River, and a 
smaller (20 km) reach of sevens creeks system (Koehn et al. 2013). in order to save the species, a program of 
protection and reintroduction was undertaken. in victoria, the ovens River was among several sites chosen as a 
key site for reintroduction. Planning for this reintroduction included generation of a population model to determine 
the optimal stocking regime (see chapter 3 for a similar modelling exercise involving frogs, and chapter 2 for a 
review of release strategies in reintroduction). this modelling concluded that stocking a moderate number of 
fingerlings, over a relatively long (10-year) period, rather than a larger number over a shorter period, was the best 
approach (lyon et al. 2012). this strategy was validated when research found that the majority of stocked fish 
surviving in the ovens River came from one of two cohorts (years 8 and 9 of the stocking program). if the stocking 
had been ceased after 5 years, it is likely that this reintroduction would not have succeeded (i.e. the years of high 
survival would not have occurred). Post-release survival of fingerling fish can be variable and sporadic, and in many 
cases matching stocking efforts with the correct environmental condition to promote survival is vital to success 
(lyon et al. 2012). the ovens River now contains a population of trout cod that is self-sustaining and expanding 
into other areas (lyon et al. 2012). indeed, future conservation efforts may include using the ovens River 
population as a source population for future translocations of adults and sub-adults. Although many of the threats 
that caused the initial range constriction are still present, it is likely that they are operating at a much reduced scale 
(due to improved river management practices, reduced abundances of exotic species such as carp (Cyprinus carpio) 
and redfin perch (Perca fluviatilis), and the closure of angling), allowing the reintroduced population to grow.
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(through the mixing of different genetic stocks) was 
hampering reintroduction practice. Management 
inaction through fear of outbreeding depression was 
inadvertently increasing the potential for inbreeding 
depression as remnant populations declined (Weeks 
et al. 2011; Chapter 10). Consequently the concept of 
‘genetic rescue’ is now gaining ground as a realistic 
and beneficial approach to saving imperilled fresh-
water fish.

Scaling up of management efforts
The scale of efforts required in fish conservation 
translocations is also now better appreciated. For 
example, the early trout cod reintroductions used 
small numbers of fish distributed across many sites 
(Douglas et al. 1994). More recent reintroductions of 
this species now release large numbers of fish at 
fewer sites, and over longer durations (Lyon et al. 
2012; Box 17.2).

Rapid response
The need for rapid funding availability to facilitate 
response to catastrophic events was also improved 
with the establishment in 2007 of the Native Fish 
Strategy Emergency Contingency Fund (NFSECF) in 
the Murray–Darling Basin (MDB). This fund facili-
tated early intervention and subsequent reintroduc-
tions or reinforcements for several threatened 
freshwater fish imperilled by drought, bushfire, des-
iccation or blackwater events (Lintermans et al. 2014). 
However, this capacity is not apparent throughout 
much of the remainder of Australian waterways, and 
the Native Fish Strategy has not been funded since 
2013.

Use of hatchery-reared fish
Most hatchery-bred threatened fish are released at 
only a few months of age as fingerlings (30–50 mm 
total length). This release size is largely dictated by 
the constraints of feeding larger individuals once the 
plankton bloom in larval rearing ponds has been 
exhausted (Rowland 2013) and reflects breeding pro-
grams for recreational fishery enhancement. How-
ever, the behavioural deficiencies of captive-bred 
animals (e.g. Chapter 4) and hatchery-bred fish are 

well understood, with predator naivety foremost 
among such deficits (Brown and Day 2002; Box 17.3). 
Recent trials have demonstrated that survival of 
stocked fingerlings can be enhanced with predator-
training before release, but that improvements in sur-
vival vary between species (Hutchison et al. 2012). 
Thus training is gaining increased practical imple-
mentation (e.g. Hammer et al. 2012).

Discussion
Translocation success in Australia
The success of recent (post 1990) conservation trans-
locations in Australia is mixed, and as alluded to ear-
lier, confused by differing interpretations of success. 
To be considered a success, fish must first survive the 
translocation process, following which successful 
breeding must occur (breeding) and then ultimately a 
self-sustaining population must establish (establish-
ment). A population might be considered established 
when F1 or F2 individuals have successfully bred, but 
a translocation cannot be claimed to be successful 
unless the population is self-sustaining. Some degree 
of post-release survival is regularly claimed for the 
majority of species translocated, and breeding has 
been detected for several species (mostly small-bod-
ied) with examples including Murray hardyhead, 
southern purple-spotted gudgeon, Yarra pygmy 
perch and southern pygmy perch. Some populations 
of large-bodied species have demonstrated breeding 
(e.g. Macquarie perch and trout cod) (Table 17.1) but 
their differing reproduction strategy (slow maturing 
and long-lived) means that it may be some decades 
post-reintroduction before the outcome is known. For 
many reintroductions the establishment of self-sus-
taining populations is yet to be confirmed. However, 
a few cases have been documented, most notably 
Pedder galaxias and trout cod in the Ovens River, and 
Yarra pygmy perch and Murray hardyhead in artifi-
cial habitats (Box 17.1).

The proportion of threatened freshwater fish 
reintroductions reported in the current review as 
either completely or partially successful was 38%, 
with 46% judged as failures. This success rate is com-
parable with claimed success rates for other animal 
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groups in Australia (Sheean et al. 2012), but lower 
than that reported in a recent Australian review of 
actions to recover threatened freshwater fish (Linter-
mans 2013c). Lintermans (2013c) reported wild-to-
wild translocation was the second-commonest 
management intervention for threatened freshwater 
fish and stock enhancement the fourth-commonest 
intervention. The same review reported that the over-
all author-reported success rate (partial or complete 
success) for translocation was 57% (of 31 attempts 
with reported outcomes), and stock enhancement 
was not reported separately. Analysis of the raw data 
that was the basis of the Lintermans (2013c) review 
reveals that, of 35 stock enhancement activities where 
success was reported, 66% claimed full or partial suc-
cess and 11% were unsuccessful (Lintermans unpub-
lished data). However, the criteria for ‘success’ 

reported in the Lintermans (2013c) review were 
unspecified, likely varied between respondents, and 
in some instance were known to relate simply to ‘sur-
vival’ of individuals involved.

A broader global assessment of published fresh-
water fish reintroductions also reported higher suc-
cess, with 58% of 260 reintroduction attempts claimed 
by the authors as successful, 42% unsuccessful, and 
two cases reported as uncertain (Cochran-Biederman 
et al. 2014). However, Cochran-Biederman et al. (2014) 
noted that authors’ definitions of success varied and 
included ‘survival’, spawning and recruitment to 
breeding age, and only 70% of cases assessed recruit-
ment. The success criteria used in the current review 
(Table 17.1) are more tightly focused on recruitment 
and population establishment, which likely explains 
the poorer success rate (complete or partial) compared 

Box 17.3: Radio-tracking trout cod releases

By 2000, it was apparent that ongoing stocking of hatchery-produced trout cod fingerlings at many sites across the 
species’ former range resulted in very few populations. one possible explanation was sub-adult dispersal 
effectively diluting densities at reintroduction sites (ebner et al. 2006; see chapter 6 for consideration of dispersal 
in reintroduction). A series of three trials was conceived to quantify dispersal patterns of sub-adult and adult trout 
cod across a range of riverine habitats in the Murrumbidgee River catchment (see chapter 7 for general discussion 
of trials in reintroduction biology).

A trial validated tagging techniques and provided initial insight into habitat use and scale of movement of trout 
cod in an upland stream, the cotter River (ebner et al. 2009), complementing previous radio-tracking in the 
lowland context (nicol et al. 2007). Most post-release dispersal of tagged trout cod was in a downstream direction 
and home-ranges were small (~50–300 m). one-hundred per cent of tagged fish survived until 4 months post-
release, but there was negligible survival by 11 months after release.

A second trial explored the stocking of on-grown (i.e. hatchery-reared beyond the juvenile stage) trout cod as a 
reintroduction strategy and investigated whether dispersal of sub-adults away from a stocking site explained the 
limited detection of this species at a reintroduction site (ebner and thiem 2009). over 13 months, a sample of 
‘wild’ adult fish (n = 31) originally stocked as fingerlings exhibited high survival (95%) and high retention to the 
13-km reach from where they were captured before tagging. individuals occasionally undertook large-scale 
movements but usually returned to the 13-km reach. in comparison, the 2-year-old hatchery fish (n = 27) remained 
at the release site or dispersed downstream before experiencing low survival (9% at 13 months post-release).

on-grown hatchery-bred trout cod (2 years old) were radio-tracked in the third reintroduction trial (ebner et al. 
2007), with two releases (36 fish each) into single sites in the upper Murrumbidgee and the cotter rivers. Minimal 
dispersal and poor survival were recorded (1-month post-release: 61% in Murrumbidgee, 31% in cotter; 6-months 
post-release: 0% Murrumbidgee, 3% cotter). cormorants Phalacrocorax spp. and the common water rat 
(Hydromys chrysogaster) were the likely predators and scavengers of tagged fish.

collectively, these radio-tracking studies demonstrated that hatchery-reared fish generally show site fidelity to 
the stocking reach or disperse downstream. the unexpectedly low survival of these fish resulted in a shift in focus 
from dispersal to survival (ebner et al. 2006), and this served to shape thinking about reintroduction strategies for 
trout cod and other threatened Australian freshwater fishes (e.g. hutchison et al. 2012; Koehn et al. 2013).
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with Lintermans (2013c) and Cochran-Biederman et 
al. (2014). However, reintroductions of threatened spe-
cies may be less likely to succeed than non-threatened 
species, and this may also partially explain the lower 
success rates. Cochran-Biederman et al. (2014) 
included case studies of both imperilled and non-
imperilled freshwater fish, and found that reintro-
duction success was lower for species that were 
‘government protected’ (i.e. listed threatened species). 
This probably indicates that such species may be 
more prone to decline or more sensitive to anthropo-
genic disturbances.

Factors influencing success
Insufficient fish translocation exercises have been 
documented in Australia to analyse the influence of 
biological (intrinsic species traits) or habitat factors 
(including influence of exotic species) rigorously for 
success or failure. However, the international review 
by Cochran-Biederman et al. (2014) indicates that 
intrinsic species traits were generally least influential 
in measures of success. The exception was parental 
care, where all eight cases of reintroductions of fresh-
water fish with parental care were successful 
(Cochran-Biederman et al. 2014). However, parental 
care is only likely to be beneficial after reintroduced 
individuals have successfully spawned, and so the 
availability of appropriate spawning conditions will 
be paramount. Several species of threatened Austral-
ian freshwater fish demonstrate parental care (e.g. 
freshwater cod species, blackfish species and south-
ern purple-spotted gudgeon) and reintroductions of 
all of these species have had mixed success. Cochran-
Biederman et al. (2014) also identified that migratory 
species were slightly more likely to survive in the 
medium to long term (≥ 6 months) than non-migra-
tory species.

The presence of exotic species was shown to be an 
important correlate of reintroduction failure 
(Cochran-Biederman et al. 2014), but the authors did 
not distinguish between the potential impacts of 
exotic fish that might cause such a correlation. The 
presence of exotic predators is a logical concern in 
reintroduction attempts, as would be the presence of 
congeners and potential hybridisation. There are few 

waterways in south-eastern Australia where exotic 
fish are not present, and so further investigation is 
warranted of what exotic fish impacts are most 
important for reintroduction success in these waters.

What do we need to do better?
Most recent translocations of threatened freshwater 
fish in Australia were crisis responses to the Millen-
nium Drought involving reactive threat abatement to 
avoid extinction of remnant populations (e.g. captive 
maintenance, Box 17.4). Effective threatened species 
management needs to be proactive and sustained, 
rather than solely reactive to critically threatening 
incidences. Conservation programs will ideally incor-
porate translocation strategies into recovery plans 
that will increase the area of occupancy for threat-
ened fishes, and provide insurance against future 
changes in water availability driven by drought or 
potential climate change impacts. Currently there is 
little consideration within existing recovery plans of 
the impacts of climate change or extreme climatic 
events. Another current deficiency is the lack of 
known outcomes for 16% of translocations: specifi-
cally, monitoring efforts need to improve.

There are currently fledgling programs or propos-
als to establish populations of threatened fish specifi-
cally for harvest by anglers (NSW DPI 2012; NFA 
2006). For many threatened fish that were historically 
harvested, a common aim of recovery programs is the 
restoration of populations to a state where they can 
again sustain recreational hunting pressure (e.g. 
NTCRT 2008). The potential restoration of recrea-
tional harvest is a crucial element in engaging com-
munity interest for many such species (NMCRT 2010).

It has been argued that allowing some recreational 
harvest (either take or catch-and-release, in specified 
locations) serves a valuable purpose for overall con-
servation by maintaining the species in the public 
eye, whereas otherwise its conservation needs may be 
forgotten (Lintermans et al. 2005). The establishment 
of populations that can be harvested may also pro-
vide opportunities to better educate anglers about the 
outcomes and trajectories of conservation transloca-
tions. However, the establishment of populations of 
threatened fish purely for recreational harvest poses 

163



AdvAnces in ReintRoduction Biology of AustRAliAn And new ZeAlAnd fAunA248

some potential conservation issues. Hatchery produc-
tion of threatened fish is severely curtailed by the 
availability of hatchery facilities, and the diversion of 
some of this production to satisfy recreational harvest 
is likely to result in less fish available for conservation 
translocations. Increased hatchery production of 
threatened fish is needed, not higher demand on 
existing production.

The next steps
There are many issues that remain to be resolved in 
reintroductions of threatened freshwater fish, most of 
which are common across multiple animal groups.

Although reintroduction activities may be appro-
priately conducted at small spatial scales (i.e. local-
ised release sites, islands and exclosures), the lack of 
longer temporal scales in many aquatic reintroduc-
tion activities gives cause for concern (Lintermans 
2013c). Lyon et al. (2012) demonstrated that, after a 
decade of repeated releases of trout cod, recruitment 
of juveniles only occurred in a small subset of years, 

indicating that short temporal scale interventions 
may not encounter environmental conditions that 
promote success.

A companion of short-term recovery efforts is the 
associated short duration of monitoring programs. It 
is notable that, for several threatened fish reintroduc-
tions, determining success may take more than a 
decade (Lintermans 2013d; Chilcott et al. 2013). Moni-
toring of reintroductions continues to be a vexed 
issue. Monitoring is costly and monitoring resources 
are scarce, and so monitoring programs are often not 
viewed as a priority by management agencies. Simi-
larly monitoring is not viewed as ‘sexy’ or of academic 
merit and so it is not considered a priority endeavour 
by scientists (Lintermans 2013b). Although adaptive 
management can be used to improve reintroduction 
programs (McCarthy et al. 2012) and monitoring is an 
essential component (Lindenmayer and Likens 2009), 
monitoring programs are often tokenistic. That is, 
some monitoring is done because it is expected, rather 
than monitoring being designed to improve 
management.

Box 17.4: The perils of a crisis response – conservation of Murray hardyhead

Murray hardyhead (Craterocephalus fluviatilis) is a threatened freshwater fish endemic to the southern Murray–
darling Basin, which is susceptible to human processes that impact on river hydrology and water quality. 
Remaining fragmented populations are isolated from one another in the absence of regular flooding.

to date, conservation programs have been largely reactive (environmental watering of small areas or captive 
maintenance, to prevent extirpations), with little consideration given to increasing the area of occupancy or 
restoring connectivity between populations (ellis et al. 2013). during the Millennium drought, environmental 
watering became problematic due to competing demands for limited water and community resentment towards 
environmental watering programs.

Relevant agencies were largely unprepared for the magnitude of the drought, and the duration of captive 
maintenance extended from the planned 1 year to (in some cases) 5 years. furthermore, few fish were able to be 
collected for crisis captive maintenance, hence genetic diversity within representative captive populations was 
low.

Reintroduction sites were not identified in parallel with captive-breeding programs, and disparity among 
stakeholders (resource managers and water providers) further delayed reintroductions when the drought broke in 
2010. consequently most captive-bred Murray hardyhead were eventually returned to those sites from which they 
were initially salvaged, rather than to additional reintroduction sites that would have increased the current 
distribution and aided recovery of the species (ellis et al. 2013).

this case study highlights the tendency for crisis responses to divert attention from the problems originally 
contributing to a species decline (Philippart 1995; snyder et al. 1996). A strategic approach to threatened species 
conservation and recovery would ameliorate the necessity for crisis responses, such as captive maintenance, in 
future crisis scenarios.
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Virtually all recent threatened freshwater fish 
translocations in Australia have occurred within the 
natural distributional range of the species involved. 
The sole exception is the Pedder galaxias, where the 
small natural range was rendered unsuitable as a 
result of increased abundance of native and exotic 
predators following river impoundment (Chilcott 
et al. 2013). This is the only case of a conservation 
introduction (assisted colonisation; IUCN 2013) 
known for an Australian threatened fish, and it saved 
the species from extinction (Chilcott et al. 2013; Lin-
termans 2013b), but also involved introduction of a 
non-native species to any ecosystem whose biota had 
evolved without predatory fish (Horwitz 1995). Cli-
mate change coupled with anthropogenic population 
fragmentation (due to dams, habitat loss and increase 
in exotic species) is likely to stimulate additional con-
servation introductions of fish, as is the case for other 
taxa (Chapter 9).

Although captive breeding can be a useful tool in 
conserving threatened species (by reducing the 
immediate risk of the extirpation), it can divert atten-
tion from the problems originally contributing to a 
species decline and can result in reduced urgency to 
preserve and restore existing wild ecosystems 
( Cadwallander and Lawrence 1995; Philippart 1995; 
Snyder et al. 1996). Ideally, the identification of reintro-
duction sites should be conducted in parallel with 
captive-breeding programs, but the scarcity of suita-
ble sites is a common challenge (Bruton 1995). Captive 
breeding should not be considered a long-term con-
servation strategy, and should always be integrated 
with strategies to maintain wild populations. In many 
cases, ‘natural hatcheries’ could provide medium-
term contingency support for reintroduction pro-
grams, rather than risky reliance on captive 
maintenance (Box 17.4).

Conclusions
Much has been learnt over the last 20+ years that 
points to increasing success for fish conservation 
reintroductions. Our increased knowledge of species 
biology, genetics, threatening processes and factors 
influencing success or failure of translocations has 

given a strong grounding for future conservation 
efforts. In comparison with other faunal groups, fish 
reintroductions involve the largest numbers of 
released individuals in Australia and, although some 
fundamental differences occur, lessons from fish 
reintroductions will be broadly applicable to other 
conservation endeavours.

In an era of a changing climate and increasingly 
sparse conservation resources, the restoration of 
threatened species is under increasing budgetary 
pressure. Although whole-of-landscape habitat resto-
ration will no doubt continue, the ongoing need for 
strategic programs of stocking and reintroducing 
threatened fishes is clear. There are, however, still 
issues that need to be dealt with.

First, there is a need for investment in threat-
ened fish reintroductions to occur at a comparable 
scale as those occurring to achieve recreational 
fisheries objectives. We believe that most recrea-
tional anglers are supportive of such programs, and 
would contribute recreational fishing licence fund-
ing towards the conservation of threatened fresh-
water fishes.

Second, more information is needed to determine 
the relative benefits of wild-to-wild translocations 
versus stocking of hatchery-reared individuals. Cur-
rent population modelling exercises show that a com-
bination of the above may increase the ultimate 
chance of success by increasing the chances of a large 
number of fish surviving to adulthood. This approach 
also has the benefit of reducing the impact on the 
donor population of wild fish.

Finally, the value of conservation introductions for 
fish needs to be considered more closely. Some his-
torical translocations to areas outside the natural 
range have become invaluable conservation resources 
in today’s highly modified environments (e.g. Mac-
quarie perch in the Yarra River; trout cod in Sevens 
Creek) and the conservation introduction of Pedder 
galaxias saved the species from extinction. As pres-
sures on freshwater environments continue to grow 
and the impacts of climate change become more pro-
nounced, suitable reintroduction sites will become 
increasingly scarce. Therefore, spreading the risk of 
extinction across wider spatial zones should be 
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seriously considered while balancing this against the 
risks to receiving ecosystems (Chapter 9).
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INTRODUCTION

Freshwater habitats are amongst the most threat-
ened in the world (Sala et al. 2000, Malmqvist & Run-
dle 2002, Dudgeon et al. 2006), with their largely lin-
ear and unidirectional flow characteristics making
them highly susceptible to anthropogenic impacts.
Lakes and rivers comprise <0.01% of the Earth’s
water, yet freshwater fish comprise around 40% of
the world’s fish fauna (Dudgeon et al. 2006, Nelson
2006, Jelks et al. 2008), with 30 to 60% of species
considered threatened in many regional assessments

(Smith & Darwall 2006, Jelks et al. 2008, Garcia et
al. 2010). Rehabilitation of freshwater habitats to
recover aquatic fauna is a rapidly growing manage-
ment area (Cowx & Welcomme 1998, Bernhardt et al.
2005), with the recovery of fishes being a common
objective (Roni et al. 2005).

Australia has relatively few freshwater fish species
(approximately 260; Allen et al. 2002, Pusey et al.
2004) for its land mass (7 692 024 km2), largely the
result of a generally arid climate and historical iso -
lation. Australian rivers have very low runoff (on
average only 12% of rainfall is collected in rivers;
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NLWRA 2001) and highly variable flows compared to
the rest of the world (Puckridge et al. 1998, Arthing-
ton & Pusey 2003). This climatic and hydrological
variability has stimulated high investment in water
storage and irrigation infrastructure, particularly in
south-eastern Australia. The Murray-Darling Basin
(MDB) (Fig. 1) is the food bowl of Australia, covering
>1 million km2, contributing 39% of the nation’s agri-
cultural production and accounting for 50% of the
nation’s irrigated agricultural water use (2007 to
2008; Murray-Darling Basin Authority 2010). The
concentration of agricultural development in the
MDB has resulted in significant ecological pressure
on aquatic systems, with high levels of flow regula-
tion, water abstraction, and floodplain and riparian
modification (Murray-Darling Basin Commission
2004). The MDB also has a depauperate native fish
fauna of only 44 naturally occurring species (Linter-
mans 2007), many of which are of conservation con-
cern (Table 1) and which are being impacted by a
range of threats (Murray-Darling Basin Commission
2004) (Table 2). The fish fauna of the MDB is essen-
tially riverine, with lacustrine habitats being mainly
small in size and predominantly occurring on the
floodplain, still dependent on over-bank river flows
(Lintermans 2007). Previous conservation manage-
ment has focussed on individual species; however,
it is increasingly recognised that more holistic
approaches may secure better conservation out-
comes (Likens et al. 2009).

Many of the MDB native fishes are highly recog-
nised and valued by the community, especially in

regional areas. Native fish have important ecological,
social, cultural and economic values and provide a
key link between people and their river systems.
They have particular significance and importance to
Australian indigenous cultures, for example, ‘in abo-
riginal mythology the Murray cod was responsible
for the creation of the Murray River and its fish’
(Rowland 2005, p. 40). Native fishes also provide con-
siderable opportunities for recreational angling and
contribute to rural economies through related
tourism (Henry & Lyle 2003).

The MDB encompasses 4 states and a territory
(hereafter collectively termed ‘states’) and, together
with the commonwealth (national government), is
subject to 6 legislative jurisdictions and their govern-
mental departments and agencies with many and
 varied disparate responsibilities. This complexity pre-
sents considerable challenges to effective manage-
ment of natural resources. Whilst water use and man-
agement has been coordinated across jurisdictions
through the Murray-Darling Basin Authority (MDBA,
previously Murray-Darling Basin Commission), native
fish management has traditionally been single-issue
dominated and undertaken on an individual state-by-
state basis, with community involvement (especially
outside organised recreational angler groups) being
limited. Fish management has generally been fo-
cussed on threatened or angling species (sometimes
managed by different departments), with many other
species being neglected. Threatened species man-
agement largely revolves around individual species
recovery plans, and, while these have made signifi-
cant gains for these species (e.g. barred galaxias;
Raadik et al. 2010), there are opportunities for wider
integration. For example, the commonwealth and
states have different conservation listing processes
(see Table 1), and some jurisdictions also have sepa-
rate fisheries plans. Almost invariably there is a dis-
connection between the management of fish and
management of their habitats, especially the manage-
ment of water. The high degree of river regulation
and utilisation of water for irrigation means that, as
well as competition between environmental and agri-
cultural needs (Kingsford 2000, Arthington & Pusey
2003), competition for environmental water allocations
also exist between different ecological assets (e.g.
vegetation, waterbirds, fish).

The present paper outlines the innovative ap -
proach taken by the ‘Native Fish Strategy for the
Murray-Darling Basin 2003−2013’ (NFS) (Murray-
Darling Basin Commission 2004) to address the
impacts of key threatening processes and to rehabil-
itate populations of both threatened and non-threat-
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Fig. 1. Murray-Darling Basin, south-eastern Australia. Dark
line: Murray River; A: Murray River mouth; B: Hume Dam; 

ACT: Australian Capital Territory
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ened native fishes. It discusses the development of
this strategy, evaluates its strengths and weaknesses,
discusses threats to it and future opportunities, pro-
viding a case study that may be applicable to other
parts of the world.

THE NEED FOR ACTION

The health of native fish populations and commu-
nities in the MDB is one indicator of the overall
health of the basin and its rivers (Harris 1995). The
current poor status of native fish populations in the
MDB is alarming, with several indicators demonstrat-
ing the urgency of the current situation:
• Reductions or localised extinction of some native
fish species (see Cadwallader 1977, Cadwallader &
Gooley 1984, Lintermans 2007)

• A wide range of threats to species (Table 2)
• Nine of the 44 naturally occurring native fish spe-
cies in the basin nationally ‘threatened’ (Lintermans
2010) and an additional 14 species listed by states
(Table 1; Lintermans 2007).
• Rapid declines in key recreational and commercial
‘flagship’ species such as silver perch Bidyanus
bidyanus, freshwater catfish Tandanus tandanus and
Murray cod Maccullochella peelii across the basin
(Cadwallader & Gooley 1984, Reid et al. 1997, Clunie
& Koehn 2001a,b). 
• The closure of commercial fisheries for native
 species.
• The presence of 12 alien species of fish that now
comprise a quarter of the total fish species (including
carp Cyprinus carpio that now make up an estimated
80 to 90% of fish biomass at many sites; Harris &
Gehrke 1997, Lintermans 2007). 
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Scientific name Common name ACT NSW VIC SA EPBC ASFB

Galaxias olidus Mountain galaxias VU
Galaxias fuscus Barred galaxias L {CE} EN CE
Galaxias truttaceusa Spotted galaxias EN
Galaxias rostratus Flat-headed galaxias CE {VU} EX VU
Gadopsis bispinosus Two-spined blackfish VU
Gadopsis marmoratus Northern river blackfish EN POP EN
Macquaria colonorum Estuary perch EN
Macquaria australasica Macquarie perch EN EN L {EN} EX EN EN
Macquaria ambigua Golden perch {VU}
Maccullochella peelii Murray cod L {EN} EN VU VU
Maccullochella Trout cod EN EN L {CE} EX EN CE

macquariensis
Tandanus tandanus Freshwater catfish EN POP L {EN} EN
Bidyanus bidyanus Silver perch EN VU L {CE} EN VU
Mordacia mordax Short-headed lamprey EN
Geotria australis Pouched lamprey EN
Pseudaphritis urvillii Congolli VU
Mogurnda adspersa Southern purple-spotted gudgeon EN L {EX} CE
Ambassis agassizii Olive perchlet EN POP L {EX} CE
Nannoperca australis Southern pygmy perch EN EN
Nannoperca obscura Yarra pygmy perch L CE VU VU
Craterocephalus Murray hardyhead CE L {CE} CE VU EN
fluviatilis

Craterocephalus Unspecked hardyhead L {DD}
stercusmuscarum fulvus

Craterocephalus Darling River hardyhead VU
amniculus

Melanotaenia fluviatilis Murray-Darling rainbowfish L {DD}

aAlso translocated into the MDB

Table 1. Threatened fish species in Murray-Darling Basin (MDB), according to state, territory and national listings. Note: spe-
cies classified as rare have been excluded; there are no MDB fish species formally listed in Queensland. ACT: Australian Cap-
ital Territory; NSW: New South Wales; VIC: Victoria; SA: South Australia, Action Plan for SA Freshwater Fishes (Hammer et al.
2009); EX: extinct in the wild; CE: critically endangered; EN: endangered; VU: vulnerable; EN POP: endangered population;
DD: data deficient; L: listed under the Victorian Flora & Fauna Guarantee Act 1988; (…): conservation status under DSE (2007)
advisory listing in Victoria; EPBC: national status under the Environment Protection and Biodiversity Conservation Act 1999; 

ASFB: national status listed by the Australian Society for Fish Biology (Lintermans 2010)
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• The presence of several translocated native fish
species not endemic to the basin’s rivers (e.g. broad-
finned galaxias Galaxias brevipinnis; Waters et al.
2002).
• Observed declines in recreational angling  success.

In addition to the listing of threatened species, sev-
eral fish communities of the MDB have also been
listed as threatened under both state (Victorian and
New South Wales) and commonwealth legislation.
The only broad-scale pre-NFS assessment of fish
‘health’ documented NSW rivers in the basin as
being degraded, with many expected fish species not
captured, high abundance of alien species, and sig-
nificant impacts of river regulation (Harris & Gehrke
1997). Recognising that action should not be delayed
while waiting for perfect knowledge, the need for a
coordinated strategy to rehabilitate fish populations
was obvious, and out of this perception the concept of
the NFS was born in 1999.

The NFS is an ecosystem-based approach that uses
on-ground management not only to improve the sta-
tus of native fish in the MDB but also to increase our
ecosystem understanding. This strategy has fish as its
focus, rather than being an added component to
other strategies (e.g. wetland protection salinity
management). It employs a whole-of-fish-community
approach, in contrast to the single-species focus of

many fish conservation programs and recovery
plans. The NFS embodies a commitment between all
jurisdictions to rehabilitate native fish populations
through addressing existing threats, and reflects
agreement that urgent coordinated actions are
needed across state boundaries. There is a need to
build upon the knowledge gained from past research
and management, and to create new knowledge to
provide a scientific basis for management. Emphasis
is placed on rehabilitation rather than maintaining
the status quo which would inevitably result in con-
tinuing declines and loss of species (Murray-Darling
Basin Commission 2004). As declines have taken
place over many years, so must rehabilitation be
undertaken over a similar timeframe — 50 yr or more,
while recognising the potential for immediate bene-
fits associated with some actions (e.g. provision of
fish passage). The level of rehabilitation required to
reverse declines varies with species, communities
and areas, and needs to be assessed over the medium
and longer terms.

EVOLUTION AND DEVELOPMENT OF THE NFS

The benefits of a basin-wide approach to native
fish management had been recognised for some
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Threat                       Description                                                                                     Sources

Flow regulation        Loss of flow, flow variation and seasonality, loss of low to        Close (1990), Kingsford (2000),
                                  medium floods, permanent flooding, extended periods          Arthington & Pusey (2003)
                                  of no and low flow

Habitat                      Damage to riparian zones, removal of in-stream habitats,       Lyon & O’Connor (2008)
degradation           sedimentation

Lowered water         Increased nutrients, turbidity, sedimentation, salinity,             Phillips (2001), Lyon & O’Connor
quality                    artificial changes in water temperature, pesticides                 (2008), Sherman et al. (2007)

                                  and other contaminants

Barriers                     Impediments to fish passage, e.g. dams, weirs, levees,            Jones & Stuart (2004, 2008), Barrett &
                                  culverts, and non-physical barriers such as                              Mallen-Cooper (2006), Barrett (2008),
                                  increased velocities, reduced habitats, water quality              Stuart et al. (2008)
                                  and thermal pollution (changes in water temperature);
                                  loss of population connectivity

Alien species            Competition with and/or predation by alien species                 Koehn (2004b), Ansell & Jackson (2007)

Exploitation              Recreational and commerciala fishing pressure on                    Nicol et al. (2005), Rowland (2005)
                                  depleted stocks, illegal fishing

Diseases                    Outbreak and spread of epizootic haematopoietic                    Whittington et al. (2010)
                                  necrosis virus and other viruses, diseases and parasites

Translocation and    Loss of genetic integrity and fitness caused by                          Phillips (2003), Nock et al. (2011)
stocking                  inappropriate translocation and stocking of native species

aNo longer a threat

Table 2. Key general threats to fish in the Murray-Darling Basin (modified from Cadwallader 1978, Koehn & O’Connor 1990,
Murray-Darling Basin Commission 2004)
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time. A precursor to the NFS addressed some issues
for the Murray River (the state border between New
South Wales and Victoria; see Fig. 1) (Lawrence
1991) and also established a multi-state oversight
group of fisheries scientists. Expanding this approach
to all rivers in the basin would result in the NFS
applying to all native fish across the whole MDB.
Importantly, the focus of the NFS is on ‘fish’, not ‘fish-
eries’, although recreational angling is recognised as
a key component (Henry & Lyle 2003). The develop-
ment of the NFS needed to be undertaken carefully
with awareness of existing management structures,
in order to enhance existing programs and ensure
the long-term support of state management agen-
cies. It was fortunate that the driving force behind
the NFS should be an independent body that already
comprised state representation (the Murray-Darling
Basin Commission, MDBC), and included a fish
working group that discussed fish-related issues.

As the prime responsibility for managing rivers and
fish populations resides with state governments,
inter-state cooperation and coordination of actions
and policies was essential, and most interventions
will require some state funding. However, the com-
monwealth, through its funding programs, may sup-
plement state funds for these actions, particularly for
issues/problems of national importance (e.g. nation-
ally threatened species) or species/actions on com-

monwealth land. Where interventions are required
on private land, such as riparian areas, states may
use a number of mechanisms (e.g. catchment man-
agement bodies) to encourage beneficial actions.
These mechanisms range from financial incentives
through to regulation. The process for development
of the NFS is outlined in Table 3 and includes a
strong commitment to engage the community. En -
gaging both the community and jurisdictional agen-
cies, then incorporating their concerns and com-
ments was a time consuming process, resulting in
Stages 1 to 14 (project conception to NFS launch)
taking 5 yr.

Early in the development of the NFS a panel of
experts was established to provide several indepen-
dent assessments (Step 3; Table 3). The first of these
was to assess the overall status of fish populations.
The panel estimated that native fish populations
within the MDB were at about 10% of their pre-Euro-
pean settlement (mid- to late 19th century for the
MDB) levels and without any intervention were
likely to fall to 5% over the next 40 to 50 yr (Murray-
Darling Basin Commission 2004). Whilst a difficult
estimate to quantify (requiring a desktop assessment
of all species, their entire range within the MDB,
often with limited base-line data, collected with a
variety of methods), this figure provided a clear
benchmark that was readily understandable by non-
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Step    Year     Steps in the development

1          1999     NFS conception, project development
2          2000     Development of outline of Draft NFS, initial stakeholder public meetings
3          2001     Establishment of an expert panel (to assess state of fish populations, priority actions, importance of actions)
4          2001     NFS drafted, iterations between authors and MDBA and state agency representatives
5          2001     Peer review by expert panel and MDBC
6          2001     Meetings between MDBC and state agency heads
7          2002     Draft NFS released for public comment (6 mo)
8          2001     Establishment of first taskforces—including the community stakeholder taskforce
9          2002     Stakeholder public meetings (record public comments)
10        2002     Collation of public comments and revision of draft NFS
11        2002     Engagement of a science journalist to ensure a publicly accessible document
12        2003     Agreements with all states and their agencies—signed by 13 different ministers
13        2003     Establishment of the NFS advisory panel
14        2004     Print, launch and release of NFS 2003−2013
15        2004     Established NFS coordinators and demonstration reaches
16        2005     Repeat of stakeholder public meetings
17        2005     Establishment of annual implementation reports
18        2005     Development of a communication strategy
19        2006     Establishment of annual MDB fish forums to disseminate new knowledge and information
20        2009     Five year review of NFS
21        2009     Workshop to develop and prioritise future directions for the NFS
22        2011     NFS 2011−2021 action plan released

Table 3. Steps in the development of the Native Fish Strategy (NFS). MDBA and MDBC: Murray-Darling Basin Authority and 
Commission, respectively
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scientists. To exemplify its importance, prior to this
assessment, several influential stakeholders sug-
gested that there was very little wrong with fish pop-
ulations and that they were possibly around 90% of
historical levels. This expert assessment quickly
highlighted and largely dispelled this myth, and,
while it did create some controversy and much dis-
cussion, no credible alternative figure has yet been
offered.

The vision for the NFS is for the MDB to sustain
viable fish populations and communities throughout
its rivers. The overall goal is to rehabilitate native fish
communities in the MDB back to 60% or better of
their estimated pre-European settlement levels after
50 yr of implementation. The NFS seeks to achieve
its vision and goal through 13 targeted objectives
(Fig. 2) that address the causes of decline for native
fish species (i.e. threats to them). Many of these
threats relate to ecological processes and the focus is
on long-term rehabilitation. In order to simplify this
approach, these objectives were combined to form 6
key driving actions (Fig. 2), each of which incorpo-
rate management, research and investigation and
community engagement components.

The initial panel of experts was asked to assess the
relative merit of each of the required interventions
should they be implemented. They believed that, if
only 1 strategic intervention were to occur, such as
allocation of environmental flows, this may help to
recover native fish populations to about 25% of their
estimated pre-European settlement levels. It was
agreed, however, that actions must be undertaken in
an integrated way if they are to be effective and have

a realistic possibility of achieving the 60% pre-Euro-
pean target (see Murray-Darling Basin Commission
2004).

Community involvement and support for the NFS
is important. The 6 mo public consultation period on
a draft NFS in 2002 (Murray-Darling Basin Commis-
sion 2002), combined with a series of public forums in
regional centres, demonstrates the importance that
has been placed on incorporation of the public per-
spective. The early formation of a Community Stake-
holder Taskforce provided a significant new compo-
nent to the management of fish in Australia. It helped
provide community ownership of actions and priori-
ties and a link to the science underpinning the strat-
egy. This is also supported by NFS coordinators in
each state who link research and projects to manage-
ment. They organise an annual ‘Native Fish Aware-
ness Week’ that highlights the importance of native
fishes and provides annual NFS reports. The coordi-
nators act as knowledge brokers, engage with a vari-
ety of stakeholders, work directly on projects, embed
fish into wider catchment management programs,
and form links within and between the jurisdictions.
Engagement of the community and stakeholders also
occurs through a formal communication strategy.

Implementation of the NFS is best underpinned by
science, within a framework of adaptive manage-
ment. As there are considerable gaps in our know -
ledge of both species ecology and the impacts of
threats, there is a need for the generation of new
knowledge. The governance arrangements of the
management of the NFS are based around represen-
tation from the individual jurisdictions through an

NFS Advisory Panel (Fig. 3). The
NFS Advisory Panel consists of a pol-
icy and science representative from
each state together with representa-
tives from the MDBA and major com-
monwealth agencies. It is supported
by taskforces (6 at present: Commu-
nity Stakeholder Group, Alien Fish,
Fish Passage, Demonstration Reach,
Habitat Management Areas, Murray
Cod), that may be created (or disban -
ded) as required (Fig. 3).

There is world-wide recognition of
the need for long-term monitoring
and datasets (Lindenmayer & Likens
2009, 2010). In the MDB, the long-
term and broad-scale response of fish
communities to management actions
(NFS and other programs) is moni-
tored and evaluated to measure suc-
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Fig. 2. Objectives and driving actions for the Native Fish Strategy
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cess by the Sustainable Rivers Audit (SRA), a long-
term ‘condition’ monitoring program that measures
fish community health across all 23 river valleys in the
MDB (Davies et al. 2008, 2010). Results effectively
benchmark fish community condition in each valley
prior to NFS actions having effect, with no valley
rated as ‘good’ (the top ranking), 3 valleys as ‘moder-
ate’ and 20 valleys as ‘poor’, ‘very poor’, or ‘extremely
poor’ (Davies et al. 2010). This reinforced the ‘10%
population’ status assessment, and, whilst a prolonged
and extreme drought will have almost certainly con-
tributed to this poor result, it leaves little doubt as to
the necessity for the NFS and the massive task it
faces. The NFS is also supported by intervention mon-
itoring to evaluate particular management actions.

In order to provide new knowledge to support
management actions in an adaptive context, the NFS
has also initiated and funded considerable relevant
scientific research and comprehensive rehabilitation
of river reaches (see section below and Table 4).

KEY ACHIEVEMENTS OF THE NFS

Key achievements of the NFS relating to each dri-
ving action are documented in Table 4. The outputs
demonstrate the efforts undertaken to actively obtain
and promote new knowledge for use in management
(often in ‘grey’ literature), as well as in peer-reviewed

publications. It also provides examples of the
types of investigation and supporting knowl-
edge that may be needed for stra t egies such as
the NFS. A key achievement of the NFS, and its
continued implementation, has been its success
in raising awareness and garnering support for
the management of native fish across the MDB
(Cottingham et al. 2009). This has been facili-
tated through a range of general and specifically
focussed activities targeting clearly identified
audiences, including regional natural resource
and catchment management practitioners, the
general community and recreational anglers.
The provision of a range of communication fo-
rums and products (see Table 4) has provided a
variety of access points and levels of information
on the threats and management needs of native
fish. This has assisted knowledge sharing and
improved commu nication and partnerships be-
tween ecologists and managers, be tween the
jurisdictional agencies and between the NFS
and the community.

The need for scientific knowledge and its
synthesis was recognised as a key component

of the NFS, as traditionally, the take-up of such
knowledge in natural resource management has
been recognised to be low (Koehn 2004a). The syn-
thesis of existing knowledge provides an important
step in the uptake of such knowledge (Murray et al.
2011). To aid this, a series of workshops based on
prio rity issues, know ledge gaps, or objectives were
conducted and used to collate the latest science,
inform the relevant agencies, identify priority issues
and provide recommendations for management and
future research. These workshops covered issues
ranging from stocking and translocation of fish spe-
cies and aquatic habitat rehabilitation, to the man-
agement of particular species such as the Murray cod
(Table 4). The outputs from these workshops have
 directed and catalysed research and management
activities both within and outside the MDB (e.g. King
& O’Connor 2007, Sherman et al. 2007, Drew 2008,
Baumgartner et al. 2009, Todd & Koehn 2009). The
NFS has also developed a significant research portfo-
lio dedicated to MDB fish, based around a collabora-
tive approach to identifying issues, research needs
and priorities followed by competitive tendering for
research provision. This approach has provided a
focussed and highly relevant suite of research pro-
jects that have direct management or policy implica-
tions (Table 4 and references therein), with signifi-
cant and often rapid uptake by management
agencies.
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Fig. 3. Management structure of the Native Fish Strategy (NFS).
Shading indicates Murray-Darling Basin Authority (MDBA) com-
ponents. EPBC: Environmental Protection and Biodiversity Con -
servation Act; NGO: non-government organisations; SRA: Sustain-
able Rivers Audit; TLM: The Living Murray Environmental 
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A major on-ground success has been the Sea to
Hume fish passage program — a world-class system
of fishways to provide fish passage along 2225 km of
the Murray River between the Murray mouth and the
Hume Dam at Albury (Barrett & Mallen-Cooper
2006) (Fig. 1). Commenced in 2001, and with a con-
struction cost of $AUD 45 million, the program will
be completed in 2011/2012 and aims to provide fish
passage past 15 weirs and barrages by constructing a
range of fishway designs. In addition to providing

fish passage, this program contributed significantly
to improved knowledge of fish movements and fish-
way design, due largely to a multi-disciplinary team
(biologists, engineers and operational staff) working
together (Barrett 2008).

The reinstatement of structural instream habitats
(e.g. large wood) is a key paradigm shift in MDB
river management (Nicol et al. 2002, 2004). Devel-
opment of an adaptive management process for
environmental water allocations (King et al. 2010),
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NFS driving action         NFS achievements                                                          Outputs
addressed

Rehabilitating fish          Demonstration reaches, monitoring guidelines,          Phillips (2001, 2006), Clunie et al. (2002),
                                        resnagging, impact of regulators, lateral                    Nicol et al. (2002, 2004), Barrett & Ansell
                                        movement, environmental watering, wetlands,         (2003, 2005), Ryan et al. (2003), Barrett (2004),
                                        coldwater pollution workshop, thermal shock           Jones & Stuart (2004, 2008), Koehn et al. (2004a),
                                        scoping study, salinity review                                      Lintermans et al. (2005), Jones (2006), King et
                                                                                                                                  al. (2007, 2009, 2010), Sherman et al. (2007),
                                                                                                                                  Boys et al. (2008, 2009), Tonkin et al. (2008)

Protecting fish                 Fish habitat review, fish management zones,              SKM (2003), Phillips & Butcher (2005),
habitat                           mesoscale movement study, drought refugia and     Phillips (2008), Hutchison et al. (2008)

                                        resilience projects

Managing riverine         Sea to Hume fishway program, downstream               Koehn (2001), Gilligan & Schiller (2003), Koehn et
structures                      movement workshop and studies, fish counting        al. (2004b), Lintermans & Phillips (2004),

                                        technology, fish damage and mortalities due to        O’Connor et al. (2005, 2006), Baumgartner et al.
                                        irrigation infrastructure                                                (2006a,b), Barrett & Mallen Cooper (2006),
                                                                                                                                  King & O’Connor (2007), Barrett (2008), Berghuis 
                                                                                                                                  (2008), Stuart et al. (2008, 2009), Baumgartner
                                                                                                                                  et al. (2009, 2010)

Controlling alien            Alien fish plan, alien fish workshop, carp cages,         Stuart & Jones (2006), Stuart et al. (2006), Ansell &
fish species                    Gambusia control project, carp control projects        Jackson (2007), Thresher (2008), Macdonald &

                                                                                                                                  Tonkin (2008), Thwaites et al. (2010), 
                                                                                                                                  Anon (2011), Smith et al. (2011)

Managing fish                Stocking and translocation workshop, stocking           Phillips (2003), Gillanders et al. (2006),
translocation                 review, genetics workshop, marking                          Crook et al. (2009, 2011), Moore et al. (2010),
and stocking                 stocked native fish,                                                       Woodcock et al. (2011)

Protecting                       Murray cod management workshop,                            Bearlin & Tikel (2003), Todd et al. (2004),
threatened native        establishment of Murray cod taskforce, Murray        Lintermans & Phillips (2005), Gilligan et al.
fish species                    cod recovery plan, Murray cod population model,    (2007), Todd (2009), Todd & Koehn (2009),

                                        Murray crayfish knowledge review, emergency       Hutchison et al. (2011)
                                        response workshop, training stocked threatened
                                        fish project, recreational fishing workshop

Community                     Native fish awareness week, Community                    Lintermans (2008), Pritchard (2009), Anon
engagement                  Stakeholder Taskforce, annual fish forums,               (2011), Murray-Darling Basin Authority

                                        ‘Talking fish’ booklets for 11 rivers                             (2011b), Trueman (2011)

Knowledge                      11 workshopsa: weirs, thermal pollution,                      Phillips (2001, 2003, 2006), Inland Rivers Network
generation                     translocations and stocking, habitat                            (2001), Lintermans & Cottingham (2007),
and transfer                   rehabilitation, Murray cod, downstream                    Lintermans & Phillips (2004, 2005),

                                        migration, wetlands, emergency responses,              Lintermans et al. (2005), Ansell & Jackson
                                        drought, alien species, genetics; research                  (2007), Lintermans (2007), Moore et al. (2010)
                                        projects and publications; NFS coordinators;
                                        native fish awareness week; information
                                        sheets, Murray-Darling Basin fish book

aAdditional papers within each workshop proceedings

Table 4. Key achievements of the Native Fish Strategy (NFS) to date
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together with an increased scientific understanding
of the benefits for fish (King et al. 2007, 2009) has
also been significantly improved through NFS
investments (Table 4).

Another key achievement of the NFS is the concept
and establishment of demonstration reaches, where a
series of restorative actions can be used to illustrate
the value of integrated action on multiple threats in a
river reach (Barrett & Ansell 2005). This is in contrast
to the traditional approach to management with a
focus on single species or regional interventions (e.g.
installing barriers to prevent access by trout species
to barred galaxias habitats; Raadik et al. 2010).
Demonstration reaches are prominent (close to popu-
lation centres), substantial (~20 to 100 km in length)
and longer term (e.g. >5 yr) initiatives, useful for
integrating all relevant land and water programs into
a comprehensive rehabilitation plan that uses the
principles of adaptive management. They provide an
excellent mechanism for improving public aware-
ness, understanding, participation and support for
habitat rehabilitation and the protection of native
fishes. Seven demonstration reaches have now been
established across the MDB covering almost 800 km
of river (Murray-Darling Basin Authority 2011a). All
demonstration reaches require the design and imple-
mentation of a rigorous monitoring program (Boys et
al. 2008), with the intent that activities in demonstra-
tion reaches become self-sustaining after initial seed-
funding from the NFS.

A key benefit of the NFS and its Advisory Panel is
the ability to react to emerging issues. Key examples
of this include the establishment of a drought expert
panel (Lintermans & Cottingham 2007), as the ‘mil-
lennium drought’ (1997 to 2010) progressed (Bond et
al. 2008, Murphy & Timbal 2008) and caused major
management issues in the MDB (Pratchett et al.
2011), and the establishment of a fund for emergency
responses (such as the rescue of threatened native
populations from drying rivers or at-risk habitats)
(see Pritchard et al. 2009). The NFS Advisory Panel
also performs the role of knowledge broker or ‘gate-
keeper’ between the MDBA and state agencies, a
critical role if public sector agencies is to adopt new
knowledge (Murray et al. 2011).

EVALUATION OF THE NFS

The NFS is a new approach to the rehabilitation of
fish populations, and so needs to be regularly
reviewed to assess its effectiveness. Consequently,
an independently conducted review after 5 yr was

incorporated into the original NFS program design
(Cottingham et al. 2009). Utilising the outcomes of
this review and additional analysis, the strengths,
weaknesses, opportunities and threats to the NFS
have been identified and are summarised in Box 1.

The long-term nature of the NFS (50 yr) and its
whole-of-basin, multi-disciplinary basis are major
strengths of the program. Another strength of the
NFS is its oversight by the collaborative expert Advi-
sory Panel which allows the identification, prioritisa-
tion and then funding of research investigations,
facilitating targeted investigations that can readily
and rapidly be transferred into management and
 policy outcomes. The NFS provides opportunities
for improved communication and partnerships with
key stakeholders, such as angling and community
groups, incorporating indigenous culture and values
and securing increased public and political profile
and support for fish and river health.

The long-term nature of the NFS can be a double-
edged sword, with changes in governments, their
priorities and lack of ‘newness or novelty value’ per-
ceived by some as potential threats over time. A
long-term ‘champion’ for the NFS would assist in
maintaining a public profile and guard against com-
placency. It is not just the NFS that is potentially
threatened by a long-term drift in priorities, but
closely allied programs such as the SRA, which
 provides the mechanism for measuring recovery in
fish condition. The NFS must continue to be inte-
grated with and support allied programs such as the
SRA, if progress toward the overall goal is to be mea-
sured. The lack of progress in achieving milestones
or benchmarks to measure recovery towards the
overall goal of 60% pre-European fish condition is a
current weakness, not given sufficient attention in
the original NFS. Interim targets are now being
developed (Murray-Darling Basin Authority 2011a),
but care must be taken to ensure that any measures
of progress are realistic, recognising that initial
progress is likely to be slow.

As with any NRM program, demands and needs
outnumber resources, but it is informative to re view
where the gaps occur. Strategic actions devoted to
threatened species recovery have possibly received
less attention than deserved in the first 5 yr of the
NFS, although the millennium drought did precipi-
tate a number of emergency responses through
the NFS (Guzman et al. 2007). It could be argued
that other commonwealth and state agencies (see
www.environment.gov.au/biodiversity/threatened)
have primary responsibility for threatened species
recovery and so the NFS should play a supporting
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role and concentrate on remediation of threatening
processes. Similarly, there has been limited focus on
fish disease issues and management through the
NFS, although recent investigations (Whittington et
al. 2010) and the development of a standard fish kill
investigation protocol have provided some impetus
for further action. Coldwater pollution is a major

water quality impact for which the NFS has been
unable to gain significant traction (Phillips 2001),
largely as a result of the high cost of remediation.
Some jurisdictions have made significant progress
(Boys et al. 2009, Raine et al. 2009) through incorpo-
ration of multi-level off-takes, but, elsewhere, on-
ground implementation of remediation actions

Strengths
There is a strong need for rehabilitation of native fishes
NFS has a strategic nature, is long-term, basin-wide, multi-state and -agency, multi-disciplinary and collaborative
Provides strong coordination (between states and disciplines)
Management focussed with stated objectives; actions are ‘threat’- and solution-based. Addresses ‘big
issues’ within an adaptive management framework

NFS has strong expertise (technical expert and management based) and utilises latest knowledge; science based
Provides knowledge generation and transfer, facilitates priorities and recommendations
Integrates science, policy, management and community
Fish have a high level of community identity and support
Gains environmental benefits for fish independent of environmental water
Has a high level of achievement (see Table 4 and Cottingham et al. 2009)
Provides value for money (modest budget) with high levels of co-investment
Demonstration reaches provide multi-action rehabilitation with community and stakeholder involvement, supported by
monitoring

Provides positive good news stories (e.g. saving fish from bushfires; Pritchard 2009)

Opportunities
Application elsewhere—other parts of Australia and overseas
Even greater integration across other NRM programs and management
Strengthen partnerships and support by other groups
Greater linkages with anglers, fisheries and habitat management agencies
Use Murray cod and other fish as icon species
Promotion of fish as an important component or indicator of river health
Gain greater public and political support
Further enhance knowledge transfer
Promotion of the NFS as more than just an environmental water solution
Provision of ‘good news’ stories
Greater involvement of indigenous communities and cultural values

Weaknesses
Its long-term nature and the long-term nature of ecological responses (i.e. will take too long to see results). Potential lack
of ‘early’ results

Need for greater integration with other NRM programs (e.g. catchment management plans)
Need for a strong coordination role
Need for a champion
Relies largely on the MDBA but provides many benefits elsewhere
Fish and their habitats are managed by many disparate agencies
Rehabilitation is a large task—this can be seen as ‘too complex and too hard’

Threats
Decrease in novelty value leading to loss of interest, commitment and momentum
Subject to political changes (state and federal), e.g. governments, departments, agencies, disintegration of MDBA and
interstate coordination

Lack of funding and ongoing funding commitments
Loss of MDBA support for coordination
Other environmental impacts, e.g. drought and floods
Being overtaken by ‘new initiatives’
Loss of community goodwill toward water reform
Loss of long-term commitment and a return to small-scale local and single-species approaches
Unrealistic expectations (e.g. instant improvements in fish communities)
Climate change may be a threat to the success of some actions

Box 1. Evaluation (strengths, weaknesses, opportunities and threats) of the Native Fish Strategy (NFS). MDBA: Murray-
Darling Basin Authority
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remains elusive. Another omission is the lack of on-
ground implementation in the MDB and, nationally,
of a system of freshwater protected areas (FPAs)
(Nevill 2007). The need for an Australian system of
FPAs was identified a decade ago (Georges & Cot-
tingham 2002, Nevill & Phillips 2002, Beumer et al.
2003), yet little on-ground progress has been made
(Barmuta et al. 2011). While a model for FPAs in the
basin has been developed (Phillips & Butcher 2005,
Phillips 2008), it has not been implemented as there
is a bit of misconceived nervousness by some stake-
holders about ‘locking up’ rivers.

In an assessment of the NFS, a useful question to
ask is: Where would we be without it?
• There would be no Sea to Hume fish passage pro-
gram, and sub-optimal fishway designs for other loca -
tions (see Barrett & Mallen-Cooper 2006, Barrett 2008)
• Allocation of environmental water to rivers and
floodplains would be largely uninformed with regard
to fish needs and likely responses (see King et al.
2007, 2009, 2010)
• The large numbers of fish extracted by irrigation
infrastructure (pumps and diversion channels), and
the significant mortality of fish and larvae passing
over weirs, would have remained unrecognised and
unquantified (see Lintermans & Phillips 2004, Baum-
gartner et al. 2009, 2010)
• The design of habitat interventions such as the
addition of Structural Woody Habitats would have
remained ad hoc (see Nicol et al. 2002, 2004, Koehn
et al. 2004a)
• There would be few robust examples of rigorous
monitoring to allow for adaptive management for
freshwater fish (see Barrett & Mallen-Cooper 2006,
Barrett 2008, King et al. 2010)
• The community would be largely uninformed,
uninterested and uninvolved in native fish problems
and solutions (see Lintermans 2007, Pritchard 2009,
native fish forums, Native Fish Awareness Week)
• Anglers would be alienated through lack of con-
sultation or involvement in fish management (see
Lintermans & Phillips 2005, Murray Cod Taskforce)
• There would be no capacity to measure natural
fish recovery (distinguish stocked fish from wild fish)
(see Crook et al. 2009, 2011, Woodcock et al. 2011).
• Threatened fish species recovery would still be
conducted mainly on a species-by-species basis (i.e.
single-species recovery plans).

The NFS provides an effective partnership model
where central coordination and focused actions can
deliver value-added benefits to all jurisdictional gov-
ernments. It can synthesise knowledge, integrate re-
search and management and catalyse actions for pri-

ority problems. A key feature has been the recognition
that multiple interventions to address a number of
threats to native fish populations, rather than single so-
lutions, can have a greater chance of achieving im-
proved ecological outcomes. This NFS has, with its
partners, established demonstration reaches as a vehi-
cle to promote this concept, also providing an avenue
to elicit community and stakeholder ownership and fo-
cus investment in rehabilitation. The capacity of de -
monstration reaches to continue without NFS funding
in the future will be an important issue for the NFS.

Some achievements of the NFS also address larger,
more intractable problems that are unlikely to have
been undertaken by individual jurisdictions alone.
The concept of a NFS has already been expanded
and transferred outside the MDB in ‘A guide to the
management of native fish: Victorian coastal rivers,
estuaries and wetland’ (Drew 2008), and this
approach would be suitable for many large river
basins throughout the world, particularly those
where multiple jurisdictions are involved.

WHERE TO FROM HERE?

In response to the degraded nature of rivers and
ecosystems, new national legislation (Water Act
2007) was introduced to regulate water usage in the
MDB. This legislation dictates the development of a
‘Basin Plan’ to address over-allocation and overuse of
existing water resources and find a balance that opti-
mises economic, social and environmental outcomes
(Murray-Darling Basin Authority 2010). In response
to this changed water management framework, and
building on the NFS 5 yr review (Cottingham et al.
2009), a new 10 yr action plan has been drafted to
guide the activities in the next phase of the NFS. The
‘NFS Action Plan 2011−2021’ (Murray-Darling Basin
Authority 2011a) has been designed to build on the
early achievements of the NFS and help deliver its
long-term objectives. It continues with the original
NFS philosophy and driving actions, but has re -
viewed and refocused them toward 5 key areas: (1)
fish-friendly infrastructure and water management,
(2) connecting with communities (especially anglers),
(3) protecting the icons of the basin, (4) controlling
alien fish species and (5) building new knowledge.
To ensure that progress can be measured and imple-
mentation of the NFS Action Plan is successful, clear
targets have been developed against which perfor-
mance will be assessed. These include 5 yr manage-
ment action targets (‘Did we do what we said we
were going to do?’) and 10 yr resource condition tar-
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gets (’Did our actions make a difference?’) (Murray-
Darling Basin Authority 2011a). Most of the manage-
ment action targets are ambitious targets (e.g.
3900 km of additional fish passage achieved, no new
incursions of pest fish species, 1000 km of additional
demonstration reaches established in 8 new catch-
ments) that are intended to galvanise additional
effort to rehabilitate native fish populations.

Twenty-seven priority actions have been identified
(Murray-Darling Basin Authority 2011a), but signifi-
cant resources will be required to implement them,
far more than was provided under the first stage of
the NFS. The recognition of the national importance
of the basin’s poor condition and its elevated promi-
nence through the Water Act 2007 may provide new
funding options and real hope that the required level
of investment will be delivered.

Future priority issues also include:
• The need to clearly identify and facilitate on-
ground implementation of research project outcomes
• Continued and expanded dissemination of infor-
mation to communities
• How to leverage additional funding for ‘big ticket’
interventions such as provision of environmental
water and mitigation of thermal pollution
• Implementation of a system of freshwater pro-
tected areas
• Planning for the likely impacts of climate change
(Balcombe et al. 2011, Koehn et al. 2011, Morron giel -
lo et al. 2011, Pratchett et al. 2011), including embed-
ding lessons from the ‘millennium drought’ into reg-
ular management of aquatic resources (e.g. concepts
of resistance, resilience and protection of refugia)
• Coordination and implementation of alien fish
management

Within the Action Plan (Murray-Darling Basin
Autho rity 2011a) there is a greater emphasis on the
engagement of the community, and in particular
recreational anglers, as there are obvious and signif-
icant social and economic advantages to the recre-
ational fishing and tourism industries through having
healthy fish populations. Particular attention is also
paid to the coordination of the cross-jurisdictional
management of Murray cod, both as an icon and a
threatened species. This has already resulted in a
more integrated approach to its management for con-
servation and recreational angling (Department of
Primary Industries 2010, Koehn 2010, National Mur-
ray Cod Recovery Team 2010, Department of Primary
Industries 2011). This provides an example of inte-
grated species management for multiple values.

Justification for management decisions in aquatic
environments, especially the allocation of environ-

mental water (see King et al. 2007, 2009, 2010) are
coming under increasing scrutiny and highlight the
continued need for appropriate supporting research
(capacity and funding). Many NFS actions provide
ecological benefits that are independent of water
allocations that can be difficult to achieve. Healthy
fish populations would also increase community
‘connectedness’ to the river and help bring indige-
nous cultural values into the mainstream. The
improved status of native fish populations in the
MDB will be the key criterion by which the public
will judge the success of this strategy and also water
management in general in the MDB.

CONCLUSIONS

The NFS for the MDB provides a substantial shift in
the restoration and conservation of native fish in Aus-
tralia through a whole-of-fish-community approach.
It provides a model for a coordinated approach across
jurisdictional boundaries that addresses key threats
within an adaptive management framework, is sup-
ported by new knowledge and encourages commu-
nity ownership. The strategy is long term (50 yr), but
operationalised as a series of 10 yr ‘action plans’. The
NFS introduces a management structure which in -
cludes a policy/scientific Advisory Panel and a com-
munity stakeholder taskforce encompassing repre-
sentatives of many stakeholder groups, including
indigenous peoples, which have always had strong
spiritual and physical connections with the environ-
ment. This whole-of-fish-community approach and
coordinated direction of recovery actions could be
used in the restoration of fish populations in other
large river systems around the world.
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Summary The Native Fish Strategy (NFS) for Australia’s Murray-Darling Basin was
specifically targeted at managing and rehabilitating an entire fish community. Over half of
the native fishes (24 of 44 known species) and four fish communities of the Murray-Darling
Basin (MDB) are listed as threatened at either national or state level. One of six ‘Driving
Actions’ under the NFS focused on protecting threatened native fish species, and this study
reviews a series of NFS case studies during and immediately after the Millennium Drought
(1997–2010) which was south-eastern Australia’s worst drought on record. Fish rescues,
breeding programmes, the creation of an emergency response contingency fund, and expert
panels and workshops were all projects that contributed significantly to conserving threa-
tened fishes. The diversity of approaches taken and lessons learned are highlighted, to
formulate future directions for threatened fish recovery.

Key words: blackwater, community advocacy, drought, emergency response, fire, threatened
species.

Introduction

Freshwater ecosystems are threatened

globally (Malmqvist & Rundle 2002; Dud-

geon et al. 2006). In response, rehabilita-

tion programmes have been established

for freshwater systems, with fish a popu-

lar focal group (Cowx & Welcomme

1998; Bernhardt et al. 2005). In Australia,

the Murray-Darling Basin (MDB) is one of

the largest freshwater ecosystems and

supplies 39% of national agricultural

production (Lintermans 2007; Koehn &

Lintermans 2012). The Native Fish Strat-

egy (NFS) for the MDB was the sole

national multijurisdictional freshwater

fish programme specifically targeted at

managing and rehabilitating an entire fish

community (Koehn & Lintermans 2012;

Koehn et al. 2014a). The MDB has a com-

plex natural resource management frame-

work, as it intersects four states and one

territory (hereafter collectively referred to

as the ‘states’), each with varying legisla-

tive processes. For example, threatened

and recreational fisheries management

are undertaken by different agencies/

departments within and between jurisdic-

tions. The federal Murray-Darling Basin

Authority (MDBA) provides overarching

governance for the region.

Between 1997 and 2010, the MDB

experienced the Millennium Drought

(van Dijk et al. 2013), so called because

of a one-in-a-thousand-year severity, caus-

ing reductions in stream flow and habitat

loss which exacerbated ongoing threats

to native fishes including negative interac-

tion with alien species, habitat modifica-

tion, altered water quality, flow

regulation, barriers to fish passage, dis-

ease, overexploitation, and inappropriate

translocation and stocking (Koehn & Lin-

termans 2012).

Over half of the native fishes (24 of 44

known species) and four fish communities

of the MDB are listed as threatened at

either national or state level (Lintermans

2007; Koehn & Lintermans 2012). Many

threatened fishes are managed under

national or state recovery plans, usually

focussed on individual species. Responsi-

bility for the implementation of such

recovery plans falls to the states, even

for nationally listed species. Conse-

quently, management resources are thinly

spread and are usually inadequate. Whilst

there have been some positive responses

by native fish populations following the

end of the drought (see Zampatti & Leigh

2013), wildfires and associated ash, silt

and sediment inputs to streams in addition

to severe flooding and hypoxic blackwater

events following the drought continue to

impact depleted native fish populations

(e.g. Kearns et al. 2012; King et al. 2012).

This study reviews a series of NFS case

studies of activities directed at nationally

and state-listed threatened fish species

during and immediately after the Millen-

nium Drought. The review aims to high-

light the diversity of approaches taken

and lessons learned to better formulate

future directions for threatened fish

recovery.
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Case Study 1: Murray Cod
workshop

Murray Cod (Maccullochella peelii), is

Australia’s largest freshwater fish and an

icon of the MDB, growing to >110 kg

and 1.8 m length (Lintermans 2007). The

distribution and abundance of the species

has declined significantly over the last

100 years and it was listed as nationally

threatened in 2003. Despite this, Murray

Cod still supports a major recreational fish-

ery, although commercial fishing for the

species ceased in 2003. In response to

its listing as a nationally threatened spe-

cies, a workshop of scientists, managers,

anglers and community representatives

was convened in 2004 to review current

knowledge of the history, status, popula-

tion trends, threats and management

responses relating to Murray Cod. Unlike

the other case studies reviewed in this

study, the workshop was not a ‘crisis man-

agement response’ to worsening drought,

but rather a strategic approach to conserv-

ing and managing an iconic threatened

species. The workshop developed a vision

of ‘self-sustaining Murray Cod populations

managed for conservation, fishing and cul-

ture’, formulated a range of 19 priority rec-

ommendations intended to facilitate both

immediate responses to concerns about

the future of the species and identified

15 key knowledge gaps for further

research (See Lintermans & Phillips

2005). A ‘taskforce’ of major stakeholders

was formed to assist in the development

of a national recovery plan and to guide

subsequent research and management ini-

tiatives (NMCRT 2010). This stimulated a

range of new research projects and joint

management approaches, including the

formation of a Murray Cod Fishery Man-

agement Group to explore innovative

partnerships to improve research and

management of the species (see Barwick

et al. 2014).

Case Study 2: The Drought
Expert Panel

The Millennium Drought resulted in

record low inflows to water storages in

the MDB and substantial flow reductions

in unregulated rivers and streams (van

Dijk et al. 2013) which stimulated a range

of water conservation management mea-

sures to secure water supply for towns

and agriculture. At the same time, a num-

ber of other ad hoc land management

interventions (e.g. increasing livestock

access to streams) or fisheries manage-

ment actions (e.g. salmonid stocking to

replenish bushfire-affected streams) were

also being suggested, with such scenarios

having the potential to cause lasting eco-

logical damage and, at the least, hinder

fish population recovery. Coordinated

management responses were therefore

required to secure persistence and then

recovery of fish populations.

In response, the MDBA convened an

‘Expert Panel’ in June 2007 to consider

the management of native fish during

drought. The panel’s report (Lintermans

& Cottingham 2007) was intended to

inform policy updates and on-ground

actions that might be undertaken by the

MDBA and other federal and state agen-

cies. Priority recommendations included:

(i) identify, catalogue and protect drought

refugia; (ii) develop integrated, coordi-

nated Drought Action Plans (DAPs) for

Basin-wide responses; (iii) include drought

management of recreational fisheries as

part of local DAPs; (iv) develop Basin-wide

threatened species recovery plans; and (v)

intensify pest species management to take

advantage of opportunities for control

provided by drought. The panel also iden-

tified actions that should be avoided

including (i) automatically using native

fish restocking as the fallback manage-

ment response; (ii) stocking introduced

fish predators (e.g. salmonids) which

would place additional stress on already-

depleted native populations; (iii)

increased fishing of depleted populations

within or outside of drought refugia; and

(iv) increased access by livestock to refu-

gia or riparian zones.

The panel identified that, following the

breaking of the drought, long-term moni-

toring of recovery of fish populations

would be required and that it should not

be assumed that stocks would automati-

cally recover, or that this would occur

quickly. Several research projects into

refugia and native fish resistance and resil-

ience were catalysed, a number of regio-

nal DAPs were prepared (e.g. see Case

Study 4), and the importance of drought

refugia received considerable scientific

and management attention.

Case Study 3: The Native
Fish Strategy Emergency
Contingency Fund

As the severity and extent of the drought

increased, it became obvious that rapid

responses were required to a range of ‘cri-

sis’ events (e.g. bushfire, habitat desicca-

tion, deterioration of water quality). In

late 2007, a NFS Emergency Contingency

Fund (NFSECF) was established to provide

the capacity to rapidly approve and deli-

ver short-term funding to jurisdictions as

an interim measure whilst other jurisdic-

tional resources were organised for ongo-

ing action (e.g. captive maintenance and/

or reintroduction). It was initially antici-

pated that a contingency fund of AUS

$50 000 per annum would facilitate 2–3
interventions per year (Pritchard et al.

2009). Criteria for NFSECF funding related

to the spatial scale of benefits; need for

support from threatened species recovery

teams; approval from management author-

ities for donor and recipient sites in the

case of translocations; co-investment; and

compliance with relevant jurisdictional

policies.

Assessment of fund applications by the

MDBA NFS team resulted in a total of nine

projects being funded between 2008 and

2011, including case studies 4 and 5 given

below as relevant examples (see Support-

ing Information Table 1 for details of all

funded projects). Initial projects were lar-

gely drought and bushfire related, with

later projects associated with extensive

blackwater events following the end of

the drought in 2010. Projects focused on

actions including emergency watering of

drying habitats, interventions such as aera-

tion or dilution to address poor water

quality, establishment of captive-breeding

facilities and fish rescues in relation to

bushfire impacts or blackwater events.

The need and responsiveness of the

NFSECF was highlighted in early 2009

when, within a week, five applications

were received for emergency funding

across three states. Within 4 days all appli-
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cations had been supported, and almost

AUS$200 000 allocated.

Case Study 4: Broad-Scale
Drying of Critical Fish
Habitat on the Lower
Murray

The lowermost reaches of the MDB in

South Australia contain a suite of threa-

tened small-bodied species, occurring as

outlying, genetically distinct refuge popu-

lations (see Hammer et al. 2013). Rapid,

broad-scale and catastrophic habitat loss

occurred in the region during the Millen-

nium Drought with the survival of many

fishes (and indeed unique habitats and

ecosystems) placed in jeopardy (Kings-

ford et al. 2011; Hammer et al. 2013).

The NFSECF supported short-term, criti-

cal projects, including establishing dedi-

cated captive-breeding facilities and a

reintroduction plan for rescued Southern

Purple-spotted Gudgeon (Mogurnda ad-

spersa) (last known individuals for the

entire southern MDB: Hammer et al.

2012); the installation of water infrastruc-

ture to maintain in situ pool habitat at

Rodwell Creek (singular catchment ref-

uge for River Blackfish (Gadopsis mar-

moratus)); the installation and delivery

of critical environmental water at Rocky

Gully Wetland (significant refuge for Mur-

ray Hardyhead (Craterocephalus fluvia-

tils)); and a contribution to a broader

multispecies local response known as

the ‘Drought Action Plan’ (Hammer et al.

2013). Collective actions ensured the

short-term preservation of at least one

management unit for each of five key

threatened species, including captive pro-

grammes for two that became extinct in

the wild, and in situ habitat works for

others such as environmental water pro-

vision and earthen levee construction

that protected refuge populations (Ham-

mer et al. 2013).

Case Study 5: Drought,
Fires and Fish

Flow variability and postfire ash/sediment

inputs are natural processes under which

Australian fishes have evolved (Lyon &

O’Connor 2008). However, anthropo-

genic impacts from habitat fragmentation

and population isolation, and increased

competition or predation from alien spe-

cies now hinder the ability of native fishes

to recover from such natural stressors.

During the Millennium Drought, a cata-

strophic bushfire in 2009 burnt large areas

of forested catchment in north-eastern

Victoria, including catchments of streams

containing populations of two nationally

threatened fish species, Barred Galaxias

(Galaxias fuscus) and Macquarie Perch

(Macquaria australasica).

The Barred Galaxias occurs only within

the headwater reaches of a single river

basin, where it is now severely isolated

and fragmented (Raadik et al. 2010). Bush-

fires in early 2009 burnt habitat across

45% of known populations. Given a lack

of recolonisation ability, susceptibility to

invasion by predatory introduced salmo-

nids, small population sizes and the very

high probability of postfire ash/sediment

input from the disturbed catchments (see

Lyon & O’Connor 2008), adult fish from

each impacted population (n = 394 fish

from eight populations) were salvaged

and brought into captive management in

a specialised aquaculture facility (Raadik

et al. 2009). As Barred Galaxias are an

upland, cold-adapted species, a particular

challenge was to maintain the fish at tem-

peratures mimicking those in the environ-

ment, ranging from 2 to 5°C during late

winter–early spring to 12–15°C during

summer. Captured fish were kept in cap-

tivity until catchment vegetation recov-

ered to reduce the risk of sediment/

ash-induced fish kills (captivity varied

from 10 to 25 months due to varying rates

of catchment recovery).

Key remnant populations of Macquarie

Perch in King Parrot Creek and Hughes

Creek, Victoria, were targeted for urgent

conservation action (Kearns et al. 2012).

Due to the isolation of the upper King Par-

rot Creek population and expected post-

fire sediment mobilisation, a sample of

fish (n = 35 adult and subadults) was cap-

tured and housed at a nearby government

hatchery for 9 months before being

released back to the wild when water

quality sufficiently improved. The most

critical factor during this process was sal-

vaging fish before rainfall caused potential

sediment-induced fish kills. In autumn

2009, fish surveys of Macquarie Perch in

the lower reaches of Hughes Creek

revealed fish to be in poor condition and

displaying signs of severe stress as a direct

result of low flows. Dissolved oxygen con-

centrations of <3 mg/L were recorded,

and dead fish were present (Kearns

2009). Consequently, 32 adult Macquarie

Perch were rescued, held in government

aquaculture facilities, and then subse-

quently re-released into Hughes Creek dur-

ing December 2009 when water quality

had improved.

Discussion

Management of threatened fish by State

and federal agencies under the guidance

of the NFS has proved challenging, espe-

cially in the context of extreme events,

with the focus largely being reactive

rather than proactive. The case study

concerning Murray Cod was an excep-

tion, with the 2004 workshop and subse-

quent formation of the taskforce driving

a series of research and management ini-

tiatives for this species that will, hope-

fully, deliver improved management

outcomes for recreational angling and

conservation. The large temporal and spa-

tial scale of the Millennium Drought had

wide-reaching implications for natural

resource management and the conserva-

tion of freshwater fishes in the MDB

(Lintermans 2013). The case studies pre-

sented highlight that, in severely modi-

fied and drought-affected regions, timely

and decisive action will at times be

required to prevent local or complete

extinction of species. A process should

therefore be in place for future ecological

emergencies to be swiftly responded to

by enabling rapid approval and funding

of projects.

Several key lessons emerged to guide

future directions in natural resource man-

agement and policy concerning aquatic

habitats. Rapid availability of emergency

funding was critical to ensure that at-risk

populations could be salvaged as soon as

possible postfire, well before larger fund-
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ing became available. It allowed develop-

ment of numerous and novel recovery

tools (captive management, captive

breeding and rearing, translocation) in

addition to the accumulation of essential

knowledge (potential translocation sites

and genetic population information) to

facilitate or guide conservation manage-

ment (see Ayres et al. 2012; Hames

2012; Kearns et al. 2012; Stoessel et al.

2012).

Coordinating actions across a diverse

stakeholder base was crucial for effective

action. Recognition of existing and poten-

tial impacts is an important first stage, and

documents that present practical exam-

ples and guidelines can inform response

(Hammer et al. 2013). Understanding

what not to do during critical situations

(i.e. acts that may compound levels of

threat) can be just as important (Linter-

mans & Cottingham 2007).

A key component of the success of

several of the case studies was the role

of community support. In the Barred Gal-

axias and Macquarie Perch rescues and

subsequent reintroductions, the commu-

nity rallied and connected with these

important fish populations. This connec-

tion between people and native fish

resulted in major progress in improving

the relationship between conservation

scientists and trout anglers. Historically,

there had been major conflict around

issues of trout predation on the Barred

Galaxias, but the new preparedness by

all parties to help a species in crisis, gen-

erated a significant shift in the relation-

ship, with trout anglers revegetating a

stretch of Barred Galaxias habitat in

Marysville (Dedual et al. 2013). For Mac-

quarie Perch, the local community, in

partnership with the Goulburn Broken

Catchment Management Authority, has

been actively involved in implementing

recovery actions in King Parrot Creek.

Since initial urgent actions, local advo-

cacy for the species has grown and led

to the establishment of a multi-agency

group planning and implementing a suite

of riparian restoration projects and educa-

tion activities. In-kind contributions from

community groups and schools improved

the capacity and awareness of the South-

ern Purple-spotted Gudgeon breeding

programme (Hammer et al. 2012). The

involvement of a diverse cross-section of

people, passionate about Murray Cod,

was critical to the completion and wide

acceptance for the relevant national

recovery plan (NMCRT 2010).

Future Directions

The recent crises and management

responses associated with drought, bush-

fire and blackwater (see King et al.

2012) in the MDB have provided a fore-

warning of what climate change might

bring to temperate regions, as the fre-

quency of extreme events is forecast to

rise (Ficke et al. 2007; Morrongiello et al.

2011). Such a scenario clearly reinforces

the need for a future overarching

programme like the NFS to coordinate

management responses to such environ-

mental changes. The allocation or protec-

tion of environmental flows under the

NFS was identified as a key component

for restoration of native fish to their esti-

mated pre-European settlement levels

(Koehn & Lintermans 2012). However,

this action is limited particularly during

times of drought, where conflicts emerge

between environmental and human

requirements for freshwater (Poff et al.

2003). As such, it is important to draw

upon our knowledge of flow regimes and

critical components of life-history strate-

gies for threatened species in the MDB

(i.e. King et al. 2009; Koehn et al. 2014b

in an effort to sustain these fish communi-

ties facing similar circumstances into the

future.

Despite the vagaries of government

funding cycles, and the episodic nature

of extreme events, contingency planning

and mechanisms for the rapid availability

of funding to support the most critical

natural values during future extreme

events (i.e. fire or drought) is essential.

This can be achieved by planning both

within the individual species recovery

planning process and within broader

plans that deal primarily with the extreme

event.

Community ‘ownership’ of the threa-

tened species in question can clearly assist

resource managers to achieve the ground-

swell of support and capacity needed to

ensure that urgent (e.g. rescue) and

longer-term recovery actions (e.g. stream

rehabilitation) can occur. The NFS played

a key role in engaging with local commu-

nities to increase awareness of threatened

fishes (see Hames et al. 2014; Hames

2012). Local communities were a valuable

asset that contributed to the recovery of

threatened species, both through direct

actions such as on-ground works, or indi-

rectly including increasing awareness of

threatened species and avoiding undertak-

ing activities that could further jeopardise

populations. Engaging local communities

can also play a key role as ‘sentinels’ to

alert government authorities of local

threats and contribute knowledge that

might initiate or support emergency

recovery actions (e.g. Granek et al.

2008). A commitment to developing and

maintaining long-term relationships

between government agencies and com-

munities is essential to enable quick, effec-

tive response to ecological emergencies

such as the Millennium Drought in the

MDB.

In conclusion, the NFS galvanised juris-

dictions, policy, management, research

and on-ground actions and played a criti-

cal role in coordinating and facilitating

timely responses to pressing management

needs for a range of threatened fish spe-

cies and populations.
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INTRODUCTION

Freshwater habitats are globally imperilled and the
construction and operation of dams is one of the
major threats to such systems (Sala et al. 2000, Cowx
2002, Malmqvist & Rundle 2002, Dudgeon et al. 2006,
Helfman 2007, Jelks et al. 2008). Large dams (>15 m
in height), numbering >45 000 globally, affect over
half of the world’s large river systems (Nilsson et al.
2005) and have major impacts on riverine fish com-

munities (Dudgeon et al. 2006, Poff et al. 2007). Dams
also convert lotic to lentic habitat with 19% of the
total combined lengths of rivers in the USA drowned
by reservoirs (Graf 2001) and a worldwide surface
area estimated to be as high as 1.5 million km2 (St.
Louis et al. 2000).

Globally, the impacts of dams on aquatic ecosys-
tems have been well documented, with major down-
stream effects of flow regulation, capture of sediment
and organic matter, thermal pollution, and barriers to
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fish migration (Baxter 1977, Nilsson et al. 2005, Poff
et al. 2007, Olden & Naiman 2010). Impacts within
the inundation zone include increased greenhouse
gas emissions, inundation of terrestrial, riparian and
fluvial habitats, sedimentation, decreased water
quality (particularly dissolved oxygen and tempera-
ture), altered fish community structure (from lotic to
lentic dominated), rapid or extreme fluctuations in
water level, and invasion or proliferation of alien spe-
cies (Clavero et al. 2004, Agostinho et al. 2008, John-
son et al. 2008, Gao et al. 2010). Impacts on upstream
lotic habitats (aside from loss of migratory species)
have been less well reported and include the prolif-
eration of alien species, with aliens using impound-
ments to establish new populations or as a ‘staging
post’ for further expansion (e.g. Havel et al. 2005,
Prenda et al. 2006, TSS 2006). Efforts to mitigate the
impacts of dams have largely centred on downstream
impacts, such as the provision of fish passage and
critical flow elements (e.g. spawning flows or flood-
plain inundation) (Larinier 2001, King et al. 2009,
Poff et al. 2010).

Human population growth has increased demand
for secure water supplies worldwide, and predicted
changes to rainfall and climate patterns under global
climate change scenarios are likely to further
increase demand for increased water security (Ficke
et al. 2007, Palmer et al. 2008). Competing demands
for water have already led to increased conflict over
human and ecosystem uses (Poff et al. 2003) with
such conflict likely to increase. In southeast Australia
climate change predictions of increased temperature,
higher evapotranspiration, and changed rainfall and
runoff patterns are likely to result in an increased
desire to harvest and manage water more intensively
(CSIRO & Bureau of Meteorology 2007).

In Australia the recent millennium drought (Bond
et al. 2008) has focussed attention on dwindling agri-
cultural and urban water supplies and prompted
interest in a range of infrastructure solutions (dams
and pipelines) to address possible future water short-
ages. The threats to Australian freshwater fish are
similar to those internationally (Cadwallader 1978,
Allen et al. 2002, Lintermans 2007), and, as the most
arid inhabited continent, the effects of water abstrac-
tion, diversion, and storage have become increas-
ingly apparent. The Murray-Darling Basin (MDB) in
southeastern Australia contributes 39% of the
nation’s agricultural production and accounts for
50% of the nation’s irrigated agricultural water use
from 2007 to 2008 (MDBA 2010). The high incidence
of weirs, dams, and direct water extraction has
resulted in significant degradation of riverine ecosys-

tems (Davies et al. 2010, Koehn & Lintermans in
press), with 23 of the 44 naturally occurring native
fish species in the MDB listed as threatened in either
state or national listings (Lintermans 2007, Koehn &
Lintermans in press).

The enlargement or refurbishment of dams pro-
vides an opportunity to re-evaluate threats and re -
duce adverse impacts to freshwater ecosystems
posed by individual dams and improve their envi-
ronmental performance (Pittock & Hartmann 2011).
The Australian Capital Territory (ACT) lies wholly
within the MDB, and is the largest urban centre in
the MDB, with the population of Canberra at
approximately 360 000. In response to drought-in -
duced water shortages, forecast population growth
and a predicted long-term outlook of an almost 50%
decline in catchment inflows, the enlargement of a
domestic water supply dam on the lower Cotter
River has commenced.

Much of the literature on the impacts of dams on
fishes focuses on downstream impacts, such as alter-
ation to flow regimes, coldwater pollution, or barriers
to upstream migration posed by the dam wall
(Gehrke et al. 2002, Poff et al. 2007, Sherman et al.
2007). The major focus for the impacts of enlarge-
ment of Cotter Reservoir differed, as the downstream
environment was already significantly degraded by
the existing Cotter Dam and 2 upstream reservoirs.
Remediation of the barrier to fish passage posed by
the existing dam is not desirable, as the dam pre-
vents upstream invasion by alien fish species. The 2
focal species (Macquarie perch Macquaria australa-
sica and two-spined blackfish Gadopsis bispinosus)
are effectively extinct in the Cotter River down-
stream of the existing reservoir. Hence there is con-
cern for these species within and upstream of the
proposed impoundment. Macquarie perch have only
occasionally been captured in the river downstream
since the mid-1980s, and these fish are presumed to
have been displaced from the upstream reservoir.
Two-spined blackfish were last recorded in the river
downstream in the early 1960s (Lintermans 1998).

The present study outlines the major threats and
associated knowledge gaps relating to the Cotter
Reservoir enlargement. In particular, the present
study describes the research and mitigation pro-
gram designed to respond to these threats, and also
the integrated management process employed to
collect the required scientific knowledge and to
manage threats. Lessons learned from this process
should be relevant to those dealing with the installa-
tion of hydropower or domestic water supply dams
or other water infrastructures around the globe.
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STUDY AREA

Physical description

The Cotter River is approximately 74 km long and
drains a forested montane catchment of 482 km2,
which has been managed to protect water quality
since the early 1900s (Nichols et al. 2006). Most of the
Cotter catchment (88%) lies within Namadgi
National Park, where the vegetation is primarily
native sclerophyll forest. Average annual rainfall
(1936 to 1993) in the catchment is 980 mm (Maddock
et al. 2004), with the temperate climate characterised
by cold winters (monthly mean minimum and maxi-
mum temperatures of 0.2 and 12.7°C, respectively)
and hot summers (monthly mean minimum and max-
imum temperatures of 10.8 and 27.2°C, respectively)
(BOM 2011). The lower catchment contains a small
area (4200 ha) of softwood plantation forestry,
although this land use is being phased out. The river
is an upland boulder-, cobble-, and gravel-bed
stream (Maddock et al. 2004), largely in a natural
physical condition, apart from containing 3 reser-
voirs, with the oldest and smallest (Cotter Reservoir)
located downstream of Corin and Bendora Reservoirs
(Fig. 1). Cotter Reservoir was initially completed in
1915 and enlarged in 1951 to provide the present
storage capacity of approximately 4 GL. Subsequent
construction of Bendora Reservoir in 1961 and Corin
Reservoir in 1968 meant that Cotter Reservoir had
been largely unused for water supply since the
1970s. A severe bushfire burnt nearly 100% of the
catchment in 2003, significantly impacting water
quality and requiring the construction of a new water
treatment facility (Carey et al. 2003, ACTEW Corpo-
ration 2009). Since early 2005 Cotter Reservoir has
consequently returned to being an active part of the
Canberra water supply.

In 2004 it was determined that the existing water
supply capacity would not meet Canberra’s water
needs in light of projected population growth, and
planning commenced to identify additional water
supply options. From an initial list of 30 infrastructure
options, the enlargement of Cotter Reservoir to a
capacity of 78 GL was selected based on its relative
economic and social benefit to the community, relia-
bility of large-scale water supply and manageable
environmental impacts (ACTEW Corporation 2009).
Planning and design work commenced in late 2007,
with construction to be completed by 2012. The new
dam wall will be 80 m high, with the enlarged reser-
voir covering 280 Ha, and inundating approximately
7.6 km of river. The existing dam is 30 m high, and

the current reservoir covers 40 Ha and is 3.1 km long.
For structural and heritage reasons, the new dam
wall will be constructed approximately 125 m down-
stream of the existing wall, which will be submerged
under the enlarged reservoir (ACTEW Corporation
2009).

Fish fauna

The Cotter River contains 4 threatened fish or cray-
fish species: Macquarie perch Macquaria australa-
sica, two-spined blackfish Gadopsis bispinosus, Mur-
ray River crayfish Euastacus armatus and a stocked
population of trout cod Maccullochella macquarien-
sis (Lintermans 2002, 2007). Both Macquarie perch
and trout cod are listed as endangered nationally
under the Environment Protection and Biodiversity
Conservation (EPBC) Act 1999 (Lintermans 2007)
and locally under the ACT Nature Conservation
(NCA) Act 1980. Two-spined blackfish and Murray
River crayfish are listed as vulnerable under the NCA

3

Fig. 1. Location of the Cotter River catchment (dark grey) in
the Australian Capital Territory (ACT) showing the 3 reser-
voirs. The large inset shows the extent of the projected Cot-
ter Reservoir enlargement compared to the current extent of 

the existing reservoir (black)
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(ACT Government 2007). All 4 species are essentially
riverine species, but in the Cotter catchment all 3 fish
maintain populations in some or all of the reservoirs
(Corin, Bendora, and Cotter), with the status of Mur-
ray River crayfish uncertain. Trout cod are largely
found in Bendora Reservoir (the stocking site), with
only isolated individuals recorded downstream
(author’s unpubl. data) and so are not further consid-
ered in the present study. Murray River crayfish have
been reliably recorded only once in Cotter Reservoir
(in 2009) and occasionally in the Cotter River, im -
mediately upstream (author’s unpubl. data). It is un -
known whether these represent translocated individ-
uals (a common practice by recreational fisherman)
or remnants of a natural population. Murray River
crayfish are still present downstream of Cotter Dam
in the Cotter and Murrumbidgee Rivers (Lintermans
& Rutzou 1991). Two-spined blackfish are abundant
along most of the river and in the 2 upstream reser-
voirs. However, they are absent from Cotter Reser-
voir and the river downstream, largely as a result of
historic sedimentation from forestry activities in the
lower catchment (Lintermans 2002). Macquarie
perch were previously more widely distributed along
the lower reaches of the Cotter River (below Bendora
Reservoir), but their range has declined since the
1970s to be largely centred on Cotter Reservoir and
the 6 km of river immediately upstream (Lintermans
2002, ACT Government 2007).

There are a number of alien fish species estab-
lished in the Cotter catchment, two of which are
 centred in the Cotter Reservoir (eastern gambusia
Gambusia holbrooki and goldfish Carassius auratus),
one expanding upstream from Cotter Reservoir (ori-
ental weatherloach Misgurnus anguillicaudatus), one
restricted to the lower catchment, downstream of
Bendora Dam (brown trout Salmo trutta), and one
widespread throughout the catchment (rainbow trout
Oncorhynchus mykiss) (Lintermans 2002). Two addi-
tional alien species are present in the final 2 km of
the Cotter River above its confluence with the Mur-
rumbidgee River (common carp Cyprinus carpio,
redfin perch Perca fluviatilis), but they are excluded
from upstream passage by the Cotter Dam wall (Lin-
termans 2002).

Macquarie perch have 2 morphologically distinct
and geographically disjunct forms, which are likely
to be separate taxa (Faulks et al. 2010). Only the
 Murray-Darling (western) taxon is present in the
ACT, and it is a moderately sized, deep-bodied perc -
ichthyid attaining a maximum weight of 3.5 kg and
550 mm total length (TL). Fish larger than 1 kg and
350 mm TL are rare (Lintermans 2007, Lintermans &

Ebner 2010). Macquarie perch can form significant
populations in impoundments, but are truly a riverine
fish that can only breed in flowing waters (Cadwal-
lader & Rogan 1977, Lintermans 2007). Spawning oc-
curs at the foot of pools, and adhesive demersal fer-
tilised eggs are then lodged in downstream riffles
(Wharton 1968, Douglas 2002, Tonkin et al. 2010). In
Cotter Reservoir, Macquarie perch adults are largely
reliant on fringing macrophytes (predominantly
Phragmites australis and Typha domingensis) for
daytime shelter, with a substantial band of macro-
phytes established in the upper half of the reservoir
(Ebner et al. 2011). Adults migrate upstream out of
the reservoir to the adjacent pools and riffles in the
inflowing river to spawn, with spawning commonly
occurring in the first 500 m upstream of the reservoir
(Ebner & Lintermans 2007). Cotter Reservoir contains
the last viable population of this species in the ACT,
with recent estimates of mean effective population
size ranging from 17 to 79 fish (Farrington et al. 2009).

Two-spined blackfish is a small, sturdy, elongate
fish (maximum size ~350 mm and 200 g) that is
largely restricted to upland rocky-bottomed streams
in the southern MDB, generally with intact catch-
ment vegetation and low sedimentation (Koehn 1990,
Lintermans 2007). It is generally abundant where
present, though some declines in range and isolation
of populations have occurred post-European settle-
ment (Morris et al. 2001, ACT Government 2007).
Two-spined blackfish deposit large (~3.5 mm diame-
ter), adhesive eggs onto the upper surface of cobbles,
with males displaying extended parental care (Lin-
termans 1998, 2007, O’Connor & Zampatti 2006).
This species has a restricted home range, generally
<25 m, and is nocturnal (Lintermans 1998, Broad-
hurst et al. 2011).

It was recognised early on that the threatened fish
in the Cotter River catchment were a key considera-
tion in whether construction and operation of the
enlarged reservoir could proceed. The provisions of
the EPBC Act require that activities that could have
significant detrimental impacts on nationally listed
species (e.g. Macquarie perch and trout cod) require
approval from the federal government, in this case
following the preparation of a Public Environment
Report (ACTEW Corporation 2009). As Macquarie
perch and two-spined blackfish are also covered by
the NCA, approval of activities that might adversely
affect these species was also required under this leg-
islation. In addition, approvals were also necessary
under the ACT Planning and Development Act 2007,
requiring the preparation of an Environmental
Impact Statement (ACTEW Corporation 2009).

4

198



Lintermans: Mitigating reservoir impacts on threatened fish

Potential threats

A range of potential threats exists to populations of
Macquarie perch and two-spined blackfish from the
enlarged reservoir. The major threats can be sum-
marised as:
• Loss of refuge habitat
• Impacts of predators (brown trout Salmo trutta,

rainbow trout Oncorhynchus mykiss and cor-
morants Phalacrocorax spp.)

• Invasion/expansion of alien fish populations
• Loss of spawning habitat (or access to it)
• Loss of food resources
• Diseases

Adult Macquarie perch in Cotter Reservoir were
known to rely on fringing emergent macrophytes for
daytime shelter, presumably from diurnal avian
predators (cormorants) (Ebner & Lintermans 2007).
These macrophyte beds had established as a result of
the reservoir being almost constantly full since the
1970s, following its discontinued use as a domestic
water supply. The substrate of the reservoir is highly
silted as a result of forestry activities in the catch-
ment, and the macrophytes provide the only substan-
tial long-term cover for adult fish. There has been a
temporary increase in cover for adult fish following
large bushfires in 2003 that killed riparian softwood
plantations and contributed large amounts of fallen
burnt pine into the reservoir; however, this timber is
expected to rapidly decay. The reservoir enlarge-
ment will submerge the existing macrophytes under
50 m of water, and the proposed operating regime for
the enlarged reservoir will result in unstable water
levels, making reestablishment of macrophytes
unlikely (ACTEW Corporation 2009).

Loss of fringing macrophyte beds may also result in
a loss of a primary food resource for adult Macquarie
perch. The diet of riverine populations of Macquarie
perch in the Canberra region is dominated by
decapods such as shrimp Paratya australiensis and
freshwater prawn Macrobrachium australiense (Lin-
termans 2006), with these large prey items likely to
be an important energy source for adult fish. It is
thought that the existing macrophyte beds are the
major source of these decapods and that the pro-
posed operating regime and frequency of drawdown
in the enlarged reservoir will compromise this food
supply in the long term.

The major predators of adult and sub-adult Mac-
quarie perch are likely to be cormorants, particularly
the great cormorant Phalocrocarax carbo, with preda-
tion on adult Macquarie perch previously re corded in
the reservoir (Ebner & Lintermans 2007). The trophic

upsurge following inundation of new terrestrial habi-
tats is well documented for reservoirs worldwide
(Kimmel & Groeger 1986, Popp et al. 1996, Gunkel et
al. 2003) and can persist for more than a decade (e.g.
Gunkel et al. 2003). Trophic upsurge results from the
release of nutrients from soil or inundated vegetation,
which drives increases in phytoplankton, then zoo-
plankton and usually fish populations (Kimmel &
Groeger 1986, Popp et al. 1996). Trophic upsurge in
the enlarged Cotter Reservoir is likely to result in a
significant increase in fish species such as goldfish, a
common dietary item of cormorants in southeastern
Australia (McKeown 1944, Miller 1979). An increase
in cormorant abundance facilitated by increased
abundance of prey species such as goldfish could
have significant impacts on the Macquarie perch
population, even if cormorant predation on Mac-
quarie perch is incidental. An increase in Macquarie
perch abundance from trophic upsurge is also likely,
as has occurred in other impoundments in Australia
(Cadwallader 1986); however, the increased abun-
dance is temporary with the species known to decline
rapidly, often to extinction, as reservoirs age (Cad-
wallader & Rogan 1977, Lintermans 2007). It is un-
known why reservoir populations of Macquarie perch
subsequently decline or disappear after initial in-
creases, and whether single threats, or multiple
threats acting synergistically, drive such declines.

Both rainbow trout and brown trout attain large
size in the reservoir, are piscivorous, are known to
prey on threatened fish worldwide (Cadwallader
1996, Cambray 2003, McDowall 2006, Halverson
2010) and are certainly capable of preying on both
threatened fish species in the reservoir and inflowing
river. As above, a trophic upsurge resulting in in -
creased goldfish abundance could facilitate an in -
crease in the size of the reservoir trout population, as
goldfish are the staple diet of trout in Cotter Reser-
voir (Ebner et al. 2007). The thermal refuge from high
summer water temperatures provided by a deeper
reservoir will also be advantageous to trout. In -
creased abundance of larger trout individuals is also
likely to be a consequence of improved food supplies
(Wootton 1998), with larger trout capable of and
energetically more likely to consume larger prey
with greater energy density (e.g. fish) (Ebner et al.
2007, Juncos et al. 2011). Trout must leave the reser-
voir to spawn, and a spawning run of larger, more
abundant trout into the river upstream of the reser-
voir could have significant predatory impacts on
riverine populations of both threatened fish species.

The existing dam wall currently provides a barrier
to invasion of the reservoir and catchment upstream
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by carp and redfin perch (Lintermans 2002, ACT
Government 2007), making the Cotter River a rare
example of a river in the MDB without these 2 spe-
cies (Lintermans 2007). Redfin perch are the vector
and major host for the epizootic haematopoietic
necrosis virus (EHNV), a disease of major concern in
the MDB (Langdon et al. 1986, Langdon & Humphrey
1987, Lintermans 2007). Macquarie perch are one of
a range of native fish susceptible to EHNV, with lab-
oratory trials demonstrating mortality of all exposed
individuals (Langdon 1989). EHNV has been re -
corded from most moderate to large impoundments
in the Canberra region (Whittington et al. 1996), with
the virus apparently endemic to the upper Mur-
rumbidgee River catchment (Whittington et al. 2010).
Both carp and redfin perch are present in the stilling
pond immediately downstream of the existing dam,
and the entrapment of these species between the old
and new dams would allow them (and potentially
EHNV) to colonise the enlarged reservoir.

Both Macquarie perch and two-spined blackfish
are known to spawn in the river reach to be inun-
dated by the enlarged reservoir. Macquarie perch
are not capable of reproducing in lentic environ-
ments; consequently, barriers that prevent move-
ment from lentic to lotic environments could prevent
Macquarie perch reproduction and lead to the loss of
local populations. The Cotter River in and immedi-
ately above the inundation zone of the enlarged
reservoir has a relatively steep gradient and contains
a number of small, natural potential barriers such as
cascades and fast-flowing water over shallow rock
bars. The number and behaviour of these barriers at
different discharges and their potential to impede
upstream movement by Macquarie perch is
unknown. Some of these barriers would be inun-
dated when the reservoir is full, but at various reser-
voir drawdown levels they may still be problematic.
In the Queanbeyan River in the Canberra region,
construction of the Googong Reservoir impounded
the river up to an impassable natural barrier, denying
access to riverine spawning sites and resulting in the
loss of the reservoir Macquarie perch population
(Lintermans 2006). Similarly, a natural instream bar-
rier has been shown to limit access to spawning beds
by Macquarie perch in the Mitta Mitta River (Tonkin
et al. 2010). Two-spined blackfish do not occur in the
existing Cotter Reservoir, as sedimentation has
smothered potential spawning sites. While the spe-
cies is present immediately upstream of the current
reservoir, inundation could destroy or compromise
spawning habitat as the sediment deposition zone for
the enlarged reservoir is transferred to this area.

MANAGEMENT ASPECTS

Risk assessment

Threats to fish can be broadly considered under
4 phases of the expansion of the reservoir: plan-
ning & design, construction, filling and opera-
tional, with not all threats relevant in all phases
(Fig. 2). At the commencement of each phase of
the reservoir enlargement all threats will be sub-
ject to a qualitative risk assessment process that
considers a 5-level scale for both likelihood and
consequence. Remedial actions for each significant
risk are suggested, with risk then reviewed and
reassessed for the next risk assessment. Risk
assessments for the first 2 phases (planning &
design, construction) have been completed, with
a total of 18 risks assessed in the planning and
design phase with an initial risk rating higher
than negligible (Table 1). Risk was assessed for
each potential threat with and without mitigation
options, and then after the knowledge from the
research projects was gathered (Table 1). The ini-
tial risk ratings reflect high uncertainty in the
assessment of some threats, with risk decreasing
as knowledge improved as a result of research
projects or mitigation activities. For example, the
risk of loss of the Macquarie perch population
through destruction of fringing macrophytes
(Threat 1; Table 1) was initially assessed as very
high, reducing to high after mitigation (provision
of constructed replacement habitat) (Table 1).
This residual rating of high was because it was
uncertain whether the species would use con-
structed habitats; however, results from a research
project have reduced this uncertainty, and so the
risk was subsequently downgraded to medium
(Table 1).

After identification and risk assessment of threats,
35 key knowledge gaps relevant to Macquarie perch
and two-spined blackfish in and around the existing
reservoir were identified and reviewed, with 17
being of particular relevance to the dam’s enlarge-
ment (Table 2). While all of the knowledge gaps are
relevant to the reservoir and the lower Cotter River
catchment, some are general knowledge needs for
threatened species management, rather than specific
needs associated with the construction of the
enlarged reservoir. Along with risk assessment, these
knowledge gaps were used to develop a research
program that could reduce uncertainty, further
inform risk and assist in development of mitigation
actions.

6
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Mitigating threats and addressing knowledge gaps

Thirteen research projects (across 7 organisations)
were commenced (Table 3) to further mitigation
measures to reduce potential threats and to address
critical knowledge gaps (Bulk Water Alliance 2010).
Twelve of the 13 projects have been completed to
date, with 1 project — a long-term monitoring pro-
gram on the potential impacts of the reservoir en -
largement — still ongoing.

The major research project investigated whether
adult Macquarie perch would use constructed habi-
tat and which constructed habitat type was pre-
ferred. Three habitat designs were investigated and,
as a result, approximately 8 km of linear, rocky reef
habitat is being constructed within the inundation
zone of the enlarged reservoir (Fig. 3). The place-
ment of constructed habitat in the top 23 m below full
supply level has been informed by modelling of the
likely drawdown frequency of the enlarged reservoir,
along with ecological knowledge of the diel move-
ment patterns of adult Macquarie perch (Lintermans
et al. 2010). This project also characterised the timing

of Macquarie perch spawning migrations from the
reservoir to the river, and investigated whether two-
spined blackfish populations in reservoirs resulted
from local or upstream spawning.

Two approaches for identifying the impacts of cor-
morant predation on Macquarie perch have been
pursued: a risk-based approach investigating sea-
sonal movements of predator and prey and a pilot
diet study characterising direct predation by cor-
morants of Macquarie perch (Ryan 2010, Lintermans
et al. 2011).

Investigations into the swimming performance of
Macquarie perch (Starrs 2009, Starrs et al. 2009,
2011) and alien fish species are informing the design
of fishways for this species, as well as assisting in the
identification of likely in-stream barriers that require
management action (Hugh 2010). Knowing the loca-
tion of barriers within the inundation zone will allow
for sensitive management of reservoir water levels
during the spawning season to minimise adverse
impacts.

A range of susceptible fish species have been tested
for EHNV, with no evidence that EHNV is present in
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the Cotter Reservoir or upstream (Whittington 2008).
This has resulted in stringent measures to disinfect
the riverbed between the old and new dam walls. In
conjunction with disinfection measures, eradication
of alien carp and redfin perch has also been com-
pleted between the 2 dam walls, using physical re-
moval of fish followed by chemical treatment.

To reduce risk of the loss of the only Macquarie
perch population in the ACT, a translocation pro-
gram from the existing Cotter Reservoir has com-
menced, with a view to establishing at least 1
additional Macquarie perch population outside of
the lower Cotter catchment. Translocation efforts
are guided by an age-structured population model

Endang Species Res 16: 1–16, 20128

Threat    Potential threat Project          Species          Risk rating
no. phase           affected FMP V1 FMP V2

Init.    Res.

1 Decline or loss of fish population through loss of F, O Mp VH      H M
emergent macrophyte habitat that provides
adult shelter

2 Increase in cormorant predation via increased F, O Mp VH      H M
cormorant abundance during trophic upsurge

3 Reduced access to spawning sites past natural F, O Mp VH      H M
barriers in river

4 Coldwater discharges from Bendora Reservoir O Mp, 2spB H       M    L
affecting spawning success

5 Short-term degradation from fuel or oil spills or C Mp H       M L
other contaminants

6 Reduction in threatened fish populations from C Mp, 2spB VH      H            L (Mp),
invasion of alien carp and redfin perch during L (2spB)
construction

7 Entrainment of adult fish in offtake structures O Mp, 2spB M       M N
8 Introduction of EHNV and redfin perch during C Mp, 2spB VH      H            M (Mp),

construction L (2spB)
9 Failure to detect long-term (10−20 yr) decline O Mp, 2spB VH      H            M (Mp),

following initial trophic upsurge N (2spB)
10           Decline of Macquarie perch following loss F, O Mp VH  M M

of spawning areas in Cotter River
11           Increased abundance of existing alien fish F, O           Mp, 2spB VH      H            M (Mp),

resulting in decline of threatened fish L (2spB)
12           Loss of critical food resources as a result of F, O Mp VH      H M

loss of emergent macrophytes
13           Short-term reduction in fish population from C Mp, 2spB H       M N

increased particulates in aquatic environment
14           Fluctuating water levels in reservoir desiccate F, O 2spB La,b N

two-spined blackfish eggs
15           Habitat loss as a result of impoundment (Mp) or sedi-        F, O           Mp, 2spB VH      H        N

mentation (2spB) of newly inundated areas of river
16           Short-term oxygen depletion following rapid F Mp Mb,d M

inundation of terrestrial vegetationc

17           Long-term decline in Macquarie perch as a result            P, F, O Mp H       M   L
of inappropriate design of replacement habitat

18           Long-term oxygen depletion at increased depth F, O           Mp, 2spB VH      M                 L
as a result of stratification of reservoir

aInitial risk from FMP V2; bNot identified as a threat in initial risk analysis; cRecently identified risk; dAuthor’s assessment
of risk

Table 1. Potential threats from enlargement of the Cotter Reservoir (Australian Capital Territory), project phase (P: planning;
C: construction; F: filling; O: operational), species affected (Mp: Macquarie perch Macquaria australasica; 2spB: two-spined
blackfish Gadopsis bispinosus) and how risk rating (VH: very high; H: high; M: medium; L: low; N: negligible) has altered after
consideration of mitigation activities and as knowledge has improved between Fish Management Plan Version 1 (FMP V1)
and Version 2 (FMP V2). Where the risk varies between species this is indicated; otherwise, risk rating applies to both species.
FMP V1 initial (init.) risk rating excludes mitigation options, and FMP V1 residual (res.) risk is that remaining following mitiga-
tion actions. FMP V2 risk rating is the updated and the current risk assessment. Potential threats with an initial risk rating 

of negligible have been excluded. EHNV: epizootic haematopoietic necrosis virus

202



Lintermans: Mitigating reservoir impacts on threatened fish

for the species, developed as part of this program.
The translocation program relies predominantly on
juvenile fish, as removal of adults may compromise
the donor population. To date, >1000 fish have
been translocated to 3 sites over a 6 yr period,
with survival but no recruitment detected at all
sites in monitoring from 2009 to 2011. The high
fecundity of Macquarie perch (Lintermans 2007)
results in substantial numbers of juvenile fish
available for translocation. While translocated juve-
nile fish are expected to have higher natural mor-
tality than would occur with adult fish, the high
fecundity of Macquarie perch results in an abun-
dance of juveniles available for translocation. For
example, 100 to 450 fish are regularly captured in
a single night’s netting in the reservoir (author’s
unpubl. data) and so provide a major option for
establishing new populations.

The recommendations from the completed re -
search projects have been used to design and im -
plement management interventions or protocols
(Table 4).

Additional mitigation activities that were identified
independent of research projects included providing
the capacity to mitigate the impacts of expanded

reservoir trout populations, utilising the quarry to
provide additional fish habitat, reducing the risk of
alien fish invasion, providing fish passage at existing
anthropogenic barriers, and design and installation
of fish-friendly offtake structures (Table 4).

Predation on riverine fish from expanded reser-
voir trout populations migrating into the river are
proposed to be managed with a salmonid trap
located immediately upstream of the impounded
waters. As spawning migrations for trout (April to
August) and Macquarie perch (October to Decem-
ber) are temporally distinct, a trap can be deployed
during the trout spawning run with little or no
impacts on Macquarie perch movements. The level
of salmonid harvest from the trap is yet to be
decided, and is dependant on the future govern-
ment intentions for the small recreational trout fish-
ery upstream of the reservoir. For example, if the
fishery is closed, all trout from the trap could be
harvested, or, if the fishery is to continue, then only
a subset of trout might be harvested.

The quarry established as part of the construction
program provides an opportunity to provide sub-
stantial refuge habitat for Macquarie perch, partic-
ularly during the filling phase before constructed

9

Knowledge gap Relevant species

Movement requirements (timing, extent, cues) for different life-stages (larval, juvenile, sub-adult, adult)        Mp, 2spB

Spawning requirements (timing, location [river or reservoir], habitat characteristicsa, cuesa, impacts of            Mp, 2spB
fluctuating water levels)

Swimming capacity of various life-stages (to enable assessment of potential instream barriers) Mp; 2spB

Location of potential instream barriers and behaviour of barriers under different flow volumes Mp

Risk, level and timing of cormorant predation Mp

Will artificial habitat be utilised, and, if so, what are appropriate designs? Mp

Options for augmentation of fish passage past ‘natural’ barriers in the river channel      Mp

Expansion of alien fish populations within the reservoir Mp

Predation by trout on various life-stages (larval, juvenile, sub-adult, adult) in reservoir and river upstream     Mp, 2spB

Measures to increase development of fringing macrophytes Mp

Sedimentation of inundation zone and persistence of fish species 2spB

Evaluate translocation needs and options (timing, life-stage involved, numbers involved) Mp, 2spB

Susceptibility to EHNVa 2spB

Is EHNV present in existing reservoir, and is there serological evidence that fish have been Mp
exposed to the virus?

Potential impacts of new alien fish (carp and redfin perch)a Mp, 2spB

Water-quality impacts of inundation (dissolved oxygen, temperature)       Mp, 2spB

Effective adult population size of the Cotter Reservoir Macquarie perch populationa Mp

aTopics of general relevance, rather than specifically related to the construction program

Table 2. Significant knowledge gaps for Macquarie perch Macquaria australasica (Mp) and two-spined blackfish Gadopsis
bispinosus (2spB) in the vicinity of Cotter Reservoir (amended from Nagy et al. 2008). EHNV: epizootic haematopoietic 

necrosis virus
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rock reefs become available to fish. A number of
options were explored (e.g. shattering quarry
benches and treatment of residual material after
quarrying had ceased), but ultimately constructed

rock reefs have now been deployed along the spi-
ral access road.

Other mitigation/management measures include
the construction of 2 new rockramp fishways at road
crossings upstream of the enlarged reservoir that will
open up an additional 12.9 km of riverine habitat for
Macquarie perch spawning (ACTEW Corporation
2009). Also, to minimise entrainment of adult and
sub-adult Macquarie perch in the reservoir offtake
structure, a multilevel intake tower fitted with fish
screens has been incorporated into the outlet design
of the new dam.

A comprehensive monitoring program has com-
menced, focussed on 12 hypotheses largely framed
around the major potential impacts identified in
Table 1. The project commenced in 2010, and will
use pre-existing fish distribution and abundance
data along with new data to establish a baseline prior
to filling. Data will be collected throughout the filling
phase and the operational phase, with regular peer
review to monitor progress. This long-term project
(some elements are mandated to last 20 yr) will pro-

10

Threat no.       Research project                                                                     Timeline        Research     Reference
addressed                                                                                                                               institution

1, 2, 17             Testing alternate refuge habitat designs and use by         2007−2010       UC, GU,     Lintermans et al. (2010)
                        adult Macquarie perch Macquaria australasica                                        CPR, EE
2                       Investigating Macquarie perch predation risk                   2007−2010           UC          Ryan (2010)
                        from cormorants
3                       Swimming capacity of Macquarie perch and                     2007−2009          ANU        Starrs et al. (2009,
                        alien fish species                                                                                                              2011), Starrs (2009)
3                       Investigate remote methods for identification of                2007−2010          ANU        Hugh (2010)
                        potential Macquarie perch migration barriers
3                       Characterise timing and environmental cues for               2007−2010           UC          Lintermans et al. (2010)
                        Macquarie perch spawning migration
8                       Survey for EHNV presence in the Cotter catchment              2008           USyd, UC    Whittington (2008)
1, 2, 3, 6, 9,      Long-term fish monitoring program                                    2010−2012           UC          Lintermans (2009),
10, 11, 15, 17                                                                                                    (Phase 1)                            Robinson (2010)
12                     Food resources for Macquarie perch                                   2008−2011           UC          Norris et al. (2011)
14, 15               Investigating spawning and movement behaviour of        2007−2010           UC          Lintermans et al. (2010)
                        two-spined blackfish Gadopsis bispinosus in an
                        impoundment
16                     Water-quality impacts from reservoir inundation              2010−2011          ANU        Bauer (2011)
1, 2                   Characterisation of cormorant predation on                       2010−2011           UC          Lintermans et al. (2011)
                        Macquarie perch
All                    Investigate translocation options for Macquarie                2008−2011           UC          Bulk Water Alliance
                        perch, two-spined blackfish and trout cod                                                                    (2010)
All                    Develop population models to guide translocation            2009−2011       UC, ARI      Bulk Water Alliance
                        efforts for Macquarie perch and assess likely                                                              (2010)
                        impacts of a range of threats for two-spined blackfish

Table 3. Research projects aimed to provide knowledge to mitigate the threats and fill critical knowledge gaps outlined in
 Tables 1 & 2. Research Institutions — ANU: Australian National University; GU: Griffith University; UC: University of Can-
berra; USyd: University of Sydney; ARI: Arthur Rylah Institute for Environmental Research; CPR: Conservation, Planning 

and Research, ACT Government; EE: Ecowise Environmental. EHNV: epizootic haematopoietic necrosis virus

Fig. 3. Rock reef habitats being constructed in the prospec-
tive inundation zone of the enlarged reservoir
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vide key information on the initial impacts and popu-
lation responses, as well as the trajectory of fish pop-
ulations in the long term. It is particularly important
to monitor population changes for Macquarie perch
as this species is renowned for initial population
expansion after reservoir filling, followed by signifi-
cant population crashes (sometimes to extinction)
after 1 to 2 decades (Cadwallader & Rogan 1977, Lin-
termans 2006, 2007).

Knowledge management and review mechanisms

An independent senior fisheries scientist was
employed (initially for 5 yr) to advise on fish issues.
A peer review panel of external fish scientists is peri-
odically engaged to provide independent advice,
review research project design, progress, and out-
puts. A stakeholder steering committee was also es -
tablished containing representation from the Bulk
Water Alliance (the constructors of the new dam), the
ACTEW Corporation (owners of the dam), state and
federal government regulators, and state govern-
ment fisheries ecologists. For each of the 4 phases of
the enlargement process (Fig. 2), a Fish Management
Plan (FMP) will be prepared, outlining the threats,

risk assessments, knowledge gap review, and threat
mitigation measures to be implemented. To date,
Versions 1 (Nagy et al. 2008) and 2 (Bulk Water
Alliance 2010) have been prepared (Fig. 2).

There has been considerable effort devoted to dis-
seminating knowledge generated from the Cotter
fish research program, with in excess of 35 presenta-
tions to date delivered at local, national, and interna-
tional science and management forums since 2008.
Publication in the peer-reviewed literature is also
being pursued as projects are completed. Numerous
pamphlets, flyers, and video outputs have also been
produced, and innovative dissemination via YouTube
has also been explored (www.youtube.com/watch?
v=V3GxTc10-Ds and www.youtube.com/watch?v=b
HFSNB43cr8).

The enlargement of Cotter Reservoir could pro-
vide some benefits to the 2 threatened fish species.
The anticipated trophic upsurge is likely to result
in an increased abundance and body condition of
Macquarie perch, potentially allowing increased
harvest of individuals to facilitate establishment of
additional populations through translocation. Both
threatened fish species will have a much higher
public profile as a result of the construction and
research activities, and the benefits of improved

11

Threat no.    Management intervention
addressed

1 Install ~8 km of fish refuge habitat in response to predicted loss of refuge habitat
1 Treatment of quarry (established as part of construction) to provide maximum fish refuge habitat after con-
                     struction ceases
1, 17 Retain, rather than remove, existing structural woody habitat in inundation area
4 Develop protocol for environmental water releases from Bendora Reservoir
5, 13, 15       Develop comprehensive environmental management procedures for soil and water quality management and

for emergency and incident response plans
8                   Do not proceed with planned pumping of water from downstream sources into enlarged reservoir (to pre-
                     vent introduction of EHNV)
8                   Implement EHNV disinfection procedure for all vehicles moving from downstream to upstream of existing

dam wall
8 Develop EHNV response plans
6, 8 Implement comprehensive carp and redfin perch removal exercise downstream of existing Cotter Dam, and

disinfect construction area (for EHNV) prior to construction of new dam wall
7                   Design and install fish-friendly offtake structures into new dam offtake tower to prevent adult and sub-adult

entrainment
10                 Commit to providing fish passage past 2 existing anthropogenic fish barriers upstream of Cotter Reservoir to

expand Macquarie perch spawning range.
11 Investigate design and site for location of alien salmonid management trap upstream of Cotter Reservoir
16, 18           Investigate mitigation options to address decreased dissolved oxygen levels after inundation (Loveless 2011)
16 Modelling of water-quality impacts of flooding terrestrial vegetation (Loveless 2011)

All Production of diverse communication materials to inform the public of issues and progress

Table 4. Management interventions in response to the potential threats outlined in Table 1. EHNV: epizootic haematopoietic 
necrosis virus
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ecological knowledge for both species will be
transferrable throughout much of their geographic
range. The construction of fishways past existing
anthropogenic barriers in the lower Cotter River is
unlikely to have occurred without the resources
provided as a result of reservoir enlargement. An
enlarged reservoir will drown-out some existing
natural movement barriers (small cascades and
rock bars) for Macquarie perch that are currently
limiting upstream movement from Cotter Reservoir.
This will potentially improve access to upstream
spawning habitat (in conjunction with fishway con-
struction). Finally, the knowledge generated from
individual projects (e.g. constructed habitats) could
be transferred to other infrastructure projects that
may impact freshwater fish. The fish program
associated with the enlarged Cotter Reservoir is
the most comprehensive effort ever conducted to
identify and mitigate the impacts of a single piece
of water infrastructure on threatened species in
Australia, and provides a model for Australian and
international infrastructure projects.

Benefits of comprehensive and collaborative
approach

Management of the aquatic ecosystems of the
Cotter River has a strong history of science-based
management and collaborative approaches between
research institutions, government, and water utili-
ties (e.g. Norris & Nichols 2011), and the collabora-
tive approach demonstrated in the enlargement of
Cotter Reservoir is another example. Rather than
adopt an adversarial approach, the water utility
and design and construction alliance have actively
engaged with and invested in the science. The
benefits of this approach are likely to flow beyond
the Cotter system as future water infrastructure
development will undoubtedly interact with threat-
ened aquatic species in the future. The established
long-standing good working relationships with all
key stakeholders fosters trust and good faith, allow-
ing researchers, managers, and regulators to
achieve outcomes beyond that achievable through
purely legislative approaches (Poff et al. 2003). The
use of independent science providers and indepen-
dent peer review provides transparency and com-
fort to regulators and governing bodies, with an
active stakeholder steering committee capable of
identifying potential issues earlier rather than later.
The use of a range of science providers provides
the capacity to access cutting-edge science from a

variety of disciplines, rather than relying on the in-
house capacity and potentially dated knowledge.
An in-house science advisor is dedicated to guiding
the process and preventing the development of
flawed approaches, and an in-house fish manage-
ment team within the water utility provides the
interface for and integrates science, design, and
construction issues.

Challenges

Aquatic ecosystems are complex and variable, and,
as a consequence, there are still challenges that have
arisen within the enlarged Cotter Reservoir process.
Most challenges relate to short timelines, sub-opti-
mal communication between managers, researchers,
and constructors, and changing design, construction,
and management priorities during the project. Cost
pressures to bring a project in on-time and on-budget
can result in conflict over the time required to
develop sound, science-based advice. For example,
changing priorities, construction scenarios, or con-
struction sequencing in response to uncontrollable
climatic events (e.g. flooding) can result in insuffi-
cient time to collect rigorous ecological data to inform
management questions. The highly variable nature
of natural ecosystems and the time required to collect
robust data which capture seasonal or annual varia-
tion is also an irritant to constructing authorities, and
so ecologists are often expected to extrapolate from
the data of a single season or year. While the early
identification of potential threats was beneficial, the
2 yr delay in deciding which preferred water supply
option to proceed with was unfortunate, resulting in
lost opportunities for gathering data over multiple
years.

The inevitable occasional clash of culture be -
tween science, construction, and management re -
quires considerable diplomacy at times. If collabo-
rative relationships are to be maintained, mutual
respect and understanding are crucial, as opposed
to the standard legislative/permissions approach.
However, access to independent peer review (an
impartial umpire) is crucial to both resolving such
conflicts and making sure that any ‘in-house’
solutions are exposed to external critical review.
Securing a long-term investment (on an ecological
timescale) to monitoring and adaptive manage-
ment can be difficult. Most funding commitments
for monitoring are of short duration (usually
<5 yr); however, the monitoring program for the
enlarged Cotter Reservoir extends throughout the
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construction (baseline), filling, and operational
phases, with some elements mandated to continue
for 20 yr.

Finally, ensuring that fish conservation benefits are
considered a primary value of some reservoirs (rather
than just an add-on bonus to water supply or flood
mitigation) requires a significant mindset change by
many water authorities. This change of mindset has
occurred with the current water utility, and has been
facilitated by the knowledge generation and man-
agement process outlined in the present paper.
Reservoirs may become increasingly important refu-
gia for threatened species as degradation of riverine
habitats continues. In Australia several threatened
freshwater species attain substantial population sizes
in reservoirs or anthropogenically altered lakes
(Cadwallader & Rogan 1977, Douglas 2002, Hardie et
al. 2007, Hammer et al. 2009, Ebner et al. 2011). The
presence of significant populations of threatened fish
highlights the need to value reservoir populations of
threatened species and consider reservoir popula-
tions when planning conservation programs. How-
ever, once their conservation benefits are recog-
nised, water authorities can be powerful and
enthusiastic partners in fish conservation programs.
This project demonstrates how collaboration
between water utilities, scientists, and regulators can
effectively meet these challenges. The importance of
strong state/provincial and federal legislation on
threatened species should not be underestimated
either, as these statutes and their development
approval processes were the drivers for the research
and mitigation process.

CONCLUSIONS

The enlargement of Cotter Reservoir poses a num-
ber of significant threats to Macquarie perch and
two-spined blackfish, with most of the threats in and
upstream of the inundation area. The early identifi-
cation of potential impacts allowed the development
of a collaborative and comprehensive research and
management program which has facilitated the
development and evaluation of a variety of mitiga-
tion measures. All of the major risks have been
addressed, and appropriate mitigation measures
have been implemented. The establishment of an
independent, collaborative, science-driven process,
coupled with the establishment of a long-term moni-
toring program in an adaptive management frame-
work is a model for other infrastructure projects
worldwide.
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Abstract Nine polymorphic microsatellite loci have been

used to infer population genetic diversity and structure of

the threatened Australian freshwater fish, Macquarie perch,

across three tributaries of the Murrumbidgee River in south-

eastern Australia. This investigation has revealed a high

level of divergence among all three populations, along with

contrasting patterns of genetic diversity. The Cotter Reser-

voir, which is a stronghold population for the species, has

typically higher diversity and effective population size than

nearby riverine populations. This suggests that the reservoir

population is unlikely to have undergone a genetic bottle-

neck during and following dam construction. Genetic

diversity estimates were comparable with one riverine site

but were significantly higher than a population sampled

from the Queanbeyan River. This comparison revealed

significantly less heterozygotes in the Queanbeyan River

and lower estimates of effective population size. Options

and considerations for stock replenishment of this popula-

tion are discussed.

Keywords Macquaria australasica � Endangered �
Translocation

Introduction

Freshwater habitats have been heavily impacted and con-

tinue on a trajectory of decline as the global human pop-

ulation expands (Dudgeon et al. 2006; Vörösmarty et al.

2010). Not surprisingly, conservation measures for threa-

tened freshwater fish have become increasingly important

in response to this and now form a significant component

of fish management programs worldwide (Olden et al.

2007; Lintermans 2013a). Australia is no exception and

observations of dramatic declines in large-bodied and

culturally important species such as trout cod Maccul-

lochella macquariensis and silver perch Bidyanus bidyanus

have prompted the development of captive breeding and

restocking programs, often to satisfy the demands for

continued recreational fisheries (Koehn et al. 2013). The

initial stages of management intervention date back to the

1960s (Rowland 1983; Cadwallader and Gooley 1985) and

still form the basis of current supplementation programs

(Ingram et al. 2011). These programs have had positive

impacts in terms of increasing the abundance and main-

taining distributional extent of species that may otherwise

have irreversibly declined. However, the potentially nega-

tive implications associated with supplementation pro-

grams utilising hatchery-reared fish (Allendorf 1991;

Laikre et al. 2010; Weeks et al. 2011), combined with the

fact that some species cannot be bred and reared under
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captive conditions means that the maintenance of natural

populations is critical to the success of any fisheries con-

servation program (Philippart 1995; Saura and Faria 2011).

Macquarie perch, Macquaria australasica, is one fish in

particular that has proved problematic to breed in captivity.

It is listed as nationally endangered under Australia’s

Environment Protection and Biodiversity Conservation

(EPBC) Act, as well as under a range of state legislation

(Lintermans 2007), with both broad-scale and local

declines continuing to occur (Ingram et al. 2000). Signifi-

cant reservoir populations all but vanished in the space of

20 years from Lake Eildon (Cadwallader and Rogan 1977)

and Lake Burrinjuck (Lintermans 2007) and the largest

contemporary natural population in Lake Dartmouth, on

the Mitta Mitta River in Victoria, is also showing signs of a

similar decline (Hunt et al. 2011). Yet despite some early

achievements, captive breeding programs for this species

have had limited success (Gray et al. 2000) and the in situ

maintenance of natural populations and establishment of

additional populations through wild-to-wild translocations

is critical to the species ongoing survival.

The overall decline of the species throughout its range

has been linked to loss of habitat, barriers to dispersal and

overfishing as well as competition, predation and disease

linked to alien species (Ingram et al. 2000). However, the

observed declines in impoundments such as Lake Dart-

mouth and Lake Eildon have been linked to causes more

specifically associated with reservoirs. These include

reduced reproductive fitness associated with dam ageing

and trophic decline (Appleford et al. 1998; Gray et al.

2000) and inhibited access to upstream spawning habitats

(Lintermans 2013b; Tonkin et al. 2010). Whilst riverine

pools provide a key habitat component for Macquarie

perch (Ebner et al. 2011), and the species can thrive in

impoundments, they are a truly riverine fish that requires

flowing water in order to breed (Cadwallader and Rogan,

1977; Lintermans 2007). Significant reductions in the

number and the effectiveness of fish in contributing to

recruitment, as imposed by these restraints, has implica-

tions for levels of genetic diversity and can lead to genetic

bottlenecking (Luikart et al. 1998), particularly if there are

restrictions on the immigration and replenishment of genes

from other populations.

Recent research on Macquarie perch has revealed the

species is made up of genetically divergent populations

(Faulks et al. 2009, 2011) suggesting that most populations

of the species are genetically fragmented and, if subject to

reduced spawning stocks, are more susceptible to genetic

bottlenecking and inbreeding. These factors present sig-

nificant implications for the management of natural popu-

lations across the range of this species, particularly in light

of the declines and extinctions that have already been

observed. Many of the large populations of Macquarie

perch occur in reservoirs and while good temporal data on

abundance and recruitment exists, very little is known

about the number of individuals that founded these popu-

lations or whether there have been any large-scale popu-

lation declines since their impoundment. Faulks et al.

(2011) did identify inbreeding depression in some popu-

lations within or immediately above impoundments.

The current study investigated the genetic diversity and

effective population size (Ne) of a population in the Aus-

tralian Capital Territory’s (ACT’s) Cotter Reservoir. This

constitutes the last viable population of the species in the

ACT and is one of only two viable populations in the entire

Murrumbidgee River system. The interpretation of genetic

diversity and estimates of Ne has important management

implications for the species both across the local region and

throughout its range. The specific aims of this investigation

were to:

1) Quantify estimates of genetic diversity and effective

population size within individual year classes and a

pooled sample representing adult fish from the Cotter

Reservoir and;

2) Compare genetic diversity and structure within Cotter

Reservoir and among nearby populations.

Materials and methods

Sampling rationale

This study made use of an ethanol-preserved Macquarie

perch tissue bank representing samples from tributaries of

the upper Murrumbidgee River in New South Wales

(NSW) and the ACT (Fig. 1). Samples were organised into

geographic locations and, where possible, individual year

classes. Hence the sample subsets investigated represented

mixed age, river-reach specific collections (upper Mur-

rumbidgee River, Cotter Reservoir, Queanbeyan River) as

well as single cohort samples from the Cotter Reservoir

and a site on the upper Murrumbidgee River, Kissops Flat.

For single cohort samples within the Cotter Reservoir, no

more than five fish were chosen from a single sample point

(individual fyke nets spaced at least 80 m apart, Ebner and

Lintermans 2007) for any given year class in order to

reduce any potential biases associated with family sam-

pling (Hansen et al. 1997).

Molecular analysis

Data validation and inferences of population structuring

Macquarie perch were genotyped using the microsatellite

markers, PCR reactions and thermal cycling conditions as
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well as the fragment separation and scoring protocols

outlined by Farrington (2011). For the purpose of valida-

tion, molecular data was partitioned into geographic units

and where possible (i.e. N [ 20), 0? or 1? year classes

(Table 1). Data was evaluated for errors associated with

null alleles, stutter and large allele dropout via the program

MICROCHECKER 2.2.3 (van Oosterhout et al. 2004)

along with tests for Hardy–Weinberg equilibrium (HWE)

and linkage disequilibrium using Fisher’s exact test and a

Markov chain method with default settings as implemented

Fig. 1 Macquarie perch sampling locations throughout New South Wales and the Australian Capital Territory
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in GENEPOP (Raymond and Rousset 1995). For all anal-

yses involving multiple simultaneous comparisons, signif-

icance levels were Benjamini–Yekutieli (B–Y)-Corrected

to reduce the incidence of Type I and Type II error (Narum

2006).

The veracity of our assumption regarding genetic sub-

division into geographic units was tested using a Bayesian

clustering approach (Pritchard et al. 2000). Using the

admixture model, we estimated the number K of genetic

clusters (between K = 1 and K = 7) into which individ-

uals could be assigned. This was based on the maximum

number of geographically separate sites and accounted for

the possibility that the upper Murrumbidgee River sites

(Killarney, Kissops Flat, Mittagang Crossing and Murrells)

may be genetically distinct. Five independent runs were

conducted to assess the consistency of the results across

runs, and all runs were based on 500 000 iterations after a

burn-in period of 100 000 iterations. We used the software

STRUCTURE HARVESTER v0.6 (Evanno et al. 2005)

and the DK method to identify the optimal number of

genetically homogeneous clusters (K). Cluster groups were

evaluated for additional analyses of inter-population

genetic structuring. The magnitude of independence of

these clusters was determined using pairwise tests of

population subdivision (PhiPT, FST and RST in Genalex,

Peakall and Smouse 2006). We also investigated clustering

of individuals using factorial analysis plotting (Genetix v

4.0.3 in Belkhir et al. 2004) to confirm and visualise the

spatial patterns of genetic relationships.

Genetic Diversity

Allelic richness, expected heterozygosity (He), observed

heterozygosity (Ho) and inbreeding coefficient F(IS) and

significance were calculated for each locus in each sample

using FSTAT version 2.9.3.2 (Goudet 1995). Each of these

indices was estimated for each of the populations con-

firmed through analysis of population structuring. For the

Cotter Reservoir samples, which constituted a single

genetic population, estimates were derived for each of the

individual cohorts as well as the pooled group representing

adults ([170 mm Total Length). A similar treatment was

applied for samples from the upper Murrumbidgee River.

A subset from Kissops Flat made up of 0? juveniles col-

lected in 2007 was treated separately to a pooled collection

of fish sampled from a number of sites along this reach,

including Kissops Flat. This sample design enabled a

spatial comparison of genetic diversity as well as a tem-

poral appraisal of the maintenance of genetic diversity

across independent yearly breeding events (0? fish in the

Cotter Reservoir and Kissops Flat samples), replicate

estimates for breeding events (1? fish in Cotter Reservoir)

and a comparison of these with adult gene pools assumedT
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to represent the parental stock. Statistical comparisons of

genetic diversity for Allelic Richness, He and Ho were

performed using the Mann–Whitney test as implemented in

XLSTAT Version 2011.5.01 (Addinsoft).

Effective population size (Ne) was inferred using two

approaches. The first approach (LDNE; Waples and Do 2008)

uses gametic disequilibrium and assumes selective neutrality

of unlinked loci. 95 % confidence intervals were obtained via

a jackknife method and estimates excluded all alleles with a

frequency B0.05. A second approach (OneSAMP; Tallmon

et al. 2008), which also assumes neutrality and locus inde-

pendence, utilises Bayesian simulation of a single, closed

population to generate summary statistics within upper and

lower confidence intervals where the upper bound is based on

estimates of census size. The census for the Cotter Reservoir

population at the time of sampling is unknown, but is assumed

to be \500 adults (including females [240 mm TL, males

[160 mm TL) (unpublished data). Sensitivity analyses were

conducted for each estimator by running a subset of popula-

tions twice and, for the OneSAMP analysis, using variable

maximum effective population sizes of 100 and 1,000.

Results

Data validation

Nine molecular markers with demonstrated utility for

population genetic characterisation of Macquarie perch

(Farrington 2011) were used to genotype samples collected

from one locality in the ACT and two adjacent areas of

NSW. The overall sample set was broken up into nine

subsets based on geographic location and cohorts where

possible. Seven out of 81 tests for linkage disequilibrium

across the sample set were significant (P [ 0.00975) with

three of these occurring in the Cotter Reservoir 2002 (1?)

cohort. With the exception of significant linkage detected

between the LFMP 107 and LFMP 52 loci in both the

Cotter Reservoir 2002 (1?) cohort and the Cotter Reser-

voir adult sample set, all other linkage combinations were

unique and each locus was considered as independent in all

subsequent analyses. MICROCHECKER 2.2.3 (van Oo-

sterhout et al. 2004) indicated the presence of null alleles

and excess heterozygosity for several loci in the 2007, 2001

(1?), 2002 (1?) and adult subsets of the Cotter Reservoir

samples but only the Queanbeyan River samples displayed

significant heterozygote deficiency (Fis [ 0; P \ 0.00975).

All loci deviating from Hardy–Weinberg expectations were

different for each population and so the observed disequi-

librium is assumed to reflect a violation of assumptions

within the individual populations rather than reflect a

problem with the actual loci. All nine loci were used in

further analysis.

Population structuring

Analyses of spatial genetic structure using Bayesian clus-

tering as implemented in Structure (Pritchard et al. 2000)

consistently revealed four clusters (Table 2). Statistical

tests and parameter estimates for population subdivision all

revealed high levels of genetic structure between all but

two of these four units (Table 3), consistent with geo-

graphical separation into the three different tributaries i.e.

Cotter Reservoir, upper Murrumbidgee River and Quea-

nbeyan River (Fig. 2). Further breakdown of sub-samples

within these aggregates did not provide evidence of a finer-

scale of genetic structure beyond that of major tributaries,

with the exception of Kissops Flat and other upper Mur-

rumbidgee River samples under the PhiPT and FST statistic

(Table 3). This may reflect finer-scale structuring

throughout the upper Murrumbidgee River however, the

sample sizes utilised in this study prohibit further evalua-

tion and, in light of consistency with HWE and Bayesian

Table 2 STRUCTURE HARVESTER v0.56.3 (Evanno et al. 2005)

outputs and Delta K inference of number of clusters (K)

#

K

Reps Mean LnP

(K)

Stdev LnP

(K)

Ln0

(K)

|Ln00

(K)|

Delta K

1 5 -5716.52 0.0447

2 5 -4858.22 22.9417 858.3 551.16 24.02437

3 5 -4551.08 107.4546 307.14 162.3 1.510405

4 5 -4406.24 0.8877 144.84 94.2 106.1177

5 5 -4355.60 2.313 50.64 12.6 5.447455

6 5 -4317.56 1.0213 38.04 40.32 39.48011

7 5 -4319.84 3.6774 -2.28

Table 3 Pairwise genetic distance between populations of Macquarie perch

Estimate w/in Cotter w/in Upper

Murrumbidgee

Cotter vs upper

Murrumbidgee

Cotter vs

Queanbeyan

Upper Murrumbidgee

vs Queanbeyan

O–PT 0.000–0.037 0.188* 0.468*–0.609* 0.631*–0.689* 0.730*–0.809*

FST 0.000–0.016 0.110 0.288*–0.423* 0.478*–0.527* 0.614*–0.705*

RST 0.000–0.040 0.001 0.226*–0.353* 0.409*–0.458* 0.571*–0.669*

* Statistically significant difference from zero
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cluster cohesion, this unit is considered to constitute a

single population in all further comparisons. All estimates

of genetic divergence were highest between the most

geographically disparate populations i.e. the Queanbeyan

River and pooled upper Murrumbidgee River samples. This

overall pattern of genetic partitioning of geographically

separated samples is supported by clear interpolation on a

two dimensional plot of a correspondence analysis (Fig. 2).

Genetic diversity

Mean estimates of genetic diversity in the Cotter Reservoir

sample and subsets were generally higher than any of the

sampled riverine populations (He 0.458–0.512 for Cotter

vs. 0.226–0.394 riverine; Ho 0.455–0.571 Cotter vs.

0.157–0.358 riverine, P(0.99) 1.00 Cotter vs 0.56–0.67 riv-

erine; Allelic richness 2.292–2.995 Cotter vs. 2.160–2.951

riverine) (Table 1). However, differences were only sta-

tistically significant (P \ 0.05) for observed and expected

heterozygosity between the Cotter Reservoir and Quea-

nbeyan River populations. Mean estimates of effective

population size were similar in magnitude across all pop-

ulations, although, the pooled upper Murrumbidgee and

Queanbeyan subsets were at the lower end of estimates.

The Queanbeyan River population yielded a negative Ne

estimate under the LdNE method (Waples and Do 2008),

most likely due to the small sample size used and fixation

at two loci. Sensitivity analyses of Ne estimates, achieved

by running multiple simulations under the softwares and

through adjusting the maximum effective population size

in OneSAMP revealed a high level of stability in the

estimates and low sensitivity to changes in the maximum

effective population size threshold (Fig. 3).

Discussion

The genetic diversity of the Macquarie perch population in

the Cotter Reservoir was found to be consistently higher

across year classes than estimates derived from other,

nearby populations. Comparison to the Queanbeyan River

sample reveals that the Cotter Reservoir diversity estimates

(Ho and He) are higher and that a significant deficit in

heterozygotes occurs in the Queanbeyan River population.

In comparison with a natural riverine population from the

upper Murrumbidgee, estimates of genetic diversity for the

Cotter Reservoir were also higher across all indices, albeit

not significantly. These observations differ to those of

Faulks et al. (2011) who identified significant heterozy-

gosity deficiencies in both the Cotter and upper Murrum-

bidgee populations. Faulks et al. (2011) acknowledge that

the small samples sizes used in their study may have

contributed to these results however their sample size for

the upper Murrumbidgee River (N = 20) was higher than

the pooled sample used in this study (N = 16). The influ-

ence of non-species specific microsatellite markers, as

employed by Faulks et al. (2011) can result in the misin-

terpretation of population genetic information due to an

increased likelihood of null alleles, especially as the phy-

logenetic distance between the focal and target species

increases (Iorgu et al. 2011). This may explain the apparent

differences between the studies in terms of congruence

between observed and expected heterozygosities.

The observation of relatively higher genetic diversity in

the Cotter Reservoir, in comparison with other nearby

populations, may indicate better long-term survival pros-

pects than for genetically depleted populations. Reduced

genetic diversity is often associated with decreased fitness

and is a recognised component of the extinction vortex

(Markert et al. 2010). The known histories of population

abundance and recruitment across the study agree with

these observations. The Queanbeyan River sample repre-

sents a population that was translocated upstream from

Googong Reservoir (Lintermans 2013b). This transloca-

tion, which was undertaken in 1980, involved the move-

ment of 66 adult fish above a barrier which was preventing

migration from the reservoir to suitable breeding habitat in

the Queanbeyan River (Lintermans 2013b). Following the

Fig. 2 Geographic sample groupings and admixture coefficients averaged across five independent STRUCTURE runs at K = 4, the most

optimal K for the total sample set as determined by STRUCTURE HARVESTER
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translocation, an initial growth in the population occurred

and multiple year classes were recorded (Lintermans

2013b). Genetic diversity estimates presented in this paper

are from samples collected in 1996/1997 and hence rep-

resent the population at a time after translocation but prior

to the documented decline of the species in this tributary

(Lintermans 2013b). In contrast to the Queanbeyan River

population, both the Cotter Reservoir and upper Murrum-

bidgee River populations have persisted and have exhibited

regular recruitment (Ebner and Lintermans 2007; Linter-

mans unpubl. data).

Whilst the genetic diversity estimates for the Cotter

Reservoir population are at the upper level of estimates

across all three sample groups investigated in this study,

they are toward the lower end of estimates derived from

microsatellite studies on other freshwater fish species. For

example, the Cotter Reservoir samples yielded He of

0.458–0.512, Ho 0.455–0.571 and allelic richness of

2.292–2.995. Average estimates for these parameters in

freshwater fish are 0.62, 0.58 and 8 respectively (McCus-

ker and Bentzen 2010). Theoretical assessments suggest

that effective population sizes in the range of 500–5,000

are necessary to secure the evolutionary potential of nat-

ural populations (see Frankham et al. 2002 and references

therein) although critical losses of genetic diversity and

concomitant accumulations of deleterious alleles are not

generally expected over ecological time unless Ne B 100

(Luikart et al. 1998). The mean Ne estimates for the Cotter

Reservoir population replicates were all less than 100 and

so there exists a strong potential for such critical losses to

occur in this population, along with the other populations

investigated in this study. Indeed, estimates derived from

another highly threatened Australian Percichthyiid, using

similar Ne estimators (Nock et al. 2011), were of the same

order as those obtained in the current study. These authors

conclude that while evidence exists for a reduced adaptive

potential, the translocation of fish into populations with

higher estimates of Ne ([30) across their sample range

would probably do more harm than good, and we contend

that this strategy should be reserved for more critical sit-

uations and under strict hatchery protocols aimed at

maximising genetic diversity and Ne in the donor or

hatchery population. Yet despite this, there are some

uncertainties associated with selective neutrality, locus

linkage, mutation rates and migration in the interpretation

of Ne estimates. More investigations which integrate

temporal genetic and demographic studies in Australian

freshwater fish will extend our capacity to gauge this

assessment. In addition, an estimate of census population

size (Nc) may help to yield more accurate estimates of Ne

and also contribute to a better understanding of the rela-

tionship between population size estimators in Macquarie

perch. Estimates are only known approximately for the

populations studied and given that Nc is conceptually

straightforward to obtain in small, fragmented populations

of linearly constrained species such as threatened fresh-

water fish, this parameter should be considered a priority

for future work. However, non-destructive sampling of

adults of this threatened species can be problematic, par-

ticularly for riverine populations at very low density,

outside the spawning season, with juveniles much more

readily sampled (Lintermans 2013b).
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While estimates of Ne were calculated for a range of

years in Cotter Reservoir, estimates for Kissops Flat are

derived from samples across a single year. Consequently it

is not possible to be certain whether the estimates for

Kissops Flat are representative of this population generally,

or whether they may represent bad (or good) years in terms

of number of reproducing adults. Estimates of Ne could not

be made for additional upper Murrumbidgee River sites

because of small sample sizes (three, three and ten) from

the three sites (Killarney, Mittagang Crossing and Murrells,

respectively). However, an estimate for samples pooled

across these sites was less than that estimated for Kissops

Flat. This pooled estimate should be interpreted with cau-

tion owing to the demonstrated capacity for fine-scale

genetic divergence in this species and potential biases

associated with mixing samples from what may be differ-

ent populations.

This study confirms the very high level of genetic

structure apparent within the species. In fact the levels of

divergence are higher than was revealed in both a previous

investigation (Faulks et al. 2011) and studies on other

closely related species (Cook et al. 2007; Nock et al. 2011).

This high level of genetic divergence between populations

calls for important considerations with regard to the sup-

plementation of declining populations with fish derived

from other locations, including those that are relatively

close by. The incidence of translocation of threatened

freshwater fish rose dramatically during the ‘millennium

drought’ (1997–2010) in Australia (Lintermans 2013a),

and highlights the need for good information on genetic

structure where translocations involve mixing fish from

multiple locations. Translocation is likely to continue as a

management strategy for threatened taxa as the impacts of

climate change affect existing fragmented populations and

habitats and management practices such as assisted

migration or ‘genetic rescue’ are increasingly considered

(Olden et al. 2011; Weeks et al. 2011).

The Queanbeyan River population is one such unit

where the potential for supplementation and genetic res-

cue using fish descended from outside populations

remains a potential management intervention (Lintermans

2013b). Prior to the establishment of several impound-

ments or barriers preventing fish migration, there was

potential for mixing between the Cotter and Queanbeyan

river populations. Migration and gene flow across a sim-

ilar distance is apparent for contemporary populations in

the Lachlan and Abercrombie rivers in NSW (Faulks et al.

2011). However, the level of genetic divergence between

the Cotter and Queanbeyan river populations provides

evidence contrary to a recent mixing of respective gene

pools. There are also a number of private alleles found in

each of the populations investigated in this study along

with a fixed mitochondrial DNA haplotype in the

Queanbeyan population that was not found in the Cotter

and upper Murrumbidgee River samples (Faulks et al.

2009; Farrington, unpublished data). These observations

suggest that either historical connectivity didn’t occur,

individuals from either population are less fit in the

alternative environments or that historically rare geno-

types have become common through a founder event

associated with the Queanbeyan River translocation.

The high level of genetic divergence found within this

species raises important questions regarding the future

management of the Queanbeyan River population. A pri-

mary consideration is an assessment of risks which are

likely to arise through additional translocations into the

Queanbeyan River and this will need to be informed by the

current status of the population (which is unknown). The

estimates of Ne for the upper Murrumbidgee River (com-

bined sample) and for Kissops Flat require further inves-

tigation to compensate for sampling only conducted in a

single year (Kissops Flat and upper Murrumbidgee

pooled), with small sample sizes (upper Murrumbidgee

pooled) and also for a reduced number of variable loci due

to allele fixation at some loci. Accurate estimates of Ne are

important as conventional sampling, which targets partic-

ular age groups (e.g. young of year (YOY) fish easily

captured in fyke nets), may provide unreliable estimates of

the ‘health’ of the population. This was the case with the

Queanbeyan River population where regular sampling with

fyke nets captured reasonable numbers of Macquarie perch

YOY (Lintermans 2013b), when genetic diversity was in

fact impoverished. Estimates of genetic diversity and Ne

provide important information to complement standard

capture-based population assessment (e.g. see Gervasi et al.

2012).

Conclusions

A high level of genetic divergence between populations in

the upper catchment of the Murrumbidgee River has been

confirmed through this study. Two of these populations

exhibited genetic diversity consistent with other freshwa-

ter fish species. One of these populations, the Cotter Res-

ervoir, is an important stronghold for the species and

appears genetically more diverse than other, nearby pop-

ulations. Founder events and bottlenecking may have

contributed to rapid declines in other reservoir populations

so this evidence of a comparatively ‘‘healthy’’ population is

an important finding in the context of the future conser-

vation of this threatened species, with the Cotter Reservoir

population currently the source for attempts to establish

additional local populations through translocation (Linter-

mans 2012).
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In light of evidence supporting genetic erosion in a

population of Macquarie perch from the Queanbeyan

River, coupled with a documented decline in the actual

presence of the species (Lintermans 2013b), the case for

mounting a ‘genetic rescue’ (Weekes et al. 2011) needs to

be considered. Evidence presented in this paper suggests

that the populations examined are genetically divergent and

management decisions will need to weigh up the conse-

quences of genetic integrity versus the potential loss of the

population if no action is taken. Emerging views suggest

that it may be more beneficial to introduce genetically

divergent fish and offer the potential of a genetic rescue

than to do nothing and virtually ensure the localised

extinction of the species (Weeks et al. 2011).
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A reservoir serves as refuge for adults of the

endangered Macquarie perch
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Abstract
Home-range estimates are an important input to species recovery plans. Our aim was to estimate the home-range size of

the endangered Macquarie Perch in the lower Cotter River catchment, Australia. In total, fourteen home-range estimates

were calculated from intensive radio-tracking of adult individuals over a minimum of five diel periods in either autumn

(n = 5) or spring (n = 9). Home-range (95% Kernel) and core area (50% Kernel) were calculated by Kernel estimation and

corrected for overlap with land. Seasonal estimates of home-range and core area were not asymptotic in relation to cumu-

lative number of radio-fixes in four of fourteen cases. The mean within-season home-range of adult Macquarie perch was

5.5 ha ranging from 0.2 to 18.4 ha, based on 10 cumulative estimates that were asymptotic in relation to radio-tracking

effort. All five individuals radio-tracked in autumn occupied a single core area, whereas in spring, six individuals occupied

a single core area and three individuals each occupied three core areas. Despite individuals moving on a scale almost

comparable to Cotter Reservoir (48.5 ha), only a single radio-tagged individual was found to leave the reservoir and enter

the river. Regional fisheries managers are generally aware of the requirement for Macquarie perch to access flowing

water for spawning in south-eastern Australia; however, in the Cotter River catchment, the protection of habitat for this

species within Cotter Reservoir is also paramount. Our study highlights the importance of reservoirs for conserving a

threatened aquatic species.

Key words
home-range, Kernel estimation, Percichthyidae, radio-tracking, reservoir,

threatened species.

INTRODUCTION
Worldwide, river regulation including the damming of

regulation worldwide, including the damming of rivers,

has devastated freshwater fish communities (Baxter

1977; Cambray 2000; Dudgeon 2000). Damming of rivers,

and the formation of reservoirs, serves to store and sup-

ply water for irrigation, power supply and direct con-

sumption by humans (Baxter 1977). Reservoirs also can

serve in flood control, facilitate navigation, support com-

mercial fisheries and aquaculture and provide opportuni-

ties for recreational boating, skiing and fishing (Baxter

1977; Petrere 1996; Mosisch & Arthington 1998). Reser-

voirs also can be of value for conserving fish biodiversity

(Irz et al. 2006).

In Australia, with few exceptions (e.g. Morgan et al.

2004; Hardie et al. 2007), the conservation value of fishes

inhabiting reservoirs has not been adequately considered.

This could partly relate to the fact that reservoirs are per-

ceived to be low value habitat from a conservation per-

spective, because the Australian freshwater fish fauna

has evolved in riverine and floodplain habitats largely in

the absence (with the exception of Tasmania) of the

large permanent lake systems that exist on other conti-

nents. It probably also reflects efforts to protect relic

endemic riverine communities (e.g. Arthington 2009),

because large-scale damming of rivers is only a recent

phenomena, relative to some locations in Europe and

North America (Pigram 2006). In many cases, reservoirs

in Australia are simply seen as opportunities for ‘put and
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take’ recreational fisheries. Native Australian fish commu-

nities and populations also have declined in several river

impoundments (Walker 1985; Gray et al. 2000; Gehrke

et al. 2002; Hardie et al. 2006). In Australia, there clearly

is a need for improved understanding of reservoirs as

native fish habitat, from a combined fisheries manage-

ment and conservation perspective.

The nationally endangered Macquarie perch, Macqua-

ria australasica Cuvier, 1830, is an Australian fish ende-

mic to south-eastern Australia, and for which reservoirs

represent historically or currently important habitats

(Cadwallader & Rogan 1977; Cadwallader 1981; Harris &

Rowland 1996; Ingram et al. 2000; Lintermans 2007).

Recent genetic study demonstrates that Macquarie perch

comprise at least two species, one existing in the Mur-

ray-Darling Basin (MDB) and an extant ancestral species

existing in coastal catchments of south-eastern Australia

(Faulks et al. 2009). This study specifically refers to the

MDB species. This species grows to an order of 550 mm

total length and 3.5 kg, historically being a prized catch

of anglers (Cadwallader & Rogan 1977; Douglas et al.

2002; Lintermans 2007).

Macquarie perch were historically distributed in

upland and lowland riverine systems in the southern

MDB (Harris & Rowland 1996; Ingram et al. 2000; Linter-

mans 2007). In recent decades, however, its populations

have only persisted in upland systems located upstream

of major impoundments (Harris & Rowland 1996; Ingram

et al. 2000; Lintermans 2007). Reduced areas of suitable

habitat, and population fragmentation resulting from

anthropogenic barriers, are considered major threats to

the species (Lintermans 2007). However, our understand-

ing of the habitat use and movement of this species

remains largely qualitative, potentially inhibiting recovery

of this species.

Home-range estimates, an important input to species

recovery plans, are often lacking (Tear et al. 1995).

Home-range estimates in recent decades have been

obtained from radio-tracking temperate Australian fresh-

water fishes, and particularly medium-to-large-bodied

endemic percichthyids (e.g. Crook 2004a; Ebner &

Thiem 2009). The majority of these studies, however,

have been conducted in rivers (Crook et al. 2001; Simp-

son & Mapleston 2002; Crook 2004a,b; Jones & Stuart

2007; Koehn et al. 2008; Thiem et al. 2008; Ebner &

Thiem 2009). Instream reservoirs represent a substantial

aquatic habitat in rivers of south-eastern Australia, with

knowledge of the spatial behaviour of fishes in this habi-

tat type being important for fisheries and environmental

management purposes. The aim of this study was to esti-

mate the home-range size and develop an understanding

of the spatial requirements of the adults of the remnant

population of Macquarie perch in Cotter Reservoir and

the lower Cotter River catchment.

MATERIALS AND METHODS

Study site
Cotter Reservoir is situated in the Australian Capital

Territory, Australia (35�19¢S, 148�55¢E) (altitude = 500 m

ASL; capacity of 4 gigalitre; surface area = 48.5 ha)

(Fig. 1). Cotter Reservoir was constructed from 1912 to
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Fig. 1. The location of Cotter Reser-

voir within the Australian Capital Terri-

tory.
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1915 to secure a water supply for Canberra. A history of

relatively stable water levels, and a silted substrate, facili-

tated the establishment of emergent macrophytes (Typha,

Phragmites and Juncus) around the edge of the reservoir,

particularly in the shallow upstream third of Cotter Reser-

voir (water depth <5 m) (Ebner et al. 2007). In contrast,

the downstream two-thirds of the reservoir comprise

deep water (to 23 m) with numerous steep rocky banks

and emergent macrophytes restricted to shallow inlets

(Ebner et al. 2007). These emergent macrophytes repre-

sented the primary structure available to adult Macquarie

perch for sheltering, because there was very little timber

or large rock available in the reservoir in 2001 and 2002

(Ebner and Lintermans, unpublished data). At that time,

radio-tracking was used to record the spatial behaviour

and habitat use of a remnant population of Macquarie

perch in Cotter Reservoir.

Radio-tagging and tracking
Adult Macquarie perch (>240 mm TL) were collected in

gill nets, radio-tagged and radio-tracked in Cotter Reser-

voir in 2001 and 2002 (see Ebner et al. 2009a, 2010). Sam-

pling with drum nets, fyke nets and gill nets upstream in

the Cotter River failed to capture adults. Female Macqua-

rie perch were identified by the presence of ovaries dur-

ing implantation of radio-tags (although males could not

be determined reliably). Forty individuals were radio-

tagged during the study, including an individual that was

tagged a second time after having rejected the original

radio-tag (Ebner et al. 2009a). Four-hourly, boat-based

radio-tracking of individuals was conducted within 24 h

periods (diel periods), resulting in seven fixes per individ-

ual per diel period (the start time was 1000 h, and radio-

tracking was repeated at the same time the following

day) (Ebner et al. 2010). These intensive diel radio-track-

ing exercises commenced on 29 November 2001, 6 and

10 December 2001 (late spring ⁄ early summer 2001); 17,

18, 23, 30 April 2002, 1, 14, 15, 28, 29 May 2002 (autumn

2002); 8, 10, 22, 24 October 2002, 5, 7, 19 and 21 Novem-

ber 2002 (spring 2002). Radio-tracking was not conducted

during the winter, partly because the primary focus was

on spawning movements ⁄behaviour, and also because of

a shift to using smaller radio-tags (with short battery life)

in Autumn 2002, in an effort to minimize tag rejection.

Radio-tracking data from 13 of 40 individuals were used

in this study, representing a minimum of five diel periods

being sampled per individual. This ensured a threshold of

at least 30 radio-fixes were available for each home-range

estimate. The remainder of the sample comprised individ-

uals for which either mortality or tag failure ⁄ loss had

occurred (Ebner et al. 2009a), or from which an insuffi-

cient number of radio-tracking fixes had been obtained

(associated with the first season of radio-tracking). Indi-

viduals that could not be accounted for were not recorded

Table 1. Home-range of individuals (n = 13) that were radio-tracked for five or more diel periods. Home-range and core area expressed

as 95% and 50% Kernel estimates, respectively. Shading signifies cumulative estimates that were not asymptotic with increasing number

of radio-fixes. Note: the autumn, spring and overall estimates are provided from radio-tracking Individual A10

Identity Total length (mm) Weight (g) Season

Kernel estimate (ha)

Number of

core areas

Number of diel

radio-tracking periods50% 95%

A1 ($) 297 416 Autumn 1.0 5.1 1 5

A10 ($) 394 830 Autumn 2.6 18.4 1 9

Spring 0.4 3.9 1 8

Summer, autumn, spring 4.2 28.2 2 20

B1 ($) 403 1026 Autumn 1.1 3.5 1 9

B2 275 333 Autumn 1.2 10.7 1 9

B3 ($) 310 418 Autumn 0.9 4.0 1 9

C5 ($) 395 953 Spring 1.2 3.6 1 8

C6 360 763 Spring 0.9 7.6 3 6

C7 356 747 Spring 0.3 1.9 1 8

C9 ($) 279 332 Spring 0.2 0.7 1 6

C12 ($) 386 869 Spring 0.6 2.7 1 6

C13 ($) 322 528 Spring 2.2 11.1 3 8

C15 266 279 Spring 0.1 0.2 1 6

C16 257 274 Spring 8.3 26.9 3 6
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during radio-tracking searches along the Cotter River,

upstream and downstream of the reservoir.

Home-range estimation
Using Kernel estimation, home-range (95% Kernel) and

core area (50% Kernel) were calculated, based on at least

30 radio-fixes per individual (following Vokoun 2003)

using Home Range Extension (Rodgers & Carr 1998) and

the spatial analyst tool in a Geographical Information Sys-

tem (Arcview 3.1, Environmental Systems Research Insti-

tute, Redlands, CA, USA). Kernel estimation involves

calculating contours from animal relocations (e.g. radio-

fixes) and mapping individual time budgets spatially (see

further explanation of Vokoun 2003). Kernel estimates

were based on the default smoothing parameter and clip-

ping to remove terrestrial parts of Kernels (Hodder et al.

2007). An asymptote in both the relationship between core

area and home-range area with increasing number of diel

periods tracked also was investigated as a means of select-

ing conservative estimates of home-range and core area.

The latter approach is similar to that described by Crook

(2004a), although incremental changes in area relating to

diel periods were plotted in this study (i.e. seven radio-

fixes per diel period), rather than single, daily radio-fixes.

RESULTS
Adult Macquarie perch consistently remained within Cot-

ter Reservoir and generally were not observed in the

river. Although one individual was found entering the

Cotter River upstream of the reservoir, it was found not

long after to have been eaten by a cormorant. In autumn,

the mean home-range (95% Kernel estimates) was 8.3 ha,

and the core range (50% Kernel estimates) was 1.4 ha

(n = 5), remaining similar (95% area = 8.6 ha; 50%

area = 1.6 ha; n = 3) if data corresponding to non-asymp-

totic relationships (between cumulative area estimates

and frequency of radio-tracking) were removed. Con-

versely, the mean home-range in spring was 6.5 ha, and

the core range was 1.6 ha, from the total sample (n = 9).

Removal of data corresponding to non-asymptotic rela-

tionships between cumulative area estimates and fre-

quency of radio-tracking changed the estimates to 4.1

(95% area) and 0.7 ha (50% area) (n = 7), respectively.

Overall, seasonal home-ranges varied from 0.2 to 26.9 ha,

and the core areas ranged from 0.1 to 8.3 ha (Table 1),

with a mean value of 7.2 and 1.5 ha, respectively (based

on 14 seasonal estimates). These mean values decreased

to 5.5 and 1.0 ha if the four non-asymptotic estimates

were removed from the calculation.

Estimates generally became asymptotic with an

increased number of radio-fixes, although estimates occa-

sionally declined with a cumulative number of radio-fixes

(e.g. see C9 in Fig. 3). This is a function of the Kernel

estimation process when a sequence of radio-fixes are

found increasingly closer to the core of a home-range

(i.e. the impact of outliers becomes reduced). Four esti-

mates of home-range size were not asymptotic in relation

to the cumulative number of radio-fixes, despite substan-

tial radio-tracking effort (Table 1; Figs 2, 3). Three of the

estimates related to individuals (Individuals A1, B2, C12)

with singular core areas, and the other related to a noma-

dic individual (Individual C16) (Table 1; Figs 2, 3).

An example of an individual with a single seasonal

core area is illustrated in Figure 4. The single core area

Fig. 2. Home-range and core area expressed as 95% (hollow

circles) and 50% (filled circles) Kernel estimates, relating to the

number of diel periods sampled and based on five individuals that

had been radio-tracked for at least five diel periods in autumn

2002.
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arises from an individual repeatedly using an area across

diel periods (Fig. 4). In contrast, Individual C13 had

three core areas, having undertaken three home-range

relocations, the last one of which was to a home-range it

had previously occupied within a single season (Fig. 5).

This reoccupation of a home-range produced an asymp-

tote in the relationship between home-range estimate and

sampling effort (Fig. 3). A similar explanation is relevant

for the annual home-range estimate of Individual A10

(Fig. 6), except that home-range reoccupation occurred

at the among-season scale, rather than at the within-sea-

son scale. All five individuals radio-tracked in autumn

Fig. 3. Home-range (95% Kernel estimate; hollow circles) and core area (50% Kernel estimate; filled circles) relative to the number of diel

periods sampled in spring 2002 (based on nine individuals that had been radio-tracked for at least five diel periods).

Fig. 4. Repeated overlap of the diel

ranges of Individual C7 on (a) 8–9

October, (b) 10–11 October, (c) 22–

23 October, (d) 24–25 October, (e) 5–

6 November, (f) 7–8 November, (g)

19–20 November and (h) 21–22

November, 2002; culminating in (i) a

seasonal home-range (95% Kernel in

grey) with a single core area (50%

Kernel in black).
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occupied a single core area, whereas six individuals

occupied a single core area, and three individuals each

occupied three core areas, in spring. Figure 7 demon-

strates an extreme case of continuous home-range reloca-

tion. Specifically, five of six diel ranges were non-

overlapping indicating nomadic behaviour of Individual

C16. Three core areas arose from the 50% Kernel

estimates relating to Individual C16. Home-range and

core area estimates corresponding to that individual, and

to Individuals C6 and C13, should be used with caution,

because these individuals undertook home-range reloca-

tions, and are based on Kernel estimations of bimodal or

multimodal data. Further, these modes could not be

examined separately because of small sample sizes per

mode (similarly, individuals that were radio-tracked

for <5 diel periods were excluded from home-range

estimation).

In contrast, Individual C5 generally occupied a single

small area. Specifically, seven of the eight diel ranges

recorded from radio-tracking this individual were con-

fined to a small area in the upstream end of the reservoir

(Fig. 8a). Within a single diel period, this individual was

recorded undertaking a much larger foray into the down-

stream part of the reservoir (Fig. 8b), causing the dra-

matic increase in home-range and core area estimates

corresponding to the sixth diel tracking period of Individ-

ual C5 (Fig. 3). With inclusion of subsequent radio-fixes

in the Kernel estimate, the home-range size again

decreases gradually (Fig. 3).

Home-range and core area estimates relating to the

single individual radio-tracked for all twenty diel periods

over three seasons (Individual A10) stabilized with this

level of radio-tracking effort (Figs 6 and 9). Home-range

and core area were 28.2 and 4.2 ha, respectively

(Table 1). This contrasts with estimates of a substantially

smaller seasonal home-range and core area of this indi-

vidual in autumn, and particularly in spring 2002

(Table 1). It is noted that this individual occupied the

upstream part of the reservoir in spring and summer

2001, the middle of the reservoir in autumn 2002, and

returned to the upstream part of the reservoir in spring

2002.

DISCUSSION
The mean within-season home-range of adult Macquarie

Perch was 5.5 ha, ranging between 0.2 and 18.4 ha, based

on 10 cumulative estimates that were asymptotic in rela-

tion to radio-tracking effort. This represents the first esti-

mate of the home-range of Macquarie perch in any

habitat, and of a percichthyid in a reservoir, and contrasts

with numerous estimates derived from studies of perci-

chthyid movement in rivers (Butler 2001; Simpson &

Mapleston 2002; Crook 2004a,b; Khan et al. 2004; Koehn

2006; Koehn et al. 2008; Ebner & Thiem 2009). Buria

et al. (2007) used a coarse resolution hydrophone array

to determine the seasonal movement of Percichthys trucha

in a chain of Patagonian lakes, although home-range esti-

mation was not a focus of that study. Thus, understand-

ing the influence (if any) that occupying a reservoir, as

opposed to a river environment, has on the spatial behav-

iour of Macquarie perch, and percichthyids in general,

remains to be developed. This is an important knowledge

gap in conserving threatened percichthyids, including

Fig. 5. Two home-range areas (95% Kernel in grey) and three

core areas (50% Kernel in black) corresponding to Individual C13

undertaking three home relocations within Cotter Reservoir in

spring 2002. This individual initially operated from the core area

marked (a) (8–9 and 10–11 October) and then shifted to (b) (22–

23 and 24–25 October) and (c) (5–6 and 7–8 November) and

returned to (b) (19–20 and 21–22 November).

Fig. 6. Home-range (95% Kernel estimate; hollow circles) and

core area (50% Kernel estimate; filled circles) of Individual A10

relative to the sequence of 20 diel periods on which 4-hourly

radio-tracking was conducted.
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Macquarie perch, given that existing and proposed dams

and reservoirs are common throughout much of the

range of these fishes (Harris 1984; Walker 1985; Arthing-

ton 2009). It is also central to understanding the specific

ramifications of impoundment on Macquarie perch,

because the reproductive fitness of this species can be

reduced in reservoirs, and could vary depending on prey

availability (Appleford et al. 1998; Gray et al. 2000). In

this regard, it would be useful to determine whether

Macquarie perch home-range size varies with change in

prey availability and whether this has an effect on annual

reproductive output and larvae recruitment.

Home-range was estimated in this study from data col-

lected by radio-tracking intensively within diel periods.

Similarly, this type of input data has been used in other

studies (e.g., Khan et al. 2004; Ryan et al. 2008). More

commonly, home-range estimates are based on coarser

scales of radio-tracking, such as daily or weekly, and in

most cases, these studies are based on diurnal tracking

(e.g. Crook 2004a,b) for logistical purposes, or to avoid

autocorrelation of repeated relocations (Hodder et al.

2007). While both approaches provide useful information,

each has its own particular biases, which makes compari-

son of estimates from different studies problematic. Fur-

ther, most studies of freshwater fish home-ranges report

linear values, rather than area-based estimates (Vokoun

2003). Nevertheless, the home-ranges of percichthyids

radio-tracked intensively within diel periods generally

equate to being smaller (Butler 2001; Khan et al. 2004;

Thiem et al. 2008; Ebner et al. 2009b) than those deter-

mined for Macquarie perch in the current study. This

might have a species-specific biological basis and ⁄or
might be related to whether these studies were con-

ducted in river or reservoir environments (Ebner et al.

2010). Future studies of Macquarie Perch home-ranges

should continue to incorporate diel radio-tracking,

because the relatively large home-ranges, relative to core

areas recorded in the current study, occurred mostly as a

function of increased movement by Macquarie perch at

night (Ebner and Lintermans, unpublished data). Simi-

larly, intensive radio-tracking at night has been used to

develop an understanding of home-range behaviour of

other species (e.g. Jellyman & Sykes 2003), and an

understanding of diel activity patterns can be used to tai-

(a)

(b)

Fig. 7. Individual C16 exhibited

nomadic behaviour based on (a) five

non-overlapping diel ranges in

sequence (labelled 1–5) and a sixth

diel range that overlapped with the

previous; and culminating in (b) two

home-range areas (95% Kernel in

grey) and three core areas (50%

Kernel in black). Numbers 1–6

corresponds to diel periods 8–9, 10–

11, 22–23 and 24–25 October, 5–6,

7–8 November, 2002, respectively.
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lor radio-tracking schedules for the purpose of estimating

species-specific home-range (Hodder et al. 2007).

Multiple core areas within home-ranges were

observed using Kernel estimation in the current study.

In certain cases, these cores represented centres of activ-

ity for individuals over weeks or months. In a subset of

cases, individuals moved to occupy multiple core areas

within seasons (e.g. see Fig. 5). One interpretation is

that this behaviour equates to a home-range shift. Shifts

in home-range have been reported from studies of other

percichthyids, including the congener Macquaria amb-

igua (Crook 2004b; Ebner & Thiem 2009). Ebner and

Thiem (2009) also distinguished a return home-range

shift as ‘an individual returning to occupy a past home-

range, though not its most recent home-range’, suggest-

ing this behaviour demonstrates a complex spatial knowl-

edge of a waterway. A Macquarie perch undertook a

return home-range shift in the current study (Fig. 5).

The population of Macquarie perch in Cotter Reservoir

currently (and in 2001 ⁄ 2002) experiences relatively stable

water levels, although this situation is likely to change

as the maximum capacity of Cotter Reservoir is

increased to secure domestic water storage and supply.

Given that water level fluctuations affect aquatic ecologi-

cal processes, including fish movement (Winemiller &

Jepsen 1998; David & Closs 2002; O’Connor et al. 2005),

it will be interesting to see whether the frequency of

Macquarie perch home-range shift behaviour changes

with the changing hydrology in an enlarged Cotter

Reservoir.

Another interpretation of these data is that home-

range shift is not occurring, but rather that individuals

shift core areas within a larger, long-term, home-range.

Under this scenario, the mean seasonal home-range of

Macquarie perch in the current study was 7.2 ha

(n = 14), and individuals are capable of shifting core area

within or among seasonal home-ranges (range = 0.2–

26.9 ha). The nomadic behaviour of Individual C16

resulted in core areas within an overall home-range

(Fig. 7), although these cores do not represent areas of

repeated diurnal occupation, as is the case with the

majority of individuals (this study; Ebner et al. 2010).

Thus, the current study has recorded individuals each

with a single core area and home-range, individuals with

multiple core areas, and what might be termed multiple

home-ranges, and a nomadic individual that either had no

home-range or has moved somewhat haphazardly within

a large home-range. While individuals that shift home-

range, or are nomadic, could be identified in some

instances by non-asymptotes in plots of home-range size

against cumulative number of radio-fixes (e.g. Crook

2004a), this is not always necessarily the case, as noted

in this study. There appears to be plasticity in the home-

range behaviour of fish at the within-species and popula-

tion level. This highlights a need for improved attention

to definitions of home-range and home-range shift, and

careful consideration of the scales, resolution and extent

of data collection, if our understanding of the spatial ecol-

ogy of fishes is to progress.

(a)

(b)

(c)

Fig. 8. The area used by Individual C5 on (a) seven of eight diel

periods combined (8–9, 10–11, 22–23 and 24–25 October; 5–6

19–20, 21–22 November, 2002) is substantially smaller than (b)

that used on a single diel period (7–8 November), and this

increases the overall (c) 95% and 50% Kernel estimates.
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Home-range estimates were not compared among sea-

sons in the current study because of insufficient sample

sizes, and the short-term tagging of most individuals. In

contrast, radio-tracking of Individual A10 for a period in

excess of a year indicates that an individual can have

seasonal home-ranges located in different parts of the

reservoir. Further study is required to develop a compre-

hensive understanding of the size and position of

Macquarie perch home-ranges at the population level and

over an annual cycle.

The most surprising finding of the current study was

that adult Macquarie perch generally remained within

Cotter Reservoir, reinforcing the need for the existing

closure of that area to recreational angling. Further,

researchers encountered 14 cases of illegal angling

within Cotter Reservoir during the study period, high-

lighting the need for ongoing public education and

enforcement regarding the spatial angling closure.

Despite adult Macquarie perch remaining within the res-

ervoir, the species has evolved in riverine systems and

is believed to require access to flowing water for spawn-

ing (Cadwallader & Rogan 1977). Lack of access to the

Queanbeyan River, for example, led to the near-extinc-

tion of an impoundment population of Macquarie perch,

following filling of Googong Reservoir (Lintermans

2006). Adult Macquarie perch also occupy, or have

occupied, large reservoirs elsewhere in south-eastern

Australia (Cadwallader & Rogan 1977; Harris & Rowland

1996; Gray et al. 2000). We do not understand the

mechanisms underpinning the adult occupation of Cotter

Reservoir, and the avoidance of river habitat for much

of the year. Potential reasons include dominance of alien

salmonids in the river upstream, differential predation

by avian predators in the river relative to the reservoir,

thermal conditions, instream barriers as a result of a rel-

atively steep gradient riverbed coupled with low and

regulated flows, and ⁄or angling pressure (also see

Ebner et al. 2007).

Based on this study, a national focus on Macquarie

perch conservation is recommended that incorporates

spatial information on habitat use in both river and reser-

voir settings. Macquarie perch is just one of three spe-

cies of threatened percichthyid in the Cotter River

catchment, each of which inhabits reservoir habitat (Lin-

termans & Osborne 2002; Lintermans 2007). Bendora

Reservoir is listed under the Directory of Important Wet-

lands in Australia, because it contains two threatened

fishes (Gadopsis bispinosis and Maccullochella macquari-

ensis). The current study highlights the conservation

significance of Cotter Reservoir for the protection of

Macquarie perch. Accordingly, it would be worth consid-

ering the conservation significance of this reservoir and,

indeed, the entire catchment as a nationally important

wetland. Further, effective management of natural aquatic

resources in south-eastern Australia could be better

achieved through a shift from using reservoirs entirely

for water storage and recreational values to also including

the evaluation and enhancement of the conservation

value of these systems (Irz et al. 2006).
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Abstract. Management interventions are often needed to facilitate the recovery of ecosystems affected as a result of
human alteration. Population-level monitoring is often central to evaluating the effectiveness of specific on-ground
actions. In the present study, we assessed the response of a remnant population of the endangered Macquarie perch

(Macquaria australasica) to the construction of a rock ramp fishway on the Cotter River, Australia, over a 7-year period.
Prior to fishway construction, this obligate riverine spawner had been previously confined to Cotter Reservoir and six
kilometres of stream by a raised road-crossing. Surveys conducted in the 2 years following fishway completion failed to
detect Macquarie perch upstream of the fishway. Subsequent surveys (6–7 years post-fishway completion) detected

Macquarie perch up to 12 km upstream of the fishway. The number and distribution of smaller-sized individuals
(0þ (,100-mm total length (TL) and 1þ (100- to.150-mmTL)) suggests that individuals found upstream of the fishway
are resident stream fish and not fish that have migrated from known downstream spawning areas. The success of the

fishway has been timely because enlargement of a downstream reservoir will inundate four kilometres of river and destroy
the majority of spawning sites of this species downstream of the fishway in the Cotter River.

Additional keywords: distribution, fish passage, long-term assessment,Macquaria, Percichthyidae, rock-ramp fishway.
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Introduction

Connectivity refers to the degree to which the landscape enables
biota to move among habitats (Henein and Merriam 1990;
Tischendorf and Fahrig 2000). For instance, individuals may

need to move among feeding, breeding, nursery and refuge
habitats either on daily, seasonal or annual timeframes. Popu-
lations can also intermix or have the capacity to recolonise areas

after local disturbances, and the temporal nature of such con-
nections operate across a multitude of scales and frequencies.
Natural connections of habitats may be intermittent (e.g. glacier

formation, seasonal ice formation, the cover of night) and in
undisturbed ecosystems provide drivers of ecosystem and evo-
lutionary structure and function. Importantly, this connectivity
is a function of landscape features and the dispersal ability of

species (Tischendorf and Fahrig 2000).
Fragmentation occurs when connectivity is discontinued and

can be a basis for speciation and species extinction (Darwin

1859). Anthropogenic disturbances leading to fragmentation of

landscapes and populations represent a major threat to many
ecosystems (Lord and Norton 1990; Saunders et al. 1991).
Fragmentation can reduce the probability that critical habitats
are available (Dunning et al. 1992) and increase isolation of

populations, rendering them more susceptible to stochastic
events, leading to population and species extinction (Fahrig
1997; Hilderbrand and Kershner 2000b). Riverine ecosystems

are easily fragmented because of their linear nature (riverscapes)
and the relative inability of in-stream biota (e.g. fish) to pass
barriers (Fausch et al. 2002; Fullerton et al. 2010), and are

commonly disrupted because water is a valuable human
resource. A variety of anthropogenic structures result in frag-
mentation of river ecosystems, with dams, weirs and road
crossings being the most common (Warren Jr and Pardew

1998; Verreault et al. 2004; Sheer and Steel 2006; Williams
et al. 2012). Fragmentation of river habitats can have negative
effects on fish populations, especially those ofmigratory species

(Laine et al. 2002;Wofford et al. 2005). Fishways are a common
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and effective management tool for increasing connectivity of
river habitats for fish (Jungwirth 1998; Stuart et al. 2008;

Williams et al. 2012) and have been used for more than 300
years to facilitate fish movement past barriers (Nemenyi 1941).

Many of Australia’s freshwater fish species are migratory, at

least to some degree (Harris et al. 1998) and barriers to fish
passage have long been recognised as a contributing factor to
freshwater fish declines in Australia (Mallen-Cooper 1999). The

majority of anthropogenic barriers to fish passage occur in the
Murray–Darling Basin in south-eastern Australia (some 4000),
where human occupation and agriculture are concentrated
(Harris and Mallen-Cooper 1994; Lintermans 2007; Koehn

and Lintermans 2012). Consequently, fishways have a history
in Australia spanning at least a century, although some earlier
fishways were ineffective for Australian fish species (Harris and

Mallen-Cooper 1994; Barrett andMallen-Cooper 2006). Recent
and ongoing research on the swimming abilities of native fish
has provided more detailed parameters for fishway design

specifically targeted at Australian fishes (Harris and Mallen-
Cooper 1994; Mallen-Cooper 1994; Starrs et al. 2011). At low
level weirs (,1.5m) and road crossings, rock-ramp (or nature-
like) fishways are being increasingly used as a relatively

inexpensive and effective means of providing fish passage
(Harris et al. 1998; Beatty et al. 2007; Calles and Greenberg
2009; Steffensen et al. 2013). Furthermore, rock-ramp fishways

adopt a design philosophy which is ecologically based and aims
to mimic natural river segments (Katopodis et al. 2001) and
offer a relatively efficient means of passage (Bunt et al. 2012).

Macquarie perch,Macquaria australasica Cuvier, 1830, has
reduced in distribution and in abundance since the early 1980s,
so much so that the species was declared nationally endangered

(Ingram et al. 2000; Lintermans 2007). Barriers to passage,
sedimentation, alien fish species and overfishing are commonly
associated with the decline of Macquarie perch (Lintermans
2007). Macquarie perch is a medium-sized deep-bodied Per-

cichthyid that attains a maximum size of 3.5 kg and 550mm in
total length (TL), although individuals larger than 1 kg and
350-mm TL are uncommon (Ingram et al. 2000; Lintermans

2007; Lintermans and Ebner 2010). Sexual maturity is reached at
2 years (150–200-mmTL) for males and 3 years (,300-mmTL)
for females, although this can vary based on whether a fish

matures in a river or reservoir (Appleford et al. 1998;
Lintermans 2007). The species is highly fecund (50 000–
100 000 eggs per female) and long-lived (commonly 10–15
years, maximum of 26 years) (Cadwallader and Rogan 1977;

Cadwallader 1984; Ingram et al. 1994; Lintermans and Ebner
2010). Macquarie perch requires access to riverine habitats for
spawning (Cadwallader and Rogan 1977; Tonkin et al. 2010).

Adult Macquarie perch that inhabit reservoirs have been found
tomigrate only a few kilometres from the reservoir into the river
to spawn (Cadwallader and Rogan 1977; Tonkin et al. 2010).

Translocated populations have established in several catch-
ments, although time between translocation and detection of a
population can be delayed (Lintermans 2013c). In the current

study, we aimed to determine whether the installation of a rock-
ramp fishway facilitated upstream expansion of a Macquarie
perch population immediately post-installation, and over a
longer period (.5 years) after installation. It was predicted that

the fishway would allow upstream access for Macquarie perch,

increasing its distribution and providing access to potential
spawning areas upstream.

Materials and methods

Study site

The study was undertaken in the Cotter River, an upland stream
that flows north along the western edge of the Australian Capital
Territory (ACT), Australia (Fig. 1). The Cotter River, located
within the Murray–Darling Basin, is a highly regulated upland

stream interrupted by numerous road crossings and the follow-
ing three dams: Cotter Dam (500m above sea level (asl),
3581901000S, 14885601900E), Bendora Dam (778m asl,

3582604800S, 14884904300E) and Corin Dam (955m asl,
3583200700S, 14885001300E) (Nichols et al. 2006). The Cotter
River has a total catchment area of 480 km2 and serves as the

main domestic water supply for the city of Canberra. Two
nationally endangered fishes, Macquarie perch and trout cod,
Maccullochella macquariensis Cuvier, 1829, and one locally

threatened fish, two-spined blackfish, Gadopsis bispinosus

Sanger, 1984, as well as introduced rainbow trout, Oncor-
hynchus mykiss Walbaum, 1792, brown trout Salmo trutta

Linnaeus, 1758, goldfish Carassius auratus Linnaeus, 1758,

oriental weatherloach, Misgurnus anguillicaudatus Cantor,
1842, and eastern Gambusia,Gambusia holbrookiGirard, 1859,
currently reside in the Cotter River (Lintermans 2007, 2012).

Cotter
Reservoir

Vanitys fishway
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Fig. 1. Location of Macquarie perch sampling sites (A–F) and Vanitys

Crossing fishway on theCotter River betweenBendoraDamandCotterDam

(inset location of study area within Australia).

Fishway releases the endangered Macquarie perch Marine and Freshwater Research 901

236



In 2001, a rock-ramp fishway was installed on a road crossing
(Vanitys Crossing 3582004600S, 14885302300E, approximately

6 km upstream of Cotter Reservoir, see Fig. 1); this was con-
structed to provide access for Macquarie perch to 22 km of
upstream river habitat (Ebner and Lintermans 2007). Previous

sampling in the 1980s and 1990s using a variety of methods
(fyke netting, backpack electro-fishing) had not detected
Macquarie perch upstream of the road crossing and it was

believed that this species was extinct from this reach of the Cotter
River (M. Lintermans, unpubl. data). However, ad hoc obser-
vations and sampling had demonstrated that the species was
present up to the pool immediately downstream of the road

crossing (M. Lintermans, unpubl. data). The crossing was not
believed to be a barrier to either of the salmonid species,
because both were encountered frequently both upstream and

downstream of the crossing, and both are capable of surmounting
in-stream obstacles by jumping (M. Lintermans, unpubl. data).
The current study was undertaken along the 27-km river reach,

from immediately upstream of Cotter Reservoir to immediately
downstream of Bendora Dam (Fig. 1). Full supply level of the
recently completed enlarged Cotter Dam will move the extent of
the impounded waters upstream to within 1.5 km of the Vanitys

Crossing fishway (Lintermans 2012; Site B, Fig. 1).

Vanitys Crossing fishway

Vanitys Crossing is a concrete ford ,45m in length that was
constructed in the 1970s and acted as a barrier preventing

upstream migration of Macquarie perch (Fig. 2a; Lintermans
1991). A partial-width rock-ramp fishway with a random-ridge
rock and reverse-leg design was installed here because the

stream is relatively narrow (,20m), this fishway design
requires minimal maintenance and the fishway only needed to
operate over a small range of flows (Fig. 2b). Biological char-

acteristics of Macquarie perch were incorporated into specific
design elements of the fishway. The fishway was designed with
a lower than customary gradient (1 : 30 rather than 1 : 25),
specifically to accommodate the perceived poor swimming

performance of adult Macquarie perch (actual performance
unknown at the time of sampling). Velocities in the fishway
ranged from 0 to .1.0m s�1, although they were typically

,0.5m s�1, on the basis of three random transects (Ebner and
Lintermans 2007). The fishway was also designed with a ‘v’
profile (deeper in middle) to accommodate the depth require-

ment of large adult Macquarie perch. Capping was installed on
the downstream side of the road crossing to raise the water depth
of the fishway exit over the existing roadway.

Fish collection

Sampling of riverine subreaches (Fig. 1, Table 1) was conducted
over two periods; in the 2 years after installation of the fishway

at Vanitys Crossing (2001–2002) and 6–7 years later
(2007–2008), to determine whether Macquarie perch had used
the fishway to access the river upstream. Riverine reaches were

sampled between September and May (spring to autumn) in
2001–2002 and between January and April (summer to autumn)
in 2007–2008. Cotter Reservoir was sampled year-round in
2001–2002 and between January and March (summer to

autumn) in 2007–2008. Cotter River was in the middle of a

decade-long drought throughout the entire period (Fig. 3).
Cotter Reservoir was also sampled to provide an indication of
the status of the reservoir population. Sampling effort (number

of net nights and the number of sites sampled) differed between
the two sampling periods (Table 1). Abundances of Macquarie
perch captured at each site were standardised by dividing the

number of fish caught by the number of net nights per site. Fish
were captured using single-winged fyke nets (wing 5m; 20-mm
stretched mesh in 2001–2002 and 13-mm stretched mesh in
2007–2008) set from shore. For pools, three or four fyke nets

(a)

(b)

Fig. 2. Vanitys Crossing (a) before and (b) after installation of the rock-

ramp fishway.

Table 1. Summary of fyke net effort used per site for the 2001]2002

and 2007]2008 surveys of the Cotter Reservoir and Cotter River

DNS¼ did not sample

Reach Distance upstream of

Cotter Reservoir (km)

Net nights

2001–2002 2007–2008

Cotter Reservoir 0 227 24

Site A 1 70 24

Site B 5 40 24

Site C 9 24 24

Site D 14 16 24

Site E 18 13 24

Site F 27 DNS 24
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were set per pool, and 10–12 were set from a boat around the
perimeter of the reservoir. Fyke nets were set for ,16 h
(typically from 1530 hours to 0730 hours). Total length of

captured Macquarie perch was recorded to the nearest milli-
metre, with fish then released unharmed at the site of capture.

Data analyses

To test for differences in abundance, a repeated-measures
ANOVA was undertaken, with location (downstream and
upstream of the fishway) as a fixed factor, year as a within-

subject factor and site nested within location and treated as
subjects in the analysis. The data were non-normally distributed
and PERMANOVA analysis was also employed (Anderson
2001). The results of the PERMANOVA were almost identical

to the repeated-measures ANOVA, so the latter was retained for
interpretation. To complement the abundance analysis, we
looked at proportional occurrence between the sites and dates as

an indicator of fish abundance at a site. A log-linear analysis was
employed to compare proportions of nets with fish (number of
net nights divided by the number of net nights with fish present)

between years and sites. The analysis was followed by pair-wise
tests between years within sites to tease out interaction effects.
Statistical significance was set at a¼ 0.05. Data analysis

was performed using SAS (v9.1, SAS Institute, Cary, North
Carolina, USA). Data is reported asmean� standard error (s.e.),
unless otherwise specified.

Results

Distribution

Macquarie perch was not recorded upstream of the fishway in
2001–2002, whereas in 2007–2008, it was detected at the first
and second sites upstream of the fishway (Sites C and D, Fig. 4).

Note that an individualwas captured by backpack electro-fishing
at Site E in 2008 (B. T. Broadhurst, unpubl. data). The recorded
distribution of Macquarie perch increased from 1 km upstream

of Cotter Reservoir in 2001–2002 (when it was found only in the
Cotter Reservoir and SiteA) to 16 km in 2007–2008 (when it was
found at every site up to and including Site D, Fig. 4).

Abundance

There was a greater relative abundance of Macquarie perch
captured at all riverine sites in 2007–2008 than in 2001–2002
(Fig. 4). Of the riverine sites, Site A was the only site where

Macquarie perchwas captured in 2001–2002. At riverine sites in
2007–2008, the highest abundance of Macquarie perch was at
Site C, followed by Sites A, B andD (Fig. 4). In both 2001–2002

and 2007–2008, Cotter Reservoir had higher abundances of
Macquarie perch than did the riverine sites (Fig. 4). There was
no significant effect of year, location (i.e. upstream vs down-
stream of the fishway) or the interaction between year and

location on the relative abundance of Macquarie perch
(Table 2). However, there was a significance difference among
sites and the interaction between site and year in the relative
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abundance of Macquarie perch (Table 2). Analysis of the

proportion of nets that contained Macquarie perch detected a
significant difference in year (x2¼ 10.76, d.f.¼ 1, P¼ 0.001),
site (x2¼ 100.62, d.f.¼ 3, P, 0.0001) and a significant inter-

action between year and site (x2¼ 15.55, d.f.¼ 3, P¼ 0.0014).
There was significantly higher proportion of nets containing
Macquarie perch in 2007–2008 than in 2001–2002 for Sites

B (x2¼ 25.6282, d.f.¼ 1, P, 0.0001) and C (x2¼ 27.8693,
d.f.¼ 1, P, 0.0001), but no difference at Site A (x2¼ 3.4888,
d.f.¼ 1, P¼ 0.0618) or Site D (analysis void because more than

50% of 225 nets contained fewer than five).

Population structure

Macquarie perch individuals captured in Cotter Reservoir in
2001–2002 were predominantly fish that were 0þ and 1þ years

of age (TL ranging from 51 to 150mm, Fig. 5a). Similarly, the
majority of individuals captured in the river downstream of
the fishway (Sites A and B) comprised small Macquarie perch

individualswith a higher proportion of 1þ age fish (101–150-mm
TL) than in the Cotter Reservoir (Fig. 5a–c). In 2007–2008, at
both Cotter Reservoir and the two river sites downstream of the

fishway (Sites A and B), the dominant size of Macquarie perch
caught was between 101 and 150mm in TL (Fig. 5a–c). Over
80% of Macquarie perch individuals caught upstream of the

fishway (SitesC andD) in 2007–2008were 0þ individuals of less
than 50-mmTL (Fig. 5d). Site C contained fish from at least four
different size classes, likely corresponding to different annual
cohorts (Fig. 5d; cf. Cadwallader 1984).

Discussion

Fragmentation of aquatic habitats is a major issue worldwide
(Nilsson et al. 2005;Dudgeon et al. 2006), and restoration of fish
passage has become a priority recovery activity both inter-

nationally (e.g. Calles and Greenberg 2007; Kemp and
O’Hanley 2010; Gough et al. 2012) and in Australia (Barrett
2008; Lintermans 2013a, 2013b). Although many fishways are
now commonly designed to pass a range of species and sizes

(e.g. Stuart et al. 2008; Thiem et al. 2013), the targeting of fish-
passage remediation at a single species or species group still
occurs, particularly for highly valued sportfish (e.g. salmonids)

or, increasingly, threatened species (e.g. Morgan and Beatty
2006), and the Vanitys Crossing fishway is an example of this.
Macquarie perch is now largely confined to upland streams in

south-eastern Australia (Douglas 2002; Lintermans 2007;
Tonkin et al. 2010), and this is where many impoundments are
also located, altering downstream flow regimes and potentially

creating or exacerbating low-flow barriers. The success of the
fishway in establishing a population of Macquarie perch in

upstream reaches validates the fishway design parameters, and
provides a useful template for providing fish passage for this
species in other locations.

The present study has illustrated the benefit of long-term
(.5 years) assessment following management intervention
aimed at conservation of an endangered species. In the present

situation, short-term assessment in the first year following
installation of a rock-ramp fishway did not detect any positive
effects in the formof upstream colonisation byMacquarie perch.
However, a considerably longer duration of assessment has

revealed a significant benefit of the fishway installation, with
Macquarie perch making its way past the road crossing and
establishing a significant population in upstream reaches. The

delayed result highlights the need for funding for longer-term
monitoring after interventions, to ensure adequate assessment of
their success can be made. The depth and water velocities in the

Vanitys Crossing fishway are passable by Macquarie perch on
the basis of laboratory flume-tank trials of swimming perfor-
mance of adults and subadults (Starrs et al. 2011). Fishways,
including those of the rock-ramp design in the present study,

have been shown to be passable by many Australian fish species
(e.g. Harris et al. 1998; Stuart and Berghuis 2002; Beatty et al.

2007). Our result may be explained by the fact that the majority

of Macquarie perch resided in Cotter Reservoir rather than the
river in 2001 and 2002, and rarely encountered the fishway
during short-term movements (Ebner et al. 2011).

Macquarie perch are a moderately long-lived species
(Cadwallader 1984; Lintermans and Ebner 2010) and, on the
basis of the results of the present study, can be slowdispersers and

colonisers. As well as slow dispersal, the species may also take a
prolonged period to commence recruitment in new reaches, with
no recruitment detected in 5 years of monitoring following a
translocation of adult fish in the Queanbeyan River (Lintermans

2013c). It is also possible that low numbers of Macquarie perch
used the fishway in the Cotter River immediately following its
installation, but remained at undetectable levels for the first few

years, similar to that found for a translocated population of
Macquarie perch in the Queanbeyan River (Lintermans 2013c).
Fishway efficiency, a key determinant of the success of a fish

passage structure (Bunt et al. 2012), has yet to be quantified for
different fishway types for Macquarie perch and is still an
important knowledge gap for management of this structure
and the facilitation of movement by this species.

Range expansion of this isolated remnant population of
Macquarie perch is of significant conservation benefit. It is
also fortuitous in its timing; a decade-long drought in southern

Australia has affected the Cotter Catchment (Fig. 3) and led to
the enlargement of the existing Cotter Reservoir for water
supply to the city of Canberra. This in turn will inundate the

Cotter River by a further 4.5 km, flooding the river to within
,1.5 km of the fishway at Vanitys Crossing (Lintermans
2012). Without a functioning fishway (or translocation) and

the establishment of a self-sustaining subpopulation upstream
of the fishway, the resident Macquarie perch population faced
local extinction as a result of loss of riffle-run-pool habitat
critical for spawning and nursery functions (Cadwallader and

Rogan 1977), akin to what occurred in Googong Reservoir

Table 2. Results of repeated-measures ANOVA on the relative abun-

dance of Macquarie perch between years, locations and sites in the

Cotter River

Source d.f. F-value P.F

Site (location) 2 10.53 ,0.0001

Year 1 2.40 0.2616

Year�Site (location) 2 7.54 0.0007

Year�Location 1 0.25 0.6642

Location 1 0.20 0.6989
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following damming of the nearby Queanbeyan River
(Lintermans 2013c).

The expanded spatial extent of the population from 5.5 km

of river to at least 17.5 km and the establishment of a riverine
subpopulation is a welcome result for Cotter River Macquarie
perch. The increase in connectivity of both habitats and

subpopulations will render the Cotter population less vulnera-
ble to stochastic demographic and localised environmental
events (Fahrig 1997; Hilderbrand and Kershner 2000a;

Fullerton et al. 2010). To this end, we recommend developing
quantitative relationships among factors (e.g. flow require-
ments, invasive species) affecting Macquarie perch spawning
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and recruitment and support the commitment to improvements
to fish passage on road crossings upstream of Vanitys Crossing

in the Cotter River (see also Ebner et al. 2008; Lintermans
et al. 2010).

Young-of-the-year was the most abundant cohort in the

population of Macquarie perch upstream of the fishway. This
suggests that spawning and recruitment (at least to juvenile
stage) has been successful upstream of the fishway. Larvae and

juvenile Macquarie perch were observed via snorkelling up to
9 km upstream of Cotter Reservoir (Broadhurst et al. 2012). The
riverine extent of the young-of-the-year individuals detected in
the current study and the distribution of larval and juvenile

Macquarie perch found in Broadhurst et al. (2012) were three-
fold greater than the extent of breeding sites reported previously
(usually ,3 km) from studies of reservoir populations of

Macquarie perch (Cadwallader and Rogan 1977; Douglas 2002;
Tonkin et al. 2010), and most likely reflect a recruiting riverine
population upstream of the fishway. Furthermore, the presence

in the current study of up to four Macquarie perch cohorts
upstream of the fishway suggests establishment of a self-
sustaining riverine subpopulation, which has important implica-
tions for the long-term survival of this species in the Cotter River

(i.e. increasing the population resilience to stochastic events).
The absence of larger adults (.350-mmTL) in the current study
may reflect the true population structure of the newly estab-

lished riverine subpopulation, or may simply reflect a sampling
bias, because fyke nets are a poor method of capturing
larger adults in both reservoir and riverine habitats (Ebner and

Lintermans 2007). On the basis of the extent of spawning
migrations from previous studies of ,1 km (Cadwallader and
Rogan 1977;Douglas 2002; Tonkin et al. 2010), it is unlikely that

the absence of large adults upstream of the fishwaywould be due
to these adults returning to Cotter Reservoir before spawning.

The number of adult fish that has contributed to the estab-
lishment of the riverine subpopulation is unknown. Other

genetic studies on Macquarie perch subpopulations in the upper
Murrumbidgee River catchment have revealed very small effec-
tive population sizes (Ne), often .10 (Farrington et al. 2009).

Indeed, the Ne of the Cotter Reservoir Macquarie perch popula-
tion has been estimated at only 17–79 (Farrington et al. 2009),
with an Ne of 1000 individuals recommended for maintaining

adaptive potential in the face of environmental change (Franklin
and Frankham 1998; Weeks et al. 2011). Low Ne was estimated
for the re-established Queanbeyan River Macquarie perch
population, which although establishing and persisting for more

than a decade, is now undetectable (Lintermans 2013c). The Ne

of the Cotter River subpopulation upstream of the fishway
should be investigated and appropriate management undertaken

(i.e. translocation from the Cotter Reservoir) if it is significantly
lower than that in Cotter Reservoir.

In summary, the current study has demonstrated the value of

a long-term commitment to conservation management in a river
catchment. Specifically, the focus has been on understanding the
effects of a successful management intervention, in this case,

installing a fishway for an endangered species. Our success
bodes well for planned additional Macquarie perch passage
improvements upstream of the Vanitys Crossing fishway in the
Cotter River. The success of the current fishway will inform

future fish-passage designs for this species and has wider

relevance in demonstrating the benefit of long-term assessment
for evaluating effectiveness of in-stream interventions.
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Abstract. Translocation is an increasingly popular conservation management activity worldwide, but the success of
translocation is often not measured or reported. A population of the endangered Macquarie perch was imperilled by the

damming in 1977 of the Queanbeyan River, near Canberra in south-eastern Australia. In November 1980, 66 adult
Macquarie perch (309–389-mm total length) individuals were collected from the newlyformed reservoir, and translocated
approximately 4 km upstream into the Queanbeyan River past a waterfall (which prevented access to spawning habitat).

Five years of post-translocation monitoring at the release sites resulted in the capture of only a single individual in late
1981. Consequently, monitoring ceased because the translocation was assumed to have failed. However, subsequent
angler reports and a preliminary survey in 1991 confirmed that some translocated fish had survived, and a small recruiting

population had established.More intensive follow-up surveys and subsequentmonitoring from1996 to 2006 demonstrated
an established population with consistent recruitment until 2001. However, after 2001, there was no evidence of
recruitment and the population is now undetectable, with the prolonged ‘millennium drought’ (1997–2010) being themost
plausible cause. The present study demonstrates the potentially ephemeral nature of assessments of success and failure,

and the importance of targeted long-term monitoring programs.

Additional keywords: drought, long-term monitoring, measures of success, reintroduction, threatened.
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Introduction

Freshwater fish are imperilledworldwide, withmany regional or
national inventories suggesting that between 20% and 40%

of freshwater fish are threatened (e.g. Jelks et al. 2008; Garcı́a
et al. 2010). Major threats are well documented and common to
most countries, and include habitat modification, river regula-

tion, alien species and overexploitation (Dudgeon et al. 2006;
Helfman 2007). Overlying such threats is the spectre of climate
change, which is likely to further stress native fish populations
through a range of processes such as altered rainfall and tem-

perature regimes having direct and indirect impacts on aquatic
communities (Ficke et al. 2007; Morrongiello et al. 2011).

Various management interventions have been applied in an

attempt to conserve imperilled fish species and populations,
with captive breeding and stocking commonly employed
(e.g. Lyon et al. 2012). However, the limitations of such

approaches are becoming more widely appreciated, with con-
siderable knowledge of the target species reproductive biology
required, concerns about hatchery domestication and genetic

diversity, and increasing evidence of behavioural changes and
reduced fitness of hatchery-bred individuals (Philippart 1995;
Brown and Day 2002; Ebner et al. 2007; Frankham 2008).

Historically, translocation was the predominant method of
introducing or reintroducing stock to new areas, with hatcheries
or knowledge of species reproductive biology being limited or

non-existent (e.g. Cadwallader and Gooley 1984; Trueman
2011). A common purpose of historic translocations was to
develop or bolster recreational fisheries, with most examples

involving large, recreational target species or occasional smaller
forage species (Welcomme 1988; Crivelli 1995). However,
translocation fell out of favour as a result of many ill-considered
translocation or introduction events that contributed to the

declines of some species (e.g. Barlow et al. 1987; Rowe
1993), the increase in hatchery production of large-bodied
native species, and concerns about the potential genetic

consequences of uncontrolled transfer of organisms between
catchments (Storfer 1999; Weeks et al. 2011).

Translocation as a management action for conservation

purposes has increased in popularity in recent decades
(Minckley 1995; Vincenzi et al. 2012), and for fish, is often a
planned emergency response to crises such as bushfire, drought

or invasion by alien species (e.g. TSS 2006; Pritchard et al.

2009; Goren 2010; Ayres et al. 2011). National and international
policies and protocols are now available to guide such activities
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to avoid the adverse impacts of concern (e.g. MCFFA 1999;
George et al. 2009; IUCN 2012). However, little is documented

of the factors that contributed to success or failure of early
translocations (Minckley 1995; Fischer and Lindenmayer 2000;
Seddon et al. 2007), and much of what is available is in

Government agency reports which are often difficult to source.
Well-documented knowledge in peer-reviewed and publicly
accessible literature is required if reintroduction science is to

advance.
It is estimated that approximately 30% of the Australian

freshwater fish fauna is threatened at either state or national
levels (Lintermans 2013a), with this number likely to rise as

anthropogenic stressors continue to affect freshwater aquatic
ecosystems. Translocation is being increasingly used as a
conservation management response for threatened freshwater

fish, particularly for smaller species and during climatic
extremes such as droughts and bushfires (see Lintermans
2013b). Given the limitations in captive-breeding facilities

and knowledge for many species (particularly small-bodied
species), and the projected impacts of climate change in
Australia (Morrongiello et al. 2011) translocation appears likely
to continue as a favoured management action for many species.

The importance of long-term monitoring programs in
ascertaining the success of conservation management has been
widely acknowledged; however, still many monitoring

programs are poorly focussed, designed and resourced and
hence ineffective (see Lindenmayer and Likens 2010). Long-
term monitoring is costly, and often seen as expendable when

resources are constrained (Caughlan andOakley 2001). Even for
projects at small spatial scales, the challenge of maintaining
continuity of data collection over extended timeframes is rarely

met. Reintroduction science is characterised by small popula-
tion sizes, with all of the contingent problems caused by
stochastic processes in variable environments (Weeks et al.

2011; Lyon et al. 2012). Consequently,although many reintro-

ductions are claimed as ‘successes’, such claims can be ephem-
eral and the establishment of self-sustaining populations does
not necessarily equate to population persistence (Seddon 1999).

Assessment over long timeframes is required if population
persistence is to be identified.

The present paper documents the fate of a translocation of the

endangered Macquarie perch; explores the importance of moni-
toring programs and the temporal and spatial scales of measur-
ing success; and discusses the implications for conservation
management of this and other threatened fish species.

Study area

Physical description

TheQueanbeyanRiver, with a catchment area of 96 000 ha, rises

at approximately 1370-m elevation to the east of Canberra, and
flows for ,90 km before entering the Australian Capital Terri-
tory (ACT), just before its confluence with the Molonglo River,

a tributary of the Murrumbidgee River (Lintermans 2002;
Fig. 1). The mean annual flow of the river is approximately 114
GL. The river is predominantly forested in the upper catchment,

with grazing becoming more common in the lower catchment.
The construction of a number of weirs in the Queanbeyan
township from 1901 has restricted upstream fish passage from

the Molonglo River (Lintermans 2002). The river was
impounded in 1977 to form Googong Reservoir, approximately
five river kilometres upstream of Queanbeyan (Fig. 2). The only
other significant tributary of the reservoir is Burra Creek, a

small, shallow, relatively degraded stream flowing through
predominantly pastoral land. At the upstream limit of the res-
ervoir is a waterfall, Curleys Falls, that consists of a series of

small (1–3m) falls through a rocky gorge. As a result of its
proximity to Canberra, subdivision of the lower Queanbeyan
River catchment for rural residential development has increased

since the 1970s, with additional urban subdivision (5500
dwellings) recently commenced on 780 ha of former grazing
land adjacent to Googong Reservoir.

The historic fish community of the Queanbeyan River con-

tained good numbers of ‘cod’ (Maccullochella spp.) and
Macquarie perch,Macquaria australasica, with the river origi-
nally known as the Fish River (National Trust of Australia 1980;

Trueman 2012). By the 1950s, fish populations in the
Queanbeyan and Molonglo Rivers had declined considerably
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Fig. 1. Googong Reservoir and major tributaries with the location of

Curleys Falls and the three upstream sampling sites.
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followingmining impacts, local pollution events, barriers to fish
passage and habitat degradation (Lintermans 2002; Trueman
2012), By the late 1970s, a diversity of alien species had

established, including rainbow trout, Oncorhynchus mykiss,
brown trout, Salmo trutta, carp, Cyprinus carpio, goldfish,
Carassius auratus, and eastern gambusia, Gambusia holbrooki;
however, a remnant population of Macquarie perch still

occurred in the Queanbeyan River prior to the construction of
Googong Reservoir.

Googong Reservoir and its immediate catchment of 5089 ha

(Googong Foreshores, Fig. 1) is managed to supply potable
water to the ACT and Queanbeyan. As a result of the physical
location of the reservoir and foreshores within New South

Wales, and its major purpose being a water supply to the
ACT, water, land and fisheries management within the reservoir
is complex and shared between two different jurisdictions and

multiple agencies. The foreshores include approximately 7 km
of riverine habitat upstream of the reservoir.

Study species

Macquarie perch has two morphologically distinct and
geographically disjunct forms, which are likely to be separate

taxa (Faulks et al. 2010). Only the Murray–Darling (western)
taxon is present in the Canberra region (Lintermans 2007). This
form is moderately sized, deep-bodied, attaining a maximum

weight of 3.5 kg and length of 550-mm total length (TL),
although fish larger than 1 kg and 350-mm TL are rare. It is a
long-lived species, commonly living up to 10–15 years, andwith
a maximum recorded age of 26 years. The current preferred

habitat of Macquarie perch is cool, shaded, upland streams with
deep rocky pools and substantial instream cover (Lintermans
2007; Lintermans and Ebner 2010). However, historically the

species also was found in lowland environments. Macquarie
perch can form significant populations in impoundments, but is
a truly riverine fish that require flowing water to breed
(Cadwallader andRogan 1977; Lintermans 2012).Malesmature

at 2 years and ,150–210-mm TL and females at 3 years and
300-mm TL (Lintermans 2007). Spawning occurs fromOctober
to December at the foot of pools, and adhesive, demersal ferti-

lised eggs then lodge in downstream riffles (Wharton 1968;
Douglas 2002; Tonkin et al. 2010). Larvae and juveniles grow
out in pools where they are associated with rocky substrate

(Broadhurst et al. 2012). The species will also survive in
impoundments with suitable tributaries in which to breed.
Adults from reservoir populations are known to make short

upstream migrations to spawning sites, with the extent of
spawning movements unknown for purely riverine populations
(Cadwallader and Rogan 1977; Tonkin et al. 2010). The species
now seems to be confined to the upper reaches of catchments

which are relatively pristine and not heavily affected by agri-
culture and sedimentation (Cadwallader 1981; Lintermans
2007).

Macquarie perch was present historically throughout the
middle and lower reaches of the Queanbeyan and Molonglo
rivers and is still occasionally caught in the Murrumbidgee

River in the ACT, but is now in low abundance (Lintermans
2002; M. Lintermans, unpubl. data). Its decline in south-eastern
Australia is thought to be largely due to habitat modification
from sedimentation or the construction of dams andweirs, and to
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interactions with alien fish species (Ingram et al. 2000; Linter-

mans 2007). In the Queanbeyan and Molonglo rivers down-
stream of Googong Reservoir, the most likely reasons for the
disappearance of Macquarie perch are the construction of

barriers to fish passage which have isolated these streams from
core historic populations in the Murrumbidgee River, the
historic loss of fish populations through mining impacts and

habitat degradation, and the construction and operation of
reservoirs (Fig. 2). The upper Queanbeyan River catchment still
has substantial areas of native forest cover, and the catchment
for the current study area is largely forested, with little evidence

of sedimentation.
In 1978 a fish-monitoring program was established for the

new impoundment, Googong Reservoir. From 1978 to 1980, the

fish-monitoring program revealed that Macquarie perch was
present in the reservoir, but fish were not recruiting (Fig. 3) and
the future of the population appeared threatened. It is believed

that the construction of the reservoir had flooded all available
Macquarie perch spawning sites, and the species was unable to
access the river above the reservoir because of Curleys Falls, a
natural barrier. Remediation of Macquarie perch passage past

Curleys Falls was initially considered, but was logistically
difficult, and there were concerns about potentially facilitating
the upstream spread of alien species from the reservoir.

Translocation of Macquarie perch

In November 1980, in total, 66 adult Macquarie perch indivi-
duals (309–389mm TL) (Fig. 3) were captured from the reser-
voir, transported upstream past Curleys Falls, and released at

two sites on the Queanbeyan River, approximately 3.3 and 4.1
river km above Curleys Falls. It was hoped this would allow the
species access to suitable spawning sites and ensure the survival
of the population in the Queanbeyan River. Monitoring of the

release sites with a range of gill-nets between 1981 and 1985
resulted in the capture of a single individual in late 1981.
Consequently, monitoring ceased because the translocation was

assumed to have failed. However, subsequent angler reports of
occasional Macquarie perch captures in the vicinity of the
release sites prompted a survey in March 1991. This survey

identified a small population of Macquarie perch, with at least
three age classes of fish being present (Kukolic and Rutzou
1992).

The current paper presents the results of a comprehensive
survey in 1996 and 1997 of the translocated Macquarie perch
population in the Queanbeyan River above Googong Reservoir,
alongwith the results froman ongoingmonitoring program from

2001 to 2006.

Materials and methods

Field sites and sampling

Initial survey

The population ofMacquarie perch in the Queanbeyan River
aboveGoogongReservoir was sampled in 1996 and 1997. Three

sites were sampled between February and March (late summer/
early autumn) in both years (Above Curleys Falls, ACTEW
Hole (one of the release sites), and Hayshed (the other release

site) (Fig. 1). At each site, the following sampling equipment
was used:

(1) three unweighted nylon multifilament gill-nets (each
,35m long, 50-, 75- and 100-mm stretched mesh size);

(2) 10 single-winged fyke nets (20-mm stretched mesh,

600-mm high entrance D ring, 5-m wing length); and
(3) 10 concertina bait traps (380� 245� 245mm, 60-mm

entrance diameter).

Gill-nets were set diagonally across the stream, with one end
of the net attached to the bank or a near-bank log and the other

end attached to an anchor mid-stream. Gill-nets were set
between 1530 hours and 1600 hours, were monitored hourly
from dusk until 2130 hours (to minimise stress on captured

target species and minimise mortality of non-target mammals).
Gill-nets were retrieved between 2130 hours and 2200 hours,
and emptied of all fish, giving an initial 6-h soak time. Nets were
then reset and left overnight, before being removed between

0730 hours and 0830 hours the nextmorning (a total soak time of
,16–17 h). Fyke nets were set between 1530 hours and
1630 hours and retrieved the next day between 0730 hours and

0930 hours. Fyke nets were attached to the bank at the cod-end
and then set at an angle downstream, with a weight attached to
the wing to position the net on the substrate. In the cod-end of

each fyke net, a 150-mm-diameter polystyrene float provided
airspace to prevent mortality of non-target mammals and rep-
tiles. Bait traps baited with a chemical light stick (Cyalume
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Yellow, 12 h, Chemring Australia) were set at 1800 hours and
attached to the banks with a short length of cord. Traps were
retrieved at approximately 0800 hours the next morning.

Fish collected were identified to species and measured (total
length or caudal fork length) to the nearest millimetre.
Macquarie perch individuals were removed from gill-nets and

placed in aerated containers of water, ready for processing.
Macquarie perch individuals captured in gill-nets were held in
aerated plastic drums overnight and released the next morning
(to prevent potential mortality or stress from recapture in gill-

nets on the same night). Fish collected from fyke nets or bait
traps were processed immediately, and released at the point
of capture.

Ongoing monitoring

Monitoring of two sites (ACTEW Hole and Hayshed) was
conducted in 2001 and annually in February–March from 2003
to 2006. The Above Curleys Falls site was discontinued as a

result of difficult site access and low numbers of Macquarie
perch encountered during the initial survey. Methods used for
the ongoing monitoring were identical to those in the initial

survey, with the exception that gill-nets were not reset after the
initial 6-h soak. Fish collection and processing were identical to
those in the initial survey, with the exception that all Macquarie
perch individuals were released immediately after processing.

To provide a measure of small-decapod food availability for
adult Macquarie perch, the total number of freshwater prawn
(Macrobrachium australiense) captured in fyke nets was

recorded.

Results

Species composition

Initial survey

In total, 291 fish of four fish species (two native and two
alien) were recorded over the 2 years of sampling (Table 1). The

highest total abundance of fish was recorded at Hayshed,
followed by the ACTEW Hole and Above Curleys Falls sites.
Total abundance was greater in 1997 than in 1996 (Table 1).
Species diversity was similar at all sites; all four species were

recorded at each site, except in 1996when rainbow trout was not
captured from Above Curleys Falls. The highest numbers of
Macquarie perchwere recorded at the Hayshed site in both years

of sampling (Table 1).

The majority of Macquarie perch were caught in fyke nets in
both years (Table 2), with most fish being young-of-year
(YOY), approximately 4–6 months old at the time of sampling.

Only twoMacquarie perch individuals (both YOY) were caught
in bait traps. The majority of both brown trout and rainbow trout
were captured in gill-nets and neither trout species was captured
in bait traps. Mountain galaxias, Galaxias olidus, was captured

only in bait traps (Table 2).

Ongoing monitoring

Between 2001 and 2006, the same four fish species as
encountered in the initial survey were captured, with a total of
30 Macquarie perch individuals captured from the two monitor-

ing sites, only 10 of which were captured after 2001 (Table 3).
The majority of the Macquarie perch was YOY. As in the initial
survey, the majority of Macquarie perch (80%) was captured in

fyke nets, with the remainder being captured in gill-nets.
Rainbow trout and brown trout declined in the catch over the
years, with only a single trout captured in the final 2 years of

monitoring. In contrast, mountain galaxias increased in the catch
over time (Table 3). Freshwater prawn was commonly captured
at both sites and was, generally, in greater abundance at

ACTEW Hole. Prawns were captured in all years but were in
low abundance at Hayshed in 2005, with this year having the
lowest total abundance across both sites in the sampling pro-
gram (Table 3). Whether this represents a sampling error or

whether prawn recruitment or growth was delayed in this year
(and so were not captured in the mesh size of the fyke nets) is
unknown.

Table 1. Species and numbers of fish caught in the initial survey on the Queanbeyan River in 1996 and 1997

Species Above Curleys Falls Hayshed ACTEW Hole Total per year Combined total

1996 1997 1996 1997 1996 1997 1996 1997

Macquarie perch 3 11 43 73 28 31 74 115 189

Mountain galaxias 9 4 13 13 2 1 24 18 42

Rainbow trout – 3 4 10 2 5 6 18 24

Brown trout 5 5 7 6 5 8 17 19 36

Total per year 17 23 67 102 37 45 121 170 291

Combined total 40 169 82 291

Table 2. Number of each fish species caught in the initial survey each

year by gear type

Species Gill-nets Fyke nets Bait traps

1996 1997 1996 1997 1996 1997

Macquarie perch 13 20 59 95 2 –

Mountain galaxias – – – – 24 18

Rainbow trout 6 14 – 4 – –

Brown trout 13 19 4 – – –

Total per year 32 53 63 99 26 18

Combined total 85 162 44
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Length–frequency analysis

Macquarie perch captured between 1996 and 2006 ranged in

length from 48 to 413mm in TL (Fig. 4). There appeared to be at
least three distinct age classes evident in the length–frequency
histograms, with recruitment of YOY being obvious in 1996,

1997 and 2001. Age 1þ individuals were recorded in 1996, 1997
and 2003 but not in 2001, indicating that there may not have
been successful recruitment of YOY in 2000. Macquarie perch

recruitment appears to have ceased after 2001, with no YOY

recorded in subsequent years. Only a small number of indivi-
duals (all adults) were captured in 2004 and 2005 (Fig. 4).
No Macquarie perch individuals were captured in 2006.

Discussion

Assessing the success of management interventions directed at
threatened or rare taxa is notoriously difficult, and is often made
even more problematic by the lack of well-defined goals at the
outset. The goal of the current project was relatively simple: to

establish a self-sustaining population of Macquarie perch in the
Queanbeyan River, upstream of Curleys Falls. Assessments of
success may also be ephemeral and dependent on the date the

assessment was made. In the current study, by 1985 (5 years
after the translocation), the translocation was considered a
failure because there was little evidence to suggest that the fish

had survived following the release, and no evidence of recruit-
ment. By the late 1990s, the translocation was considered a
success because it fulfilled many of the success criteria usually

reported for animal reintroductions, i.e. there was a population
with multiple years of successful breeding, there was likely
breeding of the first wild-born generation, and the establishment
of a self-sustaining population (Griffith et al. 1989; Sarrazin and

Barbault 1996; Seddon 1999). However, the assessment cur-
rently would be that the translocation has failed because the self-
sustaining population is not likely to have persisted or is present

at such low abundances that persistence is unlikely (see
Armstrong and Seddon 2008). Subsequent monitoring of the
ACTEWHole and Hayshed sites by ACT Government between

2007 and 2009 has similarly failed to detect any recruitment,
with only a single large adult collected in 2007 (ACT
Government, unpubl. data). The changing view over a 30-year

period of the success or otherwise of the translocation, high-
lights the transitory nature (in evolutionary timescales) of
measures of success, leading to a maxim of ‘don’t give up too
early; don’t celebrate too soon’.

For short-lived fish, where measures of success or failure can
be assessed in a few years, 26–35% of translocations in desert
environments in North America are reported as successful

(Hendrickson and Brooks 1991). For one species (Gila topmin-
now, Poeciliopsis occidentalis), 50–70% of translocations
failed within the first 5 years of translocation (Sheller et al.

2006). There are few case studies and no comparable review
of translocation success of long-lived fish available. Fischer
and Lindenmayer (2000) reported 17–34% success and
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Table 3. Number of fish and freshwater prawn captured at ACTEWHole (AH) andHayshed (H) in themonitoring programbetween 2001 and 2006

The total catch of fish species from these sites in 1996 and 1997 (excluding fish caught after the first 6 h in gill-nets) is also shown for comparison.

NR¼ not recorded

Species 1996 1997 2001 2003 2004 2005 2006

AH H AH H AH H AH H AH H AH H AH H

Macquarie perch 28 38 30 73 1 19 1 4 0 3 1 1 0 0

Rainbow trout 1 3 5 7 3 0 0 0 3 0 0 0 1 0

Brown trout 2 6 5 4 4 1 3 2 3 0 0 0 0 0

Mountain galaxias 2 13 1 13 11 4 13 14 39 63 15 4 374 71

Freshwater prawn NR NR NR NR 13 20 64 23 62 37 13 4 34 20
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approximately 50% ‘unknown’ outcomes for reintroductions
since 1980 across a range of animal groups (excluding fish)

worldwide and noted that success may be over-reported. For
example, of 213 case studies of plant and animal reintroduction,
203 were evaluated as partially successful, successful or highly

successful, with none of the 23 freshwater fish case studies
reported as failures (Soorae 2008, 2010, 2011). Although the
volumes by Soorae do not profess to be a representative cross-

section of reintroduction studies (the case studies were submit-
ted by open call), they do highlight the bias towards reporting
successes rather than failures. What constitutes ‘success’ is also
problematic, and as pointed out by Seddon (1999), establish-

ment of a self-sustaining population does not necessarilymean it
will persist in the longterm, again highlighting the importance of
ongoing or long-term monitoring programs.

The presence of a long-term targeted monitoring program
has been critical in evaluating the fate of the translocation, the
likely environmental factors involved and population persis-

tence. The value of long-term monitoring programs is increas-
ingly recognised (Lindenmayer and Likens 2009, 2010, and
references therein) and their importance to the advancement of
restoration or reintroduction science is well documented

(Palmer et al. 2005; Seddon et al. 2007). Monitoring the fate
of management interventions for long-lived species that may be
thinly dispersed in large habitats is difficult, with long time-

frames being required to be able to claim ‘success’ (Minckley
1995). Where monitoring is conducted, generic surveillance or
‘river health’ monitoring is often used as a ‘catch all’ passive

monitoring approach to provide feedback on a range of threats or
management interventions (cf. Lindenmayer and Likens 2010).
This is inappropriate because such generic surveillance moni-

toring often relies on limited sampling techniques that are
deployed over broad spatial and temporal scales. The temptation
is for agencies to re-use data already collected by surveillance
programs (and, consequently, of low cost) to inform manage-

ment actions at local or regional scales, with these monitoring
programs not designed for such tasks, and generally having a
low power to determine such trends (e.g. Maxwell and Jennings

2005; Nichols and Williams 2006). Intervention or ‘question-
based’ monitoring (Lindenmayer and Likens 2010) is usually
based around a single or small subset of activities or questions,

and has a finer spatial and temporal coverage, allowing targeting
of species- or issue-specific sampling tools and approaches
(Lindenmayer and Likens 2010; Nichols and Williams 2006).
The ability to target the relatively abundant ageclass of YOY

Macquarie perch was a distinct advantage in the current pro-
gram, and the inclusion of a particular sampling gear type (fyke
nets) was critical in this assessment. Detection of adult fish was

far more problematic, with annual or biannual gill-net sampling
proving relatively inefficient. More intense or targeted monitor-
ing efforts could have significantly improved management

response through reducing uncertainty. For example, it was
unknown whether the adult population had declined, had
retreated to riverine refugia that were not sampled, had ceased

spawning or was spawning but larval survival was
compromised.

Currently, it is not certain whether the Queanbeyan River
translocation has failed. The reach upstream of the translocation

sites is difficult to access, and it is possible that adult fish may

remain in isolated refugia that have not been sampled. Apart
from a single capture of a large female in December 1981,

Macquarie perchwas undetected for 5 years after the initial 1980
release, and this may be the case again at present, with only a
single individual having been detected between 2006 and the

present. False negatives can be particularly problematic in
managing rare or endangered species where detection probabil-
ity is low or variable (Thompson 2004; Martin et al. 2007).

Current sampling methodology for detecting presence of Mac-
quarie perch at a site is heavily reliant on fyke nets to detect
YOY, with adult fish (.200-mm TL) in the current study
comprising ,7% of the fyke-net catch, and only 1.6% in a

long-term riverine data set (M. Lintermans, unpubl. data). Gill-
nets catch the majority of adult fish at a site (usually about 60%,
M. Lintermans, unpubl. data) but often catch no Macquarie

perch at a site, even when juveniles are detected by fyke net.
If production of YOY ceases, then the capacity to detect adult
Macquarie perch at low density or abundance significantly

increases the chances of a false negative result. Macquarie perch
is a long-lived species, with a maximum recorded age of 26
years, and individuals regularly live past 10 years (Douglas et al.
2002; Lintermans and Ebner 2010), and there may still be

surviving adults from the 2001 YOY detected in the monitoring
program. The decision when to stop managing for threatened
species with low detectability is difficult to make and is related

to our confidence that the species is in fact still present (Chades
et al. 2008). Because the current status of the Queanbeyan River
Macquarie perch population is uncertain, management should

continue to be targeted at this species until further surveys
resolve this uncertainty.

If the Macquarie perch population has not persisted past the

initial establishment phase, the most pressing question is why?
Several potential causes for the lack of persistence can be
discounted. The historic presence of the species in the Quean-
beyan River in the general vicinity of the translocation sites

(Trueman 2011; M. Lintermans,unpubl. data), the habitat struc-
ture of frequent pool-riffle sequences (M. Lintermans, unpubl.
data), and the population establishment and persistence between

the preliminary survey of Kukolic and Rutzou (1992) and the
apparent cessation of recruitment in 2001 indicate that it is
unlikely that the decline was the result of a lack of suitable

habitat. There has been no invasion of new alien species into the
riverine environment since the translocation was conducted.
The abundance of already established potential predators (trout)
has not increased over time, with trout abundance falling

noticeably over the monitoring period. Corroborative evidence
for the decline in trout abundance is found in the increased
abundance of mountain galaxias, which are known to be

adversely affected by trout (McDowall 2006), and will rapidly
recolonise once trout disappear (Lintermans 2000). The increase
in galaxiid abundance is highly unlikely to be directly related to

the decline in Macquarie perch, as perch is not piscivourous
(Cadwallader and Douglas 1986; Lintermans 2006). It is
unlikely that there was a deficit of food items for Macquarie

perch. The abundance of small decapod crustaceans, a major
dietary item for the species (Lintermans 2006; Norris et al.

2012), although variable in abundance, showed no dramatic
decline across the sampling period. Shrimps (Paratya austra-

liensis) were numerous across the study period and prawn
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abundance was comparable to or greater than at another
riverine site in the upper Murrumbidgee catchment that sup-
ported a Macquarie perch population over this time period
(M. Lintermans, unpubl. data). There is no reason to believe that

other macroinvertebrate food resources changed precipitously.
Although there are several potential reasons for the decline,

there are two that seem most possible. Redfin perch is a major

vector of epizootic haematopoietic necrosis virus (EHNV),
which has been shown to cause significant mortality in Mac-
quarie perch in aquaria trials (Langdon 1989). Following the

establishment of redfin perch in Googong Reservoir in 1988,
outbreaks of EHNV were first recorded in this reservoir in 1994
(Whittington et al. 1996) and occurred regularly thereafter.

Although redfin perch have not penetrated past Curleys Falls
to invade the translocation reach, it is possible that the virus was
transmitted past this barrier either by birds, or by rainbow trout
(a known carrier of EHNV) (Langdon 1989) which can navigate

the falls under high flows (M. Lintermans, pers. obs.). However,
it is considered unlikely that EHNV is responsible for the
decline of Macquarie perch in the Queanbeyan River because

(1) the major virus host species (redfin perch) was not present in
the translocation reach, and (2) the period of decline (2002–
2006) was a period with no floods that may have drowned-out

Curleys Falls to allow upstream passage by rainbow trout
(Fig. 5). Because mountain galaxias is also known to be
susceptible to EHNV (Langdon 1989), the increased abundance

of this species coinciding with the decline of Macquarie perch
also suggests that the virus was not present.

Although no hard evidence exists, it is speculated that the
millennium drought (Bond et al. 2008), which extended from

1997 to 2010 in south-easternAustralia, is themost likely reason
for the decline of the Queanbeyan River Macquarie perch
population. The low flows in the Queanbeyan River as a result

of the drought (Fig. 5) could affect fish recruitment in two ways.
First, the physical structure of the river is characterised by
frequent pool and riffle sequences, usually separated by bedrock

bars. Such rock bars may become barriers to dispersal to

upstream spawning habitats under low flows, or may restrict
mating opportunities (Allee effects) if adult population size is
very low, or fragmented (Deredec and Courchamp 2007).
Macquarie perch is known to generally make short upstream

migrations from reservoirs into lotic habitats to spawn
(Cadwallader and Rogan 1977; Tonkin et al. 2010) and,
although not documented, it is assumed that this movement

pattern also holds true for riverine populations. Alternatively, it
is possible that spawning did occur but that the low-flow
conditions affected spawning or rearing habitats to make them

not conducive to survival of eggs, larvae or early juveniles.
A decline in vegetative cover during the drought in pastoral
lands adjoining the translocation reach almost certainly resulted

in additional sedimentation of the river. Accumulation of sedi-
ment in riffle nursery habitats could have smothered eggs, or
high temperatures and low concentrations of dissolved oxygen
in such habitats may also have reduced the survival of eggs and

larvae. Another Macquarie perch population in south-eastern
Australia has been severely affected as a result of the millen-
nium drought, with recruitment ceasing and adult fish abun-

dance declining to below detectable levels between 2005 and
2011 (Kearns and Lyon 2010; Kearns et al. 2011). Annual
recruitment to YOY during the millennium drought did occur at

other Macquarie perch populations at higher elevations in the
upper Murrumbidgee River catchment (M. Lintermans, unpubl.
data), with these sites generally having a cobble rather than

bedrock substrate.
The likely role of prolonged drought in the decline of the

Queanbeyan River Macquarie perch population highlights the
importance of planning for stochastic climate events in threat-

ened species recovery plans. Drought, floods, cold snaps and
fires have all previously been implicated in the demise of
translocated populations of threatened fish, highlighting the

vulnerability of small, localised populations to stochastic
events. For example a translocated population of the Gila
topminnow in the USA that had persisted for 10 years

and through a number of smaller flood events in a desert
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stream, was eliminated by a ‘100-year’ rain event (Collins et al.
1981). Similarly, the lack of persistence of translocated popula-

tions of red-finned blue-eye, Scaturiginichthys vermeilipinnis,
is thought to be at least partly related to desiccation of trans-
location habitats (Kereszy and Fensham 2013). The need to

consider the effects of extreme climate events on threatened
species received serious attention during the millennium
drought in Australia (Lintermans and Cottingham 2007;

Hammer et al. 2009; Raadik et al. 2010). However, the ending
of the drought in 2010, and the subsequent flooding and
blackwater events, has shifted the focus of ‘crisis’ management
for freshwater fish (King et al. 2012), and, unfortunately, the

lesson and generic need to plan for extreme climate events
may not have been learned. Because the frequency of extreme
events is likely to rise under global warming (CSIRO and

Bureau of Meteorology 2007; IPCC 2007), threatened species
recovery plans should specifically include provisions for
extreme climate or stochastic events such as drought, flood

and bushfire.
The spatial extent of the translocated Queanbeyan River

population was likely to be very limited, because in 1998,
a second waterfall was identified (unknown to the staff involved

at the time of translocation) approximately 12 km upstream of
the Hayshed site. This waterfall forms a complete barrier to
upstreammigration for all fish because it is.5m in height, with

an almost vertical drop. This means that the translocated
Queanbeyan River population of Macquarie perch was likely
confined to a maximum of only 17 km of river. So as to expand

the species distribution past the second upstream waterfall,
further translocations of Macquarie perch (using the newly-
established translocated population as a donor) were suggested

in the late 1990s and early 2000s. However, such suggestions
were considered potentially sensitive by the upstream fisheries
agency, which was from a different state jurisdiction to that
involved in the original translocation and subsequent monitor-

ing. At this time, many trout anglers perceived their fishery to be
under threat from native-fish conservation programs, and the
presence of an expanded population of endangered fish would

have limited future trout stockings into the Queanbeyan River
upstream (NSW Fisheries 2003). Translocation from other
regional Macquarie perch populations was not considered

desirable as the genetic structure and diversity of these popula-
tions was unknown, and the prevailing view was not to mix
potentially different genetic stocks (a local is best approach), to
prevent loss or disruption of locally-adapted alleles (Frankham

2010; Weeks et al. 2011). The window of opportunity for
translocations within the Queanbeyan River (to above the
second waterfall) closed with the cessation of recruitment in

2001, and the prolonged millennium drought, and it is moot
whether such translocations could have averted the decline that
occurred.

The change in jurisdictional management arrangements
between the translocation reach and the waters upstream of
the second waterfall was not beneficial to the species, nor was

the urgency of management intervention realised as the unprec-
edented 13-year duration, severity or consequences of the
millennium drought could not be foreseen. The establishment
of a national recovery team and the preparation of a national

recovery plan for the species following its listing as Endangered

in 1999 would have been beneficial in coordinating timely
cross-border management. A national recovery team could also

have assisted in prioritising actions to conserve the species as the
severity of the drought increased. At the time of listing,
preparation of a national recovery plan was mandatory under

the Environment Protection and Biodiversity Conservation Act

1999; however, preparation of a plan for Macquarie perch did
not commence until 2003 and still has not been completed. Since

the early 2000s, there has been no national funding available for
establishment or operation of national recovery teams, and in
2006, the preparation of national recovery plans became
discretionary.

Numbers of Macquarie perch contributing to breeding in the
Queanbeyan River may have been far smaller than the 66 fish
originally translocated. Although translocations of 20–50

individuals will potentially capture .95% of genetic variation,
this assumes an equal contribution to the next generation by each
of these individuals (Weeks et al. 2011). An effective population

size (Ne) of 1000 individuals is recommended for maintaining
adaptive potential in the face of environmental change (Franklin
and Frankham 1998; Weeks et al. 2011), although population-
genetic theory indicates that critical losses of genetic diversity

and concomitant accumulations of deleterious alleles are not
generally expected over ecological time unless Ne# 100
(Luikart et al. 1998). Although translocations of 1000

individuals (especially adults) are clearly not feasible for
most endangered species, attainment of such population sizes
may be reached relatively rapidly for long-lived, highly fecund

species such as freshwater fish. The Ne of the Queanbeyan
River Macquarie perch population has been recently estimated
at 2.4 (95%confidence interval 1.1–10.9), on the basis of limited

(n¼ 17) ad hoc samples collected from 1996 to 2001 (Farring-
ton et al. 2009). Although estimating Ne from a small number of
genetic samples is problematic, and the ratio of Ne to N (census
population size) is unknown for Macquarie perch, it,

nevertheless, highlights that the population size was likely to
be small. Reproductive success has been demonstrated to
decline with increasing levels of inbreeding (Blomqvist et al.

2010) and whether the low Ne of the Queanbeyan River
Macquarie perch population has contributed significantly to
the population decline is unknown. No further Queanbeyan

River stock of Macquarie perch was available (the population
had been effectively extinguished in the reservoir through lack
of access to spawning sites) and, as mentioned earlier, the
paradigm of not mixing genetic stocks prevented further

introductions of individuals from other regional Macquarie
perch populations. Genetic fitness of individual lineages
or stocks has been shown to significantly influence

translocation success in the Gila topminnow (Sheller et al.

2006), and possibly the Queanbeyan River Macquarie perch
population was already suffering reduced fitness prior to the

translocation attempt. However, if this small Queanbeyan River
Ne had been known in the late 1990s, then supplementation of
this population may have been more vigorously pursued. The

consequences of the local is best management approach is now
realised as potentially inappropriate in many cases of threatened
species conservation where small, isolated populations are at
risk of inbreeding depression and genetic erosion (Frankham

2010). Consequently, the use of genetic rescue (the deliberate
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introduction of new genetic stock) approaches is now advocated
(Weeks et al. 2011).

Where to from here?

In the 32 years since Macquarie perch was translocated in the

Queanbeyan River, reintroduction biology has advanced sig-
nificantly and there is now considerable knowledge around
issues that influence success or failure (Fischer and

Lindenmayer 2000; Seddon et al. 2007; Armstrong and Seddon
2008). However, the current study has highlighted and rein-
forced the importance of several issues. Where conservation

management spans political boundaries, cross-border coordi-
nation is essential if rapid response to emerging threats is to be
possible. Engagement with a broader range of stakeholders
(in the current case, anglers) will also facilitate improved

management and ownership. Reliance on single river reaches or
land-management units is obviously unwise for regional species
conservation, with establishment of a number of populations

over larger scales being more desirable. The presence of a long-
term monitoring program is essential if success is to be realis-
tically evaluated. Critical elements of a monitoring program

include

� sampling the full range of life-history stages for the species of

concern, so that early detection of failures in breeding and
recruitment can be detected;

� a targeted survey approach using multiple sampling methods;

� consideration of the potential biotic threats and factors that
might affect the success of the introduction (e.g. predators,
disease vectors, invaders, competitors, food resources);

� critical habitat variables such as habitat quality, availability
and connectivity, and how they are influenced by extreme
climatic events (e.g. drought, floods, bushfires, flow
regimes); and

� information on genetic diversity in the source and translo-
cated population (measures of genetic variability, estimates
of Ne)

Finally, the results of reintroduction attempts, both success-
ful and unsuccessful, must be published in the peer-reviewed

literature.
For the Queanbeyan River, future conservation management

hinges on ascertaining whether or not a remnant population of

Macquarie perch is still present, and a comprehensive fish
survey of the river between the two waterfalls is urgently
required. Additional sites should be sampled upstream of the

existing monitoring sites, and more effort should be focussed on
detecting adults. IfMacquarie perch is detected, then two further
actions are required; first, there is a need for genetic rescue, with
introduction of fish from other populations in the upper

Murrumbidgee catchment being the most likely candidate for
supplementation (because there are no other populations extant
elsewhere in the Queanbeyan River). Although there are risks

associated with additional translocations (see Weeks et al.

2011), and strong genetic structuring occurs between the
Queanbeyan River and upper Murrumbidgee populations

(Farrington et al. 2009), the benefits of supplementation and
genetic rescue seem to outweigh the potential impacts from
outbreeding depression (Frankham 2010; Weeks et al. 2011).

Second, urgent consideration should be given to broadening the
distribution of the species in the Queanbeyan River, by con-

ducting further translocations into the river above the second
waterfall. Prior to such translocations, further investigations are
required to ascertain habitat availability and suitability

(e.g. Harig and Fausch 2002), identify potential movement
barriers, and consider key questions that might contribute to
the advancement of reintroduction biology (see Armstrong

and Seddon 2008). Finally, if there is no evidence that the
Queanbeyan River Macquarie population is still extant, then
consideration should be given to reintroducing the species to the
river upstream of Googong Reservoir. A broader (spatial,

temporal, number of individuals) introduction program utilising
the lessons learned from the current attempt should be pursued,
contingent on a habitat inventory demonstrating that suitable

habitat (and refugia) are available. The use of population
modelling to investigate different translocation or stocking
scenarios would be of benefit if reintroduction is pursued. An

age-structured population model is being constructed to guide
Macquarie perch translocation efforts in other streams in the
upper Murrumbidgee catchment (C. Todd and M. Lintermans,
unpubl. data), with such models already having been developed

for other threatened percichthyiid species (Bearlin et al. 2002;
Todd et al. 2004; Todd 2009).

Conclusions

The present study has highlighted the issues associated with an

early conservation translocation of a threatened freshwater fish.
A long-term monitoring program has demonstrated the transi-
tory nature of evaluations of success, but the reasons for the

initial success and likely eventual failure remain elusive. It is
considered that prolonged drought is the most plausible cause.
Improved monitoring programs, as outlined above for future

conservation translocations, will allow causal factors for success
or failure to be more readily evaluated. The extremely restricted
number of individuals available for translocation was possibly a
critical factor in the failure to establish a population in the

longterm. Low numbers of translocated individuals and trans-
location events are likely to have resulted in reduced genetic
diversity in the population that initially established, and may

have contributed to the failure of population persistence (see
Sheller et al. 2006). The lack of a recovery plan and recovery
team, the failure to plan for climatic extremes such as prolonged

drought, and the complexity ofmulti-jurisdictionalmanagement
responsibility issues highlight the need for focussed and coor-
dinated action to maximise recovery potential for threatened

species. The substantial development in reintroduction science
over the past 25 years, along with the many case studies now
available, provides a body of work that can guide future con-
servation projects.
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a b s t r a c t

The number of threatened species continues to increase due to a range of anthropogenic disturbances,
and many species continue to decline increasing their risk of extinction. Translocation is a widely used
management technique to establish new populations to reduce the risk of extinction. There are, however,
a range of issues to be considered. For example, for some species the donor population may be impacted
by translocation, for other species it must be decided whether to translocate adults or juveniles to estab-
lish new populations. The question then becomes who do you move? The endangered Macquarie perch in
south-eastern Australia is continuing to decline, with the recent Millennium Drought (1997–2010) and
associated events (e.g., bushfires) contributing to dramatic local declines and the need for emergency
responses. Successful historic translocations of this species involved adult fish, however the removal
of significant numbers of adult fish may now impact source populations and alternative translocation
approaches needed investigating. The use of sub-adult or juvenile fish, that would be expected to expe-
rience higher mortality, may be an approach to establishing new populations which would have less
severe impacts on source populations. However, the number of fish required, frequency of translocation
and likelihood of population establishment are unknown. This study outlines the development of a pop-
ulation model to assist in trialling translocation scenarios for establishing new populations of Macquarie
perch. The model predicts that translocations of young-of-year fish (age 0+) is unlikely to be successful
unless ∼600 females are released annually for five years. If translocating yearling (age 1+) fish, annual
translocations of >100 females is required to achieve success, with stocking for at least five consecu-
tive years required. If the frequency of recruitment failure or magnitude of Allee effects increases, then
translocations of increased numbers of yearlings or prolonged stocking (10 years) is required to achieve
success. The addition of small numbers of adult fish in combination with yearlings decreases the number
of yearlings required, and increases the chance of success under more stressful scenarios.

© 2015 Published by Elsevier B.V.

1. Introduction

We are currently in a biodiversity crisis and globally the num-
ber of threatened species continues to grow through anthropogenic
impacts (Gaston, 2005; Hoffmann et al., 2010). The translocation of
animals to establish new populations or reinforce existing popula-
tions is often performed as part of recovery activities for threatened
species (IUCN/SSC, 2013; Koehn et al., 2013; Lintermans, 2013b;
Lintermans et al., 2015); to mitigate catastrophic events (e.g.,

∗ Corresponding author. Tel.: +61 394508600; fax: +61 394508799.
E-mail address: charles.todd@delwp.vic.gov.au (C.R. Todd).

Hammer et al., 2013; Ellis et al., 2013; Lintermans, 2013a); or
manage genetic impacts of small population size (Weeks et al.,
2011). In recent decades, reintroductions have been increasingly
used across all vertebrate groups as a major tool in the restora-
tion and management of threatened species (Griffith et al., 1989;
Minckley, 1995; Fischer and Lindenmayer, 2000; Seddon et al.,
2007). There are two major sources of animals used for reintroduc-
tions; captive-bred and translocated wild individuals. While the
potential limitations of captive-bred stock are well documented
(e.g., restricted genetic diversity, behavioural deficits see Philippart,
1995; Brown and Laland, 2001; Jule et al., 2008), an advantage
is that for highly fecund groups such as some fishes, large num-
bers of individuals may be available for reintroductions. In contrast,

http://dx.doi.org/10.1016/j.ecolmodel.2015.05.001
0304-3800/© 2015 Published by Elsevier B.V.
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reintroduction efforts based on wild-caught animals are often ham-
pered by low availability of individuals. Furthermore, the impacts
on the donor population of harvesting individuals for reintroduc-
tions elsewhere are a significant consideration (e.g., Saltz, 1998;
Todd et al., 2002; Dimond and Armstrong, 2007). The question of
who do you move when there is limited donor fish available is an
important issue for translocation programs, and is one of the 10
key questions for reintroduction biology (Armstrong and Seddon,
2008). One way of minimising impacts on donor populations, and
maximising the number of individuals available for reintroduc-
tions is to use juveniles. For fish, large numbers of offspring may
be produced annually, with most not expected to survive (King
et al., 2013). In freshwater environments, relatively large num-
bers of juveniles can often be readily collected and transported
to release sites but natural mortality would still be expected to
be high. Consequently the trade-offs between increased mortality,
increased availability and impacts on donor populations need to be
considered.

Natural populations live in environments that are continuously
changing. In the management of wildlife it is not possible to predict
the exact consequences of management options for any popula-
tion, and for threatened species it is usually not prudent to do post
hoc impact analysis. Often the best that can be done is to estimate
the likelihood of particular outcomes based on observed variation
in the past and any mechanistic understanding of the processes
that control change in the population (Burgman and Lindenmayer,
1998). Stochastic population models are useful tools for assessing
the conservation status, and the ranking of management options
for rare and/or endangered species, particularly in circumstances of
incomplete data or lack of full ecological knowledge, and for guiding
future research (Burgman et al., 1993; Burgman and Possingham,
2000; Todd et al., 2002, 2005, 2008; Koehn and Todd, 2012).
The development of models for species reintroductions (including
translocations) is recommended by IUCN/SSC (2013): “Information
from the candidate or closely-related species can be used to con-
struct models of alternative translocation scenarios and outcomes”.

1.1. Study species

Macquarie perch, Macquaria australasica, is a moderately-sized
deep-bodied percichthyid of south-eastern Australia, attaining
a maximum weight of 3.5 kg and 550 mm total length (TL)
(Lintermans, 2007; Lintermans and Ebner, 2010). Macquarie perch
has two morphologically distinct and geographically disjunct forms
which are likely to be separate taxa (Faulks et al., 2010), with
both forms listed as endangered under both national and state
legislation and the Murray–Darling (western) taxon undergoing
significant declines in the last 50 years (Lintermans, 2007). Major
causes of decline include habitat loss and alteration, the impacts
of alien species, and coldwater pollution (Koehn et al., 1995;
Lintermans, 2012; ACT Government, 2007). During the recent Mil-
lennium Drought in Australia (1997–2010), several populations
were severely impacted or extirpated (Lintermans et al., 2014) and
the species is now restricted to a handful of populations in its native
range, plus three populations outside its natural range as a result
of historic translocations (Cadwallader, 1981; Lintermans, 2007,
2013b).

Continuing to simply manage existing populations is unlikely
to result in recovery of the species, and the establishment of addi-
tional populations is a key recovery activity (ACT Government,
2007; Lintermans, 2012). Captive breeding of the species has
proven problematic, with hatchery programs for the species dis-
continued in the 1990s (Gray et al., 2000; Ho and Ingram, 2012).
Translocation is a viable alternative to hatchery production with
historical translocations successful in establishing populations in
several waterways in both Victoria (Yarra River, Seven Creeks) and

New South Wales (Cataract Dam, Mongarlowe River, Queanbeyan
River) (Cadwallader, 1981; Ho and Ingram, 2012, Lintermans, 2008,
Lintermans et al., 2015).

The Cotter River system in the Australian Capital Territory
(ACT) contains a significant population of Murray–Darling (west-
ern) taxon of Macquarie perch, with the Cotter Reservoir containing
the last viable population of this species in the ACT where fish
larger than 400 mm TL are rare. Cotter Reservoir has recently been
enlarged with the new reservoir to be 50 m deeper and inundate
an additional 4.5 km of river when at full supply level (Lintermans,
2012). As part of the mitigation actions for the enlargement of
Cotter Reservoir a translocation program for Macquarie perch com-
menced with a view to establishing additional populations outside
of the lower Cotter River catchment (Lintermans, 2012). The adult
population size in the reservoir was suspected of being small, with
subsequent estimates of mean effective population size ranging
from 22 to 65 fish (Farrington et al., 2014). Consequently, the
translocation program is structured around using juvenile fish, to
minimise potential adverse effects on the adult donor population.
The translocation program may be enhanced if a trophic upsurge
were to occur as a result of enlarging the Cotter Dam and there may
be an increase in the number of adults available for translocation
(Lintermans, 2012). Macquarie perch can form significant popula-
tions in impoundments, but are truly a riverine fish that can only
breed in flowing waters (Cadwallader and Rogan, 1977; Lintermans,
2007; Tonkin et al., 2014).

In this study, we develop an age-structured stochastic popu-
lation model to examine translocation strategies of different age
classes, the effects of under-population (Allee effects), the contribu-
tion of females to population growth, and frequency of recruitment
failure on population persistence to develop strategies to establish
new populations for the conservation management of Macquarie
perch in the ACT.

2. Methods

2.1. Model structure for Macquarie perch based on life history
analysis

Macquarie perch have an estimated life span of at least 25 years
(Lintermans and Ebner, 2010; Tonkin et al., 2014), grow rapidly in
the first few years of life and approach maximum size of around
420–450 mm after about 10 years, with a maximum recorded size
of 550 mm (Lintermans and Ebner, 2010). Age at sexual maturity is
thought to be 3–4 years for females and 2–3 years for males (Koehn
and O’Connor, 1990; Lintermans, 2007). Macquarie perch are con-
sidered highly fecund although information on fecundity is quite
variable with reports of 30,000 to 110,000 eggs per kg of fish (Koehn
and O’Connor, 1990), and this most likely varies with both age/size
relationship as well as fish condition. Macquarie perch lay demer-
sal, adhesive eggs in pools that drift in to riffle areas to take hold on
the gravel/rock substrates (Koehn and O’Connor, 1990; Lintermans,
2007; Tonkin et al., 2010). The eggs begin to hatch around ten days
after spawning; however, in lower temperatures eggs may take
longer to hatch, up to 18 days (Koehn and O’Connor, 1990). Mac-
quarie perch larvae are well developed upon hatching and have
the capacity to move almost immediately after hatching (Koehn
and O’Connor, 1990). Macquarie perch have four identifiable life
stages (eggs; larvae; juveniles and adults) and reach the juvenile
stage within the first year of life (known as young-of-year, YOY)
(Fig. 1).

Transforming the stage-based life history in to an age-based life
history allows an age-based model to be constructed for Macquarie
perch (Fig. 1). Having an age-based model fits more easily in to
management time scales (annual time steps) and is analytically
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Fig. 1. Stage structure for female Macquarie perch with associated estimated maximum time spent in each stage (a); and the age network diagram of the structure adopted
for the female only Macquarie perch model, where recruitment is a combination of fecundity and egg, larval and young-of-year survival (b).

more straightforward. To ensure complete capture of the birth and
death process it was decided to construct a 30 age class model
where fish in the final 30-year-old age class do not survive. It is
thought that while it is known that some Macquarie perch live to
25+ years it is unlikely that fish would live longer than 30 years. A
30 age-class model has the following projection matrix:⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 R3 · · · R28 R29 R30

s1 0 0 · · · 0 0 0

0 s2 0 · · · 0 0 0

0 0 s3
. . .

...
...

...

...
...

. . .
. . . 0 0 0

0 0 · · · 0 s28 0 0

0 0 · · · 0 0 s29 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2.2. Parameter estimation and density-dependence

The age-structured matrix requires estimates of age-based sur-
vival rates and age-based fecundity as a function of recruitment to
1-year-olds. Age data obtained through analysing otoliths can be
used to generate estimates of age-specific survival (Ricker, 1975;
Todd et al., 2004, 2005). 130 Macquarie perch were aged from
otoliths of fish sampled from Dartmouth dam and the Mitta Mitta
River. An age class may be considered to be fully represented when
the number of fish in the subsequent age class is less than the age
class in question (Ricker, 1975). The ratio between idealised age
classes was taken as the ‘average’ or mean survival rate (Ricker,

1975; Todd et al., 2004). In addition to estimating age specific sur-
vival in the projection matrix, recruitment to 1-year-old age class
is required, R3 to R30. Recruitment to the 1-year-old age class is the
combination of fecundity, eggs hatching, larval survival and YOY
(fish less than 1-year-old) survival. Using data from Ingram (2009),
YOY survival was assumed to increase as fish continued to grow
and progress towards becoming 1-year-old fish.

Data on the fecundity of Macquarie perch have changed little
since the early 1990s (see Koehn and O’Connor, 1990). Battaglene
(1988) states up to 110,000 eggs per female, depending on size
and Lake (1967) states a 1 kg fish will yield over 100,000 ova.
Cadwallader and Rogan (1977) estimated fecundity of 30,759 eggs
per kg of mature female (n = 14 females 305–404 mm standard
length). Wharton (1973) estimated 32,000 eggs per kg of mature
female (n = 3). The method used for estimating age specific fecun-
dity was to utilise the standard length data recorded in Cadwallader
and Rogan (1977). After converting standard length to total length
and regressing total length (cm) against age using the Gompertz
(1825) growth model, we regressed fecundity against total length
and combined the results to establish the age-fecundity relation-
ship.

A mechanism for population control is also required as popu-
lations cannot grow unchecked. Density-dependent relationships
are difficult to detect (Hassell, 1986; Gaston and Lawton, 1987;
Rose and Cowan, 2000; Yearsley et al., 2003). Density-dependence
can still be included in a population model by exploring the
species’ life history (Gaston and Lawton, 1987; Hilborn and Walters,
1992; Burgman et al., 1993; Rose and Cowan, 2000), for exam-
ple Todd et al. (2004) explored a number of density dependent
constructs (scramble competition: Ricker; contest competition:
Beverton–Holt; and a top down biomass construct to capture pos-
sible competition occurring at all ages) for the freshwater fish trout
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cod, Maccullochella macquariensis. Macquarie perch are not thought
to be territorial, although adult refugia habitat is likely to be lim-
iting. The density-dependence construct applied was similar in
approach to that used for trout cod (Todd et al., 2004), where adult
survival was proportionally decreased when the adult population
rises above the carrying capacity. When planning a reintroduction
it is important to consider if Allee effects may be occurring as it
may impact on the success of the reintroduction. The Allee effect
(Allee, 1931) is another type of density-dependence and is depen-
satory where a decrease in the breeding population leads to further
decreases in the production of eggs or offspring, typically due to the
inability in finding a mate. In Macquarie perch it has been observed
that some populations remain small and that these populations are
known to have very small effective population sizes (Farrington
et al., 2014).

2.3. Model construct

Using the 30 age-class projection matrix as the underpinning
structure, a female-only Macquarie perch population, where males
were thought not to be limiting, was represented by the following
equations:

Ni (t + 1) = Bin (Ni−1 (t) , dens (t) × si−1 (t)) , i = 3, . . ., 30 (1)

N1 (t + 1) = Bin (N1 (t) , s1 (t)) (2)

N1 (t + 1) = Poisson (RF × s0 (t) × sl (t) × se (t) × 0.5 × EggNum (t))

(3)

EggNum (t) = Allee (t) ×
30∑
3

(Fi (t) × Ni (t)) × Nf (4)

dens (t) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

CC/

30∑
3

Ni (t) , when
30∑
3

Ni (t) > CC

1, when
30∑
3

Ni (t) ≤ CC

(5)

Fi (t)=exp (fc × log (MaxL × exp (−y1 (t) × exp (y2 (t) × i))) + y3 (t))

(6)

Allee (t) = 2(
1 + exp

(
−
(

30∑
3

Ni (t) / (a × AF)

))) − 1 (7)

where, t is an annual time interval. Ni(t) (Eqs. (1), (2) and (3)) is
the number of fish in the ith age class; si(t) (Eqs. (1) and (2)) is
a random variate describing environmental variation in survival
rates of fish in the ith age class drawn from normal distributions
transformed to the unit interval (Todd and Ng, 2001) with spec-
ified means and standard deviations in Table 1; s0(t), sl(t) and
se(t) (Eq (3)) are random variates describing environmental vari-
ation in survival rates of fish less than 1-year-old, larvae and eggs
respectively, similar to age specific survival above where all sur-
vival rates are perfectly correlated with each other. dens(t) (Eqs. (1)
and (5)) is the density-dependence factor for adults; RF (Eq. (3)) is
the frequency of recruitment failure, and is a random variate with a
uniform rectangular distribution where recruitment failure occurs
if RF ≥ X: U(0, 1). EggNum(t) (Eqs. (3) and (4)) is the total number
of eggs produced at time t; Nf (Eq. (4)) is the proportion of females
contributing to population; CC (Eq (5)) the carrying capacity; Fi(t)

Table 1
Age specific survival rates with estimated CV’s.

Age Mean survival S.D. CV Age Mean survival S.D. CV

0 0.13 0.028 0.2 15 0.84 0.08 0.1
1 0.25 0.05 0.2 16 0.84 0.08 0.1
2 0.44 0.09 0.2 17 0.85 0.08 0.1
3 0.56 0.11 0.2 18 0.85 0.08 0.1
4 0.63 0.10 0.15 19 0.84 0.08 0.1
5 0.69 0.10 0.15 20 0.84 0.08 0.1
6 0.72 0.07 0.1 21 0.84 0.08 0.1
7 0.75 0.08 0.1 22 0.83 0.08 0.1
8 0.78 0.08 0.1 23 0.82 0.08 0.1
9 0.79 0.08 0.1 24 0.80 0.08 0.1

10 0.81 0.08 0.1 25 0.78 0.08 0.1
11 0.82 0.08 0.1 26 0.76 0.08 0.1
12 0.83 0.08 0.1 27 0.71 0.07 0.1
13 0.83 0.08 0.1 28 0.63 0.06 0.1
14 0.84 0.08 0.1 29 0.48 0.05 0.1
Stage
Eggs 0.5 0.1 0.2 Larvae 0.013 0.007 0.5

(Eqs. (4) and (6)) is the fecundity rate (numbers of eggs per fish) of
the ith age class, where all age specific fecundity rates are perfectly
correlated with each other but not with survival rates; fc (Eq (6))
is a parameter estimated from fecundity data; MaxL (Eq (6)) is the
maximum length of the largest fish in the modelled population, it
can be varied to represent different populations and habitats; y1,
y2 and y3 (Eq (6)) are random variates describing environmental
variation in fecundity; Allee(t) (Eqs. (4) and (7)) is the depensatory
effect of under population; a (Eq (7)) ranges between 0 and 1 and
determines the strength of the Allee effect; and AF (Eq (7)) is the
Allee factor scaled to match the population location. Bin (n, s) (Eqs.
(1) and (2)) is a random variate representing demographic varia-
tion in transition from one age class to the next with a binomial
distribution Bin(n, s) = X ∼ Binom(n, s), and Poisson (m) (Eq. (3)) is a
random variate representing demographic variation in recruitment
with a Poisson distribution Poisson(m) = X ∼ poi(m).

2.4. Scenarios, analysis and simulations

A number of translocation options can be explored for Mac-
quarie perch and a number of variables manipulated such as: the
carrying capacity of the receiving environments; the age of released
individuals; the use of single or mixed-age translocations; the num-
ber of years that translocations occur for; the numbers of fish
involved; whether translocations occur consecutively or at stag-
gered intervals (annual, biennial, triennial etc.); the proportion of
total recruitment failure (failure to produce YOY fish in any one
year); and the strength of Allee effects. For the translocations con-
sidered in this study, the carrying capacity in the receiving riverine
habitat was set to 500 female adults and no translocation strategy
continued longer than 10 years. For each scenario 1000 simulations
were run for 60 time steps (i.e., 60 years) in the simulation software
package Essential 2.15 (Todd and Lovelace, 2014). To examine the
success of a reintroduction strategy, the minimum population size
(of female adults) from each trajectory was collected at intervals
of 5 years, 10 years and 20 years after the first year of introduc-
tion. This results in a distribution of minimum population sizes for
the periods 6–60 years, 11–60 years and 21–60 years. Calculating
the expected value of the minimum population size distribution
(McCarthy and Thompson, 2001) provides a metric for scenario
comparison (McCarthy and Thompson, 2001; Todd et al., 2002,
2004; Koehn and Todd, 2012). The expected value of the minimum
population size distribution (EMPS) is used as a measure of risk
for comparing scenarios. Also recorded was the proportion of tra-
jectories containing <10 female adults at time steps 6, 11 and 21,
as a measure of the scenarios exposure to possible Allee effects.
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Fig. 2. Macquarie perch age frequency data from aged otoliths. Line fitted to fully
represented ages six and older.

Translocation success was based upon the likelihood of the female
adult population falling below 10 not exceeding 5%.

3. Results

3.1. Survival rates estimation

The age frequency data revealed that fish up to 5 years of age
are under-represented in the dataset (Fig. 2). A line fitted to the
fully represented age classes extrapolated to age classes not fully
represented provides an estimate of the expected frequencies for
these age classes (Fig. 2). The mean survival rates for the Macquarie
perch population model were estimated as the ratio between age
classes (Table 1). Variation around the mean estimates in Table 1
remains unknown, although it was assumed that the coefficient of
variation in survival rates decreases with age (Todd et al., 2004).

Allowing 26 days for egg and larval development and 43
days for post-larvae/fry development reported by Ingram (2009)
leaves 297 days for fish less than 1-year-old to grow to become
1-year-old fish. The YOY period of 297 days can be divided
in to nine blocks of 33 days, close to the reported 34 day
period (Ingram, 2009) with a YOY survival rate of 0.78. The sur-
vival rate for fish less than 1-year-old was estimated as 0.59 ×

8∏
i=0

(
0.78 + sin

(
i�
16

)
×
(

0.25
1

11 − 0.78
))

= 0.126 where 0.25
1

11 is

the 33 day survival rate of a 1-year-old fish and 0.59 is post-
larvae/fry survival rate (Ingram, 2009). YOY survival was not
expected to increase linearly over the nine blocks and the survival
rate increase was expected to slow approaching the 1-year-old age
class. Given these assumptions the non-linear sine function was
used. Similar to Todd et al. (2004), the proportion of eggs hatching
was assumed to be 50% and larvae survival was assumed to be an
order of magnitude lower than the survival rate for fish less than
1-year-old, assumed to be 0.0126 (Table 1).

3.2. Fecundity rates estimation

No ages were recorded with the fecundity data, and as the Mac-
quarie perch population model is age-structured, an age-fecundity
relationship is preferred. Cadwallader and Rogan (1977) report on
fecundity of fish using standard length (Table 2). This data was
converted to total length (cm) and regressed against age using the
Gompertz growth model

TL ∼ 43.153 × exp(−1.680 × exp(−0.302 × age)), R2 = 79.14

Table 2
Length fecundity data from Cadwallader and Rogan (1977).

Standard length Total lengtha Fecundity

390 473 60201
385 467 72374
405 492 91524
375 455 61362
380 461 68168
380 461 96946
380 461 81803
380 461 64093
370 449 69439
305 369 50854
365 443 50189
380 461 107724
395 479 95484
395 479 100860

a Total length is calculated from the relationship between standard length (SL) and
total length (TL) as measured by Cadwallader (1981), where SL = 0.8182TL + 2.756.
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Fig. 3. Generated Macquarie perch total length (TL) data given age, using 10,000
samples (black crosses are observed data). The line is the Gompertz growth curve
fit.

Regressing fecundity against total length

fecundity ∼ exp(2.295 × log(TL) + 2.886), R2 = 36.60

Combining these two results establishes the desired the age-
fecundity relationship used in the population model:

fecundity = exp(2.295 × log(43.15 × exp(−1.68

× exp(−0.302 × age))) + 2.886) (8)

Varying the maximum total length (43.15 in Eq. (8)) allows the
relationship to be used to explore Macquarie perch populations that
exhibit different maximum lengths.

It is desirable to use variation in the data to inform the
model parameters describing environmental variability of fecun-
dity. The age-length data indicates that total length varies within
age classes and varying the estimates of the Gompertz growth
curve, TL = 43.15 × exp(−y1 × exp(y2 × age)): y1 ∼ Y1 = N(1.68, sd1)
and y2 ∼ Y2 = N(−0.302, sd2) allows exploration of variability in
growth. Selecting sd1 = 0.3 and sd2 = 0.05 provides a reasonable
description of variation in growth given age (Fig. 3). The fecun-
dity data sample size was small with only one size class indicating
that fecundity varies within size classes (Fig. 4). The fecundity
variance was estimated for this size and used to explore the statisti-
cal fit, fecundity = exp(2.295 × log(TL) + y3): y3 = Y3 ∼ N(2.886, sd3).
Selecting sd3 = 0.15 returned estimates of fecundity with variance
similar to that observed (Fig. 4). Using these distributions in the age-
fecundity relationship provides a variety of fecundity estimates for
a given age (Fig. 5).
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Fig. 4. Generated Macquarie perch fecundity data given total length (TL), using
10,000 samples (black crosses are observed data (Table 2)). The line is the regression
fit.

Fig. 5. Macquarie perch generated age fecundity data, using 10,000 samples, from
the inferred age-fecundity relationship found in Eq. (8).

Table 3
The strength of Allee effects declines (Allee(t) Eqs. (4) and (7)) as the total number
of female adults increases for two levels of the parameter a (equation 7).

Total female adults a = 1 a = 2

0 0 0
10 0.46 0.24
20 0.76 0.46
30 0.91 0.64
40 0.96 0.76
50 0.99 0.85

3.3. Allee effects

The model accounts for depensatory effects of low population
size by reducing the population reproductive output. It was thought
that Allee effects would decline significantly with a female adult
population of 50, or higher, hence for this study the default levels
AF was set at 10 and a = 1 describing the impacts of low population
size on reproductive output and how this impact ameliorates as the
population increases (Table 3; a = 1). There is, however, uncertainty
around what strength depensatory effects would be, if they exist at
all, and doubling of the strength of Allee effects was also considered
(Table 3; a = 2).

3.4. Scenarios and model outputs

All scenarios were run for 30 time steps and 1000 repetitions or
iterations, where the maximum adult female size was set to 40 cm.
Numerous scenarios were considered in this study, the options

were to release YOY; 1+ (one plus fish; fish ≥1 but <2-years-old);
and adults (fish ≥3-years-old). All releases were specified as the
number of female fish. The criteria for success was the population
size having less than a 5% chance of being ≤10 female adults 20
years after release. The results in Table 4 indicate that a 10 year
strategy for releasing YOY requires a minimum of 300 YOY released
for 10 consecutive years. Reducing the releases to 300 YOY over a
five year strategy results in failure, however increasing the release
to 500 YOY over a five year strategy means it succeeds. Releasing
1+ fish does not require as many fish to be released, where 50 1+
females ensures success when released for 10 consecutive years.
When reduced to five consecutive years the strategy fails, however
by increasing the release to 125 1+ females over five years, the strat-
egy succeeds. Releasing five female adults for 5 years is successful,
as is a single release of 15 female adults (Table 4).

Exploring model uncertainty by considering a stronger Allee
effect, the release of 125 1+ females over five years remains effec-
tive, whereas the release of five female adults over the same period
does not. However, releasing 50 1+ females and five female adults
together over five years provides a successful strategy (Table 4).
Two levels of recruitment failure were considered, releasing 125 1+
females for five years achieves the goal when there is a 30% chance
of recruitment failure, however the strategy has to be modified to
125 1+ females for 10 years to achieve the goal when the chance
of recruitment failure is increased to 50%. When considering the
proportion of females breeding, releasing 125 1+ females for five
years does not achieve the goal when 50% of females breed, whereas
releasing 125 1+ females and five female adults together over five
years is successful. When the proportion of breeding females is
decreased to 25%, adding five female adults to the 125 1+ females
and increasing the release period to 10 years achieves the goal.
Combining impacts of an increase in the Allee effect strength, 30%
chance of recruitment failure and 50% of females breeding requires
the release of 125 1+ females and five female adults per year over
10 years to achieve the goal.

4. Discussion

The utilisation of a population model developed for Macquarie
perch indicates a variety of strategies likely to be successful in
the translocation of this threatened freshwater fish. Results for the
scenarios explored have allowed us to identify potential causes of
translocation failure and as well as identifying successful translo-
cation strategies. The metric used to specify translocation success
was designed to minimise the possibility of translocation failure to
ensure that the limited population resource available for translo-
cation had the greatest chance of success. In the face of uncertainty
around a range of possible impacts on a translocated population,
the release of YOY fish only, whilst possibly successful, requires
large numbers of fish to be collected and released for extended
time periods, and would not be a preferred translocation strategy.
In contrast, releasing 1+ fish over five years appears to be a viable
strategy in most scenarios for Macquarie perch in the Cotter River.
If as anticipated, there is a trophic upsurge in the Cotter Reservoir
and there is an increase in the number of adults (Lintermans, 2012)
then the translocation strategy can be enhanced with the addition
of adult fish in combination with 1+ fish, which was a successful
strategy implemented in the more highly impacted scenarios mod-
elled. Trophic upsurge has recently been identified as contributing
to increased survival and individual growth of Macquarie perch in
Lake Dartmouth (Tonkin et al., 2014), but individual growth rates
only increased in the initial phases of trophic upsurge. The levelling-
off of individual growth rates some years after reservoir filling
was hypothesised to be a result of increased intraspecific com-
petition following Macquarie perch population increase (Tonkin
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Table 4
Results of modelling different release strategies with differing length of stocking program, numbers of individuals and age classes released. YOY = individuals <1-year-old;
1+ = individuals >1 but <2-years-old, adults = individuals ≥3-years-old. EMPS = expected minimum population size; Year blocks are the period post commencement of the
stocking scenario over which the EMPS were collected; Prob <10 = probability that adult female population size is <10 individuals. Success is claimed if population size has
less than a 5% chance of being ≤10 female adults 20 years after release..

Years
stocked

YOY 1+ Adults EMPS for 6–60
years

EMPS for
11–60 years

EMPS for
21–60 years

Prob <10 at 5 years
after release

Prob <10 at 10
years after release

Prob <10 at 20
years after release

Success

10 100 1.92 4.42 21.96 0.982 0.723 0.599 No
10 200 6.91 17.69 88.33 0.674 0.182 0.163 No
10 300 11.83 32.34 141.13 0.334 0.035 0.049 Yes

5 300 9.01 17.13 82.75 0.334 0.343 0.265 No
5 600 24.23 54.99 182.43 0.021 0.039 0.031 Yes

10 50 19.73 53.95 182.99 0.097 0.004 0.007 Yes
5 50 14.28 30.26 123.60 0.097 0.214 0.167 No
5 100 37.50 83.12 213.97 0.002 0.020 0.017 Yes
5 125 48.21 104.04 226.34 0.000 0.010 0.005 Yes
5 5 19.87 55.08 184.45 0.010 0.042 0.027 Yes
1 15 35.93 93.43 213.86 0.021 0.014 0.016 Yes

Stronger Allee effect, a = 2
5 100 30.30 62.56 171.72 0.002 0.055 0.075 No
5 125 41.15 83.57 200.55 0.000 0.018 0.039 Yes
5 5 11.71 23.39 95.76 0.024 0.187 0.246 No
5 50 5 35.17 78.92 199.91 0.000 0.017 0.029 Yes

Recruitment failure RF = 0.3, RF = 0.5*

5 125 29.65 44.47 79.18 0.000 0.035 0.045 Yes
5* 125 13.63 16.80 24.91 0.000 0.118 0.233 No

10* 125 27.49 32.89 42.43 0.000 0.000 0.039 Yes
Female contribution Nf = 0.5, Nf = 0.25*

5 125 27.77 37.44 70.24 0.001 0.040 0.081 No
5 125 5 47.55 63.21 104.80 0.000 0.004 0.018 Yes
5* 125 5 5.05 5.23 5.94 0.000 0.023 0.224 No

10* 125 5 14.69 16.22 28.42 0.000 0.000 0.021 Yes
Combined impacts: a = 2, RF = 0.3, Nf = 0.5
10 125 13.62 15.79 19.02 0.003 0.000 0.117 No
10 125 5 27.06 32.62 35.55 0.000 0.000 0.031 Yes

et al., 2014). As a rule of thumb when establishing reintroduced or
translocated populations, it is desirable to translocate as many indi-
viduals as possible to have the greatest chance of success (IUCN/SSC,
2013). If more fish become available for translocation as a result
of trophic upsurge in Cotter Reservoir, we recommend that this
opportunity be taken, provided this does not impact on the donor
population. Whilst this model reported on females only, assuming
an even sex ratio would necessitate that twice the number of fish
be translocated, than the numbers stated in this study, so as to not
impact on reproductive capacity or strategy success.

Model output is sensitive to estimates of juvenile survival in
particular and changes to juvenile survival would influence the
outcomes of the translocation strategies. Any proportional change
in survival rates would not influence the rank order of the strate-
gies, although lower survival rates would be likely to alter whether
a successful strategy remains successful. There was a sufficient
amount of data from which plausible estimates for the survival
rates used in the model were generated, particularly for a threat-
ened species. There were less data to generate the age-specific
fecundity relationship used in the model and it is possible that addi-
tional fecundity data may change the translocation outcomes again
though it is expected that the rank order would likely remain the
same.

The focus of the translocation options was on releasing juve-
nile fish. As Macquarie perch are a nationally endangered species
and the reservoir effective population size was thought to be small
(Farrington et al., 2014), there was some concern about the impact
of removing adults from the donor population. The removal of
juveniles is not thought to have any significant impact on the
donor population. While the optimal release strategy cannot be
readily defined due to our uncertainty around any additional eco-
logical processes that may occur (i.e., Allee effects), releasing 125
1+ females for five years was shown to be robust against much
of the uncertainty considered. The assessment of the translocation
options was targeted at minimising failure as opposed to evaluating

success. For example, the expected value of the minimum popula-
tion size distribution (EMPS) in the years 21–60 (Table 4) shows a
number of large values where the scenario was considered to have
failed. The focus of the assessment was ensuring that the adult pop-
ulation was not too small 20 years after the first release. The chance
of a moderate adult population was considered better than a large
adult population if it meant that the chance of a small population
was minimised.

It was assumed that there would be no impacts on survival of
fish translocated and released at a new site. Donor fish would be
caught using fyke nets (non-enmeshing, so minimal stress or dam-
age) and handled with care, caught in the same river or region as
the release site (so regionally adapted to thermal and flow regimes)
and translocated and released in the same day. While the fish
would have no knowledge of the release site, translocated wild fish
would not suffer for the behavioural deficits often documented in
hatchery-reared fish (e.g., predator naivety, reduced foraging effi-
ciency; see Brown and Laland, 2001; Ebner et al., 2007) and so it
was thought that there would be minimal impact on survival in the
translocation procedure.

It is essential that any reintroduction strategy have an associ-
ated monitoring program, and as conservation translocations are
usually a long-term commitment, the monitoring program should
reflect this (IUCN/SSC, 2013). Determining the success of translo-
cations can be difficult to define and ephemeral (Seddon, 1999;
Lintermans, 2013b) but is often defined as the establishment of a
reproducing population (e.g., Lyon et al., 2012). The detectability
of different age classes of Macquarie perch (e.g., adults, young of
year and juveniles) varies with sampling method, with the pres-
ence of YOY and age 1+ individuals able to be determined with a
high degree of confidence, but the detectability of adults is much
less certain (Lintermans, 2013b). Consequently, sampling must be
designed to inform predetermined measures of success for rele-
vant age classes (e.g., the presence of YOY, abundance of sub-adults,
adults, etc.).
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Whilst determining robust measures of success may be prob-
lematic, determining failure is more straightforward. Given the
high certainty of fyke nets for detecting the occurrence of recruit-
ment through the presence of YOY and juveniles (Lintermans,
2013b), a continued failure to detect these age classes over the
expected lifetime of an individual (∼20 years) is a strong indica-
tor of failure. It is undesirable to monitor a population to extinction
(Lindenmayer et al., 2013) and desirable to be able to adapt the
translocation strategy to enhance the chance of success. So it is
suggested if recruitment has not been detected within 10 years of
the expected attainment of adulthood of translocated individuals,
then the translocation program is likely to have failed, and should
be reassessed. Determining at what life history stage the translo-
cation failure has occurred is problematic unless monitoring data
for all life history phases is available (eggs, larvae, YOY, subadults
and adults) (Lintermans, 2013b). Ideally, monitoring of multiple life
history phases should occur.

Allee effects are a significant issue in reintroduction science
as most reintroductions are almost invariably hampered by small
release sizes (Deredec and Courchamp, 2007; Armstrong and
Wittmer, 2011). Although there are many potential causes of Allee
effects, a number are particularly pertinent to Macquarie perch
translocations. The most commonly cited cause is the decreased
likelihood of encountering a mate at low population densities
(Deredec and Courchamp, 2007). This is particularly apposite for
Macquarie perch translocations using juveniles, with the low ini-
tial numbers translocated likely to be compounded by mortality in
the 2–3 years before reaching reproductive maturity. Small release
sizes are also likely to result in reduced opportunities for ongoing
social interactions in the release group as natural mortality reduces
the number of surviving individuals. Macquarie perch are a school-
ing species, particularly during the spawning season when large
aggregations have been observed waiting for the correct migra-
tion cues (Cadwallader and Rogan, 1977). Samples of juveniles
when collected by fyke nets are also typically aggregated. Whether
such juvenile aggregations represent closely related individuals, or
have implications for enhanced predator vigilance, or other social
functions remains unknown. Also unknown is the mechanism for
maintaining school cohesion, or whether there is a critical group
size. If the process of translocation disrupts group cohesion, pro-
moting dispersal of isolated individuals, or suboptimal group size,
then the fitness of individuals and hence the success of establish-
ment may be compromised.

The dispersal characteristics of a species when coupled with
small release sizes can also lead to low densities, further reduc-
ing the chances of mate encounters. Macquarie perch are a vagile
species, with adults in a reservoir documented moving up to
3.9 km/night between homesites and feeding grounds (Ebner and
Lintermans, 2007). Information is not available on movement
of riverine Macquarie perch individuals in their natural range.
However, in a historically translocated population adults gener-
ally remained within a restricted home range of ∼450 m over an
11 month period, although approximately half of the individu-
als undertook movements of 250–1000 m, and some individuals
moved 5–6 km after tagging and release (Koster et al., 2013).

Strategies for minimising Allee effects have been characterised
into three major groups (1) improving size and composition of the
release group; (2) management to reduce post-release mortality
and dispersal; and (3) management of Allee effects (e.g., predator
control or food supplementation) (Armstrong and Wittmer, 2011).
For Macquarie perch the size and composition of the release group
is largely dictated by the potential impacts on the donor popula-
tion, and so is difficult to address, and as the species is not sexually
dimorphic manipulation of sex ratio is not possible. Mechanisms to
reduce post-release mortality are considered to be of minor import
in the current situation, as donor and recipient sites are in relatively

close proximity, with similar environmental conditions and wild
pre-adapted individuals are involved. Temporary confinement of
the release group is a possibility worth further consideration, and
has been shown to increase short-term fish survival in some fish
reintroductions (Hutchison et al., 2012) but prolonged measures to
contain dispersal are not feasible in most lotic environments. Preda-
tor training for hatchery-reared individuals to address behavioural
deficits (Brown and Laland, 2001; Brown and Day, 2002) has also
been shown to increase survival in some Australian threatened fish
(Hutchison et al., 2012), but is considered largely unnecessary for
wild-to-wild translocations where common predators are found at
both donor and translocation sites. Control of predators (salmonids
and piscivorous birds) at release sites is largely unrealistic, and food
supplementation for wild-captured fish is not considered necessary
or desirable.

5. Conclusions

This population model has demonstrated the theoretical bene-
fits of increased release sizes and older individuals in establishing
larger populations more quickly. However, the release sizes are
significantly constrained by the need to minimise impacts on the
donor population (Cotter Reservoir), and although both age 0+ and
1+ individuals are abundant in most years, a conservative approach
to risk has been adopted. Ideally, adults would be included in
release groups, as mortality of released adults is expected to be
lower and releasing adults will minimise time-lags for egg produc-
tion, enabling more rapid population establishment. However the
estimates of low effective population size along with the desire to
minimise effects on the donor population currently militate against
translocating adults.

The model has provided useful insight into the age class, quan-
tity and timeframes likely required for successful establishment of
new Macquarie perch populations. The ‘golden age’ of dam con-
struction has largely passed in many developed countries, with
threatened species legislation making construction even more dif-
ficult where imperilled species are present. Consequently, the
model’s development is allowing early and informed apprecia-
tion of this uncommon conservation opportunity and strategies
required to benefit from the anticipated upsurge in Macquarie
perch abundance in Cotter Reservoir. The basic population model
also lends itself to future modification to investigate other aspects
of Macquarie perch management, and provides a concrete exam-
ple of the benefits of conservation models to threatened species
recovery.
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Abstract. Accurately detecting the presence or absence of threatened species is vital for threatened species manage-
ment, and the detection power of individual sampling methods can vary significantly between species and life stages. The
present study compares the detection power of six sampling methods in sampling the endangered Macquarie perch in

riverine habitats in south-eastern Australia. In an initial survey in 1998 and 1999, fyke nets captured Macquarie perch at
100% of sites where the species was detected; gill-nets captured the species at 86%; with no other method having.50%
detection efficiency. Most Macquarie perch were captured by fyke nets (90% in 1998 and 94% in 1999), followed by gill-

nets (7 and 2%). A monitoring program at one of the survey sites over 7 years returned similar results with fyke nets
detecting the species in all years. Fyke nets captured primarily young-of-year (YOY) individuals, whereas gill-nets
captured adults and subadults. Boat electrofishing returned a high level of false negatives for Macquarie perch. Future

sampling for this species should employ fyke and gill-nets to adequately characterise population structure (adults,
juveniles, YOY), minimise false negatives and detect the occurrence of successful breeding the previous year.
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Introduction

Recovering threatened species is an increasingly important
component of conservation programs worldwide. An essential

requirement for such programs is the ability to detect presence,
or trend in the abundance, of rare or threatened species. This
information is not only critical to categorise species under

threatened species legislation (i.e. determine change in abun-
dance or spatial distribution), but also to evaluate the success or
otherwise of recovery or management actions (Maxwell and
Jennings 2005; Poos et al. 2007; Joseph et al. 2006).

Many natural resource management agencies often lack the
knowledge or resources to design or choose between alternative
monitoring methods (Joseph et al. 2006; Lindenmayer et al.

2013). Detecting rare, threatened or cryptic species is generally
problematic (Maxwell and Jennings 2005; Green and Young
1993; Poos et al. 2007; Ebner et al. 2008) and in aquatic

environments is particularly difficult, as indirect sampling
methods are not applicable (e.g. scat collections, tracks, voca-
lisations) or severely limited (e.g. visual census in turbid
environments). Failure to detect the presence of species when

they are actually present (false negatives) is an important issue
in threatened species management (Delaney and Leung 2010)
and can hinder management activities by either missing oppor-

tunities for rapid response (e.g. invasion of alien species,

Jerde et al. 2011; Robert Britton et al. 2011) or by triggering
unnecessary management response (e.g. for threatened species).

Standard fish-sampling programs in rivers can utilise both

active and passive methods (Hayes et al. 2012; Hubert et al.
2012), which in Australia often involve gill-nets, drum and fyke
nets, bait traps, and boat and backpack electrofishing (Harris

and Gehrke 1997; MDBC 2004; Lintermans et al. 2005). New
approaches involving the use of eDNA to detect rare aquatic
species are being increasingly used (Jerde et al. 2011; Thomsen
et al. 2012) but require specialist expertise and facilities, and can

be controversial when trying to convince management agencies
of the validity of detections (Mahon et al. 2013). The limitations
and potential biases of individual methods for sampling partic-

ular size classes (e.g. electrofishing and small fish (Reynolds
and Kolz 2012; Dolan and Miranda 2003) or species are
generally understood (Hubert et al. 2012; Jackson and Harvey

1997), but often ignored in sampling designs. For example,
methods such as electrofishing, which can sample a site more
rapidly are often favoured overmethods that require a long soak-
time (e.g. gill-nets, fyke nets) as this allows sampling ofmultiple

sites per day (Harris and Gehrke 1997; Davies et al. 2010).
Although rapid, single-method approaches may be satisfactory
for general river health monitoring, results from single-method

or limited sampling intensity often underestimates total species
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diversity, (Ebner et al. 2008; Kanno et al. 2009), with the rarer
species often missed. When the sampling program is targeted at

a particular focal species, understanding the relative selectivity
or biases of sampling methods is critical to interpretation of
results.

Natural resource management agencies are under intense
financial pressure with often inadequate funding provided to
monitor the success of management interventions, and monitor-

ing often perceived by funding bodies as being of lower priority
than the intervention works themselves (Lindenmayer et al.

2013; Lintermans 2013a). Despite the importance of such moni-
toring programs in evaluating and refining management inter-

ventions, economic constraints often result in the use of single
gear types (Poos et al. 2007; Harris and Gehrke 1997; Davies
et al. 2010).Avoiding excessive sampling effort and the design of

cost-effective and efficient sampling programs means that sam-
pling methods need to be validated in order to determine cost
efficiency and effectiveness.Methods that sample a range of size

classes are also advantageous, as this often provides information
on population structure and viability (e.g. recruitment) and so
understanding the size bias of individual methods is important
when designing sampling programs. Sampling for threatened

species often poses additional considerations as there is a need to
minimise the use of invasive methods, which might damage the
species or its habitat (Nielsen 1998; Knight et al. 2007).

Macquarie perch Macquaria australasica is a moderately
sized, deep-bodied, freshwater percichthyid fish, which is found
in south-eastern Australia. It occurs in both the inland drainage

of the Murray–Darling Basin (MDB) as well as the coastal
drainages of the Shoalhaven and Hawkesbury-Nepean catch-
ments in New South Wales (Lintermans 2007; Faulks et al.

2010). It is now considered that the twomorphologically distinct
and geographically disjunct forms in inland and coastal drai-
nages are likely to be separate taxa (Faulks et al. 2010). In the
MDB the maximum length is 550-mm total length (TL) and

maximum weight is 3.5 kg, but individuals larger than 400 mm
TLor 1 kg are uncommon (Harris andRowland 1996; Lintermans
2007; Lintermans and Ebner 2010). Length at maturity is

variable with females generally mature at ,250 mm TL and
males at 150–200 mm TL (Cadwallader and Rogan 1977;
Appleford et al. 1998; Lintermans 2007). The coastal form is

much smaller, generally not exceeding 180 mm length (Harris
and Rowland 1996; Knight and Bruce 2010).M. australasica is
listed as endangered both nationally and in all the States and
Territories in which it occurs (Ingram et al. 2000; Lintermans

2007), and recovery plans are being drafted or implemented in
several jurisdictions (ACT Government 2007; DSE 2009). The
species has declined significantly in both range and abundance

since the 1940s, with the timing of decline varyingwith location.
The upper Murrumbidgee catchment contains two of only four
remaining large, self-sustaining natural populations, with the

species declining noticeably in this catchment since the mid-
1980s when catch rates dropped by ,95% (Lintermans 2002).
Major threats to the species include habitat modification,

(sedimentation, barriers to fish passage, cold-water discharge)
and interaction with alien species (Ingram et al. 2000; Lintermans
2007, 2012).

Many methods have been previously employed to survey or

monitor M. australasica but their relative efficiency has not

been compared. Gill-nets have been used successfully for
sampling adults of this species in many studies (e.g. Cadwallader

1977, 1979; Koehn et al. 1995; Harris and Gehrke 1997;
Douglas et al. 2002; Lintermans 2013b; Lintermans et al.

2013) and drum or fyke nets have also been successfully

employed (Bishop 1979; Cadwallader 1977; Douglas 2002;
Broadhurst et al. 2013; Lintermans 2013b). Both boat and
backpack electrofishing have successfully captured this species

(e.g. Harris and Gehrke 1997; Bruce et al. 2007; Kearns 2009);
spotlighting is a method that has occasionally been utilised
(Bishop 2000), as has snorkeling (Broadhurst et al. 2012).

This paper compares the relative efficiencies, detection

capabilities and size composition of M. australasica captured
with commonly applied sampling effort using fyke nets with a
range of other standard fish-sampling methods and effort. This

paper also tests whether commonly applied effort with fyke
netting is more effective than other methods for detecting the
presence of the species. Specifically, catch per unit effort

(CPUE) comparisons were not made, because the effort com-
monly applied using the various sampling techniques is widely
disparate (e.g. 20 min effort per site with boat electrofishing
compared with ,9500 min with fyke nets), and so CPUE

comparisons are not particularly informative.

Methods

Study location

The current study was conducted in the upper Murrumbidgee
River catchment in the Murray–Darling Basin in south-eastern
Australia (Fig. 1). An initial survey in 1998 and 1999 sampled a
total of 20 sites with 6 of these sites sampled in both years. Sites

ranged from 250 to 1015 m in length (mean of 540 m), ranged
from 370 to 1150 m in altitude, and all sites were located on
major streams (stream order 4 or higher), within the known

historical distributional range ofMacquaria australasica in this
catchment (Lintermans 2002) (Table 1). Following the initial
survey, follow-up monitoring for M. australasica was con-

ducted in 2001 and annually from 2003 to 2006 at one of the sites
(site 11) where the species was relatively abundant (compared to
the other sites surveyed). In the initial survey sites were sampled

between February and April. All follow-up monitoring was
conducted in February and March.

Sampling methods

Six sampling methods were used in the initial survey with

samplingmethods at each site slightly spatially segregated (so as
not to directly ‘compete’ for fish). Sampling methods were also
segregated to minimise potentially stressful multiple captures of

individuals (e.g. fish that were captured by boat electrofishing in
mid-afternoon may be recaptured in overnight sets of other
gears). All sampling methods were deployed in deeper pool

habitats, with the exception of backpack electrofishing, which
was used in wadeable riffle or run habitats. The complementary
suite of sampling methods and effort employed was initially

selected as part of a broad-scale threatened fish survey, which
would: (1) maximise detection of all potential fish species
present (see Lintermans 2002) utilising a combination of
methods, which had been previously used in fish monitoring

or survey programs in the upper Murrumbidgee catchment
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(Lintermans 2013b; Lintermans et al. 2013), and (2) allow
comparison between commonly used fish-sampling methods.
Following review of the success of methods in the original

survey (1998 and 1999), one method (spotlighting) was subse-
quently discontinued.

Gill-nets

Two multifilament nylon gill-nets, 50 meshes deep, stretch

mesh size of 75 and 100 mm, 33-m length when strung on a
float line were set between 1530 and 1600 hours, and retrieved
between 2130 and 2200 hours, giving a 6-h soak time. The

limited soak time was employed to reduce stress or possible
mortality of threatened fish species or non-target species such

as platypus Ornithorhynchus anatinus and eastern long-
necked tortoise Chelodina longicollis. Previous research had
demonstrated that the 6-h soak time captured 79% of the

number of M. australasica captured using a 16-h soak time,
and that mortality of both target and non-target species was
reduced (Lintermans 2013b). One end of each gill-net was

attached to the bank and the other end was attached to an
anchor mid-stream.

Gill-nets were monitored hourly from dusk until the time of

last collection (usually between 2130 and 2200 hours) to allow
any threatened fish or non-target animals to be removed. The
gill-nets and the manner in which they were set and patrolled

was consistent with the technique outlined by Grant and Carrick
(1974) for minimising platypus mortality.
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Fyke nets

10 single-winged fyke nets containing three internal funnels
and 60 cm highD-ring entrancewere set between 1530 and 1630

hours and retrieved the next day between 0730 and 0930 hours,
giving a ,16 h soak time. The net and 5-m wing were
constructed from 20-mm stretch mesh multifilament nylon.

From 2003, the mesh size was reduced to 13 mm to reduce
mortality of young-of-year M. australasica, which were being
gilled. The netswere attached to the bank at the cod-end and then

angled downstream and secured with a weight attached to the
wing. Each fyke net had a 100- or 150-mm diameter polystyrene
float inserted in the cod end to provide an airspace to prevent
mortality of non-target animals.

Spotlighting

Two operators each with a hand-held spotlight (12 V, 50 W)

and short-handled dip net (with entrance diameter of 30 cm and
mesh size of 2mm) spotlighted for 20min from a stationery boat
midstream in deep-pool habitat after dark. Fish attracted to the

light were collected by dip-netting.

Bait traps

Ten rectangular collapsible bait traps (250� 250� 450 mm)
with a single funnel entrance at each end and containing a
chemical light stick (cyalume, yellow, 12 h), were set at 1800
hours, and attached to the banks with a short length of cord.

Yellow light sticks were used, as this colour has been previously
demonstrated to increase capture success (Gehrke 1994). Traps
were retrieved at,0800 hours the next morning. The mesh size

used was ,4-mm stretch-mesh and the funnel entrances were
,70-mm diameter. Traps were generally set in slow-flowing or
backwater areas of ,1.5 m depth.

Boat electrofishing

Boat electrofishing was carried out with a 3.5-kW petrol-
powered generator (Smith-Root, Vancouver,WA,USA). Pulsed

DCwas applied to thewater through a single boom at the front of
a 3.7-m electrofishing punt (Cowx 1990; Cowx and Lamarque
1990). Output variable settings were generally set at 500–

1000 V and pulse frequency ranged between 60 and 120 Hz,
depending on water conductivity. Output settings were chosen
to maximise catch efficiency while minimising the risk of injury

to fish.
Following the protocol used by Harris and Gehrke (1997), at

each site a series of ten 2-min elapsed-time ‘shots’ were carried
out, with each shot covering ,20–40 m of near-bank habitat.

Backpack electrofishing

A 20 m length of riffle or run habitat was sampled with a
Model 12B backpack electrofisher (Smith-Root) with a 280-mm

diameter anode ring on a fibreglass handle and a rat-tail cable
cathode. The width of the sampled section was estimated at
,3 m (i.e. a single pass upstreamwith the electrofisher). Output

settings were chosen to maximise catch efficiency while mini-
mising the risk of injury to fish. Both boat and backpack
electrofishing operations were conducted in accordance with

the Australian Code of Electrofishing Practice (Anon. 1997). At
each site a two-person team electrofished the section, which was
usually carried out in the late afternoon or early morning. For
both boat and backpack electrofishing, all operators used polar-

ising glasses to facilitate early sighting and collection of affected
fish. Stunned fish were dip-netted from the water and placed
in an aerated bucket of water to recover before measuring and

release.
The follow-up monitoring used the same techniques as in the

1998–1999 survey, with the exception of spotlightingwhichwas

Table 1. Location and year of sampling for the 20 sampling sites in the initial survey

Note that site 11 was where follow-up monitoring was conducted in 2001 and 2003–2006. ASL, above sea level

Site number Site name River Altitude (m ASL) Year sampled

1 Coodravale Goodradigbee 370 1998 and 1999

2 Talpa Queanbeyan 590 1998

3 Dixons Murrumbidgee 630 1998 and 1999

4 Bumbalong Murrumbidgee 650 1998

5 Dodd’s Hole Numeralla 710 1998

6 Warren’s Corner Kybean 750 1998

7 Gillen’s Crossing Murrumbidgee 700 1998

8 Murrells Crossing Murrumbidgee 710 1998 and 1999

9 Mittagang Crossing Murrumbidgee 730 1998 and 1999

10 Below Bolaro Murrumbidgee 960 1998

11 Kissops Flat Murrumbidgee 770 1998 and 1999

12 Killarney Murrumbidgee 1030 1998 and 1999

13 Lewis Farm Yass 530 1999

14 Yeumburra Murrumbidgee 370 1999

15 Silver Hills Queanbeyan 770 1999

16 Angle Crossing Murrumbidgee 600 1999

17 Platypus Lodge Murrumbidgee 1150 1999

18 Bredbo Bredbo 710 1999

19 Badjaree Big Badja 910 1999

20 Kambah Pool Murrumbidgee 510 1999
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discontinued. In 2004 and 2005 backpack electrofishing was not
used at site 11, as a result of equipment malfunction.

Processing of fish

All captured fish were identified to species level and length was
measured to the nearest mm (total length (TL) for round-tailed

species, caudal fork length (CFL) for fork-tailed species), and
then released alive on site.

Data adjustment

To allow comparison of catches at site 11 over years, the fyke net
data from 2003 to 2006 was adjusted to remove the effect of
changed mesh size. Length of M. australasica collected from
another upper Murrumbidgee site in 2006 and 2007, using fyke

nets with both 20- and 13-mm mesh, was compared and the
minimum length of fish captured in 20-mmnetswas determined.
All fish below this lengthwere then excluded from the post-2001

data in statistical comparisons.

Data analysis

The present study tested the hypothesis that commonly applied

effort with fyke nets is more effective for sampling M. aus-

tralasica than another commonly applied effort for routinely
used gear types: gill-nets, boat electrofishing, and bait traps.

Two predictions were tested at sites whereM. australasica was
detected, (1) the probability of detecting M. australasica, with
commonly applied effort using fyke nets is the same as com-
monly applied effort with other individual gear types, or all other

gear types combined, and (2) the catch of M. australasica with
fyke nets is the same as the catch from boat electrofishing. As
well as these two predictions, pairwise Komolgorov–Smirnov

tests were used to compare the size distribution of M. aus-

tralasica captured by each sampling method.
For prediction 1, McNemar tests with Yates correction were

applied to 2� 2 contingency tables for each sampling method
comparison at a site, to determine whether the row and column
marginal frequencies were equal. Backpack electrofishing and

spotlighting were not included in the formal comparison, as
effort and replication expended on each of these methods was
low compared with other methods. McNemar tests are required
where measurements at a site are repeated (i.e. comparing

multiple sampling methods on the same fish population at a
site). For prediction 2, a Wilcoxon signed rank test was con-
ducted on the average difference in the total M. australasica

abundance estimates between fyke nets and other methods. The
Wilcoxon test ismore powerful than a paired t-test when the data
are not normally distributed, as is common in fisheries research.

Results

1998–1999 survey

A total of 388 individuals of Macquaria australasica were
captured, comprising 20% of the total fish catch, with the spe-

cies recorded at 7 of the 20 sites and 13 of the 26 sampling
events.

Fyke nets capturedM. australasica at all seven sites, at which
the species was detected, gill-nets at six sites, boat electrofishing

at three sites, bait traps at two sites, backpack electrofishing at

two sites, and spotlighting at no sites. Of the 13 sampling events
at sites whereM. australasica was recorded, fyke nets recorded

the species 12 times, gill-nets 8, boat electrofishing 4, bait traps
3, backpack electrofishing 2 and spotlighting 0 (Table 2).

False negatives per sampling method for the 13 sampling

events in the 1998–1999 survey where M. australasica was
known to occur were: spotlighting 100%, backpack electrofish-
ing 85%, bait trap 77%, boat electrofishing 69%, gill-nets 38%

and fyke nets 8% (Table 2).
The majority of the total annual M. australasica catch

recorded over the 2 years of the initial survey were from fyke
nets (90 and 94% in 1998 and 1999 respectively), followed by

gill-nets (7 and 2%)with no other technique recordingmore than
3% of the total catch in either year. Spotlighting did not record
the species on any of the 26 sampling occasions.

Captures at site 11

In the 2 years of survey and the follow-up sampling at site 11, a
total of 229M. australasicawere captured, with annual numbers

ranging from 12 to 55 (Table 3). More than 90% of individuals
at site 11 were captured in fyke nets, with annual proportions
ranging from 83 to 98% (Table 3). No M. australasica were

captured using backpack electrofishing.

Table 2. Abundance of Macquaria australasica, total fish abundance

(all species), successful gear types and total species diversity captured at

each site in the 1998–1999 survey

G, gill-net; F, fyke net; BT, boat electrofishing; BP, backpack electrofishing;

T, bait trap; S, spotlighting

Site

number

Year n

(M. australasica)

n

(all fish)

Sampling methods

that caught

M. australasica

1 1998 3 41 G, F

1 1999 2 123 BT

2 1998 – 40 –

3 1998 29 102 G, F, BP

3 1999 59 83 G, F

4 1998 – 150 –

5 1998 – 17 –

6 1998 – 37 –

7 1998 2 43 F

8 1998 18 69 F, T

8 1999 36 154 G, F

9 1998 11 115 G, F, BT, T

9 1999 5 34 F, BP

10 1998 – 30 –

11 1998 53 80 G, F

11 1999 55 85 G, F

12 1998 50 69 G, F, BT

12 1999 65 133 F, BT, T

13 1999 – 52 –

14 1999 – 126 –

15 1999 – 14 –

16 1999 – 90 –

17 1999 – 36 –

18 1999 – 85 –

19 1999 – 17 –

20 1999 – 98

Total 388 1923
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Fyke nets detected the presence of the species at site 11 in all
years, whereas the detection capacity of other sampling techni-

ques varied between 0 and 57% for all years (Table 3).
The size distribution of individuals of M. australasica

captured by gill-net during the combined survey and follow-

up monitoring varied significantly from bait traps (P, 0.001),
boat electrofishing (P, 0.005), fyke net (P, 0.0001) and
approached significance for backpack electrofishing

(P¼ 0.055). The size of individuals captured by gill-net was
larger than by other methods (Table 4). Comparisons between
all other methods revealed no significant difference in size
distributions. Fyke nets captured primarily young-of-year

(YOY) individuals (,90 mm TL) in all years (Fig. 2), as did
bait traps. Fyke nets also captured age 1þ (90–160 mm TL) and
some 2þ and older individuals (.160 mm TL) (Fig. 2).

Only three sampling methods captured adultM. australasica

(.150 mm TL): gill-nets, fyke nets and boat electrofishing.
Fyke nets captured the majority (45 of 46 individuals) of small

adults (150–250 mm TL) but few (5 of 31) medium-large adults
(.250 mm TL), which were predominantly caught with gill-
nets (22 of 31 individuals). Boat electrofishing captured no
small adults and only four medium-large adults.

Prediction 1

At sites where M. australasica was detected, the probability of
detecting the species, with fyke nets was significantly higher

than boat electrofishing (xYates
2 ¼ 10.41, P¼ 0.001), bait traps

(xYates
2 ¼ 13.02, P, 0.001), and gill-nets (xYates

2 ¼ 6.04,

P¼ 0.014). When compared with all other sampling methods
combined (i.e. gill-nets, boat electrofishing, and bait traps), the

probability of detection with fyke nets was not significantly
different (xYates

2 ¼ 0.0833, P¼ 0.773).

Prediction 2

At sites where M. australasica was detected, the mean catch
of the species using 10 fyke nets (30.3 fish per site) was sig-
nificantly higher (t¼�18, n¼ 20, P, 0.001) than using 10

boat electrofishing shots (1.8 fish per site).

Discussion

The difficulty in sampling rare aquatic animals is a significant
problem for management agencies and has the potential to sig-
nificantly affect conservation management programs (Robert

Britton et al. 2011). For many standard sampling techniques, the
detection efficiency is unknown, and often unrealistically
assumed to be high. Low detection or capture efficiency coupled

with year-to-year variation will often result in erroneous
assessments of species absence when in fact the species is
present. Choosing a sampling technique that maximises detec-
tion efficiency as well as capturing larger numbers of the target

species will also allow tracking of population trends and para-
meters such as seasonal mean growth rates of individuals
(Clavero et al. 2006).

Table 3. Annual abundance of Macquaria australasica captured by

sampling method at site 11

Data post-2001 are adjusted for change in fyke net mesh size. NA, method

not used in that year

Year Gill-

nets

Fyke

nets

Bait

traps

Boat

electrofishing

Backpack

electrofishing

Total

1998 2 51 – – – 53

1999 2 53 – – – 55

2001 2 15 – 1 – 18

2003 – 11 1 – – 12

2004 – 27 1 – NA 28

2005 – 17 – 2 NA 19

2006 1 43 – – – 44

Total 7 217 2 3 0 229

Table 4. Size ranges (TL, mm) (sample size; mean; median TL) of Macquaria australasica captured by each sampling method

Year Gill-nets Fyke nets Bait traps Boat electrofishing

1998 223–385 (11; 294; 291) 57–315 (150; 79; 72) 55–81 (2; 68; 68) 77

1999 319–397 (4; 360; 361) 53–273 (209; 96; 68) 60–65 (2; 63; 63) 54–313 (6; 135; 63)

2001 395–403 (2; 399; 399) 59–392 (15; 110; 67) – 394

2003 – 48–136 (22; 59;53) 52 –

2004 – 47–155 (38; 58; 56) 61 –

2005 – 39–149 (28; 59; 57) – 50–54 (2; 52; 52)

2006 387 32–64 (95; 53; 53) – –
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Fig. 2. Length–frequency ofMacquaria australasica captured in fyke nets

(all years combined, n¼ 302).
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Of the sampling methods used in the 1998–1999 survey, fyke
nets had the highest detection rate (and hence the lowest rate of

false negatives) for Macquaria australasica in terms of
both proportion of sites (100%) and sampling occasions (92%).
Gill-nets had the second highest detection rate for sites (86%) and

sampling occasions (62%). Reynolds (1996) considered detection
rates of 75%or greater as high. The other sampling techniques had
low detection rates at both spatial and temporal scales. If only boat

electrofishing had been used, (the most commonly employed
single-sampling method in fish monitoring in south-eastern Aus-
tralia; e.g. seeDavies et al. 2010;Baumgartner et al.2008) thenM.

australasica would have been falsely assumed to be absent on

69% of sampling occasions and at four of seven known sites in the
1998–1999 survey. Similarly, boat electrofishing would have
failed to detect the species on five of seven occasions at site 11.

Fyke nettingwas clearly the superior method in terms of total
catch of M. australasica captured in both the survey (93% of
total catch) and the long-term monitoring site (95%). The

majority of individuals captured by fyke nets were YOY or
juvenile fish, as has been found in previous studies of this
species in both lentic and lotic environments (Lintermans
2013b; Ebner and Lintermans 2007). Fyke nets also captured

98% of small adults (150–250 mm TL) but were not efficient at
sampling medium-large adults (individuals .250 mm TL),
capturing only 16% of this size class.

Gill-nets performed moderately well in detecting the species
presence, and captured more medium-large adults than other
methods. However, if deployed alone, gill-nets would have

failed to detect the species at one site, and on 5 of 13 sampling
events. An earlier study reported that gill-netting in a large lake
was not efficient in sampling forM. australasica, and found that

drum nets and gill-nets set at the mouth of a major tributary
during the spawning season was more effective (Douglas et al.
2002). AsM. australasica does not spawn in lacustrine environ-
ments and is known to make an annual late-spring spawning

migration from lakes into tributaries (Cadwallader and Rogan
1977; Douglas 2002; Ebner and Lintermans 2007; Tonkin et al.
2010), the judicious targeting of such predictable migrations can

significantly increase the detection power of particular methods
such as drum nets.

Backpack electrofishing can be an efficient and effective

sampling method for threatened fishes in wadeable habitats both
inAustralia (e.g. Knight et al. 2007; Lintermans 1998; Bruce et al.
2007) and overseas (Poos et al. 2007; Black et al. 2013; Reynolds
1996). It has been used effectively in detecting the presence of the

coastal form of M. australasica, which is commonly found in
small, fairly shallow streams of coastal NSW (Bruce et al. 2007),
and also for detecting the inland form ofM. australasica in small,

shallow, low turbidity streams such as the Cotter River in theACT
(Lintermans et al. 2013). As a result of the small sampling effort
applied per site in the current study, little inference can be made

about the suitability of backpack electrofishing for detecting the
inland form of M. australasica. However, the methods’ limita-
tions in adequately sampling the preferred habitat of this inland

form ofM. australasica (pools and deeper habitats; Lintermans
2007, 2013b) make it unlikely that it provides an adequate
substitute for either fyke or gill-nets (Poos et al. 2007).

It is noteworthy that the two sampling methods that had the

lowest rate of false negatives (fyke and gill-nets) operated over

the entire light regime (day, dawn, dusk and night). It is
increasingly apparent that a range of size classes of M. austra-

lasica are crepuscular or nocturnal (Ebner and Lintermans 2007;
Ebner et al. 2009; Thiem et al. 2013) and so sampling that
encompasses these periods is more likely to be successful. Not

only will sampling across the diel cycle potentially deliver
increased catches of target species, but it is also likely to deliver
a more balanced view of the age structure of target species, as

activity patterns may differ between life-history stage (Hardie
et al. 2006; Baumgartner et al. 2008; Ebner et al. 2009) and
catch rates of individual methods may not be consistent over
diurnal or nocturnal periods (see Vašek et al. 2009; Nunn et al.

2014).
No single-sampling method gave a representative sample of

size distribution or population structure in the current study. The

only sampling method to reliably detect YOY individuals (and
hence successful spawning in the previous year) was fyke nets.
Fyke nets detected YOY at all sites where the species was

detected during the 1998–1999 survey, and in all years of the
monitoring program at site 11. Boat electrofishing detected
YOY at only three sites during the survey (a total of seven
individuals), and 1 of 7 years at site 11 (two individuals).

Backpack electrofishing detected YOY at two survey sites
(singletons at each site) and none of the 5 years it was utilised
at site 11. An advantage of using a method that reliably detects

YOY is that when YOY are captured, the presence of adults can
reasonably be inferred. However, caution must be exercised
when inferring population health or viability based on the

relative abundance of YOY, as recent genetic estimates of
effective population size (Ne) at site 11 have demonstrated very
low Ne, even with reasonable catch of YOY (Farrington et al.

2014). It must also be recognised that if YOY or juvenile fish
were not present (e.g. following a succession of non-breeding
years), then fyke nets would potentially fail to detect remaining
medium to large adult fish.

Increasingly the sampling of fish communities and popula-
tions is being conducted with generic survey methods or even a
single method with a pre-determined level of sampling effort

(e.g. Beier et al. 2007; Davies et al. 2010), with boat electro-
fishing the method of choice for non-wadeable habitats in
Australia. Active methods such as electrofishing have economic

advantages where multiple sites per day can be sampled, as
opposed to passive methods (gill-nets, fyke nets), where extended
soak times restrict sampling to a single site per day. As a
consequence, sampling programs that previously used multiple

methods contracted to essentially single methods (e.g. Harris
and Gehrke 1997; Davies et al. 2010). The pilot Sustainable
Rivers Audit in the Murray–Darling Basin demonstrated that in

several altitudinal zones (upland, slopes, lowland) or river
valleys, the exclusion of passive-gear types would have resulted
in the failure to detect several species, includingM. australasica

(MDBC 2004; Lintermans et al. 2005). Although the failure to
detect some species in some zones may not unduly effect broad-
ranging assessments of river health, such failure may be critical

to inventory or threatened-species assessment programs. Simi-
larly, relying on generic or standardised levels of sampling effort
(e.g. 10–12 boat-electrofishing shots per site) may be insufficient
to detect a range of rare species (Cao et al. 2004; Ebner et al.

2008). Ideally, in the current study, repeat sampling of sites
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within a season would have allowed occupancy rates for
M. australasica and the influence of physical and biological

factors on species detectability to be determined (e.g. Bailey
et al. 2004; O’Connell et al. 2006). However, limited resources
precluded this, a common problem in monitoring programs,

where there is often a trade-off between the spatial and temporal
extent of assessments.

The use of a combination of passive gears such as fyke andgill-

nets, which can be deployed from small boats (or even by
swimming), has other benefits in upland environments where
the common habitat arrangement of alternating short-pool and
riffle sequences means that deployment of large electrofishing

boats can be problematic, or heavily influences site selection.
Furthermore, the effectiveness of electrofishinghas been shown to
be highly influenced by environmental conditions such as con-

ductivity, turbidity and flow (Poos et al. 2007; Lyon et al. 2014),
limitations that are unlikely to dramatically effect passive-gear
types. Additionally, the use of methods that sample a spectrum of

diel periods (day or night) also has advantages where species
activity may not be evenly distributed across these periods (e.g.
Ebner et al. 2009; Thiem et al. 2013; Nunn et al. 2014). In low-
turbidity upland environments, alternative methods such as snor-

kelling have also been shown to be highly efficient in detecting
larval or early juvenileM. australasicawith very low rates of false
negatives (Broadhurst et al.2012). Other factors such as the risk of

injury to threatened fishes are also important in choosing between
sampling methods, and also how such methods are deployed.
Electrofishing has been shown to have the capacity to cause injury

to fishes (Snyder 2003) but this does not seem to be a problemwith
Macquarie perch (M. Lintermans, pers. obs.). Non-enmeshing
nets such as fyke nets cause little or no damage to fish, with the

exception of small individuals, which may become gilled in the
mesh. For Macquarie perch, experience has shown that the
incidence of gilled YOY in fykes can be virtually eliminated by
careful selection of mesh size, or timing of sampling. In contrast,

gill-nets are specifically designed to enmesh, but even here
judicious selection of mesh type and setting time can significantly
reduce the likelihood of injury. The use of multifilament nylon

nets causes significantly less injury to fish thanmonofilament nets,
and the use of a reduced soak time incorporating regular inspection
of captures, along with avoidance of sampling during periods of

highwater temperatureminimises potential stress (M.Lintermans,
pers. obs.). However, all these considerations are highly depen-
dent on the individual behaviours, morphology or identity of the
target species (e.g. Pusey et al. 1998; Goffaux et al. 2005; Lyon

et al. 2014), and so when selecting sampling methods, a pilot
study or prior knowledge of a species’ behaviours is critical in
determining the sampling methods to be deployed.

In conclusion, the current study has shown that knowledge of
the detection efficiency of candidate sampling methods is an
important consideration when designing assessment programs

for threatened fish species. For M. australasica, reliance on a
single sampling method to adequately detect or characterise the
presence or population structure is unwise. Generic survey

approaches, which solely rely on daytime boat electrofishing
with standard sampling effort, are manifestly unsuitable to
detect this species. Future sampling programs for this species
should employ passive techniques such as fyke and gill-nets,

which sample a range of diel periods to adequately characterise

population structure (adults, juveniles, YOY), minimise false
negatives and detect the occurrence of successful breeding in

the previous year. Further investigation into the catch per
method with respect to diel period (e.g. examination of efficacy
of night boat electrofishing, comparison of catch rate of nets

over day or night) is recommended to further refine assessment
programs for M. australasica.
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Chapter 16: Synthesis 

This thesis demonstrates how a multi-scale (spatial, species/community) and multi-faceted 
(listing, threats, management) approaches can contribute to robust, evidence-based 
threatened fish conservation. The thesis chapters/papers broadly fall into 4 categories: 

 Identifying threats and management responses 
 The role of threatened species, communities, and threatening processes listing and 

consequent recovery management responses 
 Species-specific ecological investigations to inform recovery management  
 The role of translocations as a conservation/recovery action 

This final chapter provides a summary and synthesis of the 13 published chapters and how 
they have contributed to threatened fish conservation in Australia. The chapter closes with 
an examination of the current inadequacies in Australian fish conservation, and what needs 
to be done to improve it.  

Threats to Australian freshwater fish and management responses to such 
threats 
The threats to Australian freshwater fish have been comprehensively documented at 3 
different spatial scales (national, regional, local) in Chapters 3, 7, 8 and 9 respectively. 
Chapter 3 identifies the major national threats as: 

1. habitat modification,  

2. altered flow regimes,  

3. water quality,  

4. barriers,  

5. alien species,  

6. translocation and stocking, and  

7. over-exploitation 

These threats are characterised in an Australian context, and a series of Australian case 
studies of management actions to address these threats are provided.  

The regional threats and management actions to address these threats to fishes of the 
Murray-Darling Basin (MDB) are further characterised in Chapter 7, which outlines how the 
regional MDB Native Fish Strategy (MDBC 2004) addressed identified priority threats. This 
strategy was supported by targeted research projects and monitoring within an adaptive 
management framework. 
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 The MDB Native Fish Strategy had 13 objectives with management activities to achieve 
those objectives organised under six ‘Driving Actions’: 

1. Rehabilitating fish habitat 

2. Protecting fish habitat 

3. Managing riverine structures 

4. Controlling alien fish species 

5. Protecting threatened native fish species 

6. Managing fish translocation and stocking 

Chapter 9 identifies how a subset of the national and regional threats can then be refined to 
identify local or species-specific threats from a case study dam enlargement. Chapter 9 
outlines the potential threats and how such threats were being mitigated. It emphasises the 
importance of evidence-based management and how it can be facilitated through 
partnerships between multiple research providers and a governing water authority.  

Similarly, Chapter 8 identifies how under a regional threat mitigation strategy (the MDB 
Native Fish Strategy) actions for a specific threat (the Millennium Drought 1997-2010) were 
implemented for a series of case studies to manage or recover threatened fish species. 
Chapter 9 integrates the lessons from the case studies and highlights the importance of 
cross-sector participation (e.g., community, scientists, managers) in threatened fish 
recovery. 

Chapter 4 examines threatened fish management from the other end of the adaptive 
management spectrum by analysing what on-ground management actions have actually 
been implemented for threatened freshwater fish, whether those actions have been 
effective, what were the ‘drivers’ for such actions, and where are the knowledge or 
management gaps. This is the first national review of on-ground management actions for 
threatened fishes and highlights: 

 the concentration of recovery actions in south-eastern Australia (particularly the 

MDB) 

 how many of the actions are reactive, ‘emergency’ responses (i.e. crisis-driven 

(droughts, bushfires) 

 the small-scale (spatial and temporal) nature of most recovery actions 

 the absence or paucity of recovery actions for several species  

 the poor state of monitoring of recovery actions 

 the lack of a central repository of information on recovery actions 
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Chapter 5 synthesises future directions for the recovery of threatened freshwater fish in 
Australia and highlights the need for dedicated, long-term monitoring programs (as 
measures of ‘success’ can be ephemeral). The reliance on captive-breeding programs for 
many species highlights the inadequacy of current dedicated breeding facilities, particularly 
for small-bodied and non-charismatic’ species, as translocation is an increasingly-important 
recovery action for this group of species. The paper then identifies common ingredients in a 
‘recipe for success’ for future recovery programs: 

Timeframe for recovery: Most species by the time of their listing have been in decline for 
decades, facing multiple and pervasive threats. It is therefore unlikely that species will 
dramatically recover in just a few generations, and recovery may mirror or exceed the time 
period of their decline. 

Scale: There is often a mismatch in scale (both temporal and spatial) between the 
threats/problems and their subsequent management, with most recovery actions being 
small-scale in response to lengthy and widespread declines. 

Planning for extreme events: There is a deficiency in recovery planning for infrequent and 
extreme climatic events such as drought, bushfire and flooding. Consequently, when such 
events inevitably occur (as is happening under climate change), ad hoc and crisis 
management dominates, and the lessons learned are then forgotten when the next extreme 
event (usually of a different kind) occurs. 

Monitoring: Although monitoring is widely acknowledged as essential, much of it is poorly 
resourced, short-term (in ecological timeframes), and suffers from a very limited focus. 

Status and trend: Many species suffer from a basic lack of current knowledge about 
population status or trajectory. Regular audits of trajectory, as required under the US 
Threatened Species Act (see Male and Bean 2005 and references therein) would be of 
significant benefit in assessing progress towards recovery in Australia. 

Public engagement: The support by human communities for recovery actions becomes 
critical under adverse social or environmental conditions (e.g., drought, flooding, economic 
downturn) and there are competing demands for limited resources (water, dollars, time) 
(see Ellis et al. 2013). Improved mechanisms and effort for capturing public interest in small, 
often drab, species with no commercial or recreational interest is essential. 

Recovery coordination: Threatened species management is usually multi-jurisdictional, with 
a range of political, agency, and public or private issues involved. To drive coordinated cross-
boundary management, a dedicated recovery team or coordinator is required, with 
documented benefits accruing from such an approach (Lundquist et al. 2002). 

The examination of threats and management responses in Chapters 4, 5, 7, 8 and 9 across 
three spatial/focal levels (national, regional, species specific/local) provides a unique 
perspective on how threats to freshwater fish can vary at different spatial scales and how 
the management responses need to be tailored to the specific scale of interest. The MDB 
Native Fish Strategy approach for managing threats would be suitable for many large river 
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basins throughout the world. The national review of recovery actions for threatened species 
similarly could form the basis for other national reviews of management actions to recover 
species and provides an evidence-based direction for recovering threatened native 
freshwater fish in Australia. The inadequacy of monitoring for threatened freshwater fish 
has been subsequently demonstrated to be a pervasive shortcoming for many threatened 
faunal groups in Australia (Lintermans and Robinson 2018; Scheele et al. 2019). 

The role of threatened species, communities and threats listings  
The role of threatened species listing and the inadequacies of the current national list are 
explored in Chapter 3, and to some extent in Chapter 4. Chapter 3 outlines the large 
discrepancy between freshwater fish listings under the national statutory list of the EPBC 
Act and the non-statutory list of the Australian Society for Fish Biology (ASFB) (36 vs 49 
species respectively as at 2011). This discrepancy has continued to grow over time and by 
2017 there were 37 EPBC-listed freshwater fish vs 61 ASFB-listed (Lintermans 2017a). The 
list of Australian threatened fish will continue to grow as new species are described 
(Hammer et al. 2007; Raadik 2014; Shelley et al. 2017) and several ‘cryptic diversity’ issues 
are settled (see Adams et al. 2013; Hammer et al. 2013, 2014; Unmack 2013; Unmack et al. 
2017). The delays in statutory listing then affect resources available for their recovery with 
species that are not statutorily listed less likely to receive conservation funding, 
prioritisation, or on-ground conservation actions (Chapter 4). 
Chapter 3 also highlights the lack of national listing of threatened fish communities, critical 
habitats, or key threatening processes as well as the deficiencies in the recovery planning 
process (e.g., few recovery plans, lengthy delays in the production of recovery plans, and 
lack of funding for recovery teams). These deficiencies have been shown to adversely affect 
recovery trends in the USA (see later ‘What needs to be done’ section of this thesis chapter). 
When published in 2013 (and written in 2011), Chapter 3 noted a number of deficiencies of 
the EPBC Act, and these deficiencies still remain almost a decade later: 

 The Act requires nominations as a starting point for threatened-species listings, and 
thereby is a passive rather than strategic approach.  

 There has been no review of the national status of freshwater fishes since the Action 
Plan of Wager and Jackson (1993), and a revision is needed urgently. 

 The Act does not cover actions initiated prior to its inception in 1999, and long-
standing, still-current threats (e.g., alien species, river regulation, vegetation 
clearance) are not addressed. 

 The time to respond to issues is a limitation in that nomination, assessment and 
listing processes, preparation of Recovery Plans and engagement with communities 
and agencies may take years.  

 Listing species without Recovery Plans, or without resources to prosecute plans, is 
unlikely to succeed (Kerkvliet and Langpap 2007).  

 The Act provides for declarations of ‘critical habitat’ (habitat essential for 
conservation of a species), but this is not a mandatory part of the listing process, 
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even though internationally the status of species with identified critical habitat is 
more likely to improve than for other listed species (Taylor et al. 2005).  

Species-specific ecological investigations 
To implement targeted management actions for a particular threatened fish, adequate 
ecological and population-structure knowledge of the target species is required along with 
how the species is impacted by particular threats. The focal species in this thesis is the 
nationally endangered Macquarie perch. There are four publications that detail individual 
investigations into the aspects of the ecology or population structure of Macquarie perch, 
with each having informed subsequent management.  

Chapter 10 examines the genetic characteristics of three remnant Macquarie perch 
populations (two riverine and one impoundment) in the upper Murrumbidgee River 
catchment and provides initial estimates of genetic diversity and effective population size 
(Ne) for all three. All populations displayed reduced genetic diversity and the two riverine 
populations had Ne of less than 10 whilst the reservoir population had an estimated Ne of 
21–35 (depending on the year class analysed). The low Ne for the reservoir population was 
surprising as an annual recruitment monitoring program for young-of-year and juvenile fish 
had shown large numbers of fish caught annually (Lintermans 2013, Lintermans et al. 2013). 
The genetic results clearly demonstrated the need for genetic management and genetic 
‘rescue’. This study subsequently informed a broader investigation of Macquarie perch 
genetic structure and Ne across its range (Pavlova et al. 2017) and catalysed a number of 
ongoing genetic rescue projects for the species (Cotter River, ACT; Mannus Creek, NSW; 
Retreat River, NSW; Ovens River, Vic (Lutz et al. 2021; Lintermans unpublished data; Pavlova 
et al. unpublished data).  

Chapter 11 investigated the movement patterns of radio-tagged adult Macquarie perch in 
an upland reservoir. Macquarie perch home range was found to be quite restricted, and 
individuals were found to shift their home range core areas within a year; a result not 
previously documented for this species. Knowledge of the spatial use and patterns of use in 
reservoir environments is important as several of the major populations of this species were 
associated with reservoirs. This paper demonstrates that artificial habitats such as reservoirs 
can serve as important conservation locations for threatened freshwater fish such as 
Macquarie perch, particularly when more natural environments are increasingly under 
threat from restricted water availability, water and habitat quality and climate change 
impacts such as drought. The study catalysed a number of broader investigations of 
Macquarie perch movement patterns in the reservoir and its major tributary (Ryan 2011; 
Ryan et al. 2013; Thiem et al. 2013; Broadhurst et al. 2020a)  

Chapter 12 reports on the success of a fishway specifically constructed to facilitate the 
expansion of the Macquarie perch population from Cotter Reservoir by allowing 
colonisation of the Cotter River upstream of an impassable road crossing. Barriers to fish 
passage are a key threat to Macquarie perch, and the population of Macquarie perch in the 
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Cotter River was constrained to a 5.5 km river reach downstream of the crossing. 
Consequently, a fishway was constructed in 2000 to facilitate the expansion of the 
Macquarie perch population to habitat upstream of the road crossing (Ebner and 
Lintermans 2007). Chapter 12 describes how the construction of the fishway had been 
successful in facilitating upstream colonisation by Macquarie Perch and that a reproducing 
population now exists upstream of the fishway (where previously the species had been 
absent since the early 1970s). The success of this fishway has been critical in re-establishing 
the species in an additional 7.7 km of the lower Cotter River and the fishway has provided a 
valuable research resource facilitating the identification of the swimming capabilities of 
Macquarie perch and invasive alien fish species (Starrs et al. 2011; Starrs et al. 2017). This 
information on Macquarie perch swimming speed has then allowed the identification of a 
series of likely instream barriers in the Cotter River (Broadhurst et al. 2016) and 
subsequently facilitated flow releases from upstream impoundments to drown out these 
barriers and facilitate spawning migration from the major Macquarie perch population in 
the Cotter Reservoir (Broadhurst et al. 2020a). Learnings from the fishway’s design and 
efficacy catalysed the construction of an additional fishway at another road crossing further 
upstream which has now increased the length of stream occupied by Macquarie perch from 
5.5 to 11.6 km.  

Chapter 15 explores the efficacy of several commonly used field sampling methods to 
detect the presence and recruitment status of riverine Macquarie perch populations. 
Reliable knowledge of the presence, abundance and trend, of a threatened species is critical 
for conservation management (Lindenmayer et al. 2012). Rare or imperilled species can be 
notoriously difficult to adequately sample (Maxwell and Jennings 2005; Poos et al. 2007, 
Ebner et al. 2008) and robust monitoring approaches also require knowledge of the efficacy 
of sampling methods (Poos et al. 2007; Scheele et al. 2019). False negatives can mean an 
area does not receive a recovery management focus, or a cessation of monitoring activities, 
with consequent potential further loss or imperilment of populations (Delaney and Leung 
2010). The ability to characterise population demography and whether a threatened species 
is recruiting at a site is also a critical management concern so that sources (not sinks) can be 
protected (Dias 1996; Lee and Perry 2019). Chapter 15 demonstrated that one of the most 
commonly used sampling methods (electrofishing) had dramatically higher rate of false 
negatives and was ineffective at determining the recruitment status of Macquarie perch. 
Fyke netting captured >90% of all individuals and was far more effective at detecting the 
species (100% success rate) at sites where the species was known to be present than boat 
electrofishing (43%). Fyke nets were less effective at capturing larger adults, with gill netting 
required to adequately sample adults and subadults. Fyke nets detected recruitment 
(presence of YOY or juvenile fish) at all sites sampled, with the YOY and juvenile age classes 
comprising > 90% of the total catch whereas boat electrofishing detected recruitment at 
only 43% of sites with <2% of the total catch in this age class. The use of fyke nets and gill 
nets in combination is now the standard sampling regime for monitoring demography and 
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recruitment status of Macquarie perch in the upper Murrumbidgee catchment (Lintermans 
et al. 2013; Lintermans 2019, 2020a; Broadhurst et al. 2020b). 

Translocation as recovery tool for threatened freshwater fish 
Translocation (using the definition of ‘human-mediated movement of living organisms from 
one area, with release in another’ (IUCN/SSC 2013)) has been practiced for centuries but is 
increasingly popular as a recovery tool for threatened species both internationally and in 
Australia (Griffith et al. 1989; Serena 1995; Fischer and Lindenmayer 2000; Armstrong et al. 
2015; Brichieri‐Colombi and Moehrenschlager (2016); Soorae 2018; Bubac et al. 2019). 
Conservation translocations have been documented and are increasingly being conducted 
for a broad range of animal groups: reptiles and amphibians (Burke 1991; Dodd and Seigel 
1991; Ewen et al. 2014); birds (Miskelly and Powlesland 2013; Skikne et al. 2020); mammals 
(Fischer and Lindenmayer 2000); invertebrates (Swan et al. 2016) and fish (George et al. 
2009; Cochran‐Biederman et al 2015; Galloway et al. 2016).  

In Australia, fish conservation translocations (i.e. those not for recreational fishing purposes) 
are first documented from the late 1970s – early 1980s when hatchery production of native 
fish developed (Rowland 2013). Hatchery production allowed larger numbers of individuals 
to be produced than were available from wild-to-wild relocations and have served as a 
mainstay to the present day for Australian translocations of large-bodied fish (Lintermans et 
al. 2015).  

Chapter 13 details one of the first well-documented conservation translocations for 
Macquarie perch when 66 adult fish were moved out of the newly constructed Googong 
Reservoir and released in the Queanbeyan River upstream. The translocation was required 
because the reservoir had inundated previous spawning habitat and the impounded waters 
abutted a natural barrier that prevented Macquarie perch spawning migrations to upstream 
lotic spawning habitats.  

This Chapter details the outcomes of the translocation to move Macquarie perch past the 
barrier, to allow spawning to occur. The translocation was effectively a rescue exercise (with 
all captured adults translocated), where the impact of the translocation on the donor 
population was not taken into consideration. This Chapter details the importance of a long-
term (30 years) monitoring program, and the importance of using multiple monitoring 
methods suitable for detecting a range of life-history stages. The results of the monitoring 
program also demonstrated the ephemeral nature of measures of success for fish 
reintroductions, with assessments of success for this exercise varying significantly across the 
extended monitoring period. The study also highlighted the potential pitfalls of using young-
of-year abundance as an indicator of reintroduction success, with subsequent genetic work 
suggesting that there were very few breeding adults, and so success proved to be transient.  
 
Chapter 14 builds upon the knowledge gained from the early Macquarie perch translocation 
described in Chapter 13 and further explores how the success of future translocations of 



287 
 

this species can be likely improved, when the potential impacts on the donor population is a 
significant consideration. The construction of a population model for Macquarie Perch 
allowed a range of translocation scenarios to be explored, and how success might vary. The 
model identified that an existing translocation program based solely on movement of only 
young-of-year or juvenile individuals was unlikely to be successful based on the numbers of 
fish (30-200) being moved annually. The model highlighted that large numbers of young-of-
year (600 females) or juvenile (>100 females) individuals would need be moved annually 
and that many years (>5) of annual translocation would be required for successful 
population establishment. The model highlighted that the number of individuals required 
and the timespan of the translocation program could be significantly decreased and the 
likelihood of success increased by including a small number (10) of adult fish each year. As a 
consequence of the development of the model, the translocation program was altered to 
both increase the number of juvenile individuals translocated annually and inclusion of the 
recommended small number of adult fish (Lintermans 2017b). 

Chapter 6 reviewed all known reintroductions of threatened freshwater fish in Australia 
from the 1980s to 2014, providing four case studies, and identifying the challenges for 
reintroductions in freshwater environments. Whilst many translocation issues are common 
across animal groups, challenges for translocations into freshwater environments included: 

 Systems are highly dynamic on short (seasonal) and longer-term scales (e.g., floods 
and droughts), which drives variation in habitat availability and suitability. 

 Connectivity between locations and habitats (e.g., stream segments) can be naturally 
(e.g., waterfalls or dry reaches) or artificially fragmented by impassable barriers 
(weirs, dams, and road crossings), limiting the scale of reintroductions for mobile 
species. 

 Alternatively, freshwater habitats can experience high levels of connectivity during 
flow events, diluting numbers or dislodging reintroduced animals. Aquatic 
reintroduction sites can rarely be effectively isolated to improve reintroduction 
success (i.e. they can’t be fenced to exclude predators or contain reintroduced 
individuals). 

 Freshwater habitats are often linear, so edge effects are large and there is a high 
edge : area relationship. 

 There are competing demands for water (consumptive, agricultural, industrial and 
social). 

 It is difficult to directly observe released animals in aquatic environments, and 
indirect observational methods often are not applicable or feasible. 

 Many freshwater aquatic habitats are infested with exotic species that cannot be 
effectively controlled with piscicides, because these chemicals are incompatible with 
other stream values (e.g., water quality and supply, or persistence of highly valued 
non-target species). 
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 Aquatic environments are often subject to continual harvest pressure (i.e. angling) 
with consequent by-catch of threatened or protected species. 

 
Threatened fish translocations were divided into three groups: stocking of hatchery-reared 
individuals, wild-to-wild translocations and re-locations following temporary captive 
maintenance (usually following ‘rescues’). The chapter reports that of 99 reintroductions 
covering 15 species, 11 species had ‘wild-to-wild’ translocations, 8 had translocations based 
on release of captive-bred individuals and 6 had releases of fish following captive 
maintenance. The review identified, 38% of the translocations claimed full or partial 
success. However, for 16% the outcome is unknown, raising concerns about the adequacy of 
monitoring. Monitoring programs associated with fish translocations were often short-term, 
under-resourced and, for long-lived fishes, monitoring often only encompassed the first 
milestone of success (survival for some period after release), with subsequent milestones 
(breeding and establishment) left unmeasured. Investigations of monitoring directed at 
evaluating a range of on-ground threatened fish management interventions has also 
highlighted the generally small scale (temporal and spatial) nature of interventions and 
associated monitoring (Chapter 4) and queried the validity of claims of success. Similar 
shortcomings of threatened fish monitoring were apparent in a subsequent review 
(Lintermans and Robinson 2018; Scheele et al. 2019). The advances in knowledge and 
practice over recent years are summarised, and the case studies review new insights into 
fish translocation such as: optimal stocking strategies; the survivorship and dispersal of on-
grown individuals (i.e. hatchery-reared beyond the juvenile stage); the use of captive 
maintenance and subsequent release; and the use of artificial habitats (‘natural hatcheries’) 
to increase production numbers. Since the review was completed, there have been many 
more translocation events for threatened fish, often involving rescues from drought, fire, to 
escape the impacts of alien species, or enhance genetic diversity (see Moy et al. 2018; Ellis 
et al. 2019; Lintermans 2020b; ARI 2018, 2020). 
 

What needs to be done to enhance threatened fish recovery in Australia? 
The most recent review of the EPBC Act in Australia concluded that it is “…out dated and 
requires fundamental reform” (Samuel 2020). So, what are the key reform components 
required to enhance threatened fish conservation in Australia?  
 

Statutory vs non-statutory listing 
The need for statutory listings is obvious as it is these lists that drive government responses. 
Without statutory lists there would be no enforceable recovery planning, controls on 
development proposals, or requirements to act on identified threats. However, the 
timeframe for statutory listing is currently long —often > 2 years in Australia— with 
recovery plans then taking another lengthy period for drafting. Non-statutory lists have no 
legislative basis, and so cannot ‘drive’ recovery actions, but they have an important role in 
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raising both public and government agency awareness of taxa that need to be statutorily 
listed.  

The transfer from the non-statutory ASFB list to the EPBC list has been problematic for 
decades, with the Commonwealth Government no longer referring to the ASFB list or 
liaising with ASFB. Between 2001 and 2021 the time lag for ASFB-listed species to be 
successfully added to the EPBC list has varied between 0 and 20 years, with an average lag 
of 3.9 years.  

IUCN Red List assessments of almost all Australian freshwater fishes in 2019 recognised 89 
species as globally threatened with an additional 20 taxa listed as Near Threatened. In 
addition to these 89 threatened species an additional 24 taxa or populations are threatened 
at the national and state level, plus 1 taxon is extinct but not listed anywhere (see above) 
(Appendix 1). This means that there are 113 taxa listed as threatened in Australia with an 
additional 16 listed as Near Threatened. This represents approximately 1/3rd of Australian 
freshwater fishes. It is of great concern that that only 40 of the 113 listed taxa are included 
in the statutory EPBC list. A recent assessment of Australian freshwater fish likely to become 
extinct in the next ~20 years (under current management regimes) identified 22 taxa, with 
19 taxa not listed by EPBC; 19 being undescribed or recently described (since 2010) 
(Lintermans et al. 2020). These 19 unlisted species have effectively been ‘off the radar’ for 
national conservation effort, have no national statutory protection nor are they eligible for 
national funding to halt their decline or secure their recovery (e.g., under the National 
Threatened Species Strategy (DAWE 2021)).  

Key Threatening processes and Threat Abatement Plans 
Identifying common or synergistic threats across taxa can facilitate improved conservation 
management through identifying relationships between threats and conservation status, 
allowing prioritisation of threat mitigation (Wilson et al. 2007; Carwardine et al. 2012; Allek 
et al. 2018). For freshwater fish in highly constrained linear environments, the occurrence of 
multiple and interacting threats is common, and the identification of such situations is 
essential if successful recovery is to occur. Focussing management attention on threats is 
efficient and usually delivers conservation benefits for multiple taxa (Wilson et al. 2007; 
Carwardine et al. 2012; Allek et al. 2018).  

There is only a single EPBC-listed Key Threatening Process (KTP) relevant to freshwater fish; 
Novel biota and their impact on biodiversity, with this KTP being an overarching threat that 
includes multiple alien taxa (terrestrial and aquatic) and applies to both terrestrial and 
aquatic threatened species. There are no fish-specific EPBC-listed KTPs despite 40 
threatened freshwater fish being nationally listed. In contrast, there are several fish-specific 
KTPs that are relevant to freshwater fish conservation listed under State legislation in New 
South Wales and Victoria, and in the Australian Capital Territory (see Table 1.2 in Chapter 1).  

Climate change is a major threat to many threatened species including fish both globally 
(Ficke et al. 2007; Arismendi et al. 2013; Cahill et al. 2013; Dettinger et al. 2015; Winfield et 
al. 2016) and in Australia (Balcombe et al. 2011; Morrongiello et al. 2011; Beatty et al. 2014; 
Bond et al. 2014; Kearney et al. 2019) but it is not listed as a KTP. Many Australian 
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threatened freshwater fish which have been pushed to the edge of historic ranges by other 
threats such as habitat modification and alien fish species are now confined to small 
headwater streams which are at significant risk from increasing frequency and severity of 
drought and bushfire (Raadik 2014; Lintermans et al. 2020). Listing the effects of climate 
change as a KTP would provide the opportunity to strategically coordinate and manage such 
a threat across state borders and benefit many taxa (Kearney et al. 2019; Samuel 2020). 

Alien or invasive species affect 82% of all Australian threatened taxa (Kearney et al. 2019) 
and has recently been identified as the key high or medium impact threat (using the IUCN 
Threat Classification Scheme (IUCN 2015) and Threat Impact Scoring System (IUCN 2012)) to 
Australia’s EPBC-listed threatened taxa (Ward et al. 2021). Alien fish are a major threat to 
most of Australia threatened freshwater fish (see Chapter 3 this thesis) with a recent 
analysis indicating 97% of threatened fish are impacted (Kearney et al. 2019). There are now 
~39 established alien freshwater species in Australia with this number growing rapidly since 
the 1960s (see Chapter 3 this thesis; García-Díaz et al. 2018). In addition to the alien fish 
species from overseas, there is a growing list of translocated native species that are also 
threatening native fishes (see Unmack and Hammer 2016; Unmack et al. 2016; Waters et al. 
2002; Lintermans 2020b). A nomination for a KTP “The introduction of live native or non-
native fish into Australian watercourses that are outside their natural geographic 
distribution” was recommended for listing by the TSSC in May 2011, however it was not 
listed (TSSC 2011).  

A national strategy for Australian alien freshwater fish, whilst being an identified priority for 
almost 20 years (Koehn and MacKenzie 2004; Lintermans 2004) has still not been completed 
(after >15 years in development). Consequently, Australia has no priority pest fish species or 
priority actions identified, which demonstrates the national lack of commitment to the 
impacts of non-native freshwater fish (Lintermans et al. 2020). 

Threat Abatement Plans 
The preparation of a Threat Abatement Plan (TAP) for listed KTPs has been discretionary 
since 2007 (Hawke 2009). There is no TAP for the single listed KTP relevant to freshwater 
fish; Novel biota and their impact on biodiversity. Habitat loss and alien species are the two 
greatest threats to Australian biodiversity (Evans et al. 2011; Kearney et al. 2019; Ward et al. 
2021) and the situation for freshwater fish mirrors this general pattern (see Chapter 3, this 
thesis). Mitigating threats rather than saving species should be the priority, and the failure 
to recognise any of the well-documented and accepted aquatic/fish threats is a major failing 
of the EPBC Act. 

Recovery plans 
As outlined in Chapter 3, preparation of national recovery plans has not been mandatory 
since 2007 for listed threatened species or threatened ecological communities under the 
EPBC Act (Hawke 2009). At this time there were 33 freshwater fish listed, with only 13 
having recovery plans (37%). Between 2007 and August 2021 a further 7 freshwater fish 
have been EPBC-listed (6 declared to not require a recovery plan), and another 13 taxa are 
now covered by national recovery plans (some plans cover multiple taxa). The mean age of 
fish recovery plans is 13.3 years with only 2 species having plans <10 years old (and those 2 
species had delays of 15 and 39 years from listing to preparation of plans). Of the 16 
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recovery plans currently available, (covering 26 taxa), all but 2 are >10 years old, indicating 
that 93% (26/28) of taxa that are judged to require a plan do not have what could be 
considered a current plan. The remaining 14 taxa are considered not to warrant the 
preparation of a recovery plan (seven of which are listed as critically endangered or 
endangered). The delay in preparation and preponderance of out-of-date Recovery plans is 
not unique to Australia, with a recent review from the USA reporting that more than 50% of 
plans take more than 5 years and >18% more than 10 years from listing to plan completion; 
and have a median age of 20 years with 10% of species having plans >30 years old (Malcolm 
and Li 2018).  

An Australian Parliamentary Senate Committee inquiry into Australia’s Faunal Extinction 

Crisis recommended that recovery planning processes need to be streamlined and prepared 
within strict timelines, and that plans >5 years old be reviewed (Senate Environment and 
Communications References Committee (2013). There has been no discernible action on 
these recommendations since the committee reported. 

Multi-species plans 
The decadal review of the EPBC Act in 2009 recommended there be a move “to greater use 
of regional and ecosystems strategies for recovery actions for threatened species, while 
retaining single species recovery plans as these will still be necessary in some cases” (Hawke 
2009). The greater use of regional or ecosystem approaches has not eventuated for 
freshwater fish, with a few exceptions.  

The ‘Northern Rivers Regional Biodiversity Management Plan, National Recovery Plan 
(Department of Environment, Climate Change and Water NSW 2010) meets the recovery 
planning requirements under the EPBC Act as well as the recovery planning requirements 
for threatened species, populations and ecological communities listed under the NSW 
Threatened Species Conservation Act 1995 and Fisheries Management Act 1994. The plan 
addresses 298 threatened species, populations and ecological communities listed under 
federal and State legislation (as of March 2009), including 273 species, 5 populations and 20 
ecological communities. Thirty-six KTP’s (listed under both national and state legislation) are 
also within the scope of the plan. Within the >5 million Ha covered by the plan, including a 
broad range of land tenure and land-use, nine major river catchments, and terrestrial, 
freshwater and estuarine habitats are three listed freshwater fish. Of the 460 recovery 
actions identified, there are relatively few targeted at freshwater fish. As a set of detailed 
recovery plans for the three threatened fish, the Northern Rivers Regional Biodiversity 
Management Plan is clearly deficient, as it has no information on objectives/aims, 
distribution, abundance, trend, specific threats, species ecology, specific recovery actions, 
monitoring requirements and methods, or recovery success measures. Such knowledge 
needs to be available and understood to make informed choices of where to prioritise 
management (Scheele et al. 2018). 

As noted in Chapter 1, the experience of multi-species plan under the US Endangered 
Species Act is that:  
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 species in multi-species recovery plans have less biological information provided to 
guide recovery activities than those in single-species plans (Clark and Harvey 2002), 

 species covered under multispecies plans have lower task implementation that those 
with single species plans (Lundquist et al. 2002), and 

 species covered under multi-species recovery plans have a poorer population trend 
than those listed under single-species plans (Boersma et al. 2001). 

Since the reviews of the US ESA in the early 2000s, the use of multi-species recovery plans 
has declined with single-species plans again dominating (Schwartz 2008). 

Resourcing and responsibility for threatened species recovery 
Upon enactment of the EPBC Act, the dedicated Endangered Species Fund effectively ceased 
to exist (Woinarski and Fisher 1999), as recognition dawned that the resources required for 
threatened species recovery actions greatly exceeded the funding capacity of the Federal 
Government (Beeton 2010). The implementation of the EPBC Act effectively shifted 
responsibility for the carriage of recovery actions for nationally-listed species from the 
Federal government to State governments, with the Federal government only responsible 
for the funding of recovery plan preparation. The recent decadal review of the EPBC Act 
noted that: 

“… the distribution of funding is often scattergun, unreliable and short-term. Funding cycles 
do not support an enduring, focused or prioritised approach. With limited exception, the 
planning that is done is piecemeal and poorly implemented” (Samuel 2020, page 128). 

Australian spending on threatened biodiversity was ranked 38 out of 40 of the most highly 
underfunded countries (Waldron et al. 2013), and since then the situation has worsened 
with only 37 cents for every $100 budgeted by the Australian Government in 2020-21 
directed to the environment (ACF 2021). It is clear that the resources required for 
threatened species recovery in Australia far exceed that available, and so prioritisation of 
species and actions is required (Bottril et al. 2008; Beeton 2010; Allek et al. 2018). The 
preparation of a national ‘Action Plan’ for freshwater fish (as exists for birds, reptiles, 
mammals (Garnett et al. 2010; Woinarski et al. 2014; Chapple et al. 2019) would assist in the 
prioritisation of actions and species. Since 2013, the number of identified freshwater fish in 
Australia has grown dramatically with many of these species recognised as threatened but 
not statutorily listed (Lintermans et al. 2020). Without statutory listing, these taxa attract 
almost no resources for conservation from state and Federal governments. A focus only on 
statutorily-listed taxa also excludes 82% of the most imperilled freshwater fish species 
(likely to become extinct in the next 20 years: Lintermans et al. 2020). 

There is no national or State reporting of expenditure on each listed species in Australia. 
This is in contrast to the USA where the US Fish and Wildlife Service and National Marine 
Fisheries Service must submit to the Congress a biennial report on a species-by-species basis 
covering of all identifiable Federal and state expenditures made primarily for the 
conservation of endangered or threatened species (see National Marine Fisheries Service. 
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(2019); US Fish and Wildlife Service 2018; Schwartz 2008). Such an accounting and reporting 
system in Australia would be of great benefit, as opposed to the current ad hoc politicised 
reporting on threatened species conservation.  

Threatened species funding is usually biased towards ‘charismatic’ taxa (Schwartz 2008; 
Bellon 2019) and fish are rarely considered charismatic in Australia. Schwartz (2008) noted 
that under the US Endangered Species Act the top 100 species garnered nearly all recovery 
funding (89.05%) and the bottom 478 taxa garnered $5000 per species or less in 2004.  

Under the US Endangered Species Act responsibility for implementation of recovery 
activities rests primarily with Federal agencies (US Fish and Wildlife Service and National 
Oceanic and Atmospheric Administration) with recovery usually a cooperative effort 
between the Federal and State authorities. The Australian Commonwealth Government 
needs to accept financial responsibility for the recovery of nationally listed threatened 
species. 

Implementation of Recovery Plans and Recovery Actions 
Although 26 of the 40 EPBC-listed freshwater fish have recovery plans only a single plan is 
<10 years old, and so the remining 25 could be considered expired. The implementation of 
actions within the recovery plans is largely patchy and uncoordinated, and there is no 
centralised information repository that provides information on progress or actions 
completed (see Chapter 4).  

As well as most recovery plans being >10 years old and out of date, a major flaw in recovery 
plan implementation is the lack of formal recovery teams to drive implementation. Recovery 
Teams are unfunded, so regular meetings (or in many cases, any meetings) are rare. 
Recovery teams or recovery coordinators are critical to threatened species recovery and 
have been demonstrated to be important for improving cross-jurisdictional coordination 
and species recovery trajectory (Lundquist et al. 2002). More than 8 years after the need for 
funded Recovery Teams was highlighted (Chapters 5 and 4) there has been no progress on 
this issue. 

There is still no national database of what recovery actions have been undertaken, or 
mandatory reporting and evaluation protocols (see Chapter 4). The current inability to easily 
consolidate, synthesise and evaluate past attempts to recover freshwater fish hampers our 
capacity to advance recovery science and management. A national database would also 
illuminate the scale (spatial and temporal) at which recovery actions are being undertaken. 
Chapter 4 highlighted that the majority of on-ground recovery actions were small-scale, and 
as many of the threats facing freshwater fish are at regional or larger scales, recovery 
actions should also be undertaken at such scales.  

Monitoring 
If threatened species are to be recovered, robust monitoring programs are essential to 
assess progress towards recovery and the success of recovery actions (Martin et al. 2007; 
Legge et al. 2018). Ideally monitoring should provide information on the abundance and 
population trend of the focal species; identifiable threats; habitat availability and rate of 
loss; habitat condition; critical resources needed; population distribution, demographics and 
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recruitment; and response to management actions (Campbell et al. 2002; Lintermans and 
Robinson 2018; Scheele et al. 2019). This information can then be used to frame, evaluate, 
and revise or refine management activities. Unlike recovery programs for threatened 
species in the USA where biennial monitoring of population trend is mandatory (Campbell et 
al. 2002), it is astounding that monitoring is not mandatory for nationally listed species 
(Robinson et al. 2018). A review of the adequacy of threatened species monitoring programs 
in Australia found that monitoring was largely inadequate (Scheele et al. 2019) with 
programs for nationally threatened fish also found to be inadequate (Lintermans and 
Robinson 2018). Only 22 of the 38 EPBC-listed taxa had national monitoring programs and 
species that had monitoring programs scored best for coverage, sampling periodicity and 
being fit-for-purpose, and scored poorly for data availability and reporting, the inclusion of 
demographic parameters, longevity of monitoring program, and design quality (statistical 
power) (Lintermans and Robinson 2018).  

There is still a tendency for several species to be surveyed and/or monitored using generic 
programs developed to monitor changes in fish community composition or river health (e.g., 
set sampling effort and methods (Davies et al. 2010; Robinson et al. 2019)) even though 
such generic programs have been shown to be inefficient at sampling rare or threatened 
species (Lintermans et al. 2005; Ebner et al. 2008; Lintermans and Robinson 2018; Robinson 
et al. 2019; Chapter 15), smaller individuals and species (MDBC 2004), and certain species. 
However, if the generic sampling design is not fit for purpose for individual target taxa, this 
is a flawed rationale (Lintermans and Robinson 2018; Robinson et al. 2018). The generic fish 
community monitoring methodology of Davies et al. (2010) which relies on electrofishing 
does not adequately sample two post-larval Macquarie perch age classes (e.g., young of 
year and yearlings) (Chapter 15) and so robust information on recruitment of these age 
classes is missing. Chapter 15 documents that boat electrofishing alone provided false 
negatives for Macquarie perch at 57% of sites and 69% of sampling occasions. The use of 
generic sampling protocols that are not fit for purpose provides misleading data that could 
seriously bias the deployment of scarce resources for fish conservation.  

Summary of the current situation for threatened freshwater fish in Australia 
The latest independent review of Australia’s national conservation legislation noted that 
“Australia’s natural environment and iconic places are in an overall state of decline and are 
under increasing threat…… The current environmental trajectory is unsustainable” (Samuel 
2020). 

It is clear that current approaches to conservation of freshwater fishes in Australia are not 
working;  

 Threatened species lists are growing (but very slowly) and some lists (and hence 
threatened species) are being ignored at their peril,  

 The national listing process is passive (reacts to nominations) rather than strategic, 
and is incomplete (there are only 40 EPBC-listed species compared to 89 IUCN Red 
List species and a further 25 species on State lists), 

 National statutory listing is too slow, (species may go extinct before they are listed), 
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 There is no systematic requirement or process for reviewing the status of listed 
species  

 There is no process or list of priority species for conservation investment, 
 Recovery plans are no longer mandatory, and take too long to prepare,  
 Existing recovery plans are outdated, and new Recovery plans have no end date,  
 Recovery planning is moving away from a species-based approach to broad 

ecological community or regional plans, 
 Recovery teams are unfunded (so who is driving recovery?), 
 All but one key threat to freshwater fishes are unlisted and therefore not addressed 

in a coordinated fashion, and the single key threat listed (alien species) is generic and 
not focused on freshwater fish, 

 In response to the single generic threat (alien species), there are no Threat 
Abatement Plans for individual alien fish species at a national or state/regional level 
(cf foxes, cats, dogs, pigs, invasive ants), 

 There is no national freshwater pest fish strategy to prioritise and coordinate 
management and research, 

 There is no national Freshwater Fish Action Plan (compare with birds, mammals, 
reptiles, amphibians), 

 The national Threatened Species Strategy ignores taxa not formally listed under the 
EPBC Act (18 of the 22 most at-risk species are unlisted), 

 There are inadequate resources devoted to recovery, and no dedicated national 
funding program,  

 Information on previous recovery actions is unconsolidated and unobtainable, 
severely hampering opportunities for learning and improvement.  

 Monitoring is absent or inadequate and is uncoordinated, with no assessment of 
national population trend, 

 Success criteria for recovery programs are largely undefined (down-listing or 
delisting is too coarse to measure success). 

 Australia is unprepared for episodic climate-related emergencies (droughts, 
bushfires) with emergency responses largely developed ‘on the fly’ with few 
resources available, and little long-term planning (identified medium to long-term 
holding facilities, biosecurity protocols, subsequent release strategies, etc). 

Conclusion 
The 13 publications included in this thesis have made a significant contribution to the 
understanding of threatened fish ecology and management and have catalysed a range of 
additional studies. However, much remains to be done in Australia if freshwater fish 
extinctions are to be averted and species recovered (Lintermans et al. 2020). Most of the 
major threats identified in Chapter 3 still remain active, and additional threats are being 
recognised (Flitcroft et al. 2019; Reid et al. 2019), especially in a context of increasing 
incidence and severity of extreme environmental events associated with climate change 



296 
 

(Morrongiello et al. 2011; Filipe et al. 2013; Bond et al. 2014; Dowdy et al. 2019; Ward et al. 
2020). It is not too late to prevent further freshwater fish extinctions in Australia (only a 
single species is known to have gone extinct) but 22 species are perilously close (Lintermans 
et al. 2020). Urgent action to address the issues highlighted above will minimise (and 
hopefully avoid) future extinctions and assist in the recovery of our freshwater fish fauna for 
future generations. 
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Appendix 1. Threatened Freshwater fish of Australia incl status as listed by IUCN, ASFB, EPBC and 
highest State/Territory status. EX W = extinct in the wild; Reg Ex = regionally extinct; En = 
endangered; En pop = endangered population; CR = critically endangered; Vu = vulnerable; Thr (no 
category, Vic). IUCN only categories: NT = near threatened, DD = data deficient; LC = least concern; 1 
= South Australia, 2 = Victoria; 3 =Tasmania; 4 = New South Wales; 5 = Australian Capital Territory; 6 
= Queensland; 7 = Northern Territory; 8 = Western Australia. ASFB = Australian Society for Fish 
Biology. 

 

Scientific Name Common Name 
IUCN Red 
List status 
(Global) 

EPBC 
status 

State 
status 

ASFB 
(2018) 

Ambassis agassizii Olive perchlet LC - CE1 - 
Anguilla australis  Shortfinned eel NT - - - 
Angilla bicolor Indonesian shortfin eel NT - - - 
Bidyanus bidyanus Silver perch NT CR En5 Vu 
Bostockia porosa Nightfish NT - - - 
Cairnsichthys bitaeniatus Daintree Rainbowfish CR - - - 
Cairnsichthys rhombosomoides Cairns rainbowfish En - - Vu 
Carcharhinus leucus Bull shark NT - - - 
Chlamydogobius gloveri Dalhousie goby CR - Vu1 Vu 

Chlamydogobius japalpa Finke goby Vu   Vu8 Vu 

Chlamydogobius micropterus Elizabeth Springs goby Vu En En6 CR 

Chlamydogobius squamigenus Edgbaston goby       CR Vu En6 CR 

Craterocephalus amniculus Darling River hardyhead LC - En 
pop4 Vu 

Craterocephalus centralis Finke Hardyhead NT - - - 
Craterocephalus dalhousiensis Dalhousie hardyhead CR - Vu1 Vu 

Craterocephalus fluviatilis Murray hardyhead CR En CR1,4,2 CR 
Craterocephalus helenae Drysdale Hardyhead NT - - - 
Craterocephalus stercusmuscarum 
fulvus Unspeckled hardyhead - - Thr - 

Craterocephalus stercusmuscarum 
stercusmuscarum Fly-specked hardyhead LC - Vu1 - 

Gadopsis bispinosus Two-spined blackfish NT - Vu5 - 

Gadopsis marmoratus River blackfish LC - En 
pop4 - 

Gadopsis sp. nov. 'Western Victoria' river blackfish En - - - 
Galaxias aequipinnis East Gippsland galaxias CR - En2 CR 
Galaxias auratus Golden galaxias En En - En 
Galaxias brevissimus Short-tail galaxias CR - - CR 
Galaxias fontanus Swan galaxias En En En3 CR 
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Appendix 1 (cont.). Threatened Freshwater fish of Australia incl status as listed by IUCN, ASFB, EPBC 
and highest State/Territory status. 

Scientific Name Common Name IUCN Red 
List status 
(Global) 

EPBC 
status 

State 
status 

ASFB 
(2018) 

Galaxias fuscus Barred galaxias    En En CR2 CR 

Galaxias gunaikurnai Shaw galaxias CR - CR2 CR 

Galaxias johnstoni Clarence galaxias En En En3 En 

Galaxias lanceolatus Tapered galaxias CR - CR2 CR 

Galaxias longifundus West Gippsland galaxias CR - CR2 CR 

Galaxias mcdowalli McDowall's galaxias CR - CR2 CR 

Galaxias mungadhan Dargo galaxias CR - CR2 CR 

Galaxias olidus Mountain galaxias - - Vu1 - 

Galaxias parvus Swamp galaxias     Vu Vu Vu3 En 

Galaxias pedderensis Pedder galaxias En Ex W En3 Ex W 

Galaxias rostratus Flat-headed galaxias CR CR CR4 Vu 
Galaxias sp. nov. 'Hunter' Hunter galaxias CR - - - 
Galaxias sp. nov. 'Moroka' Moroka galaxias CR - - - 
Galaxias sp. nov. 'Morwell' Morwell galaxias CR - - - 
Galaxias sp. nov. 'Yalmy' Yalmy galaxias CR - - - 
Galaxias supremus Kosciuzsko galaxias CR - -   
Galaxias tantangara Stocky galaxias CR CR CR4 CR 

Galaxias tanycephalus Saddled galaxias       CR Vu Vu3 Vu 

Galaxias terenasus Roundsnout galaxias En - En2 - 

Galaxias truttaceus Trout minnow LC *CR En1 *CR 

Galaxiella munda Mud minnow En - Vu8 - 

Galaxiella nigrostriata black-stripe minnow En En En8 En 

Galaxiella pusilla Dwarf galaxias En Vu En2 Vu 

Galaxiella toourtkoourt Little galaxias Vu - Vu2 - 

Geotria australis Pouched lamprey DD - En1 - 
Glossogobius bellendenensis Mulgrave goby En - - - 
Gobiomorphus coxii Cox’s gudgeon LC - En2 - 
Hephaestus epirrhinos Longnose sooty grunter Vu - - - 
Hypseleotris aurea Golden carp gudgeon En - - - 
Hypseleotris barrawayi Katherine River Gudgeon NT       
Hypseleotris compressa Empire gudgeon LC - Vu2 - 

Hypseleotris ejuncida Slender carp gudgeon CR - - - 

Hypseleotris kimberleyensis Barnett River gudgeon En - - - 
Hypseleotris regalis Prince Regent gudgeon NT - - - 
Hypseleotris sp. nov. 'bald' Bald carp gudgeon CR - - - 
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Appendix 1 (cont.). Threatened Freshwater fish of Australia incl status as listed by IUCN, ASFB, EPBC 
and highest State/Territory status. 

Scientific Name Common Name 
IUCN Red 
List status 
(Global) 

EPBC 
status 

State 
status 

ASFB 
(2018) 

Kimberleyeleotris hutchinsi Mitchell gudgeon Vu - - - 
Kimberleyeleotris notata Drysdale gudgeon CR - - - 
Leiopotherapon aheneus Fortescue grunter En - - - 
Lepidogalaxias salamandroides Salamanderfish En - En8 En 

Lovettia sealii Tasmanian whitebait LC - CR2 - 

Maccullochella ikei Eastern freshwater cod En En En4 En 

Maccullochella macquariensis Trout cod Vu En CR2 CR 
Maccullochella mariensis Mary River cod En En - CR 
Maccullochella peeli Murray cod LC Vu En1 Vu 

Macquaria australasica Macquarie perch En En Ex1 En 

Macquaria sp. nov. 'Hawkesbury' Blue Mountains perch Vu #En En4 #En 
Macquaria wujalwujalensis Bloomfield River cod Vu - - Vu 
Melanotaenia eachamensis Lake Eacham Rainbowfish En En - En 
Melanotaenia fluviatilis Murray-Darling rainbowfish LC - Vu2 - 
Melanotaenia gracilis Slender rainbowfish En - - - 
Melanotaenia pygmaea Pygmy rainbowfish Vu - - - 
Melanotaenia sp. nov. 'Malanda' Malanda rainbowfish CR - - CR 
Melanotaenia sp. nov. 'Running River' Running River rainbowfish CR - - CR 
Melanotaenia utcheensis Utchee rainbowfish En - - Vu 
Melanotaenia wilsoni Little rainbowfish Vu - - - 
Milyeringa justitia Barrow Cave gudgeon CR - Vu8 - 
Milyeringa veritas Blind gudgeon En Vu   Vu 

Mogurnda adspersa Southern purple-spotted 
gudgeon LC - ^CR1 - 

Mogurnda clivicola Flinders Ranges gudgeon En Vu CR2 Vu 
Mogurnda larapintae Desert mogurnda NT       
Mogurnda thermophila Dalhousie gudgeon CR - Vu1 - 
Mordacia praecox Non-parasitic lamprey En - - Vu 
Nannatherina balstoni Balston's pygmy perch En Vu Vu8 Vu 

Nannoperca australis Southern pygmy perch NT Vu^ En1,4 - 

Nannoperca obscura Yarra pygmy perch En Vu CR1 Vu 

Nannoperca oxleyana Oxleyan pygmy perch En En En4 En 

Nannoperca pygmaea Little pygmy perch En En En8 CR 

Nannoperca variegata Variegated pygmy perch En Vu CR1 Vu 
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Appendix 1 (cont.). Threatened Freshwater fish of Australia incl status as listed by IUCN, ASFB, EPBC 
and highest State/Territory status. 

Scientific Name Common Name 
IUCN Red 
List status 
(Global) 

EPBC 
status 

State 
status 

ASFB 
(2018) 

Nannoperca vittata Western pygmy perch Vu - - - 
Nannoperca sp.  Flinders pygmy perch - - Vu2 - 
Neoceratodus forsteri Australian lungfish En Vu - Vu 
Neochanna cleaveri Australian mudfish En - CR1,2 - 
Neosiluroides cooperensis Cooper Creek catfish En - - - 
Neosilurus gloveri Dalhousie catfish CR - Vu1 Vu 
Neosilurus mollespiculum Soft-spined catfish Vu - - - 
Ophisternon candidum Blind Cave Eel En Vu Vu8 Vu 

Paragalaxias dissimilis Shannon paragalaxias En Vu Vu3 En 

Paragalaxias eleotroides Great Lake paragalaxias En Vu Vu3 En 
Paragalaxias julianus Western paragalaxias En - - - 
Paragalaxias mesotes Arthurs paragalaxias En En En3 En 

Percalates colonorum Estuary perch LC - En2 - 
Pingalla lorentzi Lorentz Grunter NT - Vu7 - 

Potamalosa richmondia Freshwater herring LC - Reg 
Ex2 - 

Pristis pristis Freshwater sawfish CR Vu Vu7 CE 

Prototroctes maraena Australian Grayling Vu Vu En1,4 Vu 

Pseudomugil mellis Honey Blue-eye En Vu Vu6 En 

Pseudaphritis urvillii  Congolli LC - Vu1 - 
Rhadinocentrus ornatus Ornate Rainbowfish Vu - - - 
Scaturiginichthys vermeilipinnis Redfin Blue-eye CR En En6 CR 
Scleropages leichardti Southern Saratoga NT - - - 
Scortum hillii Leathery Grunter NT - - - 
Scortum neili Neil's Grunter En - Vu7 - 
Scortum parviceps Smallhead Grunter NT - - - 
Stiphodon atratus emerald cling goby LC - Vu6 - 

Stiphodon birdsong birdsong cling goby LC - Vu6 - 

Stiphodon rutilaureus orange cling goby LC - Vu6 - 
Stiphodon semoni Opal cling goby LC CR - CR 
Syncomistes carcharus Sharp-toothed Grunter NT - - - 
Syncomistes dilliensis Dillie Grunter Vu - - - 
Syncomistes moranensis Moran Grunter Vu - - - 
Syncomistes rastellus Drysdale grunter En - - - 
Syncomistes versicolor Many-coloured Grunter NT - - - 
Syncomistes wunambal Wunambal Grunter NT - - - 
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Appendix 1 (cont.). Threatened Freshwater fish of Australia incl status as listed by IUCN, ASFB, EPBC 
and highest State/Territory status. 

Scientific Name Common Name 
IUCN Red 
List status 
(Global) 

EPBC 
status 

State 
status 

ASFB 
(2018) 

Tandanus bostocki Freshwater Cobbler NT - - - 
Tandanus tandanus Freshwater catfish LC - En2 - 
Urogymnus dalyensis. Freshwater whipray LC - - Vu 
Variichthys lacustris Lake Grunter Vu - - - 

* = subspecies listed  

^ = Murray-Darlin Basin lineage/population  

# = undescribed taxon within listed ‘Macquarie perch’ 
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